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Preface 

The close of the twentieth century is an exciting and stimulating 
period of discovery in the area of chromosome structure and func
tion. In • 'Chromosome Biology" we target the many different disci
plines that are being applied in the analysis of chromosomes in order 
to provide an admixture of cytogenetics, genetics and molecular biol
ogy for application to courses taught singly or cooperatively by cyto
geneticists and molecular biologists. The book provides background 
reading for courses involving anyone discipline. Our intent is to con
vey to students an appreciation of plant and animal improvement pro
grams, the importance of mapping the human genome, particularly 
in relation to diseases, and the advantages of modem technology to 
analyzing the development of different life-forms. 

At the start of each Chapter the main concepts discussed are 
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listed so that the subject matter has a clear focus and, where possi
ble, figures illustrate the key concepts throughout the book. Specific 
references are cited in the figure legends, or in the text, to justify 
the information provided. General books and reviews are listed at 
the end of each Chapter. 
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Introduction 

• Chromosome analyses are central to studies of the cell cycle, genome-mapping projects, and genetic-transformation experiments. 

• A basic distinction between life-forms is whether or not the genomic DNA is enclosed within a nucleus. 

• The Domain Eukarya includes eUkaryotic organisms with nuclei and long, linear DNA molecules in chromosomes; the Domains 
Bacteria and Archaea include prokaryotes, which usually have circular DNA molecules forming protosomes. 

• Many of the subcellular components of eukaryotic cells, in particular chloroplasts and mitochondria, are considered to be derived 
from prokaryotes. 

The study of chromosome number, structure, function, and behav
ior in relation to gene inheritance, organization, and expression is 
an integral part of the science of cytogenetics. Chromosomes are 
recognized as the bearers of deoxyribonucleic acid (DNA) in eu
karyotes and provide the basis for the orderly transmission of ge
netic information from generation to generation. In bacteria, the 
genetic material also consists of DNA, and in this book, we define 
the unit of inheritance in prokaryotes as the protosome. Chromo
somes, in particular, have been actively studied since the mid-
1800s. The rapid advances in plant and animal genetics and im
provement, in the latter part of the twentieth century, have stimu
lated a renewed interest in cytogenetics and chromosome research. 

1.1 THE VALUE OF CHROMOSOME RESEARCH 

First, the central features of chromosome structure and function 
are defined at the molecular level. Familiar morphological features 
common to all chromosomes have been examined using high-reso
lution microscopy and molecular techniques. Cytogenetic, genetic, 
and molecular analyses have uncovered the way in which genes 
are organized within chromosomes, defined their structure and 
function, determined the effects of gene organization on function, 
and discovered the mechanisms that control their activity. 

Second, many aspects of chromosome behavior in cell division 
have been clarified. The processes of cell division, whether for vege
tative growth, as a result of mitosis, or for reproduction by forming 
haploid gametes as a result of meiosis, have been studied in organ
isms as diverse as humans, frogs, grasshoppers, flies, maize, wheat, 
and yeast. From these studies, it has been possible to build a detailed 
understanding of chromosomal behavior during cell division. 

Third, whole-chromosome studies as a part of cytogenetics are 
having a major impact on genome-mapping projects. The micro
scopic identification of chromosome regions is providing a frame
work for molecular biologists to sequence the entire genome of 
different organisms, including humans. In agriculture, horticulture, 
forestry, animal improvement, and human health, cytogenetic stud
ies of chromosomes are the major impetus for the molecular analy
sis of significant regions of chromosomes. 

Fourth, detailed molecular-cytogenetic maps provide the basis 
for the design of DNA probes that can be used to analyze individu
als, families, and populations. Extensive nucleotide-sequence data
bases of a variety of DNA fragments isolated from plant and animal 
genomes allow the analysis of molecular variation in the genes of 
individuals of the population. The completion of projects such as 
the Human Genome sequencing project will also provide a molecu
lar basis to uncover variation in organisms that are significant eco
nomically but for which complete genome-sequence data are not 
available. 

Fifth, understanding chromosome structure provides the means 

to analyze the secondary changes that occur during the processes of 
chromosome engineering and transformation. Many contemporary 
manipulations of cells and chromosomes to introduce new DNA 
may cause secondary changes in chromosome structure. Whole
chromosome studies are essential to understand these changes and 
to help in eliminating unwanted abnormalities. 

Sixth, molecular biology can now provide the technology for 
the construction of simple chromosomes. The ability to synthesize 
chromosomes using molecular techniques is opening up a new era 
for analyzing chromosome behavior and for determining the func
tion of large sections of DNA. 

3 



4 Introduction 

1.2 LIFE-FORMS AND THEIR GENETIC 
MATERIAL 

A primary distinction among major life-forms can be made when 
the structure, function, and organization of their DNA and genetic 
material are studied. This distinction separates the so-called higher 
organisms, such as fungi, plants, and animals, from the so-called 
lower organisms, such as bacteria. The early definition of "higher" 
and "lower" organisms referred to perceived levels of complexity 
in cellular organization. This definition can, however, be ambigu
ous and the present-day use of "eukaryotes" and "prokaryotes" 
is clearer· because it refers to the presence or absence of nuclei, 
respectively. The genetic material of eukaryotes is contained in 
distinct, subcellular, membrane-bound structures, of which the 
principal organelle is the nucleus. Lesser amounts of DNA are 
present in the mitochondria and, in the case of plants, in the chloro
plasts (Fig. 1.1). Prokaryotes do not have distinct subcellular struc
tures. 

BACTERIA 

PLANT CELL 

ANIMAL CELL 

Fig. 1.1. The approximate, relative sizes of bacterial, yeast, plant, and 
animal cells. Bacterial cells do not have internal, membrane-bound 
compartments and generally have a much simpler structure than 
eukaryotic cells. Eukaryotes (yeast, plants, and animals) are 
characterized by the presence of a nucleus and organelles such as 
mitochondria, chloroplasts, and an endoplasmic reticulum. 

The genetic material within the nuclei of eukaryotes consists of 
varying numbers of linear DNA molecules complexed with highly 
conserved proteins, in chromosomes that divide in either of two 
ways. These divisional processes are called mitosis for vegetative 
growth or meiosis for the production of gametes. In contrast, the 
DNA of prokaryotes is often in the form of a circular molecule, 
which can divide by replication in time with the fission of the 
prokaryotic cell. This clear distinction in the organization, arrange
ment, and function of the genetic material is the primary reason 
for the separation of eukaryotes, containing chromosomes, from 
prokaryotes, with their protosomes. 

Although the genetic relationships between different life-forms 
are a much discussed topic, the main source of information concern
ing evolutionary relationships is the DNA sequence of genes coding 
for specific products common to all life-forms. Of such genes, 
ribosomal RNA genes are clearly identifiable in most organisms, 
and comparative analyses of the nucleotide sequences of these 
genes have been used to compare evolutionary relationships. 

The phylogenetic tree in Fig. 1.2 was derived from nucleotide
sequence comparisons. This tree has three dominant branches, two 
of which, the Archaea and the Bacteria, are prokaryotes. The third 
branch, the Eukarya, considered to be almost as ancient, contains 
all organisms with nuclei and chromosomes, the eukaryotes. 

It was originally suggested that present-day organisms of the 
Archaea are representative of the earliest life-forms because they 
grow in high-salt, high-sulfur, or high-temperature environments, 
conditions that are thought to have existed during the cooling phase 
of the earth. The true Bacteria, in contrast, are found in more tem
perate, or perhaps less hostile, conditions. Early on in the evolution 
of life on earth, the first organisms of the Eukarya were formed. 
DNA sequence evidence indicates that the Eukarya are more 
closely related to the Archaea than they are to Bacteria, and the 
sampling of prokaryotic organisms isolated from picoplankton has 
shown that over 30% of these microorganisms are also Archaeal 
in origin. Organisms of the Archaea therefore represent a major 
component of the ocean's biota. The Eukarya themselves are di
vided into five major branches, namely the single-celled organisms 
of the Archezoa and the Protista, and three Kingdoms of multicelled 
organisms, Plants, Fungi, and Animals. 

1.3 CHROMOSOMES AND PROTOSOMES 

The chromosomes of the Eukarya have been traditional subjects 
for cytogenetic research because their chromosomes are large 
enough to be examined by the light microscope. Since the early 
1940s, however, progress in cytogenetics has included studies on 
bacterial gene expression and transmission. This led to the concept 
of bacterial DNA as a chromosome, despite the major differences 
between bacterial DNA and eukaryotic chromosomes. Attempts 
have been made to distinguish between prokaryotic and eukaryotic 
genetic material on a nomenclatural basis. Suggestions have in
cluded Chromosome with a capital C for eukaryotes, as compared 
to chromosome with a small c for prokaryotes. The term "geno
phore" has been applied to the DNA in prokaryotes, whereas other 
authors refer to bacterial chromosomes, the bacterial genome, or 
bacterial DNA. Throughout the present text, the term "protosome" 
is used to describe the hereditary unit of prokaryotic, mitochondrial, 
and chloroplast DNA. The term is distinctive, yet still shows its 
roots in that proto = first, and some = body, and thus relates to 
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Fig. 1.2. The phylogenetic relationships among different life-forms as 
deduced from ribosomal DNA sequence analyses (Sogin et al., 1989; 
Woese et al., 1990). Examples of the y, /3 and a purple bacteria are 
Escherichia, Pseudomonas, and Agrobacterium, respectively. The time 
scale is a very approximate guide for the timing of critical events. The 
endosymbiotic origin of mitochondria and chloroplasts in eukaryotes is a 
much discussed topic, and the existence of organisms such as 
chlorarachniophyte algae, which apparently retain the nucleus 
(nucleomorph) and chloroplast of the endosymbiont, provide a precedent 
for the endosymbiotic origin of eukaryotic organelles and valuable 
material for evolutionary analyses (McFadden et al., 1994). The fossil 
record indicates that only marine life was present in the early Paleozoic, 
with amphibians, insects, and terrestrial plants appearing as this period 
progressed. In the early Mesozoic. mammals, dinosaurs, and reptiles are 
found and in the later part of the period, the first records of angiosperms 
appear. In the Cainozoic (or Cenozoic), the first grasses are evident. 
Only in the latter part of this period do the first records of humans 
appear. Because viruses survive by using many products from their host, 
including ribosomal RNA, these particular life-forms are not included in 
the figure. (my a = millions of years ago) 
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1.4 THE ORIGIN OF CELWLAR ORGANELLES 

Although the evolutionary origins of the eukaryotic cell and chro
mosomes are not clear, the suggestion of an endosymbiotic origin 
for the eukaryotic cell is becoming widely accepted. According to 
this idea, all of the internal components of the eukaryotic cell were 
originally derived from the fusion or uptake of different types of 
bacterial organisms. Most of these components have by now been 
so extensively modified that their origins are completely obscured. 
Thus, although the nucleus might originally have been bacterial in 
nature, its principal present-day function is as a repository for the 
chromosomal material and gene action. 
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A bacterial origin for the mitochondria and chloroplasts of eu
karyotic cells is more easily recognized. With the exception of the 
single-celled Archezoa, such as Giardia lamblia (Fig. 1.3), typical 
eukaryotic cells contain mitochondria to carry out the function of 
oxidative respiration. Plant cells also contain plastids, most com
monly seen as chloroplasts, which function in photosynthesis. Both 
of these organelles contain their own DNA, arranged in small, 
circular molecules replicating more or less in time with the organ
elles themselves and with division of the mother cell. A single 
chloroplast or mitochondrion can have tens of copies of its DNA 
molecule and, therefore, tens of copies of the genes on these mole
cules. Some DNA sequences in these organelles are clearly related 
to the DNA of representatives of the true Bacteria (see Fig. 1.2). 
The genes of mitochondrial DNA coding for RNA and some protein 
molecules have sequences that are closely related to genes in the 
a-group of purple bacteria. Further, based on size and some other 
physical characteristics, it is likely that there have been at least 
two introductions of organisms undertaking the role of mitochon-

Fig. 1.3. A diagrammatic representation (top), an electron micrograph 
(bottom), and a light-microscopic image (insert) of the Archezoan 
organism Giardia lamblia. This organism is unusual in having two 
nuclei and appears to represent a very early form of eukaryote (Kabnick 
and Peattie, 1991). Analysis of ribosomal RNA sequences from G. 
lamblia indicates that the organism has more similarities to prokaryotes 
than eukaryotes, hence the idea that it represents a "missing link" in the 
early evolution of eukaryotes. In addition, the organism has no 
mitochondria and is an obligate anaerobe (Schofield and Edwards, 
1991). Consequently, G. lamblia is a major parasite of the intestinal 
tract, including human beings, causing symptoms such as diarrhea and 
abdominal cramps (The electron micrograph of G. lamblia was kindly 
supplied by E.M. Edwards.) 
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dria. This argues for a polyphyletic origin for these organelles, 
as shown in Fig. 1.2. Chloroplasts are generally considered to be 
monophyletic in origin, based on both DNA sequences and size. 
The closest bacterial relatives of chloroplasts would appear to be 
marine organisms, originally designated Prochlorophytes but re
cently renamed Prochlorobacteria. These marine organisms are 
closely related to what were originally known as the blue-green 
algae, but are now called Cyanobacteria. 

1.5 CONCLUSIONS 

The developing understanding of the evolution of genomes from 
a wide range of organisms, as well as the origins of chloroplasts 
and mitochondria, provide an important adjunct to the structural 
analysis of protosomes and chromosomes. In addition, the contin
ued structure/function analysis of genomes will contribute concepts 
that elaborate on how organisms evolved. The evolutionary tree 
shown in Fig. 1.2 is only one of many that may be drawn, and 
discussion will continue on whether or not mitochondria have a 
biphyletic origin or, for example, on whether Giardia may have 
lost the mitochondria it once had as a result of its parasitic life
style. The work described in the remainder of this book cannot be 
easily separated from problems related to the evolution of life, but 
general texts that consider evolutionary problems more directly are 
in the Bibliography. 
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A Historical Perspective on Chromosome 
Structure, Function, and Behavior 

• The pre-1900 period established the cell theory, the concept of cell lineage, the microscopic structure of chromosomes, mitotic and 
meiotic cell divisions, and the existence of genes in nuclear chromatin. 

• Studies during the 1900-1950 period recognized the linear order of genes in chromosomes, established the •• one gene-one protein" 
concept, used karyotyping to investigate genetic and evolutionary relatedness, related changes in chromosome structure to mutations, 
provided evidence for transposable elements, and proved that DNA was the chemical component of genes. 

• The 1950-1996 period established the physical structure of chromosomes, including the three-dimensional configuration of DNA 
and the histone proteins bound to it, the banding of whole chromosomes, and the distribution of specific DNA sequences. 

• The universality of the genetic code was established in this period, as were techniques for transforming bacteria, plants, and animals, 
and ever-increasing uses for the polymerase chain reaction. 

• Worldwide DNA sequence databases and associated computer technology for utilizing the information were devised, culminating, 
for the moment, in the sequencing of the entire yeast genome. 

The excitement engendered by increased research activity on chro
mosomes is built upon a framework of knowledge erected over the 
past 300 years. The isolation of specific DNA fragments and gene 
sequences, their locations on chromosomes, and the development 
of massive computer data banks of nucleotide sequences are rapidly 
expanding research activities worldwide. The study of chromo
somes provides a common thread linking all of these investigations, 
whether carried out in plants, humans, fungi, animals, or any of 
the other life-forms on earth. To introduce the rich history of cyto
genetics, developments in chromosome research have been sepa
rated into three periods, pre-I900, 1900-1950, and 1950-1996. 
The reliance of modern cytogenetics on the observations, concepts, 
and principles developed in earlier insights is highlighted. In this 
way, the evolution of the science of cytogenetics can be described 
from the earliest microscopic observations to present -day investiga
tions with the latest applications of biotechnology. The scientists 
named in the historical tables usually had one or more of the follow
ing qualities: a genius for invention or discovery, keen powers of 
observation, and/or the ability to synthesize concepts from preexist
ing information. However, it is not always possible to list all of 
the scientists involved in a particular discovery. 

2.1 THE FRE·1900 PERIOD 

The cellular structure of plants and animals was recognized almost 
as soon as the microscope was invented at the end of the sixteenth 

century (Table 2.1). It is of interest that one of the first organisms 
investigated with the microscope was Giardia (see Fig. 1.3), de
scribed as "animalcules a moving-very prettily." The recognition 
of separate organelles within cells required significant improve
ments in glass quality and lens manufacture, so it was another 150 
years before the nucleus was observed. Shortly thereafter, the cell 
theory was proposed, stating that cells and their nuclei were the 
basic units of structure and function in living organisms. This 
knowledge, in turn, led to the associated theory, some 20 years 
later, that all cells are derived from preexisting cells, the cell lineage 
theory. The appreciation of these two theories established the im
portance of the individual cell in development, heredity, and evolu
tion, in that present-day cells must trace their ancestry in an unbro
ken lineage to the first-ever cell. These ideas provided the impetus 
for the detailed study of cell division and embryology, as well as the 
starting point for the science of cytogenetics, with the technology 
becoming available with major improvements in microscopy (Fig. 
2.1). Cells with large nuclei such as the amphibian egg cell (Fig. 
2.2), or organisms with few chromosomes such as Ascaris, the 
horse threadworm, were favored for study. 

By the end of the nineteenth century, both the mitotic and mei
otic cell divisions had been described, and sexual reproduction had 
been associated with the fusion of egg and sperm in both animals 
and plants. Chromosomes had been observed at certain stages of 
the cell cycle, often with distinctive morphological traits such as 
relative sizes and the positions of constrictions. The constancy of 
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Table 2.1 Chronology of Chromosome Studies to the Year 1900 

-1600 
1665 
1677 

1694 
1752 
1760s 
1831 
1835 
1838/39 
1842 
1848 
1858 
1859 
1866 

1866 
1871 
1873 

1875 
1875 
1881 
1882 
1883/4 

1875-1887 

1888 
1888 
1889 
1892 

1896 
1898 

Janssen and Janssen, father and son, lay claim to the invention of the compound microscope. 
Hooke describes the cork cells of plants as "empty vessels." 
van Leeuwenhoek observes animal spermatozoa and in 1681 describes what has since been recognized as the Archezoan parasite Giardia, 

when examining his own stools. 
Camerarius publishes on sexual reproduction in plants and produces an artificial hybrid between hemp and hop. 
Maupertuis applies mathematical probabilities to genetic studies of polydactyly in humans, a century before Mendel. 
Koireuter makes reciprocal crosses between plants to show that each parent makes an equal contribution to the offspring. 
Brown gives an account of the nuclei in the ova of orchids, and their apparent disappearance when the pollen tube enters the ovum. 
von Mohl describes cell division. 
Schieiden and Schwann publish on the importance of cells in plants and animals, respectively, leading to the proposal of the cell theory. 
Niigeli shows that cells multiply by division. 
Hofmeister studies the meiotic chromosomes of pollen mother cells. 
The theory of cell lineage is proposed by Virchow. 
Darwin publishes the Origin of Species. 
Mendel's paper, "Experiments in plant hybridization," in which he applies mathematical logic to the inheritance of phenotypic traits in 

garden peas, is published. 
Haeckel suggests that the nucleus is the vehicle of inheritance. 
Miescher describes the chemical composition of "nuclein" isolated from the nuclei of pus cells. 
Abbe and Helmholtz independently demonstrate that the power of the light microscope to resolve two points depends on the wavelength 

of the light. 
Hertwig demonstrates that fertilization in the sea urchin involves the union of nuclei from both egg and sperm. 
Fertilization in plants in described by Strasburger. 
Balbiani describes puffing in the salivary-gland chromosomes of insects. 
By observing mitosis in detail, Flemming shows that it includes a lengthwise cleavage of chromatin. 
van Beneden shows that during meiosis, the number of chromosomes contributed to the egg and the sperm are half the total number 

present in the fertilized egg. The egg and sperm are defmed as haploid and the fertilized egg as diploid. 
The combined studies of Boveri, Hertwig, Roux, Strasburger, and Weismann result in the germplasm theory, and the general acceptance 

of nuclear chromatin as the physical basis for inheritance. 
Waldeyer coins the term "chromosome." 
Boveri describes meiotic chromosome pairs in both maternal and paternal germline tissues. 
Altmann provides biochemical evidence for the division of "nuclein" into nucleic acid and protein. 
Riickert discovers lampbrush chromosomes and suggests that pairing and exchange of genetic material occurs between paternal and maternal 

chromosomes during meiosis. 
Wilson lays the foundation for the chromosome theory of inheritance in his classic book The Cell in Development and Inheritance. 
Montgomery publishes an analysis of nucleoli, favoring their origin from cytoplasmic activity. 

their appearance and behavior suggested that they were structures 
of basic importance to cell biology. The nucleus, and later the 
chromosomes, were designated as the vehicles for the hereditary 
material, although the genetic significance of nucleic acid isolated 
from cells was not recognized until well into the twentieth century. 
Even so, the statement was made by Wilson in 1896, "There 
is no doubt that the morphological differentiation of parts within 
the cell is accompanied by corresponding chemical differentia
tion .... This fact is most conspicuous in the case of the nucleus 
and the chromatophore which contain, and have the power of manu
facturing, certain substances. .. . " 

2.2 THE 1900-1950 PERIOD 

Fig. 2.1. The basic tool of cytogenetics is the light microscope. This 
diagram is taken from Abbe (1884) and illustrates the basis for defining 
the magnification of a lens system. Much of our present understanding 
of how we observe objects in the light microscope, and the limitations 
on resolution, stems from the work of E. Abbe. 

During the early part of the present century (Table 2.2), the full 
appreciation of Mendel's research on the inheritance of visible 
phenotypic traits led to new advances in understanding the genetics 
of a wide range of organisms. The central Mendelian concept of 
alleles as different forms of the same gene that segregate during 
gamete formation became established as the law of segregation. 
The independent partitioning of the alleles of different genes in the 
progeny of crosses between different individuals became known 
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Table 2.2. Chromosome Studies from 1900 to 1950 

1900 
1902 
190213 
1905 
1906 

1907 
1907 
1908 
1909 
1909 
1910 

1913 
1913/14 

1915 
1917 
1917 
1920 

1924 
1924 
1926 
1927 

1927 

1928 

1928 
1929 
1931 

1931 
1932 
1932 
1933 
1934 

1937 

1938 

1941 

1944 
1947 
1947 
1947 
1949 

de Vries, Tschennak, and Correns independently rediscover, recognize, and publicize the significance of Mendel's studies on pea genetics. 
Garrod and Bateson suggest that the human disease alkaptonuria is due to a single recessive gene and the loss of an enzyme. 
Sutton and Boveri independently show the relationship between Mendelian inheritance and chromosome behavior during meiosis. 
Stevens accurately describes the X and Y sex chromosomes of the beetle Tenebrio. 
Sex linkage of wing color is illustrated in the moth Abraxas by Doncaster and Raynor, and linkage in sweet peas is reported by Bateson 

and Punnett. 
The phenotypic effects of polyploidy in Oenothera, the evening primrose, are described by Lutz. 
Chromosome doubling is induced in mosses by Marchal and Marchal. 
Gates observes meiotic' 'ring" configurations in Oenothera, later attributed to breaks and exchanges between nonhomologous chromosomes. 
Maternal inheritance of plastids is demonstrated in the variegated plant Mirabilis by Correns. 
Janssens publishes the chiasmatype hypothesis to explain genetic exchanges between homologous chromosomes by chiasma fonnation. 
Morgan reports on the sex-linked inheritance of the white-eye mutation in Drosophila and shows that genetic recombination occurs between 

this and other sex-linked genes. 
Sturtevant produces the first chromosome map showing the linear arrangement of six sex-linked genes and their relative spacing. 
By combining the work of Bridges and Metz, it is realized that the two large and one small autosomes of Drosophila correspond to two 

large and one small genetic linkage groups. 
Morgan, Sturtevant, Muller, and Bridges publish the seminal book The Mechanism of Mendelian Heredity. 
Winge proposes that new species can arise by crosses between species, followed by chromsome doubling in the hybrids. 
By genetic analysis of Drosophila stocks, Bridges demonstrates the presence of duplications and deletions. 
Using the plant Datura, Blakeslee, Belling, and Farnham correlate specific phenotypic changes with the presence of an extra dose of 

single individual chromosomes. 
Polycentric chromosomes with many centromeres are observed in the roundwonn Ascaris megalocephala, by Walton. 
Feulgen and Rossenbeck develop the Feulgen reaction to specifically detect DNA and chromosomes in tissues. 
Sturtevant shows that chromsome inversions cause a reduction in the number of crossovers. 
Independent research by Muller on Drosophila and, in 1928, by Stadler on barley and maize shows that X-rays increases mutation rates 

and chromosome aberrations. 
S. Navashin publishes drawings of chromosomes based on measurements during cell division to compare chromosome sets of different 

species. 
Based on studies of the liverwort Pellia, Heitz names the dark-staining regions of chromosomes heterochromatin, and lighter-staining 

regions euchromatin. 
Randolph names the supernumerary chromosomes of maize B chromosomes to distinguish them from the normal set of A chromosomes. 
McClintock publishes a physical map of maize pachytene chromosomes. 
Decisive proof that genetic recombination between homologous chromosomes is accompanied by the exchange of cytologically visible 

markers is obtained from Drosophila by Stem, and from maize by Creighton and McClintock. 
McClintock shows that specific genes are lost when parts of chromosomes are deleted. 
Knoll and Ruska publish the first description of the electron microscope. 
Darlington publishes the textbook Recent Advances in Cytology. 
Painter publishes a spreading technique for the analysis of the polytene chromosomes of Drosophila larval salivary-gland cells. 
In Crepis hybrids, M. Navashin shows that the satellited nucleolus-organizer regions of one species can be suppressed in the presence of 

the same region from another species. 
Blakeslee shows that colchicine has the ability to double the chromosome number of plants and of interspecies hybrids, helping to restore 

fertility. 
McClintock shows that variegation for marker genes in maize can be caused by the loss of ring chromosomes, fonned by the fusion of 

broken ends, that contain the respective genes. She also finds that phenotypic variegation can result from the bridge-breakage-fusion 
cycle that results when chromosomes with two centromeres fonn chromatin bridges at anaphase and break under stress. 

Using X-ray-induced mutants of Neurospora, Beadle and Tatum show that specific genes direct the synthesis of specific proteins, and 
postulate the "one gene-one enzyme" theory. 

Avery, MacLeod, and McCarty induce transformation of bacteria using highly purified DNA preparations. 
McClintock publishes her first report on transposable elements. 
Auerbach and Robson describe the effects of chemical mutagens, confirming earlier studies by Oehkers in 1943. 
Caspersson uses microspectrophotometry to define nucleic acid: protein ratios in cells. 
Barr and Bertram discover a densely stained inclusion, the "Barr body," in the nuclei of female cats that is absent from the nuclei of 

male cells. 
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Fig. 2.2. An early study of chromosome division and mitotic 
chromosome structure using the light microscope. A photomicrograph of 
anaphase in the egg of the amphibian Toxopneustes variegatus (Wilson, 
1896). Studies such as this were basic to establishing our present 
understanding of cell structure and, in particular, the behavior of 
chromosomes. 

as the law of independent assortment. These laws were then related 
to the observed behavior of chromosomes in the meiotic cell divi
sions of reproductive tissues, and the correlation of gene transmis
sion and chromosome behavior became known as the chromosome 
theory of heredity. The cytological basis for independent assort
ment, as well as apparent exceptions due to linkage of genes on 
the same chromosome, was fIrmly established by 1915. By the 
1920s, the physical basis of inheritance was explained by the ar
rangement of genes in linear arrays on both sex chromosomes and 
autosomes. The ordering of these genes and the apparent distances 
between them could be determined by appropriate crosses. 

In the late 1920s and 1930s, cytogenetic observations demon
strated that alterations in the number and structure of chromosomes 
could occur naturally or could be induced by exposing organisms 
or their parts to X-irradiation. As a result of parallel genetical and 
cytological studies on maize (Zea mays), Jimson weed (Datura 
stramonium), and the fruit fly (Drosophila melanogaster), changes 
in chromosome number or structure were correlated with changes 
in phenotypic characters. 

Analyses of chromosome morphology reached their height in 
the study of maize meiotic-prophase chromosomes in pollen 
mother cells, and of the salivary-gland chromosomes of Drosophila 
(Fig. 2.3). These studies provided exquisite detail about the cyto
logical structure of chromosomes, revealed the existence of hetero
chromatin, and showed that it was possible to arrange chromosomes 
into karyotypes. Studies in Drosophila demonstrated that hetero
chromatin was apparently genetically inert material that could in
fluence the expression of genes located in nearby euchromatin. 

The discovery that the drug colchicine, extracted from the plant 
Colchicum autumnale, could increase the chromosome number of 
cells by inhibiting spindle formation during cell division led to a 
flurry of activity in the experimental production of polyploid plants 
with more than the normal number of chromosomes. However, this 
approach had very limited success in animals. 

Biochemical analysis of the nucleoprotein complex in the nuclei 
of eukaryotes showed that the main components were deoxyribonu
cleic acid, or DNA, and a basic protein named histone. With the 
development of microscope spectrophotometry (Fig. 2.4), the light
absorption data obtained directly from cellular components were 
shown to be compatible with the conclusions from biochemical 
studies. 

The I 940s were marked by several landmark discoveries. Treat
ment of the bread mold Neurospora crassa with X-rays induced 
nutritional mutants that lacked the ability to survive on minimal 
medium alone. These mutant auxotrophs required the addition of 
specifIc nutrients for growth, whereas prototrophs did not. These 

Fig. 2.3. Discovery of the potential of dipteran salivary-gland 
chromosomes for cytogenetic studies. A camera lucida drawing of the 
salivary-gland chromosomes of the fruit fly Drosophila melanogaster 
(painter, 1934). This drawing shows the unusual features of the salivary
gland chromosomes, including somatic pairing of homologs, a greatly 
increased volume due to multiple chromatid replications, and a 
distinctive linear pattern of bands formed by the precise pairing of 
homologous chromomeres. Painter stated, , .... we must realize that the 
utilization of these giant chromosomes for solving many vexing 
problems of cytology and genetics is comparable to the forging of a new 
tool and the important thing is to use this tool." This precision in band 
formation made it possible to localize the breakpoints that result in 
chromosome abnormalities such as duplications, deletions, 
translocations, and inversions. 



Fig. 2.4. Microscope spectrophotometry has been used to provide 
direct measurements on the physical characteristics of regions within a 
single cell. One of the prototype microscopes built at the Karolinska 
Institute, Stockholm, under the direction of Prof. T. Caspersson is 
shown. (Photograph kindly supplied by Prof. N.R. Ringertz.) 

results led to the "one gene-one enzyme" hypothesis, subse
quently modified and confirmed as the "one gene-one polypep
tide" concept. Transformation studies on the bacterium Pneumo
coccus pneumoniae demonstrated that highly purified DNA from 
one strain of bacterium could be transferred into another, giving 
the transformed strain a new function that was characteristic of the 
strain from which the DNA was isolated. Further, the transforming 
factor was destroyed if the DNA was degraded by enzymes, proving 
that DNA is the source of hereditary information and the chemical 
component of genes. In maize, certain events in the cell cycle were 
shown to destabilize the genetic material, as observed by color 
variegation in seeds and leaves, leading to the concept that units 
in the chromosome were capable of movement elsewhere in the 
genome. These units were suggested to be capable of creating muta
tions in genes, as well as chromosome abnormalities, and were 
named transposable, or mobile, elements (Fig. 2.5). The ability of 
certain chemicals to induce gene mutations, and in S9me cases 
chromosome breakage, was demonstrated by exposing Drosophila 
males to short, sublethal doses of mustard gas, which induced a 
high frequency (7.5%) of lethal mutations in the X chromosome. 
Such treatments were designed to provide a more convenient source 
of mutagens than irradiation. In later investigations, all of these 
discoveries were found to apply to a wide range of organisms. 

2.3 THE 1950-1998 PERIOD 

This period signalled a rapid advance in the application ofbiochem
ical and molecular developments to the study of cytogenetics, in
cluding chromosome structure and function (Table 2.3). It was 
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Fig. 2.5. The early indications of transposable chromosome elements 
came from investigations of unstable genetic conditions in maize. The 
photographs show mottled kernels (top photograph is a normal control), 
which were interpreted as resulting from the Ac-Ds system of 
transposable elements (McClintock, 195 I). Transposable elements were 
discovered during investigations of the genetic instability associated with 
chromosome aberrations that create bridges at meiosis and cause 
chromosome breakage. McClintock presented her data and 
interpretations" ... for whatever value they may have in giving focus 
to thoughts regarding the basic genetic problems concerned with nuclear 
organization and genic functioning." However, it was many years before 
the focus became clear enough for others to understand the far-reaching 
impact of her discovery. 
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Table 2.3 Major Advances in Chromosome Structure and Function from 1950 to 1996 

1950 

1953 
1953 
1954 
1954 

1956 
1957 
1957 
1958 
1959 

1960 
1961 
1961 

1961 

196213 
1964 
1965 
1967 

1968 
1968 
1969nO 

1970 
1970 
1971 

1973 
1973 
1974 
1974 

1975 
1976 
1977 
1977n8 

1978 
1980 

1980 

1981 
1982 
1982 
1983 
1983 
1984 

1985 
1985 
1987 
1988 
1989 

1991 

1992 
1995 

1996 
1998 

Chargaff establishes that DNA contains equimolar amounts of the bases adenine (A) and thymidine (T), and of the bases guanine (G) and 
cytosine (C). 

Hsu and Pomerat develop a hypotonic treatment for animal cells to simplify the production of chromosome spreads for karyotype analysis. 
Watson and Crick publish their interpretation of the DNA fiber X-ray diffraction data of Wilkins, Franklin, and colleagues. 
Sears classifies the chromosomes of common wheat into seven homoeologous groups based on compensating aneuploids. 
Gey, Berg, and Gey report on the establishment of the HeLa strain of epidermal carcinoma cells in tissue culture. Hsu characterizes the 

chromosomal complements of these cells within the range of 80-100 chromosomes per cell. 
Tjio and Levan obtain the correct chromosome number of 2n = 46 for humans. 
Taylor, Woods, and Hughes demonstrate semiconservative DNA replication by labeling Vida faba chromosomes with 3H-thymidine. 
Minsky files U.S. patent #3013467 for the modern confocal microscope. 
Ford, Jacobs, and Lajtha show that, in humans, males are XY and females are XX. 
Trisomy of a human chromosome (later identified as #21) is linked to the genetic disability Down's syndrome, by Lejeune, Turpin, and 

Gautier. 
Nowell shows that phytohemagglutinin can stimulate cell division in human leukocytes. 
Lyon hypothesizes that the Barr bodies of mammalian female nuclei are, in fact, inactivated X chromosomes. 
Nirenberg and Matthaei demonstrate the dependence of ribosomes on messenger RNA and the coding of polyphenylalanine by poly-U, 

the first triplet of the genetic code to be deciphered. 
Jacob and Monod publish their model for the control of protein synthesis, based on the action of a repressor protein binding to a DNA 

control region preceding the 5' -end of the genes controlling the levels of messenger RNA. 
DNA is discovered in choloroplasts by Ris and Plaut, and in mitochondria by Nass and Nass. 
Littlefield specifically selects hybrid somatic cell lines in tissue culture using selective media and induced mutants. 
Harris and Watkins, Okada and Murayama, and Weiss and Ephrussi independently demonstrate the production of interspecific cell hybrids. 
Kornberg and colleagues demonstrate the relatively error-free synthesis of infectious <,f>X174 DNA using purified DNA polymerase and 

polynucleotide-joining. 
Britten and Kohne demonstrate the existence of repetitive DNA sequences in mammalian DNA. 
Jordan, Saedler, and Starlinger show that some mutations in E. coli are caused by the insertion of transposable elements. 
Working independently, Pardue and Gall, Buongiorno-Nardelli and Amaldi, and Jones carry out in situ hybridization of radioactively 

labeled RNA probes to chromosome preparations. 
Temin and Mizutani, and Baltimore independently demonstrate that reverse transcriptase can yield a DNA molecule from an RNA template. 
Smith and Wilcox publish the discovery of the restriction endonuclease HindllI. 
Groups led by Ruddle, Bodmer, Miller, Siniscalco, and Bootsma begin the systematic analysis of hybrid cell lines for the purpose of 

mapping human chromosomes. 
Hewish and Burgoyne provide evidence for the nucleosome structure of chromatin. 
Peacock and colleagues establish the existence of distinct blocks of tandemly repeated DNA sequences in Drosophila heterochromatin. 
The first transformation of eukaryotic DNA into bacterial cells, by insertion into plasmids, is achieved by Morrow and colleagues. 
Moses and Counce refine the technique for spreading synaptonemal complexes for electron-microscopic analysis, initially investigated by 

Comings and Okada in 1970. 
Sanger and Coulson publish a DNA sequencing procedure based on synthesizing a DNA copy of a cloned, single-stranded DNA fragment. 
Hilliker establishes that Drosophila heterochromatin is not completely devoid of genes. 
Breathnach, Mandel, and Chambon publish their fmdings on the presence of intervening sequences in the gene coding for chicken ovalbumin. 
Sanger and colleagues, and Fiers and colleagues publish the complete nucleotide sequence of the DNA viruses <,f>X174 and SV40, respec-

tively. 
Blackburn and Gall publish the sequence of the termini of extrachromosomal ribosomal RNA genes from Tetrahymena. 
Botstein and colleagues point out the potential usefulness of DNA restriction fragment-length polymorphisms, or RFLPs, in genetic 

mapping. 
Chilton and Schell and their colleagues independently demonstrate that segments of the Ti plasmid of Agrobacterium are incorporated 

into plant genomic DNA. 
Cech, Zaug, and Grabowski report the self-splicing activity of Tetrahymena ribosomal RNA. 
Palmiter and colleagues transform mice by injecting DNA directly into egg-cell nuclei. 
Ward and colleagues publish the methodology for the in situ, nonradioactive detection of DNA sequences on chromosomes. 
Hall and colleagues announce the introduction of a gene into a plant (sunflower) using Agrobacterium. 
Federoff, Wessler, and Shure clone the maize transposable elements Ac and Ds. 
Fedoroff, Fortek, and Nelson clone a plant gene, the Bronze locus of maize, which was defined phenotypically by inactivation through 

the insertion of a transposable element. 
Saiki and colleagues report on the successful amplification of specific DNA segments using the DNA polymerase chain reaction or PeR. 
Greider and Blackburn publish the characterization of an enzymatic activity responsible for adding telomeres. 
Yeast artificial chromosomes (YACs) are constructed by Burke, Carle, and Olson. 
The Human Genome Organization, HUGO, is fonned to coordinate the sequencing of the entire human genome. 
Report on the RNA editing activity in mitochondria of protozoa by the insertion or deletion of U residues, and three laboratories (Gray 

and colleagues, Weil and colleagues, and Brennicke and colleagues) report on the conversion of C's to U's in plant mitochondria. 
Michelmore and colleagues publish on the recovery of DNA markers closely linked to resistance genes, using the polymerase chain reaction 

primed by random primers to analyze the DNA bulked from a segregating population of individuals originating from a single cross. 
Oliver heads a consortium of laboratories to publish the complete DNA sequence of yeast chromosome 3. 
The complete sequences of two bacterial protosomes from Haemophilus inJluenzae and Mycoplasma genitalia are published by Fleischmann, 

Fraser, Venter, and their associates. 
Goffeau heads a consortium of over 100 laboratories to sequence the entire yeast genome. 
The EU Arabidopsis Genome group analyses 1.9 Mb of contiguous DNA from chromosome 4 of Arabidopsis thaliana. 



Fig. 2.6. The molecular structure of DNA. The DNA double helix as 
depicted in Watson and Crick (1953). This interpretation of DNA 
structure, with sugar-phosphate chains on the outside and nucleotide 
base pairs on the inside, provided the basis for molecular biology. 
Watson and Crick suggested that the structure may indicate " ... a 
possible copying mechanism for the genetic material." 

Fig. 2.7. Chromosome puffing in the midge Chironomus. The drawing 
is a diagrammatic representation of the unraveling of a polytene 
chromosome to give a Balbiani ring, showing the structural modification 
that led to the formation of the chromosome puff (Beermann, 1956). The 
puffs were considered to " .. . obviously indicate changes, most 
probably increases, in the activity of gene loci." Molecular biological 
techniques confumed this idea and defined the products of some of the 
puffs in Drosophila, as well as Chironomus. 

• 
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Fig. 2.8. Transcription of ribosomal RNA genes. Miller and Beatty 
(1 %9a and b) discovered that when the nuclei of actively growing cells 
were lysed or broken open onto an aqueous surface, the interphase 
material could be transferred to a grid and prepared for observation in 
the electron microscope. This photograph shows the " Christmas trees" 
that were considered to result from the process of transcription by the 
movement of RNA polymerase enzymes along a central DNA molecule. 
The steadily lengthening RNA molecules form the "branches" of the 
trees. Each RNA gene is separated from the next by a length of 
nontranscribed spacer DNA. 
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generally accepted that DNA was the source of genetic infonnation. 
The detennination of the chemical structure of the DNA molecule 
(Fig. 2.6) revealed the basis for semiconservative replication, which 
was subsequently demonstrated both cytogenetically and biochemi
cally. The genetic code and how DNA codes for proteins using 
triplet nucleotide codons to detennine the amino-acid composition 
of proteins were elucidated. In classical experiments using bacteria, 
the operon/repressor model for interpreting the control of gene 
expression was developed. This model explained how a single gene, 
coding for a repressor protein, could control the expression of a 
distant group of genes if these were arranged in a block, or operon. 

In eukaryotes, chromosome puffing was correctly interpreted 
as a site of gene expression (Fig. 2.7). In addition, the identification 
of the nucleolar-organizer region, most often seen by early cytoge
neticists as separating a satellite region from the remainder of the 
chromosome, was shown to be the physical site for ribosomal RNA 
genes. A combination of molecular and cytological techniques pro
vided details of the structure of ribosomal RNA genes, and electron 
microscopy allowed the observation of the decoding of DNA into 
RNA by transcription (Fig. 2.8). The structure of the unusual lamp
brush chromosomes in amphibian egg cells, first reported 70 years 
earlier (Fig. 2.9), also became more clearly understood in tenns of 
gene transcription. 
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Fig. 2.9. The discovery of lampbrush chromosomes. Top: a drawing 
showing diplotene chromosome pairs in the primary oocyte of the shark, 
Pristiurus (Riickert, 1892). This meiotic stage can last for several years 
in the females of some vertebrates and invertebrates. The fuzzy 
appearance of the chromosomes, which Riickert compared to lamp
cleaning brushes, is caused by pairs of loops extending in all directions. 
Bottom: Many years later, Gall and Callan (1962) showed that the DNA 
in the loops was transcribing RNA. In this photograph of a loop pair of 
an oocyte chromosome of the newt Triturus cristatus, the incorporation 
of 3H-uridine into RNA has proceeded approximately halfway around 
each loop to the points marked by the arrows. Riickert was therefore 
seeing "genes in action" in his observations of these fascinating 
chromosomes. 
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Fig. 2.10. The degradation of chromosomal DNA provided the first 
inElication as to how DNA was actually arranged in chromosomes. The 
suggestion for the existence of a basic unit of chromosome structure 
came from interpreting the pattern of DNA degradation during the 
isolation of nuclei from rat liver (Hewish and Burgoyne, 1973). The 
photograph shows DNA fragments stained with the ultraviolet (UV)
fluorescent dye ethidium bromide, after electrophoresis in an agarose gel 
to separate fragments of different sizes. Top: the lanes are marked 0, 40, 
60, and 80 to indicate the length of time in minutes that the nuclei were 
incubated at 37°C before carrying out a DNA preparation. The numbers 
1-6, (right-hand side) indicate the relative size of the DNA band (e.g., 
monomer, dimer, trimer, etc.). It was found that the fragments of DNA 
occurred in multiples of approximately 200 base pairs, leading to the 
suggestion that this length of fragment is the basic unit of DNA folding. 
These basic units were named nucleosomes. Electron-microscopic 
observations on the DNA-protein complex present in nuclei and 
chromosomes (Olins and Olins, 1974) subsequently demonstrated the 
presence of small knobs along the length of DNA, consistent with the 
nucleosome concept. 

The physical structure of chromosomes was analyzed in detail. 
Histone proteins were sequenced and shown to be highly conserved 
between different organisms, leading to the idea that DNA-histone 
complexes could fonn the core building blocks for chromosomes. 
Biochemical and electron-microscopic studies provided evidence 
for the existence of basic units of DNA folding called nucleosomes 
(Fig. 2.10), in which histone proteins fonn the center with DNA 
wrapping around the outside. The high content of repetitive-se
quence DNA in the nuclei of eukaryotes was also uncovered (Fig. 
2.11), raising many new questions about how genes were integrated 



11111111 I 111111, I Tl11111fi 

Fig. 2.11. The reassociation of single strands of DNA. After double
stranded molecules of DNA have been separated into their complemen
tary single strands by a process of denaturation, the double-stranded mol
ecule can spontaneously re-form following normal physical laws. This 
diagram (from Britten and Kohne, 1968) demonstrates that whereas Esch
erichia coli DNA ( + ) follows a renaturation curve typical of a bimolecu
lar reaction, calf-thymus DNA (e, 0, .) shows a much more complex 
renaturation curve. A portion of the DNA renatured very rapidly, from 
which it was deduced that this particular DNA was composed of repeti
tive arrays of DNA sequences. 
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Fig. 2.12. The discovery of the correct number of chromosomes in 
human cell nuclei. Tjio and Levan (1956) discovered that the nuclei 
from dividing embryonic lung fibroblast cells contained 46 chromo
somes. Numerous studies have since confirmed their finding that humans 
normally have 46 chromosomes in somatic cells. Tumor cells have vary
ing numbers of chromosomes and can contain double, or even four 
times, the stemline number (Levan, 1956). 
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into the chromosome as a whole. The manipulation of chromo
somes of Drosophila to create chromosomes of different lengths, 
proved that they consist of a single strand of DNA, which changes 
in length concomitantly with changes in the cytological length of 
the chromosome. 

Spreading techniques for human chromosomes, including phy
tohemagglutinin stimulation of cell division in lymphocytes, pro
vided the technical advances that allowed an accurate chromo
some number for humans to be determined (Fig. 2.12). Novel 
staining procedures for chromosomes led to the discovery of 
banding patterns that revealed details about their substructure 
(Fig. 2.13) and enabled homologous chromosomes to be identi
fied. Heterochromatic regions of chromosomes were shown to 
contain specific classes of repetitive DNA, and it was recognized 
that genes controlling the expression of phenotypic traits could 
also be found in the heterochromatin. Chromosome engineering 
in wheat (Fig. 2.14) provided new sources of disease resistance, 
which could be transferred into commercial wheat cultivars, 
thus demonstrating one of the practical applications of cyto
genetics. 

The cloning of the first eukaryotic DNA segment into bacteria 
was reported in 1974. The DNA was comprised of fragments of 
the ribosomal RNA genes from Xenopus, inserted into a special 
class of bacterial DNA called a plasmid (Fig. 2.15). The technology 
provided a major breakthrough in the molecular analysis of the 
genomes of alilife-fonns. Based on cloning technology, rapid ad
vances were made in the analysis of the sequence structure of DNA, 
and the molecular nature of transposable elements as well as how 

Fig. 2.13. Chromosome banding using fluorescent staining to aid in the 
identification of individual chromosomes. Caspersson and co-workers 
(197Oa and b) showed that human chromosomes could be individually 
identified after staining chromosome preparations with DNA-binding 
dyes such as quinacrine hydrochloride. This photograph (kindly supplied 
by Dr. L. Zech) shows a routine preparation of lymphocyte 
chromosomes from a human male. 
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Fig. 2.14. A photograph of a wheat meiotic cell nucleus close to 
metaphase I showing a wheat-rye translocation chromosome (Sears, 
1972). Using materials such as this, methods have been developed to 
transfer chromosome segments from one species to another. The bivalent 
(arrow) has a normal wheat chromosome 6B (lower part of bivalent) 
paired with a translocated chromosome consisting of the long arm of 6B 
and the short arm of the rye chromosome 5R (to left of arrow). The 
translocation resulted from manipulations that introduced chromosomes 
6B and 5R in single doses into an individual plant. in this singular, 
unpaired state, centromeres can misdivide transversely during meiosis. 
The divided centromeres can then reunite to give translocated 
chromosomes, consisting of one wheat arm and one rye arm. 

they caused mutations. In addition, the structure of specific se
quences that control the expression of genes advanced our un
derstanding of how the information held in DNA is decoded. 
The fragmented nature of many genes was demonstrated (Fig. 
2.16). 
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In the 1980s, a rapid expansion of molecular/genetic maps was 
made possible, as variations in DNA sequences between individuals 
were used as markers for the analysis of genetic crosses. This infor
mation was combined with earlier work that utilized phenotypic 
traits and specific proteins, and enzymes, for genetic analysis. An 
exciting advance was the transformation of eukaryotic life-forms 
by the introduction and expression of new, foreign DNA gene se
quences. These techniques further stimulated the study of cytoge
netics in that they provided a new means of modifying chromo
somes. The creation of yeast artificial chromosomes (YACs) was 
particularly relevant, because it offered an alternative approach to 
understanding the complexities of chromosome behavior in cells. 
The polymerase chain reaction (PCR), combined with specific or 
random primers, was also a technological breakthrough that pro
vided many new opportunities for the analysis of specific regions 
of the genome. 

The rapid advances in computer technology in the 1950-1996 
period have not only made the extensive analysis of DNA sequence 
databases possible but have also completely changed the basic tool 
of the cytogeneticist, namely the light microscope. Image-enhance
ment technology has begun to replace the human eye as the primary 
means of collecting information, with the result that the microscope 
has become a much more versatile tool. 

The achievements of the 1950-1996 period emphasize the wide 
range of scientific fields that have had an impact on chromosome 
studies in cytogenetics. It is clear that this interdisciplinary ap
proach will continue in the future. Computer technology, molecular 
biology, genetics, cytology, physics, and chemistry converge, for 
the cytogeneticist, in unraveling secrets of chromosomes. Many of 
these techniques were used in the determination of the entire DNA 
nucleotide sequences of the 16 chromosomes of the budding yeast 
Saccharomyces cereviseae. 
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Fig. 2.1S. The cloning and reduplication of eukaryotic DNA in bacteria. Small, circular 
DNA molecules, called plasmids, provide the vectors for DNA cloning. in this instance, 
the plasmid vector pSC101 was used to clone EcoRI digested DNA fragments from 
Xenopus ribosomal RNA genes. Bacteria containing the plasmids with the cloned DNA 
sequences were then identified and cultured. These cultures were again digested with the 
EcoRI restriction endonuclease and the DNA fragments were observed on an agarose gel 
after electrophoresis and staining with ethidium bromide. The photograph (Morrow et al., 
1974) shows the vector pSCIOl band of 5.8 kb (right lane), DNA length markers (left 
lane), uncloned Xenopus rONA cut with EcoRl (X. laevis), and the various newly made 
plasmids (lanes marked with CD numbers) containing the cloned Xenopus rONA EcoRl 
fragments corresponding to the major band in the uncloned Xenopus rONA. 
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Fig. 2.16. The molecular structure of an ovalbumin gene. Early studies of gene 
structure revealed a number of unusual features, one of the more unexpected being 
the interruption of the gene sequence by unrelated DNA sequences, later named 
introns. One of the first genes to be characterized in this way was that coding for 
ovalbumin (Breathnach et al., 1977). This diagram summarizes the structure of the 
ovalbumin gene as it appears in a messenger RNA ready for translation into 
protein. The structure was determined using the technique of 
restriction-endonuclease site mapping. The large arrows in the figure indicate the 
positions of two introns, which are normally removed during the processing of the 
transcribed RNA into messenger RNA. 
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Microscopes: Basic Tools for Cytogenetics 

• The standard light microscope has many variations based on manipulating the path of light through the optical system. 

• The wavelength of light is a major determinant of resolution in the microscope, and the shorter • 'wavelength" of electrons provides 
greater magnification with the electron microscope. 

• Fluorescence provides a versatile basis for tracing specific features of chromosomes. 

• Computer capture of microscopic images has enhanced the analytical power of microscopes. 

Although the foundations for the design of the compound light 
microscope were established in the latter half of the nineteenth 
century, this instrument still provides the primary means for the 
routine observation of chromosomes. In recent years, the analytical 
power of the light microscope has been enriched by improved de
tection techniques developed in the physical sciences. The applica
tion of the confocal principle, for example, allows the light micro
scope to be used for optically sectioning nuclei, and this technique 
has become particularly powerful as the tools derived from molecu
lar biology provide the means for observing specific segments of 
chromosome structure. The development of the electron micro
scope and its derivative, the scanning electron microscope, provide 
much greater resolution than the light microscope in observing 
biological structures. The application of electron microscopy was 
significant, for example, in establishing the existence of chromatin 
folding, and the presence of specialized structures in meiosis, as 
well as in observing gene transcription. In this chapter, the present 
range of microscopic techniques are discussed. The process of pre
paring cells for microscopic observation needs to be carefully 
understood, as improper preparation can lead to errors in the inter
pretation of the image; this problem is discussed in Chapter 19. 

3.1 LIGHT MICROSCOFY 

3.1.1 The Standard Light Microscope 

The optical system of a basic light microscope is shown in Fig. 
3.1. This figure emphasizes that lenses are used to focus light onto 
the specimen by means of the condenser and to observe the speci
men using the objectives and eyepieces. Traditionally, the human 
eye is an integral part of the optics. The primary magnification of 
a microscope is derived from the objective lens, with a secondary 
magnification coming from the eyepieces. Although the magnifica-
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tion offered by a microscope is important, the amount of detail that 
can be distinguished is ultimately dependent on the resolution of 
the lens system. When light passes through a specimen, it interacts 
with it in one of two ways. It can either undergo scattering, or 
diffraction, as it passes opaque edges, or it can pass through-freely 
as so-called zero-order light. The diffraction phenomenon means 
that, at the primary image focal plane (see Fig. 3.1), the image of 
a pinhole is not a single spot of light, but a central point of light 
surrounded by a series of rings of decreasing intensity. This means 
that when two pinholes or two points in a specimen are very close 
together, they appear to merge into each other. The diffraction 
phenomenon therefore places a limit on how close two points can 
be in a specimen and still be resolved as two separate points. The 
amount of diffraction is also dependent on the wavelength of light, 
A, illuminating the specimen, an important variable in determining 
the resolving power of a microscope. The main variable determin
ing resolution, however, is the numerical aperture (NA) of the ob
jective lens (and the matching condenser lens). The numerical aper
ture is defined by 

NA = n sin u, 

where n is the refractive index of the medium between the specimen 
and objective lens and u is one-half of the angle made by the 
effective cone of light rays entering the objective (Fig. 3.2). An 
increase in u means that more of the diffracted light passing through 
the specimen is collected by the objective lens, thus improving the 
numerical aperture of the objective lens. If n is increased using an 
immersion liquid, so that it is closer to the refractive index of the 
glass coverslip covering the specimen, more of the light passing 
through the specimen enters the objective lens because the immer
sion liquid reduces the refraction of light that normally occurs at 
a boundary with air (see Fig. 3.2). 
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Fig. 3.1. The optical system of a standard compound microscope. Two 
light paths are shown. The diagram on the left side follows the rays of 
light that focus the image of the specimen on the retina of the eye. The 
diagram on the right side follows the rays of light that provide the 
background illumination. This background or Kohler illumination 
focuses the image of the light-source filament in front of the focal plane 
of the retina (top right) and, thus, is not actually "seen" in any detail. 

The resolution of an optical system can now be defined by the 
minimum distance (d) that can exist between two points while still 
resolving them as two points, as summarized by the equation: 

d= ,.\ 
NAoojective + NA.:ondenser 

From this relationship, it is evident that the resolution of the 
microscope increases as d decreases. The equation further illus
trates that decreasing the wavelength of light (,.\) used to observe 
the specimen improves the resolving power, although in the tradi
tional light microscope, this is not a major variable. Because the 
refractive index (n) of the medium between the objective lens and 
the specimen affects the numerical aperture, the medium can be 
modified to improve the resolution of a microscope. Immersion 
oil, for example, with n = 1.52, can significantly improve resolu
tion when, using suitably designed objective lenses, it is used to 
fill the space between the specimen and the objective lens (see Fig. 
3.2, lower portion). 
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3.1.2 Microscopy Using Ultraviolet Light 

Microscopes using short-wavelength ultraviolet light (UV), 
with a range of approximately 300 nm (1 nm = 0.001 Jl-m or 
10 A), rather than the usual -500 nm, can lead to an almost 
twofold increase in resolution. These microscopes have quartz 
rather than glass lenses, because glass blocks the passage of UV 
light. UV irradiation is especially useful when the specimens 
have been stained with fluorochrome compounds, which absorb 
the UV radiation and reemit the energy at a wavelength in the 
visible region. 

Fluorescence microscopy is widely exploited in studies on chro
mosomes (e.g., see Fig. 2.13). With the use offluorochromes that 
bind to defined structures, the ability to detect extremely small 
features in a specimen is greatly enhanced because the features 
become a source of radiation. Consequently, features smaller than 
100 nm (shown by electron-microscopic analysis) have been ob
served using fluorescent microscopy. However, the intensity of 
emitted light is very low and so the development of highly sensitive 
electronic-detection systems has advanced the utilization of this 
technique. 

Dark-field illumination and incident-light excitation are two 

objecllve lens 
coverglass 

~~~nn~_r.·~~n~p~ 

Fig. 3.2. The importance of the objective lens. Top: The numerical 
aperture of the objective lens (NA) is proportional to the refractive index 
(n) of the medium between the lens and the specimen. Objective lenses 
(bottom) designed for use with water (n = 1.33) or oil (n = 1.52) 
(right side) have a greater resolving power than those designed for use 
in air (n = 1.(0) (left side). The designation of an objective lens as an 
immersion type (water or oil) is marked on the outside of the lens, 
together with a number of other markings (e.g., 40 X 10.65 indicates the 
primary magnification/numerical aperture, 160/0.17 indicates the 
mechanical tube length/thickness of the coverslip), whereas 
abbreviations indicate the optical quality of the objective lens: Plan = 
flat, Apo = apochromatic (all corrections available), EF = flattened, 
Ach. = achromatic, Fl. = high color correction. 
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Fig. 3.3. Light paths for dark-field or epi-illumination microscopy. 
Top: The light paths for dark-field illumination of a microscopic 
specimen. The arrangement mechanically excludes light from the central 
region of the condenser so that zero-order light does not even enter the 
objective. The presence of a physical feature in the specimen that 
diffracts light or, in the case of fluorescence, emits light results in rays 
entering the objective lens for viewing. All the features of the specimen 
that cause light to enter the objective lens are then seen against a dark 
background. Bottom: A diagram illustrating epi-illumination, the most 
common form of illumination used for fluorescence microscopy. A beam 
splitter directs UV light of a wavelength determined by the excitation 
filter through the objective lens onto the specimen. The incident light 
excites fluorescence in those parts of the specimen that have been 
selectively labeled by fluorochromes and the emitted light is collected 
by the objective lens. Standard lenses are then used to focus the image 
on the retina of an observer, or on the surface of an electronic sensing 
device. 

fonns of specimen illumination that are used in fluorescence mi
croscopy (Fig. 3.3). The excitation and barrier filters are important 
components in fluorescent microscopy in that the excitation filters 
are used to select the wavelength of UV light that can specifically 
induce fluorescence in the specimen, whereas the barrier filters 
select the wavelength that is emitted light by the sample and charac
terizes the fluorochrome. 

3.1.3 Tbe Phase-Contrast Microscope 

The differential absorption of visible light as it passes through 
a specimen leads to changes in the amplitudes of the light waves, 
which can be used to provide contrast in microscopic observations. 
Because the contents of many living cells are virtually transparent, 
contrast is usually obtained by fixing the cells and treating them 
with various dyes. An alternative way of obtaining contrast is to 
exploit the fact that the different paths taken by light as it passes 
through different parts of a specimen result in phase changes of 
the light waves. These changes in phase of light are exploited in 
the phase-contrast microscope by observing the interference, and 
resulting changes in amplitude of light, between the zero-order light 
and the light waves after they have passed through the unstained 
specimen. Figure 3.4 summarizes the light paths in a phase-contrast 
microscope. 

3.1.4 Tbe Interference-Contrast 
Microscope 

The interference-contrast microscope also allows unstained 
specimens to be studied and can be used with either transmitted 
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Fig. 3.4. Light paths for the phase-contrast microscope. With phase 
contrast, a mechanical annulus is used to limit the light reaching the 
condenser, permitting only a ring of light to pass through. Zero-order 
light, unaffected by the specimen, enters the objective and passes 
through an analogous ring in the glass-phase plate that is not as thick as 
the rest of the glass. This brings about a change of phase that 
differentiates this light from the light passing through the rest of the 
plate. At the same time, the light that enters the objective as a result of 
diffraction from features in the specimen (dotted lines) passes through 
the phase plate inside the ring through which the zero-order light passes. 
Upon emergence from this plate, this light, therefore, has a phase 
different from the zero-order light, in addition to small phase changes 
resulting from passage through the specimen. When these light paths 
mix at the primary-image focal plane, interference occurs between the 
different phases, allowing the edges of objects in the specimen to be 
more clearly distinguished. 
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Fig. 3.5. The interference-contrast microscope. With interference 
contrast, rays of polarized light are split into two components by a 
beam-splitter or Wollaston prism. When the two components pass 
through a uniform part of the specimen, they are only slightly separated 
from one another and undergo the same phase change as shown in the 
figure. Consequently, when the components are later recombined, no 
interference occurs. If, however, one of the components passes through 
part of the specimen and the other does not, one component will 
undergo a greater phase change than its partner and will show 
interference when they are recombined. This interference allows the 
specimen to be observed. The use of polarized light, through the 
incorporation of polarizer and analyzer components, gives a shadow 
effect that helps to highlight components of the specimen. 

or reflected light (Fig. 3.5). Even though this microscope is more 
.complex than a phase-contrast microscope, it has little if any advan
tage if thinly sectioned materials are being analyzed. With thick 
sections, however, it produces an image that is free of the halo effect 
associated with the phase-contrast microscope. The interference
contrast microscope can be used to measure the relative dry mass 
of different parts of the specimen that are under study. 

3.1.5 The Confocal Microscope 

The effective resolution of a conventional light microscope is 
diminished by blurring of the image, due to light entering the view-
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Fig. 3.6. The basis for the modem confocal microscope. Many 
confocal microscopes use a laser (Light Amplification by Stimulated 
Emission of Radiation) as the source of light (Minsky, 1957). Light 
beams of appropriate excitation wavelength reach the specimen by epi
illumination and react with fluorochrome-labeled portions of the 
specimen to give fluorescence. The rays of light indicated by dashed 
lines demonstrate the effect of the confocal pinhole in excluding light 
from those parts of the specimen that are not in the precise plane of 
focus. The rays of light indicated by solid lines are emitted by those 
parts of the specimen that are in the precise focal plane to pass through 
the pinhole and are recorded by the detection device. For simplicity, the 
additional lenses that focus the image on the detection device are not 
shown. The specimen is scanned by a beam of light in the X-Y 
directions of a given focal plane to record an image. Images from 
different focal planes in the Z direction are then stored in a computer to 
form a stack of digital images, which can be used to reconstruct a three
dimensional image of the specimen. Although the intense laser beam can 
cause photobleaching, this problem can be minimized by efficient data 
collection, as well as the use of antioxidants in the sample preparation. 
(Prof. N.R. Ringertz is thanked for his suggestions concerning this 
figure.) 
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ing field from planes above and below the plane of focus. This 
effect is a particularly serious problem in fluorescence microscopy. 
One way of eliminating out-of-focus light is by the use of confocal 
pinholes near the light source as well as the light detector (Fig. 
3.6). The exploitation of the confocal pinhole concept, along with 
the development of suitable light sources and image-detection sys
tems, has led to the commercial availability of confocal micro
scopes. Because the confocal principle results in the collection of 
light from the plane of focus only, confocal microscopes can be 
used to make a series of optical serial sections through the specimen 
under examination (see Fig. 3.6). Sophisticated computer-program 
development has been an integral part of the establishment of the 
confocal microscope and is used for optical three-dimensional (3D) 
reconstructions of the specimen. In practice, a beam of laser light 
is focused on the specimen and used to scan it in an X-Y plane. 
The image is collected by a video camera for storage in a computer. 
Scanning in the Z direction builds up the 3D image in the computer 
database so that the computer image can be manipulated further. 
The confocal microscope is extensively used to examine specimens 
treated with fluorescent probes. 

3.2. BLBCTRON MICROSCOPY 

u electron gun 

condenser 

condenser 
condenser aperture 

specimen (. ) 
objective 
objective aperture 

selector aperture 

intermediate lens 

projector lens 

fluorescent screen for 
observing image 

Table 3.1 compares some of the properties of the electron and light 
microscopes. Instead of light, the electron microscope makes use 
of the wavelike properties of electrons. The source of electrons is 
an electron gun (Fig. 3.7) and the wavelengths of the electrons are 
determined by the accelerating voltage (up to 400,000 Y). At a 
voltage of 100,000 Y, the approximate wavelength of the electron 
beam is 0.004 nm. Because the resolution of a microscope is di
rectly proportional to the wavelength of the "light" used to study 
the specimen, it is clear that the much reduced wavelength of the 
electron beam leads to greater resolution. Although the full theoreti
cal increase in resolution is not achieved due to aberrations in 
the electromagnetic lenses, the electron microscope provides much 
greater detail about the structure of fixed and stained biological 
materials than the light microscope. 

Fig. 3.7. The transmitting electron microscope (TEM). This diagram 
summarizes the paths of the electrons as they are focused by the various 
electromagnetic lenses. The interior of the microscope is under a high 
vacuum to prevent the loss of electrons caused by collisions with the 
various molecules present in air. 

3.2.1 Tbe Transmitting Blectron 
Microscope 

Thinly sectioned material, stained with heavy metal-containing 
compounds, is used to determine internal structure using the trans
mitting electron microscope (TEM), as illustrated in Fig. 3.7. 

Table 3.1 Comparison of the Electron and Light Microscopes 

Variable 

lliuminating beam 
Specimen environment 
Specimen preparation 

Resolution 
Magnification 
Focusing 
Types of information 

Contrast 
Monitor 

Electron Microscope 

Electron beam: A = approximately 0.004 nm. 
Vacuum, to increase the distance electrons travel. 
Fixed and thinly sectioned to allow electrons to pass through TEM. 

Fixed and gold-coated to produce secondary electrons (SEM). 
0.1 nm 
10-106 X (continuous), large molecules can be seen. 
Electrical. 
Transmitted image (TEM). Secondary electron image (SEM). Sec

ondary X-rays characteristic of elements in specimen. Backscat
ter electrons reflecting atomic mass at surface. 

Scattering absorption, diffraction, phase. 
Projection screen, photographic film, solid-state detection device. 

Light Microscope 

Light beam: A = 200-750 nm. 
Atmosphere. 
Fixed and sectioned or squashed. Mounted with minimal 

distortion (3D studies). 
Visible light: 200 nm; UV light: 100 nm. 
10-2000 X (by changing objectives). 
Mechanical. 
Transmitted and reflected images. Absorption properties 

of specimen. Dry mass (interference contrast). Auores
cence images. 

Absorption, reflection, diffraction, phase. 
Human eye, photographic film, solid-state detection de

vice. 



---electron gun 

1--- scanning coils 

-+~~anlninln circuits 

~ .. -+tI-- electronic detector 

--..-specimen (. ) 

video amplifier 

".-- viewing screen 

Fig. 3.S. The scanning electron microscope (SEM). This diagram 
summarizes the paths of the electrons as they are focused by various 
electromagnetic lenses. The scanning coils move the focused beam 
across the specimen, which has been coated with a metal such as gold, 
in order to release secondary electrons that are recorded by the detector 
device. The three-dimensional surface topography of the specimen is 
displayed on a video screen. 

Three-dimensional information can be obtained from the specimen 
sections used for the TEM by tilting the sample (this is also true 
for light microscopy). Examination of the specimen at different 
angles and perspectives allows the 3D image to be developed. Infor
mation about the atomic composition of the specimen can also 
be obtained by analyzing secondary emissions resulting from the 
electron bombardment. Different elements release X-rays of char
acteristic wavelengths, which can be used as fingerprints to identify 
the amounts of different elements in the samples. 

3.2.2 The Scanning Electron Microscope 

The scanning electron microscope (SEM) (Fig. 3.8) physically 
scans the surface of a specimen with a finely focused electron 
beam, so that the primary resolution is determined by the actual 
diameter of the beam. The object is observed by the detection of 
secondary electrons released from the surface of the specimen, 
which has been coated with a thin layer of a metal such as gold. 
The resolution of the microscope is also limited by the energy of 
electrons from the electron gun, the number of scanning lines, and 
the detection system. A major advantage of the scanning electron 
microscope is that the depth-of-field is much greater than that of 
either the transmitting electron microscope or the light microscope. 
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Consequently, the final images are similar to those that would be 
seen by the unaided eye, and the three-dimensional image greatly 
simplifies their interpretation. 

3.3. SCANNING PROBE MICROSCOPY 

The scanning tunneling microscope (STM, Fig. 3.9) is an exam
ple of a new class of microscope based on analyzing the surface 
of a specimen by scanning it with an imaging tip. The analysis of 
the surface is at ultrahigh, atomic levels of resolution. The principle 
on which the STM operates is based on the observation that when 
a metal tip is brought very close to a conducting surface, electrons 
tunnel through the gap between the tip and the surface when there 
is an appropriate voltage difference between them. The movement 
of electrons produces a tunneling current and is extremely sensitive 
to gap distance-it changes by a factor of 10 when the distance 
changes by 0.1 nm. This provides the basis for the extremely high 
vertical resolution of the scanning tunneling microscope. Other 
factors affecting resolution are the number of scanning lines and 
possibly the geometry of the metal-tip probe. 

The atomic force microscope (AFM) scans the surface of speci
mens using a metal tip (curvature radius 10 nm) mounted on a 
cantilever, which is deflected according to the surface topography 
of the sample. The movements of the cantilever are recorded by a 
laser beam reflected from the lever into a photodetector. To build 
an image of the specimen, the intensity of the signal recorded by 
the photodetector is computed to indicate the Z-axis features of the 
sample, which are then combined with the X and Y axis coordi
nates, which define the position of the metal tip as it scans the 
specimen. 

The heart of the scanning probe microscope is the nature of the 
probe and the accurate control over its scanning of the specimen 
surface, so that signals from the probe can be related to its position 
at any point in time. The probe can be as described above or a 

computer transformation of changes 
in tunneli current 

- ... ., 
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Fig. 3.9. An extremely simplified representation of scanning tunneling 
microscopy (STM). The basic recording mechanism for the STM is a 
piezoscanner device to which a fine metal probe has been attached. The 
molecular specimen is adsorbed on a graphite surface and scanned in the 
X-Y direction. Changes in the tunneling current between the probe and 
the specimen defme the surface topography. Computer interpretation of 
the data, analogous to that used in analyzing data from X-ray 
crystallography, is required to build the 3D image of the specimen 
(Driscoll et al., 1990). 
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small ferromagnet so that an image of the magnetic field can be 
collected. Alternatively, the probe can be coated with polymers 
or macromolecules that provide molecular recognition of specific 
features of the surface and can, therefore, be utilized to recognize 
parts of chromosomes spread on a surface for analysis. The analysis 
of soft material, such as biological specimens, has been aided by 
the introduction of a tapping mode of probe movement, to replace 
a continuous, dragging motion across the surface. 

3.4 FLOW CYTOPHOTOMETRY 

Although flow cytophotometry was developed primarily for use in 
medical analytical laboratories to characterize different compo
nents in cell populations, it is also a valuable tool in chromosome 
and cytogenetic research. The principle on which the flow cytopho
tometer works is that biological particles in a liquid-flow stream 
scatter the light, through which they pass in single me, in a way 
that relates to their structure. If, in addition, the biological particles 
have been treated with a fluorochrome, they will radiate light of 
characteristic wavelength. The fluorescent and light-scattering 
properties of the particles can be measured, as shown in Fig. 3.1 O. 
The computing software associated with flow cytophotometers pro
duces distribution patterns of the particles being analyzed, and, 
based on an electrical charge, can activate the sorting mechanism 
to collect specific subclasses of particles. Flow cytophotometry has 
been used to sort individual human metaphase chromosomes in 
order to provide the numbers needed for DNA isolations and to 
allow DNA sequences from specific chromosomes to be cloned. 
Flow cytophotometry has also been used to detect mutant cell popu
lations, which are arrested in certain stages of the cell cycle (see 
Chapter 4). Other applications of the instrument include investiga
tions of the variable polyploidy in plant cells, and measurement of 
the total amount of DNA in cells of different organisms. For these 
purposes, DNA-binding fluorochromes have been used, commonly 
including propidium iodide and 4',6-diamidino-2-phenylindole 
(DAPI). Advances in technology are reducing the size of the laser 
light source and expanding the number of different fluorochromes 
that can be attached to the biological particles. 

3.5 COMPU'l'ER·ASSISTED IMAGE ANALYSIS 

The electronic processing of an image can remove distracting and 
unwanted information, and assist in the interpretation, measure
ment, and analysis of the information present in a video image. 
The computer processes used to modify the image never add new 
information, and the original information is stored as an electronic 
image if alternate analytical procedures need to be applied to the 
image. The various steps in image analysis are summarized in Fig. 
3.11. 

Processing of electronic images includes point operations, aver
aging to reduce noise, smoothing, removing periodic noise, adding 
artificial colors, correcting shading, adjusting the background, 
aligning and superimposing images, sharpening the image, and 
computer focusing in collecting the original data. These procedures 
are complex, so only some are discussed. 

Point operations refer to the processes that change the value 
of pixels, the individual components of a recorded image, by a 
mathematical transfer function that uses the original value of the 
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Fig. 3.10. A simplified diagram of a flow cytophotometer. The 
computer output from the machine (top) shows the distribution of 
particles in the liquid-flow stream according to the amount of 
fluorescent dye bound to the particles. In the example shown, the 
histogram on the computer screen summarizes the number of cells that 
fall into different categories as determined by the amount of 
fluorescence they exhibit (relative to a standard). If a DNA-specific 
fluorochrome is used to stain a population of cells and these are then 
passaged through the flow cytophotometer, the output provides a 
distribution of cells in the 01 through 02 phases of the cell cycle (as 
discussed in Chapter 4). Cells in 02 have undergone a complete cycle of 
DNA replication and their resulting DNA content-which is 
proportional to the fluorescence intensity resulting from the presence of 
the DNA-binding dye-is double that of cells in the 01 phase (Willman 
and Stewart, 1989.) 

respective pixel. The overall effect on the image is analogous to 
printing an image, captured on negative film, on photographic paper 
of varying hardness, in order to increase or decrease the amount 
of contrast in the image. This process can reveal details of darkly 
stained areas that may have been masked in the initial version of 
the image. In addition, false colors may be introduced to emphasize 
gradients in brightness. 

Averaging to reduce noise created during the collection of an 
image is a common application of computer-assisted image analy
sis. In this procedure, random noise is removed by making many 
image acquisitions and averaging them, so that only the pixels 
present in every image are retained in the final image. Because the 
pixels resulting from random noise are not in the same position in 
every image, they are deleted from the final image. 
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Fig. 3.11. A summary of the stages involved in the computer analysis 
of an electronic image to enhance structural detail and remove 
distracting information. Image enhancement is used extensively to 
analyze the very faint fluorescent signals emitted by the bound 
complexes of fluorochrome-labeled genes in chromosome preparations 
(Viegas-Pequignot et a\., 1989) (see also Chapter 19). 

Smoothing involves groups of pixels. Each pixel in a high
resolution electronic image is usually surrounded by eight neigh
bors. Because these groups of pixels are usually small relative to 
the size of the objects recorded in the image, each pixel and its 
eight neighbors often originate from the same object. The smooth
ing process replaces the value of the central pixel with the average 
of its neighbor simultaneously for all pixels in the image. The new 
image is stored in addition to the original image. Median filtering 
can also be used to achieve smoothing and tends to avoid the loss 
of sharp edges. In this process, the nine pixels of a cluster are 
ranked in order and the median value (fifth brightest pixel) is used 
to replace the pixel that was originally the central one in the cluster. 

In the two-dimensional analysis of specimen preparations, la
beled with multiple fluorochromes, a very useful procedure is to 
color code the images, so that they can be superimposed on one 
another. This process not only allows an overview of the distribu
tion of fluorochromes but also shows the exact location of the 
different fluorochromes relative to each other. If necessary, a differ
ence analysis can be carried out to determine whether or not two 
fluorochromes are bound to exactly the same region of a chromo
some. If two colors do coincide exactly, a third color (or white) 
can be encoded to aid in efficiently locating all of the overlap 
regions. Chromosome image-analyzing systems have been devel
oped to automate the scanning of metaphase chromosome spreads 
and record the karyotype. 
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An alternative to the confocal microscope for "sectioning" the 
specimen is based on using computer software to remove out-of
focus information at various planes of focus, and thus develop a 
three-dimensional analysis using a standard light microscope. The 
development of this alternative uses a highly sensitive solid-state 
camera such as a charge-couple device, or CCD, camera to collect 
information. The advantage of this alternative system is that it 
minimizes the photobleaching of fluorochromes associated with 
high-intensity laser light sources, which are used for confocal mi
croscopy. 

BIBLIOGRAPHY 

Section 3.1 

AGARD, D.A., HlRAOKA, Y., SHAW, P., SEDAT, 1. 1989. fluores
cence microscopy in three dimensions. In: Methods in Cell Biol
ogy Vol. 30 (Taylor, D.L., Wang, Y.L., eds.). Academic Press, 
San Diego, CA. pp. 353-377. 

BRADBURY, S. 1984. An Introduction to the Optical Microscope. 
Oxford University Press, Oxford. 

BURK, G. 1984. Instrumentation and Techniques for fluorescence 
Microscopy. H. Clark Printing, Sydney, NSW. 

INOUE S. 1989. Foundations of confocal scanned imaging in light 
microscopy. In: Handbook of Biological Confocal Microscopy 
(Pawley, 1.B., ed.). Plenum Press, New York. pp. 1-13. 

MINSKY. 1957. U.S. patent #3013467. 

PAWLEY,1.B. (ed.) 1990. Handbook of Biological Confocal Micros
copy. Plenum Press, New York. 

SPENCER, M. 1989. Fundamentals of Light Microscopy. Cambridge 
University Press, Cambridge. 

TAYLOR, D.L., WANG, Y-L. (EDS.). 1989. fluorescent microscopy 
of living cells in culture. Part B-Quantitative fluorescence 
microscopy. In: Methods in Cell Biology Vol. 30. Academic 
Press, San Diego, CA. 

Section 3.2 

GRIMSTONE, A.V. 1968. The Electron Microscope in Biology. Inst. 
BioI. Studies in Bioi. Ser. No.9. Edward Arnold (Publishers) 
Ltd., London. 

Section 3.3 

ARSCOTT, P.G., BLOOMFIELD, V.A.. 1990. Scanning tunnelling mi
croscopy in biotechnology. Trends Biotech. 8: 151-156. 

ARSCOTT, P.G., LEE, G., BLOOMFIELD, V.A., EVANS, D.F. 1989. 
Scanning tunnelling microscopy of Z-DNA. Nature 339: 
484-486. 

BUTT, H.J., WOLFF, E.K., GOULD, S.A.c., DIXON-NORTHERN, B., 
PETERSON, C.M., HANSMA, P.K. 1991. Imaging cells with the 
atomic force microscope. 1. Struct. BioI. 105: 54-61. 

DRISCOLL, R.J., YOUNGQUIST, M.G., BALDESCHWIEIER, J.D. 1990. 
Atomic-scale imaging of DNA using scanning tunnelling mi
croscopy. Nature 346: 294-296. 

FENG, L., ANDRADE, J.D., Hu, C.Z. 1989. Scanning tunneling mi
croscopy of proteins on graphite surfaces. Scan. Microsc. 3: 
399-410. 



30 Microscopes: Basic Tools for Cytogenetics 

MUSIO, A., MARIANI, T., FREDIANI, c., SBRANA, I., ASCOLI, e. 1994. 
Longitudinal patterns similar to G-banding in untreated human 
chromosomes: evidence from atomic force microscopy. Chro
mosoma 103: 225-229. 

OVERNEY, R.M. 1995. Nanobiological studies on polymers. Trends 
Polym. Sci. 3: 359-364. 

Section 3.4 

GALBRAITH, D.W. 1989. Analysis of higher plants by flow cytome
try and cell sorting. In: International Review of Cytology Vol. 
116. (Bourne, G.H., ed.) Academic Press, San Diego, CA. pp. 
165-228. 

WILLMAN, e.L., STEWART, c.c. 1989. General principles of multi
parameter flow cytometric analysis: applications of flow cytom-

etry in the diagnostic pathology laboratory. Semin. Diag. Pathol. 
6: 3-12. 

Section 3.5 

FUKUI, K. 1986. Standardization of karyotyping plant chromosomes 
by a newly developed chromosome image analyzing system 
(CHIAS). Theoret. Appl. Genet. 72: 27-32. 

Russ, J.e. 1990. Computer-Assisted Microscopy. Plenum Press, 
New York. 

VIEGAS-PEQUIGNOT, E., DUTRILLAUZ, B., MAGDELENAT, H., Cop
PEY-MOISAN, M. 1989. Mapping of single-copy DNA sequences 
on human chromosomes by in situ hybridization with biotinyl
ated probes: Enhancement of detection sensitivity by intensi
fied-fluorescence digital-imaging microscopy. Proc. Nat!. Acad. 
Sci. USA 86: 582-586. 



II 
Mitosis, Meiosis, and 
Chromosomal Karyotypes 



4 

Chromosomes in the Mitotic Cell Cycle 

• The cell cycle is comprised of a chromosome-replication cycle occurring in concert with a cytoplasm-replication cycle. 

• The centrosomes determine the polarity of cell division, and centromeres (either well-defined chromosome regions or diffuse) play 
an active role in the movement of chromosomes to the poles. 

• The cell cycle is regulated by a series of protein phosphorylation and dephosphorylation reactions controlled by cell-division-cycle 
(cdc) genes. 

• Mutations in the cdc genes lead to uncontrolled cell growth and are the primary cause of many types of cancer. 

The genetic material of organisms was originally studied by analyz
ing and comparing the structure and behavior of their chromo
somes. Classical cytogenetic studies relied on these observations 
to relate genetical changes to physical changes in the genome and 
to establish the relatt.:JII<hip between changes in chromosome strucc 

ture and stages in the cell cycle. In this chapter, the mitotic cell 
cycle is examined to become familiar with the processes that are 
essential for cell dtvision and growth of an organism. By observing 
chromatin throughout the cell cycle, "windows" are provided 
through which the structural organization of the genome can be 
investigated. In addition, the differentiated states of some cells 
in various organisms present unusual chromosome numbers and 
structures, which contribute to the detailed analysis of the genome. 

4.1 11IE CELL CYCLE CONSISTS OF TWO 
CYCLES OCCURRING IN CONCERT 

The processes involved in the cell cycle (Fig. 4.1) were deduced 
using a combination of structural, physiological, biochemical, and 
genetical studies. The creation of two cells from one preexisting cell 
involves a chromosome cycle and a cytoplasm cycle. The different 
stages of the cell cycle occur in an interdependent sequence, with 
specific start and termination signals to determine the progression 
into the various stages of the nuclear cycle. The familiar cycle of 
cell division and chromosome replication alternates between a 
DNA synthesis or S phase and a mitotic M phase, separated by 
gaps designated GI and G2 (Fig. 4.2). During the S phase, DNA 
synthesis provides the basis for new copies of each chromosome. 
During the M phase, the process of mitosis ensures that one copy 

of each of the duplicated chromosomes is faithfully distributed to 
two daughter cells. Cells that have exited from the mitotic cycle 
to initiate differentiation are in the so-called GO phase because the 
nucleus is no longer involved in division. 

4.1.1 The Chromosomes Replicate 
and Divide During Mitosis 

Most multicellular organisms undergo open mitosis in which 
the nuclear membrane breakdown occurs. In contrast, yeast and 
other unicellular organisms have closed mitosis in the sense that 
the nuclear membrane persists. The typical stages of open mitosis 
(as shown in Figs. 4.3 and 4.4) are as follows: 

Interphase. At the start of interphase, during GI, the DNA 
content of the nucleus is defined as 2C. This is standard for the 
somatic cells in diploid organisms with a diploid or 2n = 2x 
chromosome number. During the S phase, the DNA content of 
the interphase nucleus increases as DNA synthesis occurs, and 
by G2 the DNA content has doubled to a 4C content, although 
nuclear division has not yet occurred. In flow cytophotometry 
experiments carried out to determine the DNA content of nuclei, 
a continuum of DNA contents is observed between the peaks 
corresponding to the 2C and 4C contents (Fig. 4.5). 

Although the M phase is the most readily visible part of the 
chromosome replication cycle, it takes up only approximately 
10% of the time required to complete the cycle. Interphase, 
incorporating the GI, S, and G2 phases, occupies up to 90% of 
the cell cycle. Although interphase was traditionally considered 
a resting nuclear phase, at the biochemical and molecular levels 
it is actually the most active phase of the cell cycle. A typical 
human cell requires 24 h to divide and a yeast cell, 90 min. 

33 
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t Sphase 

t 
nudear division 

cell division 

Fig. 4.1. Nuclear (mitotic) and cytoplasmic divisions. The mitotic 
cycle starts in 01 (top) when the nuclei have a 2C content of DNA. The 
cycle progresses through the S phase to give a nucleus with all the DNA 
replicated to the 4C level and a cell with duplicated cytoplasmic 
organelles and microtubule-organizing centers (MTC) (middle). Division 
of the nucleus and cytoplasm creates new G I cells (bottom). 
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FIg. 4.2. Successive stages of growth in dividing cells. The S phase 
occupies 90% of the time required for cell division. Interphase (dark 
area of circle) includes 01, S, and G2. 
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Fig. 4.3. A diagrammatic representation of the different stages of 
mitosis. A normal diploid nucleus has two copies or homologs of each 
chromosome, which usually do not pair during mitosis although they 
tend to lie near each other. The microtubule-organizing centers (MTC) 
are indicated. The nucleolus, the site of ribosomal RNA synthesis, 
disappears during the actual division. 
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Fig. 4.4. Mitosis in root-tip cells of the plant Crepis capiliaris. A polar 
view of metaphase is shown. (Photographs courtesy of Dr. B. Friebe.) 
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Fig. 4.5. The continuum of DNA contents in dividing cells. Top: The 
doubling of nuclear DNA content during the S phase as homologous 
chromosomes replicate. Bottom: The relative proportions of cells in 
various phases of the cell cycle in a population of dividing cells, as 
measured by flow cytophotometry. A fluorescent DNA-binding dye is 
generally used to provide an estimate of the relative DNA contents of 
the nuclei (see also Fig. 3.10). 

Classical "landmarks" used in chromosome studies such as 
nucleoli and heterochromatin are observable in interphase nu
clei. Furthennore, special chromosomes such as the inactive X 
chromosome of humans can also be observed in interphase nu
clei as darkly staining, heteropycnotic bodies. With the advent 
of electron microscopy and molecular analyses, it has become 
possible to study the organization and behavior of the chromo
some material within the interphase nucleus. For example, anti
bodies against proteins present in specific parts of the chromo
some have been produced and are useful for studying the 
behavior of chromosomes at mitosis in detail (see also Chapter 
20); antibodies located in the kinetochore, for example, have 
been crucial in the characterization of the centromere region. 
In addition, the availability of specific, cloned DNA sequences 
has made it possible to follow well-defined chromosome seg
ments using in situ hybridization (a technique discussed in 
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Chapter 19). The synthetic activity during interphase includes 
RNA and protein syntheses, as well as DNA synthesis, and it 
is this intense biochemical activity that makes interphase of 
central importance in the nuclear division cycle. 

Prophase. The chromosomes in the nucleus begin to contract 
in prophase and form long, threadlike structures (see Figs. 4.3 
and 4.4). This represents the first sign, visible through the light 
microscope, that mitosis is in progress. The replicated strands 
of each chromosome, called sister chromatids, become visible, 
whereas the sites for high rates of ribosomal RNA synthesis, 
called nucleoli (see Chapter 20), begin to disappear. The sister 
chromatids are held together at the centromere, and at this stage, 
different structural features of chromosomes (discussed below) 
become evident. The phosphorylation of chromosomal proteins 
is closely correlated with the contraction process, and the en
zyme topoisomerase II, also a chromosomal protein, is required 
to remove torsional stresses induced by the process (see Chapter 
17). Inhibitors of topoisomerase II block chromosome conden
sation. The breakdown of the nuclear envelope signals the end 
of prophase. 

Metaphase. At the beginning of the stage, also called prometa
phase, contraction continues; each chromosome gains a distinct 
overall morphology, and individual chromosomes can often be 
identified. Further differentiation of the structure of chromo
somes into dark-staining regions, called heterochromatin, and 
light-staining regions, called euchromatin (Fig. 4.6), can also 
be visible at this stage. The nucleoli mayor may not be present. 
The kinetochore, located in the centromeric region of each chro
mosome, establishes contact with the spindle microtubules (Fig. 
4.7). 

At metaphase, the chromosomes reach their maximum de
gree of contraction (Fig. 4.8), and they align in a region referred 
to as the equatorial plate (see Fig. 4.3), which is midway be-

7' heterochromatin 

------- euchromatin 

Fig. 4.6. Drosophila mitotic chromosomes from brain-cell nuclei 
showing euchromatin and heterochromatin. Large blocks of 
heterochromatin are present in Drosophila mitotic chromosomes, and 
homologous chromosome pairs often show the somatic side-by-side 
pairing exhibited by the chromosomes on the left -hand side of the 
photograph. (Photograph courtesy of Dr. AJ. Hilliker.) 
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Fig. 4.7. The attachment of microtubules to the centromeric region of a 
chromosome. Top: A diagrammatic representation of the attachment of a 
single microtubule to the centromeric region of a chromosome via the 
kinetochore. Bottom: An electron micrograph of the attachment of 
microtubules to the centromere region of a metaphase chromosome in 
the alga Oedogonium (K = kinetochore, 0 = outer, i = inner, mt = 
microtubules). [photograph from Schibler and Pickett-Heaps (1987).] 

tween the spindle poles. Although most procedures stain chro
mosomes uniformly, specialized procedures have been devel
oped to reveal differential staining along the length of 
chromosome arms. The analysis of mitotic chromosomes using 
differential staining techniques has become a powerful tool in 
genomic analyses of eukaryotes (see Chapter 6). Studies of this 
type require the spindle microtubules to be broken down, using 
a chemical such as colchicine (Fig. 4.9), followed by "spread
ing" of the chromosomes on glass slides. 

A number of organisms such as mites and some plants (e.g. 
Luzula), do not have localized centromeres and are considered 
to have diffuse centromeres, or holokinetic chromosomes. Stud-



Fig. 4.8. Scanning electron micrograph of a human metaphase 
chromosome. [From Sumner (1991).] 

ies at the electron-microscopic level have shown that a kineto
chore-type structure is present in organisms with diffuse centro
meres (Fig. 4.10). In Fig. 4.11, the mitotic process in organisms 
with holokinetic chromosomes is compared to the process with 
the more usual monocentromeric chromosomes. 

Anaphase. The kinetochores separate and the sister chromatids 
move in opposite directions from the equatorial plate to the 
poles of the mitotic spindle; topoisomerase II is required to 
catalyze the disentanglement of chromatid arms. The movement 
of chromatids to opposite poles is brought about mainly by the 
shortening of the tubules attached to the kinetochore. The time 
for anaphase to be completed can vary from 2.5 min in chick 
fibroblasts to 25 min in a plant such as Tradescantia and sug
gests that the chromosomes move at velocities that vary from 
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Fig. 4.9. The chemical structure of colchicine. This compound is 
extracted from seeds and corms of the autumn crocus (Colchicum 
autumnale). When applied in a paste or solution to seeds, or seedling 
meristems, it disorganizes the cell spindles by binding to the tubulin 
protein of the microtubules. Colchicine does not prevent chromosome or 
DNA replication but, because of its effect on the spindle, cell division is 
suppressed. As long as colchicine remains in contact with the cell, the 
chromosomes continue to replicate without cell division, resulting in 
increasing levels of polyploidy. When colchicine is removed, the spindle 
function is generally restored and cell division proceeds normally. 
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Fig. 4.10. Increasing magnifications of the kinetochore of a holokinetic 
chromosome. Top: A light micrograph of the single pair of 
chromosomes present in Parascaris univalens, showing the large blocks 
of heterochromatin that characterize the chromosomes of this species. 
Middle: An electron micrograph of a section of the mitotic chromosome 
to illustrate the kinetochore running along the length of the chromosome. 
Bottom: A higher magnification of the kinetochore, with the arrows 
indicating its boundaries. [Based on Goday et al. (1985).] 

0.7 to 2.6 JLmlmin. These rates are equivalent to 1 km in 
730-2700 years. In preparation for cell division, the cell plate 
or phragmoplast forms at the equatorial plate in plant cells, 
whereas in animal cells, myosin and actin filaments begin to 
form a contractile ring inside the cell wall, in alignment with 
the equatorial plate. 

Telophase. After reaching the poles, the chromosomes decon
dense, the micro tubules disperse, and the nuclear membrane 
reappears. The interphase of the next cell cycle now begins in 
these nuclei. 

Cytokinesis. During mitosis, the doubling of all the cytoplasmic 
organelles also occurs and they are distributed to daughter cells 
in a process known as cytokinesis (see Fig. 4.1). The synthesis 
of protein is continuous throughout the cell cycle, except for a 
gap during the M phase of the chromosome-replicating cycle, 
when RNA synthesis is reduced. Cytokinesis is completed in 
animal cells when the central ring of myosin and actin fibers 
contracts to separate the daughter cells, and in plant cells when 
a cell plate is laid down in preparation for the separation of the 
daughter cells by a rigid cell wall (Fig. 4.12). 

4.1.2 The Assembly of tbe Spindle 
Apparatus 

The formation of the spindle apparatus in plant and animal cells 
is initiated by the microtubule organizing center, MTC (also called 
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Fig. 4.11. A comparative representation of monocentric (right) and holok
inetic (left) cell division. [Based on Wrensch et aI. (1994).] The characteris
tic feature of holokinetic cell division is that a distinct centromere does not 
exist, a feature that is also associated with a distinct meiotic process (see 
Chapter 5). 
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Fig. 4.12. A diagrammatic representation of cytokinesis in animals 
(top) and plants (bottom). 

centrioles 

Fig. 4.13. A drawing of a highly magnified microtubule-organizing 
center to show the detailed structure of the centrioles, each of which has 
a ring of nine triplet microtubular structures. 

centrosome). In animal cells, the MTC consists of two centrioles 
surrounded by amorphous material from which the microtubules 
of the spindle radiate (Fig. 4.13). Plant MTCs lack centrioles and 
have only amorphous material. MTCs duplicate during the S phase, 
and, at prophase, migrate to opposite poles to organize the spindle. 

The microtubules are an assemblage of dimeric tubulin proteins, 
each dimer containing an a-tubulin and a ,B-tubulin subunit of mo
lecular weight 50 kDa. Using antitubulin antibodies and immuno
fluorescent staining techniques, microtubules can be seen through
out the cell cycle. Chromosomes introduced into an environment 
of microtubules actively capture them for attachment to the kineto
chore (Fig. 4.14). Motor-protein dyneins and kinesins are associ
ated with kinetochores and help in the capture of the microtubules. 
Studies have also shown that as the nuclear membrane breaks down, 
an active interaction between microtubules and chromosomes is 
initiated, with the kinetochore as the focal point; the trilaminar, 
proteinaceous structure is attached to the centromeric region of the 
chromosome (see Fig. 4.7). Each kinetochore also duplicates during 
the S phase, as was demonstrated using immunofluorescent tech
niques. 

The capture of microtubules by the kinetochores results in the 
orientation of the chromosomes on the equatorial plate. This pro-



cess then allows the dual functions of the kinetochore to come into 
play, namely to maintain an attachment to the microtubules and to 
catalyze the polymerizationldepolymerization reactions that lead to 
chromosome movement (Fig. 4.15). The ends of the microtubules 
attached to the kinetochore are defined as plus ( + ) ends because 
they grow faster than the minus (-) ends located at the poles. 
Another set, called polar microtubules, overlap at the equatorial 
plate and are held together by a protein matrix. A third set, the 
aster microtubules, radiate into the cytoplasm. 

At anaphase, the ( +) ends of the microtubules at the kineto
chore begin to depolymerize, resulting in the poleward movement 
of sister chromatids; the (-) ends may possibly undergo some 
depolymerization as well. At telophase, laminar proteins, which 
were originally derived from the nuclear membrane, reassemble 
around individual chromosomes. As the chromosomes decondense, 
the laminar proteins coalesce to form the interphase nuclear mem
brane. 

Recent work indicates that a class of tightly bound, passenger or 
inner-centromere proteins (INCENPs) are present in prometaphase. 
The INCENPs can be detected at the metaphase plate/plasma mem
brane furrow, using immunofluorescent techniques. It has been 
speculated that INCENPs playa role in spindle structure, chromo
some segregation, and/or the process of cytokinesis, because they 
depart from the centromere at anaphase. 

4.1.3 The Plane of Cell Division Controls 
the Fate of Cells 

The morphology of cells and their fate in development is deter
mined by the cytoplasm- and centrosome-replication cycles. In ani
mal cells, the plane of cell division is related to the orientation of 
the centrosomes, which organize the bipolar spindle. The contrac
tile ring of myosin and actin fibers forms a furrow perpendicular 

Fig. 4.14. The capture of microtubules by kinetochores in vitro. The 
microtubules were made visible using fluorescent antibody staining 
(Mitchison and Kirschner, 1985). Although D. Mazia is often cited for 
his statement of the role of chromosomes in mitosis " ... the corpse at a 
funeral, ... provides a reason for the proceedings but does not take an 
active pan in them," more recent studies indicate that chromosomes do 
play an active role in their own movement through their interactions 
with the spindle apparatus. 

o 
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CJ 13 tubulin 

(+) end has faster addition 
of tubulin than loss 

assembly favored by 
GTP and elevated 

temperatures 

(-) end has slower addition 
of tubulin than loss 

~ ~ ~ . ~ ~~~ 
O. ~ disassembly favored by 

o low temperatures and 
chemIcals such as 

colchicine 

Fig. 4.15. A diagrammatic representation of the assembly and 
disassembly of microtubules. A number of the factors that affect the 
formation of microtubules are summarized to show that the process of 
association requires energy, in the form of guanosine triphosphate (GTP) 
or elevated temperatures, and is readily reversible. The X-ray structure 
of the a/~ tubulin dimer has been determined and shows some structural 
similarities to an equivalent protein (FtsZ) in bacteria at the nucleotide
binding face (Burns, 1998) 

to the spindle (see Fig. 4.12). Although the source for orienting 
the bipolar spindle is unclear, it has been suggested that the astral 
microtubules may provide the physical means for the orientation 
of centrosomes. Depending on the location of the cell-division 
plane, some cells will continue to divide while others will differen
tiate into specific cell types. 

In plant cells, a preprophase band of actin protein is formed 
inside the cell wall and defines where the new cell wall will be 
formed. The spindle is organized perpendicular to the preprophase 
band. At anaphase, the band disappears, but remaining actin fila
ments guide the developing cell plate to the area defined by the 
preprophase band (see Fig. 4.12). 

During cell differentiation, the chromosome- and cytoplasm
replication cycles may not be regulated coordinately. For example, 
the nucleus may enter a quiescent state called GO, whereas the 
cytoplasm will continue to increase in volume. Conversely, the 
chromosome-replication cycle may continue, in a modified form, 
so that extra rounds of DNA replication occur without cell division 
and lead to polytenization of the chromosomes. Cell fusion may 
result in many nuclei inside a single cell such as in the formation 
of muscle cells from myoblasts (Fig. 4.16), and should not be con
fused with events resulting from failure of cytokinesis. 

4.2 UMVERSAL MECHAmSMS REGULATE 
THE CELL CYCLE 

Many types of experiment suggest that each step in the cell cycle 
is under the control of many genes that form part of a molecular 
clock controlling the cycle (Fig. 4.17). Regulatory molecules in 
the plasma membrane sense signals from adjacent cells that include 
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nucleus 

---- nucleolus 

cytoplasm 

Fig. 4.16. A UV microphotograph of the multiple nuclei in a muscle 
cell fonned from myoblasts in tissue culture. Because these cells fonn as 
a result of cell fusion, the presence of several nuclei is not due to 
nuclear division without cell division. (Photograph courtesy of Prof. N. 
R. Ringertz.) 

start signal 

Fig. 4.17. A diagrammatic representation of the cell cycle to 
emphasize the clocklike nature of events and the timing of two critical 
events: the first to initiate the transition from G2 to metaphase, and the 
second, the transition from G I to S phases. 

growth regulators, and physiological andlor nutritional factors. 
Once stimulated, the plasma-membrane regulators initiate a cas
cade of events inside the cell, leading to a decision, or switch, 
called "start." The start decision, also referred to as "restriction 
point," initiates the transition from G 1 to S and commits the cell 
to begin the chromosome-replication cycle. Another major switch 
point is the transition from G2 to mitosis. The regulatory molecules 
involved in both of these major switches have been identified and 
are the same in yeast, sea urchins, frogs, humans, and plants. The 
studies of these molecules, as discussed below, provide strong evi
dence for a universal set of mechanisms controlling eukaryotic cell
cycle regulation. 

4.2.1 Kinase and Cyelin Proteins Regulate 
the Eukaryotie Cell Cycle 

A maturation-promoting factor, now called mitosis-promoting 
factor or MPF, was originally identified in 1971 as a requirement 
for the start of meiosis in frog oocytes. An initially unrelated protein 
named cyclin was discovered in sea-urchin embryos, which were 
analyzed at the completion of mitotic divisions. In addition, the 
protein cdc2, discovered in budding yeast, was found to be required 
for the initiation of the cell-division cycle. Related studies in fission 
yeast and human cells showed that the cdc2 protein has a molecular 
weight of 34 kDa and is capable of catalyzing the phosphorylation 
of serine and threonine residues in proteins, which is characteristic 
for a kinase. This protein is now known as p34cdc2 or cdc2 kinase. 
The relationship among MPF, cyelin, and p34cdc2 in organisms 
that are widely divergent, became elear when the MPF factor was 
purified and demonstrated to be a complex of the p34cdc2 and cyelin 
proteins (Fig. 4.18). 

An in vitro system for the study of the chromosome-replication 
cycle, using cytoplasm from frog eggs, demonstrated that the addi
tion of MPF protein to nuclei at G2 immediately promoted mitotic 

new 
synthesis 
ofcyclln 

MPF stimulated breakdown of 
nuclear envelope 

Z MPF stimulated 
chromosome / I condensation 

___ ~lf'O. I' /MPF stimulated spindle 
PF reorganization 
breakdown of cyclln subunit 
of MPF is stimulated by 
complete MPF 

Fig. 4.18. Summary of the molecular events that detennine progress 
through the cell cycle. MPF = maturation-promoting factor; cyclin and 
cdc2 are proteins involved in the control of the cell cycle; P04 = 

phosphorylation of protein. The cyclin is a B-type and its destruction is 
necessary for exit from mitosis and for the initiation of a new cycle. 
Several cdc proteins are required for the destruction of B-cyclin, which 
also involves conjugation with ubiquitin protein (Irniger et aI., 1995; 
King et aI., 1995). A number of other cyclinlcdc complexes, fonned 
during Gland S phases, are involved in cell cycle control (Jacobs, 
1995), but these have not been included. 
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Fig. 4.19. The chemical structure of some amino acid residues that are 
phosphorylated or dephosphorylated during the course of the cell cycle. 
The amino acid residues most commonly phosphorylated are serine, 
threonine, and tyrosine. The reaction is carried out by protein kinases 
using ATP as the source of phosphate. The addition of a negative charge 
to a portion of the protein molecule that is normally uncharged can have 
major effects on the conformation of the protein at the site of 
phosphorylation. If, for example, phosphorylation of protein kinase 
occurs at the active site responsible for the phosphorylation reaction of 
other proteins, loss of activity could result. In addition, phosphorylated 
proteins may become more susceptible to the action of proteinases. This 
complex interplay of proteins appears to be modified in a cyclic manner 
through phosphorylation and dephosphorylation. 

division. Furthennore, a drop in the level of cyclin signaled the 
end of mitosis. Another protein, cdc25, was needed to activate 
MPF. The interaction of these various proteins has been intensively 
studied, and it is now understood that the process of phosphoryla
tion is the common bond between them. 

The action ofMPF is to phosphorylate proteins (Fig. 4.19) that, 
in turn, are involved in the initiation of mitosis. When cyclin is 
destroyed, in a reaction stimulated by the conjugation of a protein 
called ubiquitin, the MPF loses its ability to phosphorylate, and 
dephosphorylation of proteins begins under the action of phospha
tases, thus leading to G 1. The retinoblastoma susceptibility gene 
product (RB) is differentially phosphorylated during the cell cycle 
and has been suggested to control progression through the G 1 phase 
because the loss of RB function can lead to uncontrolled cell divi
sion. It is, therefore, evident that the chromosome-replication cycle 
is very closely tied to a phosphorylation/dephosphorylation cycle 
involving p34cdc2 and cyclin. The regulation of the cyclin-depen
dent kinases (CDKs) is currently an area of intense research in 
order to establish the nature of checkpoint controls that coordinate 
the cell cycle. Several cyclins (A, B, 01, D2, D3, E, G) and inhibi
tors of CDKs (pI5, pI6, p2I, p27) have been identified and repre
sent a complex set of interactions controlling the cell cycle. 

4.2.2 CeO·Fusion Experiments Indicate 
That Diffusible CeOuiar Components 
Control the Ceo Cycle 

Although the biochemical data for the phosphorylation/dephos
phorylation cycle is largely based on studies of frog eggs and sea
urchin embryos, evidence from other animal cells and plant cells 
supports the model. Mutation analyses in yeast and animal cell
fusion experiments support the existence of diffusible, or trans
acting, cellular components that determine the different stages of 
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the chromosome-replication cycle. The following cell-fusion ex
periments can now be understood in terms of the phosphorylation/ 
dephosphorylation cycle model depicted in Fig. 4.18: 

Gl cells fused with S cells. This fusion immediately induces 
the S phase in the G 1 cells and is consistent with the role of 
p34cdc2 protein kinase as an activator of the S phase, 

Gl cells fused with G2 cells. This fusion does not induce the 
S phase in the G 1 cells. Thus, the S phase inducing factor is 
absent from G2 cells at the completion of the S phase. 

S cells fused with G2 cells. No DNA synthesis occurs in these 

nuct.r prat.Jne 
undergo 
dlspnonand 
reaggregation: 

nuclear pore 
protein: • 

prot.lnkl~ 
p34cdc2 (S. pombe) 
p34cdc28 (S. cerevisla6) 
Eg (D. meIanogaster) 
pIo_f (s. cerevisiae) 
mik-1 (s. pooW) 
nim-1 (A.nidIJ8M) 
cycllne: 
cdc13 (s. pombe) 
CLN-1 (s. cerevisiae) 
phosphatasM: 
cdc25 (s. cerevisiae) 
SbIg (D. melanogaster) 
dis-2 (s. pombe ) 

DNA replication: 
cdc4, cdc7, cddI, 
cdc46 (s. cerwisiae) 
centrosome duplication: 
cdc31 (s. cerevi6eall) 

Fig. 4.20. A summary of the mitotic processes caused by the 
aggregation and disaggregation of nuclear proteins during the cell cycle 
(left and center columns), and by mutations that affect cell division 
(right column). The broad categories of protein activities that are 
involved in the cell cycle are indicated, as well as a selection of 
mutations from different organisms that have been used to characterize 
the respective stages in the cell cycle. The three types of laminar 
proteins are called lamin A, B, and C, which, in addition to forming a 
protein mesh underlying the nuclear membrane, also contribute to the 
intemal nucleoskeleton (Hom et aI., 1995). The nuclear-pore protein is 
also composed of a complex group of proteins-as indicated by 
molecular genetic studies in yeast (Doye and Hurt, 1995). The terms 
"start" and "decision" are also called checkpoint controls (Nurse, 
1997). 
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fusion products, indicating that G2 cells must accumulate a 
factor that blocks DNA replication. 
M cells fused with Gl, S, or G2 cells. In these combinations, 
the chromatin in the Gl, S, or G2 nuclei undergoes premature 
chromosome condensation (PCC), and the nuclear membrane 
disappears. This implies the existence of a mitosis-promoting 
factor in animal M cells. 

4.2.3 Overview of the Mutations 
and Proteins Important in Mitosis 

A summary of the mutations that affect mitosis is given in Fig. 
4.20. Although most of the mutations come from yeast, sufficient 
work in other organisms has been carried out to suggest that the 
genetic framework developed in yeast is widely applicable. The 
movement of some of the major nuclear proteins during the mitotic 
process is also indicated to emphasize the dynamic nature of the 
process. 

4.2.4 Oncogenes Code for Proteins 'lbat 
Influence the Phosphorylation! 
Dephosphorylation Cycle 

Cancers are caused by uncontrolled cell division resulting from 
the influence of factors that interfere with the normal cell cycle. 
The introduction of retroviruses into animal cells, for example, can 
lead to the integration of tumor-causing genes, oncogenes, into the 
DNA of the host. Detailed studies on these tumors show that even 
before infection, genes related in sequence to oncogenes (i.e., proto
oncogenes) can be assayed in the host DNA The existence of proto
oncogenes has proven to be a general occurrence, and they have 
been shown to represent genes coding plasma-membrane receptor 
proteins or growth factors. An example of a cellular growth-factor 
gene is c-sis, coding for the platelet-derived growth factor, PDGF. 
The related oncogene is v-sis, which leads to uncontrolled cell 
growth. The biochemical activity associated with proto-oncogenes 
is the ability to phosphorylate and dephosphorylate other proteins, 
or bind chemical components such as guanosine triphosphate 
(GTP), that are required for the functioning of enzymes involved in 
the normal phosphorylation/dephosphorylation cycle. Developing 
concepts suggest that it is these activities that initiate uncontrolled 
cell division by interfering with the normal phosphorylation/de
phosphorylation cycle. 
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Meiosis and Gamete Formation: A View 
of Chromosomes in the Germline 

• Eukaryotic somatic cells carry two copies of each chromosome, and meiosis must intervene to produce gametes with only a single 
copy of each chromosome. 

• During meiosis, homologous chromosomes pair and exchange segments (crossovers) between chromatids before separating and 
eventually entering different gametes. 

• The synaptonemal complex is a structure usually required for the intimate pairing that leads to crossing over between homologous 
pairs of chromosomes. 

• Chiasmata are the cytological manifestations of crossing over and are essential for regular chromosome behavior during meiosis. 

• The enzyme topoisomerase II is responsible for unraveling interlocked chromosome segments. 

• Many genes are involved in the successful completion of meiosis, and mutations in these genes disrupt specific stages of the process. 

The meiotic cell division is much more specialized than the mitotic 
cell division. Whereas the effect of mitosis is to increase the number 
of cells and allow growth of an organism, the function of meiosis 
is to generate gametes. Through the reductional process of meiosis, 
gametes are haploid in chromosome number, containing only one 
copy of each chromosome, in contrast to the somatic cells of diploid 
organisms. During subsequent sexual reproduction, when a female 
gamete is fertilized by a male gamete, homologous chromosomes 
are regrouped into a common nucleus, and the 2n chromosome 
number is reconstituted. The development of haploid germ cells 
includes both meiotic and postmeiotic events. In animals, this se
quence is called spermatogenesis in males and oogenesis in fe
males; the comparable terms in higher plants are microsporogenesis 
and megasporogenesis, respectively. 

In this chapter, the basic features of the meiotic divisions and 
postmeiotic events are presented, including abnormal types of mei
osis, followed by detailed discussions of the meiotic chromosome
pairing process, crossing over between chromosomes, and genetic 
controls of meiosis. 

5.1 THE MEIOTIC Al'ID POSTMEIOTIC CYCLES 

The 2n germline cells divide mitotically until committed to meiosis, 
after which they are called meiocytes. During the division leading 
into meiosis, meiocytes enter an S phase that is much longer than 
the normal mitotic S phase. Meiosis consists of two consecutive 
nuclear divisions called meiosis I and meiosis II (Fig. 5.1). In meio
sis I, the centromeres holding the sister chromatids together func-
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tion as units, and the homologs of each chromosome pair move to 
opposite poles. This division is reductional because the chromo
some complement of the 2n nucleus is halved, but some exceptions 
are discussed later. Meiosis II is similar to a mitotic division in 
that the split centromeres of each chromosome separate and sister 
chromatids move to opposite poles. This is called an equational 
division because the daughter cells receive the same number of 
chromosomes as the parental prophase II cell. Meiotic stages can 
be observed through the light and electron microscopes. The se
quences of meiotic events in an insect, a plant, and a fungus are 
illustrated in Figs. 5.2-5.4, respectively. 

5.1.1 Meiosis I 

Premeiotic interphase. In the S phase preceding meiosis I, 
more than 99% of the DNA is replicated as each chromosome 
forms a pair of sister chromatids. During this stage, the cell and 
nuclear volumes increase to such an extent that the meiocytes 
are easily distinguishable from the surrounding somatic cells. 

Prophase I. The chromosomes become visible for the first time 
since the previous mitotic division. Several cytologically dis
tinct stages have been named, based on light-microscope obser
vations, to aid in understanding the complexities of the early 
phases of meiosis I: 

Leptotene stage or Leptonema (Gk. leptos = thin, tainia = 

band). The chromosomes appear as very long, single strands, 
but the sister chromatids, although present, are not yet detect
able. The chromosomes give the appearance of being highly 
jumbled and are commonly differentiated into dark- and 
light-staining regions (see Figs 5.2 and 5.3). Electron micro-
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Fig, 5.1. A diagrammatic representation of the different stages of a typical meiotic division in 
plants. using one chromosome pair. as deduced from observations using the light microscope. 
Meiosis I includes the leptotene stage through telophase I. and meiosis II includes prophase II 
through telophase II. 
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Leptotene stage Anaphase I 
r---~-- ------~-, 

Pachytene stage Telophase I 

Diplotene stage Metaphase II 

Diakinesis Anaphase II 

Metaphase I Tetrad 

Fig. 5.3. Different meiotic stages in wheat (Triticum aestivum). Although common wheat is a 
hexaploid. diploid like pairing is usually observed in which all 21 pairs of homologous 
chromosomes form bivalents (bottom left) rather than hexavalents. (photogtaphs courtesy of Dr. 
B. Friebe.) 

Fig. 5.2. The different stages of meiotic divisions in a male grasshopper (Chorthippus parallelus). Early 
observations on diplotene grasshopper chromosomes provided direct evidence that crossing over occurs at the 
four-strand (chromatid) stage and that the chiasmata arise as a result of the breakage and reunion of non
sister chromatids. (Photogtaphs courtesy of Dr. David Shaw.) 
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Premeiotic mitosis 

Late Interphase II 

Pachytene stage Anaphase of postmeiotic division 

Interphase 

Metaphase I Products of second postmeiotic division 

Fig. 5.4. Meiosis and ascospore formation in the ascomycetous fungus Neurospora. Top left: Premeiotic 
mitosis-the last premeiotic conjugate mitosis showing a three-celled "crozier" in which a = apical cell, b 
= penultimate cell, and c = stalk cell. The binucleate penultimate cell gives rise to an ascus. Center left: 
Pachytene-the seven pairs of homologous chromosomes are completely synapsed and the nucleolus (Nu) is 
at its maximum size. Bottom left: Metaphase I-the condensed chromosomes orient on the spindle halfway 
between the spindle-pole bodies. The nucleolus is still present (arrow). Top right: Telophase II-the two 
second-division spindles are aligned in tandem, parallel to the ascus wall. Upper right: Postmeiotic late 
interphase II-the enlarged double spindle-pole body plaques (arrows) are formed at this stage. Center 
right: Postmeiotic anaphase-all four spindles are oriented across the ascus. Lower right: Postmeiotic 
division interphase-the sister nuclei reorient in a linear manner with spindle-pole body plaques facing the 
same side. Bottom right: Products of second postmeiotic division-binucleate immatore ascospores. The 
mature ascospores undergo additional mitoses so that each ascospore may eventually contain 30 or more 
nuclei. (Photographs courtesy of Dr. N. B. Raju.) 

scopy indicates that additional structures called axial ele
ments, comprised of 30 and 90KD proteins and RNA, begin 
to be deposited between the sister chromatids of each chro
mosome at this stage. 
Zygotene stage or Zygonema (Gk. zygos = yoked). Homolo
gous chromosomes begin to align at many points along their 
lengths in a process called synapsis, thus forming bivalents. 
Synapsis appears to be facilitated by the axial elements of 
homologous chromosomes, which, after being pulled closer 
together by transverse filaments, move to the outside of the 

synapsed regions, where they are modified to form lateral 
elements of the synaptonemal complex (Fig. 5.5). In both 
leptonema and zygonema, the ends of the synaptonemal 
complex, usually corresponding to the ends of the chromo
somes or telomeres, are attached to the nuclear membrane. 
Movement of the telomeres leads to their clustering, the so
called "bouquet stage" in plants and the "synizetic knot" 
in animals (Fig. 5.6). Some interlocking of bivalents is ob
served at the zygotene stage in both diploid and polyploid 
organisms. A small amount of DNA synthesis, Zyg-DNA, 
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Fig. 5.5. A diagrammatic representation of an electron micrograph to 
show the intimate pairing between homologous chromosomes at the 
pachytene stage via the synaptonemal complex. Note the dense 
recombination nodule within the synaptonemal complex and the more 
diffuse centromeres. (Adapted from Pearlman et aI., 1992.) 
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Fig. 5.6. The bouquet stage in prophase I of meiosis in cereal rye 
showing the clustering of telomeres within a small area of the nuclear 
envelope. In situ hybridization of pollen mother cells was carried out 
with a 3H-Iabeled repetitive-sequence probe that detects the telomeric 
heterochromatin on the ends of the rye chromosomes (Appels et al., 
\981). 
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has been measured biochemically in both plants and animals 
at this stage. Zygotene nodules are also present and have 
been speculated to be the sites of DNA homology searches. 
Pachytene stage or Pachynema (Gr. pachys = thick). Ho
mologs have completed their synapsis by this stage. Each 
bivalent consists of four chromatids, which are shorter and 
less tangled than in earlier stages. Individual sister chroma
tids are not usually distinguishable, and the chromosomes 
show differentiation into heterochromatic (darkly staining) 
and euchromatic (lightly staining) regions. In some organ
isms, these regions are suitable for the identification of indi
vidual chromosomes. The clustering of telomeres is no 
longer evident, and a structure called the nucleolus is clearly 
visible. Electron microscopy shows that the synapsed chro
mosomes are held together by a tripartite synaptonemal com
plex consisting of one central element between two lateral 
elements. Located within the synaptonemal complex are 
electron-dense recombination nodules, which are believed 
to be the physical sites at which successful crossing over 
has occurred (see Fig. 5.5). A crossover at this stage is the 
physical exchange of genetic material between paternal and 
maternal chromatids, resulting in a chiasma and leading to 
recombination between paternal and maternal genes. 
Diffuse stage. In some animals, fungi, and plants, pachynerna 
is followed by a stage where the chromatin has a diffuse 
appearance. 
Diplotene stage or Diplonema (Gr. diplos = double). By 
this stage, the kinetochores associated with the chromosomal 
centromeres have duplicated. As the synaptonemal complex 
breaks down, homologous chromosomes appear to repulse 
each other and are eventually held together only by chias
mata (singular = chiasma) at the sites of crossing over be
tween nonsister chromatids. In many animals, including hu
mans, the female meiocytes may be arrested at the diplotene 
stage for prolonged periods, during which chromosomes 
may decondense and assume a lampbrush appearance while 
genes are actively transcribed. 
Diakinesis (Gr. dia = through, kinesis = movement). This 
is the last stage of prophase I, during which the bivalents 
reach their maximum stage of condensation (see Fig. 5.3). 
Some chiasmata located away from the ends of the chromo
somes appear to move closer to the telomeres. This stage has 
been valuable in cytogenetic work for estimating crossover 
frequencies from chiasma counts per nucleus or chromo
some. 

Metaphase I. The bipolar spindle appears and the kinetochores 
establish contact with the spindle fibers. The bivalents are co
oriented at the metaphase plate, with only the chiasmata holding 
the homologs together (Fig. 5.7). The centromeres of bivalent 
homologues are positioned toward opposite poles. This stage 
of meiosis is extensively used to assess multivalent formations, 
the mode of disjunction of chromosomes, and chiasma frequen
cies. The orientation of each homologue in a bivalent is at ran
dom with respect to the poles of the cell. 

Anaphase I. The homologous chromosomes move to opposite 
poles (Fig. 5.8). Each homolog consists of two chromatids held 
together by the kinetochores, which are located in the centro
mere region. 

Telophase I. The movement of the chromosomes to the respec
tive poles is completed and is accompanied by the uncoiling 
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Fig. 5.7. A diagrammatic representation of a bivalent at metaphase I to 
show the result of two crossover events on the opposite arms of a 
homologous pair of chromosomes. The right end of the white chromatid 
without a crossover is hidden. Top left: The parental-type, noncrossover 
chromatids summarizing the genes and their loci (A, B, etc.) that were 
used to detect the crossover events. 

of the chromosomes and re-fonnation of nucleoli and nuclear 
membranes. Division of the cytoplasm (i.e., cytokinesis) may 
occur at this stage or may be delayed until meiosis II is com
pleted. 

Interkinesis. No DNA replication occurs prior to meiosis II. 

5.1.2 Meiosis n 
The second phase of meiosis is generally very short. It involves 

the separation of the kinetochores and the chromatids that comprise 
each chromosome at this stage of meiosis. 

Prophase n. From their uncoiled state in the preceding inter
stage nucleus, the chromatids condense into easily recognized 
structures. 

Metaphase n. The spindle appears and the chromosomes pre
pare for separation of sister chromatids. The orientation of sin
gle chromosomes in the spindle, with split centromeres facing 
opposite poles, is called auto-orientation to distinguish the pro
cess from the co-orientation of bivalents at metaphase I. 

Anaphase n. The kinetochores separate longitudinally, and the 
movement of the chromatids of each chromosome to opposite 
poles completes anaphase II (see Fig. 5.8). Genetically, the sepa
ration of alleles may be reductional or equational, depending 
on whether or not crossing over has occurred between the cen
tromere and a gene locus. In Fig. 5.8, the separation of AA 
from aa (anaphase I) or B from b (anaphase II) is defined as 

reductional, whereas the separation of Bb from Bb (anaphase 
I) and A from A, or a from a (anaphase II) is equational. 

Telophase II. The chromatids reach their respective poles and 
uncoil, and the nuclear membrane re-fonns. Cytokinesis fol
lows, and the fate of the resulting four haploid cells depends 
on whether the organism is an animal or plant, and male or 
female (see below). 
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Fig. 5.8. The cytological (chromosomes or chromatids) and genetic 
(alleles AA, aa; BB, bb) consequences of anaphase I and anaphase II 
segregations. Genetically, as there is no crossover between the 
centromere and the A locus, the resulting AA - aa disjunction at 
anaphase I (center) is variously described as reductional, chromosomal, 
or f1rst-division segregation. The A-A - a-a disjunction at anaphase II 
(bottom) is variously described as equational, chromatid, or second
division segregation. For the B locus, because there is a crossover 
between the centromere and the B-b alleles, it undergoes equational 
segregation at AI (Bb - Bb) and reductional segregation at All 
(B-b - B-b). Cytologically, AI is reductional and AlI is equational. 
Such distinctions are important in tetrad analysis and genetic-linkage 
calculations. 
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Fig. 5.9. A comparison of male and female gametogenesis in plants 
and animals. Note that in plants, the haploid cells undergo additional 
mitotic divisions to form mature male (pollen) and female (embryo sac) 
gametophytes. 

5.1.3 Postmeiotic Events 

The major difference between animals and plants is the lack of 
mitotic divisions in animals (Fig. 5.9). In the male organs of ani
mals, the products of meiosis (spermatids) differentiate into sperm; 
in female organs, the meiotic divisions result in a single large egg 
cell, which matures into an ovum, and two or three polar bodies, 
which abort. In microsporogenesis of plants, each haploid nucleus 
undergoes a mitotic division to form a tube nucleus and a generative 
nucleus (Fig. 5.10). The generative nucleus divides to form two 
male gametes, and the final structure with three nuclei is the male 
gametophyte or pollen grain. On the female side, three megaspores 
abort, and the nucleus in the remaining megaspore undergoes three 
successive divisions to form the embryo sac or female garneto
phyte. 

In lower eukaryotes, the products of meiosis also undergo mito
ses (see Fig. 5.4), and the haploid end products can form a dominant 
part of the life cycle of the organism. In some Ascomycetes (e.g., 
Neurospora crassa, shown in Fig. 5.4), the immediate haploid end 
products of this process are maintained in a linear array, which 
reflects the orientation of meiotic divisions (Fig. 5.1l). 

5.1.4 Acbiasmate Meiosis 

Achiasmate meiosis has been observed in worms, insects, and 
plants. In a vast majority of cases, it is meiosis in the male that 
is achiasmatic, and well-known examples include Drosophila and 
Fritillaria species (Fig. 5.12). The meiotic process is similar to a 
normal meiosis except that prophase I is shorter, and the diffuse, 
diplotene, and diakinesis stages are not distinguishable. As the 
name suggests, chiasmata do not occur at meiosis I even though 
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Fig. 5.10. Postmeiotic mitosis in pollen cells of Crepis capiliaris. The 
metaphase stage is a polar view. A further division involving one of the 
nuclei in the bottom photo produces two sperm nuclei (see Fig. 5.9). 
(Photographs kindly supplied by Dr. B. Friebe.) 
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the chromosomes are paired and lying parallel to each other. The 
pachytene-stage bivalents can have abnormal synaptonemal com
plexes, but often none are observed. In organisms where synapto
nemal complexes do occur, the structures have sometimes persisted 
until metaphase I and may assist in the process of chromosome 
segregation. In the cases where no synaptonemal complexes are 
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Fig. 5.11. Top: An example of tetrad analysis in Neurospora for the 
mating-type alleles [data from Lindegren (1932) and redrawn after Redei 
(1982)]. Asci types 1 and 2 result from random chromosome segregation 
(no crossing over) and are parental type. Asci types 3-6 result from 
crossovers between the gene locus and the centromere. From these data. 
recombination between the A locus and the centromere is estimated to 
be 14.3%. It is calculated by dividing asci with crossovers (9 + 5 + 
II + 14 = 39) by all asci examined (273) and multiplying by 100. 

Bottom: Photo showing a rosette of maturing asci of Neurospora 
crassa from a cross heterozygous for the gene cys-3. which has 
pleiotropic effects on cysteine biosynthesis and on ascospore maturation, 
resulting in the pigmentation observed in the ascospores. Mature asci 
show four black and four white spores, the white spores receiving the 
cys-3 mutation. Asci with all spores unpigmented are immature. The 
ascus at the top center and the two asci at the upper left show first
division segregation for Cys-3 versus cys-3, with four adjacent black 
spores and four adjacent white spores. The remaining mature asci show 
second-division segregation patterns resulting from crossing over 
between cys-3 and the centromere, with 2:4:2 or 2:2:2:2 alignments of 
black versus white spores. Scale bar = 50 fLm. (Photograph courtesy of 
Dr. N. B. Raju.) 

Fig. 5.12. Meiosis is achiasmate in the anthers (male germ cells) and 
chiasmate in the ovules (female germ cells) of Fritillaria. Top: A pollen 
mother cell showing 11 achiasmate bivalents at metaphase I. Arrow 
denotes rare concealed chiasma made visible by separation of 
homologous chromosomes. Bottom: An egg mother cell in early 
anaphase I showing II bivalents with many chiasmata. (Photographs 
courtesy of Dr. S. Noda.) 

observed, alternative mechanisms must exist for holding homolo
gous chromosomes together. Careful studies in male Drosophila 

have provided evidence for a low level of genetic recombination 
(1 %), but synaptonemal complexes are not observed. 

In contrast to the achiasmate nature of male meiosis in the above 
species, female meiosis shows normal synaptonemal complexes, 
crossing over, and chiasma formation (see Fig. 5.12). In evolution
ary terms, achiasmate meiosis appears to be a secondarily derived 
character because, with rare exceptions, only one sex within a spe
cies shows the modification. It is also observed in a diverse group 
of organisms, indicating its multiple and independent origins from 
chiasmate meiosis. 

5.1.5 Meiosis in Organisms With Multiple 
Or Diffuse Centromeres 

In some insects and plants, the microtubules are attached to 
chromosomes at multiple, discrete sites, and such chromosomes 
are called polycentric. Alternatively, the microtubules may appear 
to have a continuous distribution (diffuse) along the length of the 



chromosome, in which case they are referred to as holocentric or 
holokinetic. Some, but not all, organisms with diffuse centromeres 
undergo inverted meiosis (i.e., meiosis I is equational and meiosis 
II is reductional). Whether meiosis I is equational or reductional 
is determined by the orientation of the bivalents with respect to 
the equatorial plate; meiosis I is equational if the orientation of the 
bivalents is parallel to the plate (called equatorial orientation) and 
reductional if bivalents lie at right angles to the plate (called axial 
orientation). The normal and inverted meiotic processes are com
pared in Fig. 5.13. 

A typical example of inverted meiosis is seen in the plant genus 
Luzula (Fig. 5.14). At diakinesis, the chiasmata are clearly observed 
at interstitial positions in the three bivalents, but they are termi
nalized by metaphase I. The bivalents assume an equatorial orienta
tion on the metaphase I plate and undergo equational division. 
Each bivalent separates into mirror-image "half-bivalents," which 
appear to have relics of "half-chiasmata" still attached at anaphase 
I. Nonsister chromatids stay joined and resynapse at prophase II, 
co-orient at metaphase II, and undergo reductional division at ana
phase II. Genetically, the haploid gametes produced from an in
verted meiosis are indistinguishable from those produced by a nor
mal meiosis. 

In those organisms with holokinetic chromosomes with clearly 
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Fig. 5.13. A comparison of nonnal meiosis in organisms with 
monocentric chromosomes (left-hand side) with nonnal (center) or 
inverted (right-hand side) meioses in organisms with holokinetic 
(diffuse) chromosomes. Only one bivalent is depicted. (Redrawn from 
Wrench et aI., [994.) 
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Fig. 5.14. Meiosis in Luzula purpurea (2n = 6) with holokinetic 
chromosomes. Key features include chiasma tenninalization between the 
diakinesis stage and metaphase I; mirror-image separation of sister 
chromatids held by relic chiasmata at anaphase I; pairing of homologous 
but nonsister chromatids at metaphase II; reduction division at anaphase 
II (note spindles are in horizontal direction and the third chromosome 
overlaps the other two at anaphase II); and a tetrad of microspores, each 
with three chromosomes. (Adapted from Nordenskiiild, 1962.) 
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distinguishable sex chromosomes, inverted meiotic behavior ap
plies only to autosomal bivalents, whereas the sex chromosomes 
have a normal meiotic behavior. 

In organisms with diffuse centromeres, the trilaminar kineto
chore plate can be seen along the length of the chromosome in 
mitotic divisions using the electron microscope (see Fig. 4.10). It is 
possible that such kinetochore structures, and the associated kinetic 
activity, could interfere with the normal meiotic behavior of chro
mosomes, especially chiasma formation and terminalization, and 
chromosome segregation during meiosis I. As an adaptation to mei
otic divisions, holokinetic chromosomes do not generally show the 
characteristic kinetochore plate along the length of the chromo
somes during meiosis, as shown by electron microscopy. Instead, 
the microtubular and centromere activities tend to be limited to 
the terminal regions of chromosomes (Fig. 5.15); in the case of 
Parascaris, this leads to orientation of the bivalent parallel to the 
equatorial plate, resulting in inverted meiosis. In the nematode 
Caenorhabditis elegans, kinetic activity is randomly restricted to 
only one telomeric end of a bivalent, and the resulting axial orienta
tion relative to the equatorial plate results in a normal reductional 
meiosis I division. 

5.1.6 other Variations in the Meiotic 
Process 

In the scale insect lcerya purchasi, the males are haploid; there
fore, meiosis I is bypassed completely and meiosis II is equational. 
In mealy-bug (Pseudococcus obscurus) males, the paternal haploid 
set of chromosomes is genetically inactive and has a heterochro
matic appearance. No pairing occurs between the maternal and 
paternal sets of chromosomes, and meiosis I is equational. Meiosis 
II is reductional and unipolar, with the maternal chromosome set 
forming sperm while the paternally derived, heterochromatinized 
chromosome set disintegrates. These particular variations have pro-

found genetic consequences; in the mealy bug, for example, any 
new mutation that arises in the male chromosomal DNA is not 
transmitted to following generations. 

Some of the complexities of insect meiosis are illustrated in the 
Hessian fly (Mayetiola destructor), a most destructive insect pest 
of wheat (Figs. 5.16 and 5.17). The somatic cells in males have 
six chromosomes (two pairs of autosomes + Xl + X2) and in 
females, eight chromosomes (two pairs of autosomes + Xl pair 
+ X2 pair). The germline cells in both sexes have 8 S (somatic) 
chromosomes and a variable number (-30) ofE (eliminated) chro
mosomes. In males, meiosis is achiasmate, and all E chromosomes, 
along with the paternally derived set of S chromosomes, are elimi
nated in one of the cells resulting from the meiosis I division. 
The other cell, with maternally derived S chromosomes, undergoes 
meiosis II to form two sperm cells. In females, meiosis is chiasmate. 
Each ovum contains a haploid set of S chromosomes and a variable 
number of E chromosomes. On fertilization, each zygote contains 
eight S chromosomes and a variable number of E chromosomes. 
During embryogenesis, the germline in both sexes has the same 
chromosome constitution, but somatic cells in males have fewer 
chromosomes than those in females. 

5.2 CHROMOSOME SYNAPSIS 
Arm mE SYNAP'I'ONEMAL COMPLEX 

5.2.1 The Synaptonemal Complex Forms 
Between Chromosomes Located 
Close to Each other 

Sister chromatids of each chromosome at leptonema organize 
axial cores, which, following chromosome alignment, become the 
lateral elements associating homologous chromosome pairs. Trans
verse elements begin to connect the lateral elements of chromo-

Fig. 5.15. Meiosis in holokinetic chromosomes of Parascaris univalens (2n = 2). Although 
kinetochore structures are observed along the entire length of the mitotic chromosomes (see 
Fig. 4.10), no such structure is observed in meiotic chromosomes and kinetic activity is 
restricted to the telomeric ends of both chromosomes. Left side: At metaphase I, the parallel 
orientation with the equatorial plate, as shown in the accompanying diagrammatic 
interpretation, results in an equational meiosis I division. Right side: Telophase I with 
accompanying diagrammatic interpretation. Indirect immunofluorescence staining of tubulin 
strands demonstrates their attachment to the telomeres of the chromosomes. (Photographs 
courtesy of Dr. C. Goday.) 
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Fig. 5.17. A diagrammatic representation of the chromosome cycle in 
Hessian fly. In contrast to males, the female meiosis is chiasmate, and E 
chromosomes are retained in the mature egg nucleus. Note: In the male 
zygote, the paternal chromosome complement is shown in gray, which 
will be eliminated during male meiosis. In male somatic cells, paternally 
derived Xl and X2 are eliminated. (Adapted from Stuart and Hatchett 
1988.) 

somes progressing into zygonema, when homologous pairs are less 
than 100 nm apart. The lateral elements and transverse elements 
together fonn the synaptonemal complex, which at pachynema has 
a tripartite, ribbonlike structure, 0.2 .... m or 200 nm wide (Fig. 5.18). 
The unifonn structure is occasionally interrupted by the presence 
of spherical bodies, about 100 nm in diameter, called recombination 

Fig. 5.16. Meiosis in Hessian fly males. Meiosis in males is 
achiasmate, and spermatogenesis is accompanied by elimination of the 
haploid paternal set of chromosomes and E chromosomes. Top: 
Metaphase I with four S chromosomes (right side) separating from the E 
chromosomes. Upper: Anaphase I with the four maternally derived S 
chromosomes, which will eventually bud off and undergo meiosis II, 
after which the four paternally derived chromosomes along with the E 
chromosomes will perish. Center: Telophase I showing unequal 
cytokinesis. Lower: Telophase II. Bottom: Spermatogenesis showing 
the small nuclei of the spermatids and the degenerating chromatin of the 
large cell. (Photographs courtesy of Dr. J. Stuart and Dr. J. H. Hatchett.) 
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Fig. 5.18. An electron micrograph of the synaptonemal complexes (SCs) present in the completely paired 
pachytene-stage chromosomes of the moth Hyalophora columbia. The SCs are organized by the parallel 
alignment of the axial cores of homologous chromosomes. Note that the bulk of the chromosomal DNA 
loops out from the SC core and is thus not intimately associated with the SCs. This particular moth was 
trisomic for one chromosome (center of the plate). (Photograph courtesy of Dr. Weith and Dr. Traut.) 

nodules (Fig. 5.19). They first appear at zygonema, where they are 
more numerous than in pachynema, and persist until early diplo
nema. 

The synaptonemal complex is mainly composed of protein. The 
ability to isolate large quantities of synaptonemal complexes in 
favorable organisms has provided the opportunity to generate 
monoclonal antibodies to proteins that are specific for these com
plexes. Several of these proteins have been identified by this proce
dure. 

In the diplotene stage, the synaptonemal complex between 
paired chromosomes breaks down, but the homologous chromo
somes are prevented from taking random positions because of the 
presence of chiasmata. Remnants of the synaptonemal complex 

remain at the chiasma sites and may playa role in chiasma mainte
nance. 

As is clear from Fig 5.18, more than 99% of chromosomal 
DNA lies in looped domains outside the synaptonemal complex. 
In experiments where the synaptonemal complex from rats was 
isolated and DNase-treated, a small amount of DNA (less than 1 %) 
was embedded in it (Fig. 5.20). Following proteinase digestion and 
phenol extraction of the synaptonemal complex, DNA with a length 
distribution of 50-500 base pairs has been cloned. It consists of 
short and long interspersed repeat sequences and tandemly repeated 
GT/CA sequences. It is speculated that these DNA sequences may 
be involved in homology search and recombination functions. The 
sequence classes of DNA that are enriched in this DNase-resistant 



~ 
synaplonemal complex recombination nodule 

Fig. 5.19. Electron micrographs of recombination nodules in the 
synaptonemal complexes of pachytene-stage chromosomes of 
Neurospora crassa. The recombination nodules (some indicated by 
arrows) can be seen in both serial sections (top) and the spread 
chromosomes (bottom). The large arrowheads (bottom photo) show 
telomeres that have begun to dissociate, and the numbers indicate the 
designations of chromosomes in the Neurospora karyotype (Lu, 1993). 
Bar = 1 p.m. 

material include d(GT)n. as well as long and short interspersed 
repetitive sequences. The d(GT)n class is highly transcribed in Dro
sophila hydei testes. 

5.2.2 The Synaptonemal Complex Is a 
Flexible Association Between 
Chromosome Pairs 

The synaptonemal complex forms between chromosome pairs 
that are juxtapositioned. It does not appear to be the primary basis 
for homologous chromosome recognition, because synaptonemal 
complexes also form between nonhomologous chromosomes, and 
these instances are often referred to as heterologous pairing. A 
certain level of heterologous pairing and synaptic error is observed 
in individuals with normal chromosome complements (Table 5.1; 
Fig. 5.21). Interestingly, in a study of human meiosis, the synaptic 
errors were much lower in normal males than in subfertile males. 

Heterologous pairing is much more common in situations where 
one or more chromosomes have no homologous partner. Thus, 
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univalent chromosomes in haploid individuals show extensive het
erologous pairing and may also show fold-back pairing on them
selves. The X-Y sex chromosomes often show heterologous pair
ing beyond the region of strict homology. 

A different form of heterologous pairing is observed in hetero
morphic bivalents that differ by an inversion or are of unequal 
length. In these cases, perfectly homologous synapsis gives way 
to heterologous synapsis following a process called synaptic adjust
ment, which refers to the movement of chromosomes relative to 
each other, after an initial alignment of chromosome segments. 
Paired chromosome sections that are structurally heterozygous are 
resolved into perfectly matched bivalents by late pachynema as a 
result of the process of synaptic adjustment. The synaptonemal 
complex is present during synaptic adjustment, so it does not repre

sent a rigid binding between paired chromosomes. 

5.2.3 DNA Topoisomerase II Unravels 
Interlocked Bivalents 

The necessity for avoiding nonhomologous chromosome entan
glements was, for many years, the basis for many models of homol-

Fig. 5.20. Experimental proof that a certain fraction of the DNA is 
embedded in the synaptonemal complexes of rat pachytene-stage 
chromosomes where it is DNase-resistant. The chromosome spreads 
were stained with the fluorescent DNA-binding dye, DAPI. The 
chromatin loops and the axial elements (top) fluoresce brightly against 
the dark background. After extensive DNase treatment and staining with 
an anti-DNA antibody (bottom), it can be seen that some residual DNA 
is still intimately associated with the Sc. (Reproduced from Pearlman et 
aI., 1992.) 
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Table 5.1. Reports of Nonhomologous Synapsis and Other Synaptic 
Irregularities Based on Electron Microscopy of 
Synaptonemal Complexes 

Synaptic Configuration 

Foldback synapsis 

Mismatched kinetochores 

Straight synapsis due to 
duplications, deletions, and 
inversion heterozygotes 

Triradial configurations, self
synapsis in rings (spiral 
synapsis), and synapsis 
between nonhomologs 

Asynapsis 

Multiple synapsis and partner 
exchanges 

Source: Shennan et aI. (1989). 

Species 

I X barley, wheat, maize, tomato, lily, 
Tradescantia, Allium, 3 X Bombyx, 
trisomic and XO mouse. 

Wheat, 4X Allium, Festuca hybrid, 
potato, 3 X A. sphllerocephalon, 
Choealtis conspersa, Macropus 
rufus 

Maize, yeast, Ephestia kuhniella, 
chicken, mouse, Keracris scurra 

Tomato, petunia, snapdragon, maize 
and barley haploids, tomato 
trisomies, maize, 6 X wheat, Lolium 
hybrids, lily, Tradescantia, humans, 
3 X Bombyx, I X Physarum 
polycephalum, mouse, XO mouse, 
3 X A. sphaerocephalon 

Coprinus cinereus, Tradescantia, 
chicken, Ellobius tal pinus, 3 X 
A. sphaerocephillon, aneuploid and 
euploid mice 

3X lily, 4x potato, 6X wheat,4X 
Allium, 3 X C. cinereus, 3 X 

Lotium, 4 X yeast, aneuploid bulls, 
3 X and euploid chickens, human 
trisomy 21, 3 X Bombyx, 3 X 
A. sphilerocephilion 

ogous chromosome alignment in preparation for pairing. However, 
electron-microscopic studies on the nuclei at the zygotene stage 
from plants and animals have now shown that bivalent interlocking 
is widespread (Fig. 5.22). Progression to pachynema resolves all 
interlocks. The properties of the enzyme DNA topoisomerase II 
provide a molecular mechanism for the separation and resolution 
of interlocked DNA helices, by catalyzing the reversible breakage 
and rejoining of double-stranded DNA (see Fig. 17.28) in both 
mitosis and meiosis. The enzyme is present throughout meiosis, 
with a peak of activity at the pachytene stage, followed by a de
crease in activity at diplonema. Immunolocalization studies, using 
fluorochrome-tagged antibodies to topoisomerase II, have indicated 
that this enzyme is primarily located in the synaptonemal complex 
and associated chromatin. Topoisomerase II appears to play an 
additional role in chromatin condensation during prophase, as well 
as in the segregation of crossover chromatids. 

Studies in yeast have identified a protein, designated Sgsl, that 
interacts with a region of the topoisomerase II protein located near 
the C-terminus. This region is not required for activity of the topo
isomerase per se. The Sgsl is a helicase type of protein, which 
most likely helps to remove steric constraints that prevent topo
isomerase II from functioning in vivo. The Sgsl/topoisomerase 
complex therefore brings together two enzymes that act in concert 
to untangle DNA molecules. 

5.2.4 Presynaptic Chromosome Alignment 
at Zygotene Begins at Multiple Sites 

Knowledge of the basic mechanisms involved in homologous 
chromosome recognition and pairing is incomplete. The homolo-

Fig. 5.21. Heterologous pairing and other synaptic irregUlarities 
observed from electron microscopic analyses of synaptonemal 
complexes. Top: Triple synapsis in human oocytes. Bottom: 
Mismatched kinetochores (arrows), pairing partner switches, and triple 
synapsis (lower left) in tetraploid potato. (Photographs kindly supplied 
by Dr. R. M. Speed and Dr. S. M. Stack.) 

gous chromosome alignment at the zygotene stage could conceiva
bly begin at one point (e.g., near the centromeres or telomeres) and 
proceed zipperlike to completion, or it could begin simultaneously 
at many points. Experiments with well-characterized cytogenetic 
systems, which allow reshuffling of chromosome segments, indi
cate that at zygonema, homologous chromosomes must align at 
many sites along their lengths. In organisms where one member 
of each of two pairs of chromosomes is modified by exchanging 
sections with another chromosome, a cross-shaped configuration 
is observed in paired chromosomes at the pachytene stage. This 



Fig. 5.22. Bivalent interlocking of the synaptonemal complexes of rye 
pachytene chromosomes. A, B, C, and D indicate four different 
chromosomes. The l's and 2's trace different strands of the A
chromosome complex, showing its interlocking with the synaptonemal 
complexes of B, C, and D. (Photograph courtesy of Dr. C.B. Gillies.) 

configuration is a direct result of chromosome pairing along the 
entire lengths of chromosome arms. 

Electron-microscopic analyses, both in three-dimensional serial 
sections and surface-spread preparations, on a wide range of organ
isms consistently indicate that synaptonemal-complex formation is 
initiated at multiple sites within homologous pairs of chromosomes 
(Fig. 5.23). Further synapsis proceeds by extension from existing 
paired sites. However, within the multiple-initiation sites, there are 
primary and secondary centers of synapsis. The primary synapsis 
begins at the distal ends of the chromosomes, as is evident from 
the observed congregation of telomeres in one area of the zygonema 
nucleus (bouquet stage) in a large number of organisms. Thus, at 
mid-zygonema, with 60% synapsis, most of the buckles (unpaired 
segments) are observed at interstitial sites of chromosomes. 

Chromosome structure may further affect initiation of synapsis. 
Electron-microscopic analysis of tomato chromosomes indicated 
that synapsis is essentially complete in distal euchromatic regions 
before proximal heterochromatic regions initiate synapsis. 

5.2.5 Mechanisms of Homologous 
Recognition 

It is known that synaptonemaJ complexes cannot form until 
chromosomes are aligned within 0.2 JlXll of each other. Thus, there 
must exist mechanisms that bring about initial alignment of homol
ogous chromosomes prior to synaptonemal-complex formation. 
The problem of homologous-chromosome recognition is further 
complicated by the fact that almost all organisms share many low
to high-copy-number repetitive DNA-sequence families, located at 
multiple sites on all chromosomes. The process of pairing at meio
sis therefore requires the strict selection of partner chromosomes. 
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The possible mechanisms responsible for this selection process fall 
into four classes: 

Permanent physical association. According to this hypothesis, 
homologous chromosomes maintain physical associations 
throughout mitotic and meiotic cell divisions. Thus, the pro
cesses in the mitotic division immediately preceding meiosis 
result in alignment of homologous chromosomes by somatic 
association. There is experimental evidence both for and against 
somatic association. In one set of experiments, the application 
of high temperature or colchicine treatment to disrupt physical 
associations at premeiotic interphase was correlated with a dis
ruption of chromosome pairing in meiosis, when the respective 
agents were no longer present. The chromosome movements 
associated with the formation of the "bouquet stage" or syn
izetic knot at the zygotene stage involve the attachment of chro
mosome ends to nuclear membranes, and may be involved in 
chromosome alignment in preparation for synapsis. 

Autonomous recognition. In this process, gross physical fea
tures of the chromosome are envisaged to provide sites for the 
recognition of homology. The recognition process may involve 
distinct oscillatory movements and, thus, lead to the alignment 
of chromosome segments with similar levels of differential coil
ing, identical blocks of heterochromatin, matching pairing cen
ters, and/or similar mass. Direct experimental evidence for the 
existence of autonomous pairing is not available. 

Recognition via pairing proteins. The idea that proteins are 
involved in chromosome pairing was stimulated by the finding 
that the synaptonemaJ complex is composed of RNA and protein 

t 
nucleolus-organizer region 

Fig. 5.23. Idiograms of the zygotene-stage chromosomes of rye (Seeale 
eereale) showing multiple sites of initiation and formation of the 
synaptonemal complex in the different chromosomes. The open gaps 
indicate unpaired regions of the complexes; the closed lines indicate 
fully paired regions. (Redrawn from Gillies, 1985.) 
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complexes. The possibility exists that specific-pairing proteins 
bind to particular DNA sequences and undergo a change in 
conformation, or allosteric change, thus forming the basis of 
recognition. 

Direct DNA-DNA recognition. The possibility of direct 
DNA-DNA interaction to establish homologous pairing was 
first raised by the discovery that a small fraction (0.2%) of the 
meiotic-prophase nuclear DNA remained unreplicated until the 
zygotene-pachytene stages. It was postulated that the unrepli
cated DNA, distributed along the length of the chromosome, 
contained single-strand breaks, which served as recognition 
points to form duplexes with the respective DNA regions in 
the other member of the homologous chromosome pair. These 
interacting sections of DNA could then provide a focus for the 
formation of a synaptonemal complex, after which they would 
be replicated. In vitro and in vivo biochemical studies indicate 
that single-stranded DNA "feelers" could be involved in the 
search for homology between chromosomes (Fig. 5.24). Genetic 
studies utilizing translocation chromosomes of Caenorhabditis 
elegans have revealed that chromosomes contain localized ho
mology-recognition regions (HRRs) that are involved in the 
early meiotic events leading to chromosome pairing. In Ustilago 
maydis, an enzyme similar to the E. coli recA protein, called 
rec 1 protein, has been found to catalyze "synapsis" between 

I recBCD protein medialed 
, unwinding 01 DNA helix 

_n'l~ ____ ~ 
~ 1111""1_1 1'01 ,,~-

slabllizallon of single strands of 

~ DNA by anachrnent of recA protein 
accompanied by invasion 01 a 
nearby DNA heUx by this singl&
strandlrecA complex 

:;IIIIIIIIIIII!III!II==-==_: ~ 
~ 

transient slabilizallon 01 the 
intaradion between the two strands 
01 DNA 

Fig. 5.24. A mechanism of homology search via heteroduplex DNA 
fonnation. The accessibility of DNA to the homology search! 
recombination processes may be related to the level of transcriptional 
activity in the respective region of the chromosome. because 
transcription disrupts chromatin structure. The recBCD enzyme and recA 
protein were discovered in E. coli and are among many enzymes 
required for homologous recombination. 

a double-stranded DNA helix and an invading single strand of 
DNA that is complementary to one of the strands in the double
stranded DNA. Similar activities have been identified in yeast 
and human cells. The developing concept is that the interactions 
between DNA helices involved in chromosome pairing, gene 
conversion, and genetic recombination are different facets of a 
single molecular phenomenon, which begins with a DNA ho
mology search for presynaptic chromosome alignment. The 
nodules observed in the synaptonemal complexes of the zy
gotene and pachytene stages may be the physical locations of 
these DNA-DNA interactions. The enzymes needed to catalyze 
these reactions are currently the subject of intense research. 

5.3 THE MECHANISM OF CROSSING OVER 
ArID GENETIC RECOMBINATION 

The genetic and physical evidence for recombination between ho
mologous chromosomes during meiosis was established in the early 
19OOs. Cytologically, chiasmata were identified as points where 
nonsister chromatids had recombined through crossing over. The 
molecular mechanisms underlying recombination take place during 
pachynema, when the synaptonemal complex is fully formed and 
synaptic adjustment is complete. 

5.3.1 Crossing Over Occurs at the Four
Strand Stage During Pachynema 

Crossing over that leads to genetic recombination can be de
duced to occur between nonsister chromatids at the so-called four
strand stage of meiosis, because a single crossover between a pair 
of chromosomes produces two gametes of the recombinant type 
and two of the parental type. Furthermore, the chiasmata resulting 
from crossovers involving two nonsister chromatids can be directly 
observed at the diplotene stage in favorable cases such as male
grasshopper meiosis (see Fig. 5.2), thus indicating that crossing 
over must have occurred before diplonema. The genetic conse
quences of environmental shocks such as temperature changes and 
the application of chemicals, as well as the effects of specific muta
tions, favor pachynema as the stage where crossing over occurs. 
This conclusion is consistent with the observation that at this stage 
the pairing between chromosomes is fully resolved and free of non
homologous associations. Finally, the recombination nodules, the 
postulated physical sites of crossing over, are clearly observed at 
the pachytene stage. 

5.3.2 The Recombination Process 

Recombination may be part of the homology search by interact
ing DNA helices beginning at zygonema, possibly at the sites where 
zygotene-stage nodules are found. Following a break, or nick, in 
the sugar-phosphate backbone of a DNA helix, a single-stranded 
segment of DNA is free to invade the helix of a neighboring. nonsis
ter DNA molecule in search of homology (see Fig. 5.24). In bacte
ria, the invasion process, or heteroduplex formation. is catalyzed 
by the product of the recA locus. The recA protein is composed 
of four subunits, each of which has a molecular weight of 38,000 
Da. The protein hydrolyzes ATP to provide the energy for catalyz
ing the heteroduplex formation, and movement of the invading 
single DNA strand along the receptor DNA helix by branch migra
tion. These activities are basic prerequisites for any model of re-
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Fig. 5.25. Resolution of the Holliday junction in a recombination 
nodule. The diagrams show a possible mechanism of recombination 
between the DNA strands using three gene loci. The classical Holliday 
model, as well as the Meselson-Radding and the double-chain break 
models, have been compared in detail by Stahl (1994). 

combination. It is also possible that recA catalyses the interaction 
of two intact DNA helices after partial unwinding. 

The net result of the activities leading to genetic recombination 
is a cross-strand configumtion interconnecting the two DNA helices 
that is often called a Holliday junction (Fig. 5.25) even though 
several different mechanisms have been postulated to give rise to 
this final structure. The visible result of the exchange process is a 
chiasma in the diplotene stage of meiosis. Branch migmtion before 
completion of the recombination process means that a heteroduplex 
at the Bib locus can form whether or not recombination finally 
occurs between the Ala and C/c loci, and thus accounts for the 
observation that gene conversion can occur as an integral part of 
the recombination process. In the final structures shown in the Fig. 
5.25 diagmms, the Bib heteroduplex can be converted by normal 
repair mechanisms to either a BB or bb homoduplex. The isometric 
Holliday structure can undergo two possible breakage and rejoining 
events, with only one leading to recombination. 
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More recent models for recombination have elaborated on the 
above model and included a double-chain break in one of the DNA 
helices, followed by 5'-3' exonuclease action to produce single
strand tails. Both single-strand tails are then postulated to invade 
an adjoining helix, followed by DNA repair, to form a pair of 
Holliday junctions that subsequently can be resolved . 

The recombination nodules may define the sites of DNA-pro
tein complexes involved in recombination. The number and posi
tion of recombination nodules at the pachytene stage closely corre
late with the number of recombination events that are expected to 
have occurred. As a result of these correlations, recombination 
nodules have been postulated to represent the DNA-protein com
plex at the site of crossing over. 

5.3.3 Relationship Between Genetic 
Recombination and Cytological 
Chiasmata 

Several types of experimental evidence clearly show that ge
netic recombination involves physical exchange (crossing over) 
between nonsister chromatids. Early classical experiments used 
both genetically and physically marked chromosomes (Fig. 5.26). 
The differential labeling of chromatids with BrdU has provided the 
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Fig. 5.26. A clear demonstration of the correspondence between 
cytological chiasmata and genetic recombination. In this diagrammatic 
representation of a pair of maize chromosomes. KIk = heterochromatic 
knobs of differing sizes, C Ic = colored versus colorless seeds, Wx Iwx 
= nonwaxy versus waxy seeds, Vi = interchanged (translocated) versus 
normal chromosomes, and the shaded area represents a heterochromatic 
block involved in the translocation. The presence or absence of all these 
characters can easily be determined. This experiment provided the first 
proof that the genetic exchange of markers C and Wx involved an actual 
physical interchange between non sister chromatids marked with the 
cytological markers K and I (Creighton and McClintock, 1931). Only 
the crossover chromatids are shown. although there are also two 
parental. noncrossover chromatids. 
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basis for directly correlating the presence of a chiasma and the 
breakage-rejoining of DNA strands. Figure 5.27 shows a pair of 
chromosomes at diakinesis and the exchange of nonsister chroma
tids at the center of the chiasma. 

There also exists a large body of earlier literature on the one
to-one correspondence between a chiasma and a crossover event. 
Thus, chiasma counts (assuming chiasma terminalization does not 
occur) have been used to predict total crossovers and genetic recom
bination. However, recent data on genetic mapping with molecular 
markers show that genetic maps far exceed the length predicted 
from chiasma counts (Table 5.2). Although there is little doubt that 
all chiasmata result from crossovers, the conclusion from recent 
data is that chiasmata counts underestimate levels of recombination. 
This may be due to the fact that only a limited number of cytological 
and genetical markers were used in earlier studies (as compared to 
recent studies), and the genetic recombination potential was not 
fully assayed. 

Recent work comparing genetic and physical maps in wheat 
shows that recombination is nonrandomly distributed along the 
chromosome length. The proximal 50% of each arm surrounding 
a centromere has a low frequency of recombination, which is ex
tremely high in the distal ends of chromosomes. The distal parts 
of the chromosomes contain a higher density of genes and, thus, 
recombination is apparently more frequent in gene-rich regions. In 
addition, one or two tiny chromosome regions, which are hot spots 
for genetic recombination, occur in each arm. Double crossovers 
are common in these regions, and the juxtaposed chiasmata, if 
they occur, are not resolved under the microscope. In addition, 
crossovers also occur in chromosome regions where no chiasmata 

both DNA strands have 
BrdU incorporated 
(bifilarly substituted) 

only one DNA strand 
has BrdU incorporated 
(unifilarly substituted) 

/ 

centromere 

Fig. 5.27. The differential labeling of chromatids with BrdU to indicate 
the actual physical site of crossing over and recombination between 
chromatids (Jones, 1987). The diagram and photograph are visual proof 
that chiasmata arise from the breakage and fusion of nonsister 
chromatids and that chiasmata do not always terminalize. (Photograph 
courtesy of G. H. Jones.) 

Table 5.2. Estimated Number of Crossovers in Various Plant Species, 
Based on Genetic Maps, Far Exceed Those Based on 
Chiastua Counts, Indicating a Lack of Correspondence 
Between Cytological Chiasmata and Genetic Recombination 

Estimated Number of Crossovers 

Organism Chiasma Counts Genetic Maps 

Brassica campestris 10.0-18.5 37.0 
Brassica oleracea 12.8-14.8 22.2 
Hordeum vulgare 13.5-15.6 22.7 
Lactuca sativa 14.6-20.7 28.1 
Lycopersicon esculenrum 16.2-17.0 25.5' 
Oryza sativa 18.9-27.6 36.7 
Pisum sativum 10.3-18.1 29.3 
Solanum tuberosum 13.2-14.1 20.7 
Zea mays 17.4-25.0 35.8 

• RFLP map based on an interspecific cross. 

Source: Data from Nilsson et al. (1993) and Gill et aI. (1997). 

are observed. The emerging view appears to be that not all cross
overs mature into chiasmata and that other novel recombination 
mechanisms may operate that undermine the postulated 1 : I corre
spondence between chiasmata and crossovers. 

5.3.4 Tbe Distribution of Chiasmata 

The number, position, and movement of chiasmata are under 
genetic control. Chiasmata may have a random or nonrandom dis
tribution in a chromosome pair and can vary between closely related 
species. For example, in Allium fistulosum, the chiasmata are lo
cated proximally, near the centromere, whereas in A. cepa, they 
are located distally, near the ends of chromosomes. The actual 
distribution may also be related to the sex of an organism. In Tri

turus helveticus, the chiasmata are located distally in females but 
proximally in males. 

The number of chiasmata observed at diakinesis is generally 
greater than the number observed at the more condensed stage, 
metaphase I. This has been argued to result from the terminalization 
of the chiasmata. In some organisms, such as wheat and rye, how
ever, the terminal positions of chiasmata at diakinesis reflect re
gions of high genetic recombination. 

The occurrence of a chiasma in a given position within a chro
mosome arm has been shown to reduce the likelihood of another 
chiasma occurring near it. This is called positive chiasma interfer
ence. In certain situations, the opposite effect, negative chiasma 
interference, can occur. The involvement of two chromatids in a 
chiasma event usually reduces the likelihood that these same chro
matids will be involved in another chiasma, and this phenomenon 
has been named chromatid interference. Interference is limited to 
a particular chromosome arm and does not extend across the centro
mere. 

5.3.5 Mechanisms for Chiasma 
Maintenance at Metaphase I 

Besides involvement in the recombination process, other func
tions of chiasmata are to co-orient bivalents at metaphase I and 
to ensure proper chromosome segregation during meiosis 1. The 
importance of chiasma maintenance until the end of metaphase I 
for normal chromosome behavior is emphasized by the fact that it 



is under specific genetic control. Meiotic mutants in com and yeast 
that undergo normal crossing over, but have impaired chiasma 
maintenance, display nondisjunction at anaphase I, where both 
members of a bivalent pass to the same pole, causing irregular 
distributions. It has been suggested that sister-chromatid cohesive
ness, involving associations between heterochromatic regions of 
chromosomes, is important in preserving chiasmata. However, it is 
difficult to explain the effects of single-gene mutations on chiasma 
maintenance by such mechanisms. 

In yeast, it is possible to construct artificial chromosomes, which 
have crossing over but undergo nondisjunction because they are 
presumably unable to maintain chiasmata. This could be due to 
their small size, or the absence of specific sequences or genes that 
are involved in the process. 

5.4 DISTRIBUTIVE SYSTEM OF SEGREGATlO" 

The phenomenon of distributive pairing appears to provide an extra 
mechanism for ensuring normal chromosome segregation, particu
larly of achiasmate or unpaired chromosomes. It has been suggested 
that there are two pairing phases in meiosis: 

1. "Exchange pairing" between homologous chromosomes, 
which leads to crossing over between specific chromo
somes. 

2. "Distributive pairing" between homologs or nonhomo
logs, which ensures segregation of those chromosomes that 
fail to form chiasmata. 

In Drosophila females, the smallest chromosome 4, does not form 
chiasmata, yet at anaphase I, the chromosome 4 pair undergoes a 
normal reductional division. Similarly, the X-chromosome pair 
fails to form chiasmata in 5% of meiocytes, yet always segregates 
reductionally. 

Two mutants in Drosophila, namely nod (no distributive dis
junction) and ned (nonclaret disjunction) have been shown to inter
fere with distributive segregations. The ncd locus affects eye color 
as well as chromosome disjunction. Both the nod and ncd loci have 
been cloned and have been shown to code for proteins that are part 
of the kinesis protein, or protein heavy-chain superfamily involved 
in microtubule formation. The network of microtubules in cells 
provides a basic skeleton for maintaining the orderly positioning 
of organelles and chromosomes. In the case of distributive pairing, 
microtubules have been observed to radiate between an autosomal 
pair and the single X chromosome in males, and may ensure distrib
utive segregation of the X chromosome. The hypothesis that arises 
from these studies is that a specific protein may be involved in the 
formation of interchromosomal microtubules, which form the basis 
for distributive segregation at anaphase I. 

5.5 MAm' GE~ CONTROL THE MEIOTIC 
PROCESS 

There are hundreds of genes in plants and animals that affect mei
otic divisions and/or chromosome behavior during meiosis. Mu
tants of these loci arose spontaneously or, more often, were re
covered from mutagen treatments. Large inventories of mutants 
exist in yeast (e.g., Saccharomyces cerevisiae and Sehizosaeeharo-
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Fig. S.28. A summary of key meiotic steps showing some of the 
mutants that affect them. from studies of meiosis and mutants of com 
(Golubovskaya, 1979, 1989; Curtis and Doyle, 1991). 

myces pombe), fungi (e.g., Neurospora crassa), animals (e.g., Dro
sophila melanogaster), and plants (e.g., Zea mays, Vida jaba, 
Pisum sativum). The vast majority of mutants behave as single 
genes (monogenic) that have lost their function (recessive) and 
cause both male and female sterility. 

The mutants have been characterized with respect to the nature 
of the block they cause in the sequence of meiotic events, using 
the light and electron microscopes. Genetic studies, in which indi
viduals carrying meiotic mutants are intercrossed, have been used 
to determine the effects of these mutants on genetic recombination, 
and also have suggested that many pathways affect meiosis. Several 
genes have been characterized biochemically. A small number have 
been isolated in bacteria, and the gene products have been identi
fied, using the techniques of molecular biology. 

The stepwise progression of meiosis is summarized in Fig. 5.28, 
together with gene mutations that control different steps. These 
mutant genes can be grouped into the following six broad cate
gories: 

1. Genes controlling entry into meiosis, resulting in the elimi
nation of meiosis I and meiosis II. 
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2. Genes that eliminate meiosis I or meiosis II. This group 
includes genes that can lead to the substitution of meiosis 
I for meiosis IT or vice versa. 

3. Genes affecting synapsis by causing failure or malforma
tion of the synaptonemal complex (asynaptic mutants), or 
precocious dissolution of the synaptonemal complex and! 
or chiasmata (desynaptic mutants). These mutations affect 
crossing over as well as chromosome disjunction at ana
phase I. In polyploids, there are several pairing homoeolo
gous (Ph) genes, which suppress synapsis between chromo
somes that are not perfectly homologous (see Fig. 10.15). 
These genes are important in the formation of polyploids, 
but their mechanism of action is not clear at present. 

4. Genes affecting chromosome disjunction through malfunc
tion of the spindle apparatus or premature separation of 
bivalents. 

5. Genes causing abnormal behavior of chromosomes such as 
adhesiveness and fragmentation. 

6. Genes affecting cytokinesis. Some genes affect cell division 
in one sex only. Other genes mimic natural variations of 
the meiotic process found in diverse groups of organisms. 

Many of these mutant genes will be useful in unraveling the 
biochemistry of meiosis and will also shed light on the evolutionary 
significance of the specialized meiotic process. 

BIBLIOGRAPHY 

General 

ALBERTS, B., BRAY, D., LEWIS, 1, RAFF, M., ROBERTS, K., WATSON, 
lD. 1989. Molecular Biology of the Cell, 2nd ed. Garland Pub
lishing Inc., New York. 

GILLIES, C.B. (ed.). 1989. Fertility and Chromosome Pairing: Re
cent Studies in Plants and Animals. CRC Press, Boca Raton, 
FL. 

JOHN, B. 1990. Meiosis. Cambridge University Press, Cambridge. 

MOENS. P.B. (ed.) 1987. Meiosis. Academic Press, New York. 

Section 5.1 

ALBERTSON, D.G., THOMSON. J.N. 1993. Segregation ofholokinetic 
chromosomes at meiosis in the nematode Caenorhabditis eleg
ans. Chromosome Res. 1: 15-26. 

ApPELS, R., DENNIS, E.S., SMYTH, D.R., PEACOCK, WJ. 1981. Two 
repeated DNA sequences from the heterochromatic regions of 
rye (Secale cereale ) chromosomes. Chromosoma 84: 265-277. 

CHAPMAN. M., MULCAHY. D.L. 1997. Confocal optical sectioning 
for meiotic analysis in Oenothera species and hybrids. Biotech. 
Histochem. 72: 105-110. 

GODAY, c.. PIMPINELLI. S. 1989. Centromere organization in mei
otic chromosomes of Parascaris univalens. Chromosoma 98: 
160-166. 

LINDEGREN, c.c. 1932. The genetics of Neurospora-II. Segrega
tion of the sex factors in asci of N. crassa, N. sitophila, and N. 
tetrasperma. Bull. Torrey Bot. Club 59:119-138. 

MCCORMICK, S. 1991. Molecular analysis of male gametogenesis 
in plants. Trends Genet. 7: 298-303. 

NODA, S. 1975. Achiasmate meiosis in the Fritillaria Japonica 
group. I. Different modes of bivalent formation in the two sex 
mother cells. Heredity 34: 373-380. 

NOKKALA, S., NOKKALA, C. 1997. The absence of chiasma termi
nalization and inverted meiosis in males and females of Myrmus 
miriformis Fn. (Corizidae, Heteroptera). Heredity 78: 561-566. 

NORDENSKIOLD, H. 1962. Studies of meiosis in Luzula purpurea. 
Hereditas 48: 503-519. 

ORR-WEAVER, T.L. 1995. Meiosis in Drosophila: seeing is believ
ing. Proc. Nat!. Acad. Sci. USA 92: 10443-10449. 

RAlu, N.B. 1980. Meiosis and ascospore genesis in Neurospora. 
Eur. 1 Cell Bio!. 23: 208-223. 

REDEl, G.P. 1982. Genetics. Macmillan Publishing Co., Inc., New 
York. 

ROEDER. G.S. 1995. Sex and the single cell: meiosis in yeast. Proc. 
Nat!. Acad. Sci. USA. 92: 10450-10456. 

Ross, KJ., FRANSZ, P., JONES, G.H. 1996. A light microscopic 
atlas of meiosis in Arabidopsis thaliana. Chromosome Res. 4: 
507-516. 

STUART, J., HATCHETT, J.H. 1988. Cytogenetics of the Hessian fly: 
II. Inheritance and behavior of somatic and germ-line-limited 
chromosomes. J. Hered. 79: 190-199. 

WRENSCH, D.L., KETHLEY, lB., NORTON, RA 1994. Cytogenetics 
of holokinetic chromosomes and inverted meiosis, keys to the 
evolutionary success of mites, with generalizations on eukary
otes. In: Mites: Ecological and Evolutionary Analyses of Life 
History Patterns (Houck, M.A, ed.). Chapman & Hall, New 
York. pp. 282-343. 

Section 5.2 

BASS, H.W., MARSHALL W.F., SEDAT, lW., AGARD, D.A., CANOE, 
W.Z. 1997. Telomeres cluster de novo before the initiation of 
synapsis: a three-dimensional spatial analysis of telomere posi
tions before and during meiotic prophase. J. Cell BioI. 137: 
5-18. 

BURNHAM, C.R., STOUT, J.T., WEINHEIMER, W.H., KOWLES, RV., 
PHILLIPS, R.L. 1972. Chromosome pairing in maize. Genetics 
71: 111-126. 

CONRAD, M.N., DOMINGUEZ, AM., DRESSER, M.E. 1997. Ndjlp, 
a meiotic telomere protein required for normal chromosome 
synapsis and segregation in yeast. Science 276: 1252-1255. 

DOBSON, MJ., PEARLMAN, RE., KARAISKAKIS, A, SPYROPOULOS, 
B.. MOENS, P.B. 1994. Synaptonemal complex proteins: occur
rence, epitope mapping and chromosome disjunction. J. Cell 
Sci. 107: 2749-2760. 

ENGELS, W.R, PRESTON, C.R., JOHNSON-SCHLITZ, D.M. 1994. 
Long-range cis preference in DNA homology search over the 
length of a Drosophila chromosome. Science 263: 1623-1625. 

GILLIES, C.B. 1985. An electron microscopic study of synaptonemal 
complex formation at zygotene in rye. Chromosoma 92: 
165-175. 

GILLIES, C.B. 1989. Chromosome pairing and fertility in poly
ploids. In: Fertility and Chromosome Pairing: Recent Studies 
in Plants and Animals (Gillies, C.B. ed.). CRC Press Inc., Boca 
Raton, FL. pp. 109-176. 



HABER, J.E., LEUNG, W-Y., BORTS, R.H., LICHTEN, M. 1991. The 
frequency of meiotic recombination in yeast is independent of 
the number and position of homologous donor sequences: impli
cations for chromosome pairing. Proc. Natl. Acad. Sci. USA 
88: 1120-1124. 

HASENKAMPF, C.A 1996. The synaptonemal complex-the chaper
one of crossing over. Chromosome Res. 4: 133-140. 

HEYTING, c., DIETRICH, All, MOER, P.B., DETTMERS, R.I., OF
FENBERG, H.H., REDEKER, F.I.W., VINK, AC.G. 1991. Synapto
nemal complex proteins. Genome 31: 81-87. 

HUUSER, P., BECKERS, L., Top, B., HERMANS, M., SINKE, R, HEN
NING, W. 1990. Poly(dC-A) poly (dG-T) is highly transcribed 
in testes of Drosophila hydei. Chromosoma 100: 48-55. 

KEEGAN, K.S., HOLTZMAN, D.A, PLUG, AW., CHRISTENSON, E.R, 
BRAINERD, E.E., FLAGS, G., BENTLEY, N.I., TAYLOR, E.M., 
MEYN, M.S., Moss, S.B., CARR, A.M., ASHLEY, T., HOEKSTRA, 
M.F. 1996. The Atr and Atm protein kinases associate with 
different sites along meiotically pairing chromosomes. Genes & 
Development 10: 2423-2437. 

LoIDL, J. 1990. The initiation of meiotic chromosome pairing: the 
cytological view. Genome 33: 759-778. 

Lu, B.C. 1993. Spreading the synaptonemal complex of Neuro
spora crassa. Chromosoma 102: 464-472. 

MAGUIRE, M.P. 1988. Interactive meiotic systems: chromosome 
structure and function. In: Chromosome Structure and Function, 
Impact of New Concepts (Gustafson, J.P., Appels, R., eds.). 
18th Stadler Genetics Symp., Plenum Press, New York. pp. 
117-144. 

MAGUIRE, M.P., REISS, R.W. 1994. The relationship of homologous 
synapsis and crossing over in a maize inversion. Genetics 137: 
281-288. 

McKEE, B., HAFERA, L., VRANA, lA 1992. Evidence that in
tergenic spacer repeats of Drosophila melanogaster rRNA 
genes function as X-Y pairing sites in male meiosis, and a 
general model for achiasmate pairing. Genetics 132: 529-544. 

McKIM, K.S., GREEN-MARROQUIN, B.L., SEKELSKY, U., CHIN, G., 
STEINBERG, C., KHODOSH, R, HAWLEY, RS. 1998. Meiotic syn
apsis in the absence of recombination. Science 279: 876-878. 

MOENS, P.B. 1990. Unravelling meiotic chromosomes: topoisomer
ase II and other proteins. J. Cell Sci. 7: 1-3. 

PADMORE, R., CAO, L., KLECKNER, N. 1991. Temporal comparison 
of recombination and synaptonemal complex formation during 
meiosis in S. cerevisiae. Cell 66: 1239-1256. 

PEARLMAN, RE., TSAO, N., MOENS, P.B. 1992. Synaptonemal com
plexes from Dnase-treated rat pachytene chromosomes contain 
(GT)n and LINFlSINE sequences. Genetics 130: 865-872. 

PLUG, AW., CLAIRMONT C.A, SAPI E., ASHLEY, T., SWEASY, lB. 
1997. Evidence for a role for DNA polymerase f3 in mammalian 
meiosis. Proc. Natl. Acad. Sci. USA 94: 1327-1331. 

ROEDER, G.S. 1990. Chromosome synapsis and genetic recombina
tion. Trends in Genetics 6: 385-389. 

ROSE, D., THOMAS, W., HOLM, C. 1990. Segregation of recombined 
chromosomes during meiosis I requires topoisomerase II. Cell 
60: 1009-1017. 

SHERMAN, J.D., STACK, S.M., ANDERSON, L.K. 1989. Two-dimen
sional spreads of synaptonemal complexes from Solanaceous 
plants. IV. Synaptic irregularities. Genome 32: 743-753. 

SCHERTHAN, H., WEICH, S., SCHWEGLER, H., HEYTING, C., HARLE, 

Meiosis and Gamete Formation 65 

M., CREMER, T. 1996. Centromere and telomere movements 
during early meiotic prophase of mouse and man are associated 
with the onset of chromosome pairing. 1. Cell BioI. 134: 
1109-1125. 

SMITH, AV., ROEDER, G.S. 1997. The yeast Redl protein localizes 
to the cores of meiotic chromosomes. 1. Cell BioI. 136: 
957-967. 

SPEED, R.M. 1989. Heterologous pairing and fertility in humans. 
In: Fertility and Chromosome Pairing: Recent Studies in Plants 
and Animals (Gillies, C.B., ed.). CRC Press Inc., Boca Raton, 
FL. pp. 1-35. 

VON WETTSTEIN, D., RASMUSSEN, S.W., HOLM, P.B. 1984. The 
synaptonemal complex in genetic segregation. Annu. Rev. 
Genet. 18: 331-413. 

WATT, P.M., LOVIS, E.I., BORTS, RH., HICKsON,I.D. 1995. Sgsl: 
a eukaryotic homolog of E. coli RocQ that interacts with topo
isomerase II in vivo and is required for faithful chromosome 
segregation. Cell 81: 253-260. 

WEITH, A, TRAUT, W. 1980. Synaptonemal complexes with associ
ated chromatin in a moth. Chromosoma 78: 275-291. 

ZETKA, M., ROSE, A 1995. The genetics of meiosis in Caenorhab
ditis elegans. Trends Genet. 11: 27-31. 

Section 5.3 

CREIGHTON, H.B., MCCLINTOCK, B. 1931. A correlation of cytologi
cal and genetical crossing-over in Zea mays. Proc. Natl. Acad. 
Sci. USA 17: 492-497. 

GILL, B.S., GILL, K.S., FRIEBE, B., ENDO, T.R. 1997. Expanding 
genetic maps: reevaluation of the relationship between chias
mata and crossovers. In: Chromosomes Today, Vol. 12 (Hen
riques-Gil, N., Parker, J.S., Puertas, M.J., eds.). Chapman & 
Hall, New York. pp. 283-298. 

GILL, K.S., GILL, B.S., ENDO, T.R., BOYKO, E.V. 1996. Identifica
tion and high-density mapping of gene-rich regions in chromo
some group 5 of wheat. Genetics. 143: 1001-1012. 

HASTINGS, P.I. 1992. Mechanism and control of recombination in 
fungi. Mut. Res. 284: 97-110. 

JANG, lK., MESSINA, L., ERDMAN, M.B., ARBEL, T., HAWLEY, R.S. 
1995. Induction of metaphase arrest in Drosophila oocytes by 
chiasma-based kinetochore tension. Science 268: 1917-1919. 

JONES, G.H. 1987. Chiasmata. In: Meiosis (Moens, P.B., ed.). Aca
demic Press, New York. pp. 213-244. 

KABUCK, D.B., GUACCI, V., BARBER, D., MAHON, J.W. 1992. Chro
mosome size-dependent control of meiotic recombination. Sci
ence 256: 228-232. 

LICHTEN, M., GOLDMAN, A.S.H. 1995. Meiotic recombination hot
spots. Ann. Rev. Genet. 29:423-444. 

LINDAHL, K.F. 1991. His and hers recombinatorial hotspots. Trends 
Genet. 7: 273-276. 

MOORE, S.P., RICH, A, RISHEL, R. 1989. The human recombination 
strand exchange process. Genome 31: 45-52. 

NILSSON, N-O., SXLL, T., BENGTSSON, B. 1993. Chiasma recombi
nation data in plants: are they compatible? Trends Genet. 9: 
344-347. 

Orr, J. 1997. Testing for interference in human genetic maps. J. 
Mol. Med. 75: 414-419. 

QUEVEDO, c., DEL CERRO, AL., SANTOS, J.L., JONES, G.H. 1997. 



66 Meiosis and Gamete Formation 

Correlated variation of chiasma frequency and synaptonemal 
complex length in Locusta migratoria. Heredity 78: 515-519. 

STACK, S.M., ROELOFS, D. 1996. Localized chiasmata and meiotic 
nodules in the tetraploid onion Allium porrum. Genome 39: 
770-783. 

STAHL, F.W. 1994. The Holliday junction on its thirtieth anniver
sary. Genetics 138: 241-246. 

STAHL, F.W. 1996. Meiotic recombination in yeast: coronation of 
the double-strand-break repair model. Cell 87: 965-968. 

SYBENGA, J. 1996. Recombination and chiasmata: few but intrigu
ing discrepancies. Genome 39: 473-484. 

Wu, T -C., LICHfEN, M. 1994. Meiosis-induced double-strand break 
sites determined by yeast chromatin structure. Science 236: 
515-518. 

Section 5.4 

BICKEL, S.E., ORR-WEAVER, T.L. 1996. Holding chromatids to
gether to ensure they go their separate ways. BioEssays 18: 
293-300. 

CARPENTER, AT.C. 1991. Distributive segregation: motors in the 
polar wind. Cell 64: 885-890. 

ENDOW, S.A 1992. Meiotic chromosome distribution in Droso
phila oocytes: Roles of two kinesin-related proteins. Chro
mosoma 102: 1-8. 

FUGE, H. 1997. Nonrandom chromosome segregation in male meio
sis of a Sciarid fly: elimination of paternal chromosomes in 
first division is mediated by non-kinetochore microtubules. Cell 
Motility and the Cytoskeleton 36: 84-94. 

GILLIES, c.B. 1975. Chromosome pairing and recombination. In: 
The Eukaryote Chromosome (Peacock, W.J., Brock, R.D., eds.). 
ANU Press, Canberra, Australia. pp. 313-325. 

HAWLEY, S., THEARKAUF, W.E. 1993. Requiem for distributive seg
regation: achiasmate segregation in Drosophila females. Trends 
Genet. 9: 310-316. 

KARPEN, G.H., LE, M-H., LE, H. 1996. Centric heterochromatin and 
the efficiency of achiasmate disjunction in Drosophila female 
meiosis. Science 273: 118-122. 

MURPHY, T.D., KARPEN, G.H. 1995. Interactions between the 
nod + kinesin-like gene and extracentromeric sequences are 
required for transmission of a Drosophila minichromosome. 
Cell 81: 139-148. 

WILLIAMS, B.C., GATTI, M., GOLDBERG, M.L. 1996. Bipolar spindle 
attachments affect redistributions of ZAI 0, a Drosophila centro
mereJkinetochore component required for accurate chromosome 
segregation. J. Cell BioI. 134: 1127-1140. 

ZHANG, P., KNOWLES, B.A, GoLDSTEIN, L.S.B., HAWLEY, R.S. 
1990. A kinesin-like protein required for distributive chromo
some segregation in Drosophila. Cell 62: 1053-1062. 

Section 5.5 

CURTIS, C.A, DoYLE, G.G. 1991. Double meiotic mutants of maize: 
implications for the genetic regulation of meiosis. J. Hered. 82: 
156-163. 

ENGEBRECHT, J., VOELKEL-MEIMAN, K., ROEDER, G.S. 1991. Meio
sis-specific RNA splicing in yeast. Cell 66: 1257-1268. 

LI, Y.F., NUMATA, M., WAHLS, W.P., SMITH, G.R. 1997. Region
specific meiotic recombination in Schizosaccharomyces pombe: 
the reel1 gene. Molec. Micro. 23: 869-878. 

GoLUBOVSKAYA, I.N. 1979. Genetic control of meiosis. Int. Rev. 
Cytol. 58: 247-290. 

GoLUBOVSKAYA,I.N. 1989. Meiosis in maize: mei genes and con
ception of genetic control of meiosis. Adv. Genet. 26: 149-192. 

HOEKSTRA, M.F., DEMAGGIO, AJ., DHILLON, N. 1991. Genetically 
identified protein kinases in yeast. II. DNA metabolism and 
meiosis. Trends Genet. 7: 293-297. 

HOBOLTH, P. 1983. Chromosome pairing in allohexaploid wheat 
var. Chinese Spring: transformation of multivalents into biva
lents, a mechanism for exclusive bivalent formation. Carlsberg 
Res. Commun. 46: 129-173. 

PAGE,A.W., ORR-WEAVER, T.L.1996. TheDrosophilagenesgrau
zone and cortex are necessary for proper female meiosis. J. Cell 
Sci. 109: 1707-1715. 

RAIu, N.B. 1992. Genetic control of the sexual cycle in Neuro
spora. Mycol. Res. 96: 241-262. 

SEITZ, L.C., TANG, K., CUMMINGS, W.J., ZoLAN, M.E. 1996. The 
rad9 gene of Coprinus cine reus encodes a proline-rich protein 
required for meiotic chromosome condensation and synapsis. 
Genetics 142: 1l05-1117. 

SHERIDAN, W.F., AVALKINA, N.A., SHAMROV, 1.1., BATYGINA, T.B., 
GoLUBOVSKAYA, I.N. 1996. The mac1 gene: controlling the 
commitment to the meiotic pathway in maize. Genetics 142: 
1009-1020. 

SPIELMAN, M., PREuss, D., LI, F-L., BROWNE, W.E., SCOTT, R.J., 
DICKINSON, H.G. 1997. TETRAS PORE is required for male 
meiotic cytokinesis in Arabidopsis thaliana. Development 124: 
2645-2657. 

WALLIS, J.W., CHREBET, G., BRODSKY, G., ROLFE, M., ROTHSTEIN, 
R. 1989. A hyper-recombination mutation in S. cerevisiae iden
tifies a novel eukaryotic topoisomerase. Cell 58: 409-419. 



6 

Chromosome Morphology and Number 

• A karyotype describes the chromosome complement of an individual or species in terms of number, size, and morphology of its 
chromosomes. 

• Karyotypes can be based on mitotic or meiotic chromosomes and are enhanced by chromosome-banding techniques. 

• Giant chromosomes occur in specialized tissues due to extra cycles of DNA replication without cell division. 

• Sex chromosomes carry the genes that determine the sex of an organism, and they show unusual sex-specific variation in chromatin 
structure, behavior, and gene expression. 

• Extra chromosomes, referred to as B chromosomes, occur in some organisms and although not essential for survival, they contain 
genes that enhance their retention and transmission to offspring. 

The term karyotype is used to describe the chromosome number 
of an organism, as well as the size, arm ratio, and other landmark 
features of individual chromosomes. A diagrammatic representa
tion of the chromosomes, based on observations and measurements 
in a number of cells, is an idiogram, which provides a starting point 
for detailed analyses of DNA sequence organization, gene order, 
and chromosome structure and function, especially with respect to 
cytological landmarks. Karyotypes are also useful for interpreting 
the arrangement of chromosomes within interphase nuclei. Chro
mosomes at the prometaphase or metaphase stage of the mitotic cell 
cycle are the most useful in somatic or mitotic karyotype analysis; 
certain stages of the meiotic cell cycle are also suitable for con
structing meiotic karyotypes. 

6.1 MD'O'I1C KARYOTYPE ANALYSIS 

Any tissue containing rapidly dividing cells is suitable for mitotic 
karyotype analysis after treatment with drugs such as colchicine or 
other spindle-inhibiting agents, which arrest cells in metaphase. In 
plants, the root or shoot meristems are the main source of dividing 
cells. In animals, the most common source of dividing tissue is cul
tured lymphocytes stimulated to divide by phytohemagglutinin 
(PHA). Chemicals that stimulate or synchronize cell divisions, break 
down the spindle, and stain the chromosomes provide the basis for 
studying mitotic chromosomes for karyotype analysis (Table 6.1). 
To prepare chromosomes for microscopic examination after appro
priate pretreatment, arrested mitotic cells can be either squashed or 
gently dropped onto a glass slide. This procedure lyses the mitotic 
cells and disperses the chromosomes within a limited area. 

6.1.1 Number and Morphology 
of Chromosomes Are Usually 
Constant for an Organism 

The somatic chromosome number (2n) for a species is usually 
constant, although some exceptions do occur, as discussed later. 
However, the chromosome number may vary widely among diverse 
groups of eukaryotic organisms, from the minimum of 2n = 2 in 
an ant species, Myrmecia pilosula (Fig. 6.1), and 2n = 4 in the 
Australian daisy Brachycome dichromosomatica (Fig. 6.1), Haplo
pappus gracilis, and Zingeria bieberersteiniana (Poaceae), to 2n 
> 1000 in some ferns and palms (Fig. 6.2). The individual chromo
somes that constitute the karyotype of a species have distinctive 
morphological features. In constructing a karyotype, the largest 
pair of chromosomes is usually designated as number I and the 
rest of the chromosome pairs are numbered in order of their relative 
diminishing size, to the smallest pair. 

The position of the centromere or primary constriction relative 
to the ends of the chromosome is an important parameter because 
it determines the arm ratio of a chromosome. It may be terminal 
(telocentric), almost terminal (acrocentric), subterminal, median to 
submedian, or metacentric to submetacentric with chromosome 
arms of more or less equal length (Fig. 6.3). 

A prominent landmark that is often distinguishable on one or 
more chromosome pairs in a karyotype is called a satellite (see 
Figs. 6.1 and 6.4). Satellites are created by secondary constrictions, 
which define the locations of ribosomal RNA genes (see Chapter 
20). In some species, tertiary constrictions can also occur, and 
although these are not as prominent as the primary and secondary 
constrictions, they often correspond to the sites of cold-sensitive 
heterochromatic regions within the genome (Fig. 6.4). 
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Table 6.1. Chemicals Used to Observe Chromosomes 

Category 

Stimulation of cell division 

Cell synchronization 

Spindle dispersion and 
spreading of chromosomes 

Staining chromosomes 

Chemical 

Phytohemagglutinin stimulates 
lymphocytes to divide 

Hydroxyurea; amethopterin (folic 
acid analog); cold treatment 

Colchicine; a-bromonaphthalene; 
8-hydroxyquinoline; hypotonic 
treatment (20-30% isotonic). 

Feulgen (DNA-specific staining); 
Giemsa; carmine 

Source: Barch et al. (1991) and Sharma and Sharma (1994). 

Fig. 6.1. This and Fig. 6.2 demonstrate variations in chromosome 
number in eukaryotic organisms. Among chromosome complements, the 
lowest number among animals (top) is found in an ant, Myrmecia 
pilosula (2n = 2; Crosland and Crozier, 1986), and one of the lowest 
among plants (bottom) is the daisy Brachycome dichromosomotica (2n 
= 4; Watanabe et aI., 1975). Note the primary constriction (solid 
arrows) at the site where the centromere divides each chromosome into 
two arms, which may be described as short or long based on size, or 
more simply, as left and right. In the daisy, in addition to the primary 
constriction, a secondary constriction (open arrows) shows the position 
of the nucleolus-organizer region, which separates the distal satellite 
from the short arm of each chromosome. 

Fig. 6.2. Among the highest-numbered chromosomal complements, the 
palm Voanioala gerardii has a 2n complement of approximately 596 
chromosomes. A photograph (bottom) and a diagrammatic representation 
(top) of the chromosomes (Johnson et aI., 1989). Bar = 10 /Lm. 
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Fig. 6.3. Chromosome arm-length ratios are a useful parameter for the 
classification of chromosomes into different types. (Adapted from Levan 
et aI., 1964.) 
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Fig. 6.4. The karyotype of cereal rye (Secale cereale), 2n = 14. The chromosome preparations were made 
from root tips pretreated with ice water (0-4°C) for 24 h and stained by a sequential acetocarmine and C
banding procedure (left and right, respectively, for each chromosome). Note that the cold treatment, clearly 
illustrated for chromosome lR, reveals tertiary constrictions in the long arm (arrow) in addition to the 
primary (centromere) constriction and a secondary constriction in the short arm. The chromosomes 2R to 7R 
show primary and tertiary constrictions. The C-banding reveals the location of constitutive heterochromatin 
bands (C bands). Some C bands correspond to the location of tertiary constrictions and represent cold
sensitive heterochromatin, fIrst described in Trillium by Darlington and La Cour (1940). Note that most rye 
chromosomes are of similar size. However, on analyzing rye chromosome-addition lines to wheat, Gill and 
Kimber (1974) were able to identify individual rye chromosomes using C-banding patterns and cytological 
parameters such as arm ratios. [Figure adapted from Gill and Sears (1988) from an original photograph 
prepared by T. R. Endo.J 

Chromosomes may also vary in relative and absolute sizes. 
Among diverse groups of organisms, the size may range from sub
microscopic, as in many fungi, to mitotic-metaphase chromosomes 
of 20 /Lm or greater in size. Chromosome size can also vary between 
closely related organisms, and in many such cases, the size variation 
is caused by amplification or deletion of the repetitive fraction of 
DNA. For a particular organism, the chromosome size differences 
may be small (see Fig. 6.4), or chromosomes can be clearly sepa
rated into two size classes, in which case they form a bimodal 
karyotype (Fig. 6.5). The small chromosomes of yeast and many 
other fungi are best resolved by pulsed-field gel electrophoresis 
(Fig. 6.6). 

6.1.2 Prophase Chromosomes Reveal 
Additional Cytological Landmarks 

The earliest, and most biologically meaningful, differentiation 
of chromosome structure came from observations on the behavior 
of chromatin in early prophase chromosomes. With standard dyes 
such as carmine, certain parts of chromosomes were found to main
tain a darker-staining appearance in interphase, forming heteropyc
notic bodies. The darkly staining chromatin was called heterochro
matin to distinguish it from the lighter-staining euchromatin. The 
differentiation of chromosomes into heterochromatic and euchro
matic regions is most clearly observed in mitotic prometaphase 
chromosomes, as well as in meiotic pachytene chromosomes. 

The euchromatic regions of prophase chromosomes, particu
larly pachytene chromosomes in meiotic cells and polytene chro
mosomes in insect salivary glands, show darkly staining structures 
called chromomeres (see Fig. 6.16). The size and distribution of 
chromomeres are also reproducible features of chromosomes and 
possibly arise from the differential coiling of the chromatin. 

Prophase chromosomes also show characteristic ends, which 
were initially called telochromomeres, but were later called 
telomeres. Telomeres have special properties that are essential to 
the stability of chromosomes, as demonstrated by the fact that X-

ray-induced terminal deletions lead to chromosome instability. Fur
thermore, broken chromosomes that have healed contain telomeric 
DNA sequences at the break sites. 

6.2 SPECIAL STAImNG TECHNIQUES 
REVEAL CYTOLOGICAL LANDMARKS 
IN METAPHASE CHROM.OSOMES 

Although mitotic-metaphase chromosomes are used extensively 
in karyotype analysis, they are highly condensed structures and 
do not always reveal clear distinctions between regions such as 
chromomeres, euchromatin, and heterochromatin. Although pro
phase chromosomes can provide some differentiation of the chro
mosome structure, they can be difficult to analyze due to their 
extended and overlapping nature. Banding procedures on mitotic 
chromosomes, introduced in the early 1970s, provide a procedure 
for differentially staining metaphase chromosomes and are widely 
applied to animal and plant material (Fig. 6.7, Table 6.2). 

A fluorochrome, quinacrine mustard, was the first compound 
to reveal a reproducible banding structure, or Q-banding, within 
metaphase chromosomes (see Fig. 6.7; also Fig. 2.13). Q-banding 
results in bright-fluorescent bands against a dull-fluorescent back
ground and was quickly applied to human prenatal diagnosis. In 
1971, a C-banding procedure (C = constitutive) clearly differen
tiated between euchromatin and heterochromatin in metaphase 
chromosomes. At about the same time, the G-banding (G = 

Giemsa) procedure revealed a chromomere-like differentiation 
along the length of the chromosomes. Later, an R-banding (R = 

reverse) technique preferentially stained euchromatin in a way that 
was the reverse of G-banding. These banding techniques had a 
profound impact and heralded the birth of molecular cytogenetics 
by providing clear landmarks that could be used to relate the physi
cal structure of chromosomes to genetic linkage groups. The ease 
of collecting mitotic-metaphase chromosomes and revealing their 
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Fig. 6.5. The chromosomes of birds. In contrast to organisms with 
similar-sized chromosomes, birds have chromosomes that fall into two 
distinct size classes. The upper panel illustrates a karyotype from 
Turdoides striatus striatus (Ray-Chaudhuri et al., 1969) where 34 pairs 
of chromosomes are classified into a bimodal karyotype of 7 large 
chromosome pairs (including the sex chromosomes) and 27 pairs of 
small chromosomes. The galah parrot Cacatua roseicapillus (lower 
panel) has nine pairs of relatively large, easily detectable chromosomes 
(including the Z and W sex chromosomes), and a large number of 
virtually indistinguishable, very small chromosomes. (Christidis et al., 
1991). The chromosomes were C-banded (see Fig. 6.8) to help in 
differentiating between chromosomes. 

1900kb-
1640kb-

1120kb) 
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945 kb-
91Skb-
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Fig. 6.6. The use of pulsed-field gel electrophoresis to separate the 16 
pairs of yeast (Saccharomyces cerevisiae) chromosomes. These are 
generally too large to be resolved by standard gel electrophoresis and 
too small for microscopic analysis (Carle and Olson, 1985). The 
chromosomes vary in size from 225 to 1900 kb and two of the pairs 
(VU and XV) are almost identical in size. Such long lengths of DNA are 
separated by regularly changing the direction of the electric current 
within the separating gel. [photo from Pharmacia Biotech Catalog 
(1996).] The nucleotide sequence of all these chromosomes have been 
determined (see Section 24.3, Chapter 24) . 

a b c d e f 

Fig. 6.7. Various chromosome-banding methods reveal the substructure 
of human chromosome No.9 at mitotic metaphase except (e), which 
shows meiotic pachytene morphology (Bickmore and Sumner, 1989). 
The chromosome has been labeled by (a) G-banding, (b) Q-banding, (c) 
R-banding, (d) replication banding where early-replicating regions are 
dark, (e) pachytene chromomeres, and (f) C-banding. Note that the G
banding (a) and Q-banding (b) patterns are very similar and somewhat 
resemble the chromosome pattern found in pachytene (e) chromosomes. 
Note also that R-banding (c) and replication banding (d) resemble one 
another. The heterochromatic centromeric region stained by C-banding 
(f) is not labeled by the other procedures. The dimorphism of chromatin, 
with heterochromatic (dark staining) and euchromatic (light staining) 
regions, was first described by Heitz (1928). 
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Table 6.2. Chromosome-Banding Techniques 

Name of Technique Basis of Technique Organism Studied 

Q-banding Binding of AT-specific fluorochromes such as quinacrine and 4',6-diamidino-2- Reptiles, birds, mammals 
phenylindole (OAPI), to DNA 

G-banding 
R-banding 
Replication banding 

Giemsa staining after incubation in warm SSC· or trypsin 
Giemsa staining after incubation in hot buffer 

Fish, amphibia, reptiles, birds, mammals 
Mammals 

Incorporation of BrdU during either early or late S phase followed by Giemsa 
staining 

Plants, vertebrates 

C-banding Giemsa staining after alkali treatment 

·0.15 M sodium chloride, 0.015 M sodium citrate. 

Source: After Bickmore and Sumner (1989). 

banding patterns means that' 'difficult" organisms with many chro
mosomes, such as human beings and wheat, are now model systems 
for cytogenetic analysis. 

6.2.1 C Bands Reveal the Location 
of Constitutive Heterochromatin 

The technique ofC-banding can be applied universally to reveal 
the location of heterochromatin in mitotic-metaphase chromo
somes. In a typical procedure, chromosomes that have been spread 
on glass slides are sequentially treated with an acid or alkali, fol
lowed by incubation in a salt buffer and staining with Giemsa. 
Studies in diverse organisms such as humans, Drosophila, and 
wheat, have demonstrated that this staining technique differentiates 
substructure within the chromosome. The C bands correspond to 
the locations of constitutive heterochromatin in pachytene chromo
somes. In interphase nuclei, C bands appear as heteropycnotic bod
ies. This aspect of the chromosomal substructure shows variation 
between different populations of a species, as summarized for 
wheat in Fig. 6.8. 

The mechanism of C-banding is not clear, but it is known that 
the procedure preferentially stains regions of chromosomes en
riched in highly repetitive DNA sequences (Fig_ 6.9). It is possible 
that the procedure may differentially extract DNA from euchroma
tin as a result of a greater susceptibility of euchromatin to degrada
tion by the acid (or alkali) pretreatments. A somewhat greater con
centration of DNA remaining in the heterochromatic regions could 
then lead to their increased staining by Giemsa. It is also possible 
that proteins associated with DNA influence the staining properties 
of the chromatin remaining after the pretreatments. 

6.2.2 G, R, and Q Bands Reveal 
Chromomere Structure 

In animals, G- and Q-banding procedures for mitotic-meta
phase chromosomes appear to reveal the chromomere structure that 
was seen previously only in prophase chromosomes. The G bands 
of chromosomes are most commonly observed by treating chromo
some preparations in either saline sodium citrate solution (Fig. 
6.10) or the enzyme trypsin, followed by staining with Giemsa dye. 
G-Banding generally provides a better resolution of chromosome 
.substructure than other procedures and, in prophase chromosomes, 
may reveal as many as a thousand bands per genome. The locations 
of G bands in prophase chromosomes coincide with the locations 
of chromomeres in conventional preparations. 

The mechanism ofG-banding is unclear, but the G bands appear 
to be the sites of AT-rich DNA and DNA that tends to replicate 

Most plants and animals 

later in the cell cycle. G bands are thought to be relatively scarce 
in DNA sequences coding for genes, and they may contain proteins, 
specific for AT-rich DNA, that may be responsible for the differen
tial staining reaction (Table 6.3). In human chromosomes, the re
gions between G bands (O-negative regions) are the locations for 
Alu sequences, which are representative of a short, interspersed 
type of repetitive DNA sequence. Representatives of the Ll class 
of long, interspersed DNA sequences tend to be excluded from 
the regions where Alu sequences are located. This supports the 
conclusion that G-banding reflects the sequence composition of 
nuclear genomic DNA; regions of DNA with a characteristic base
pair composition are also referred to as isochores. 

Chromosomes treated at high temperatures (such as 86°C) in a 
salt solution, followed by staining with Giemsa dye, develop R 
bands, which seem to correspond to regions between chromomeres 
and thus are the reverse of G-banding (Fig. 6.11). Although the 
procedure stains regions that are rich in actively transcribed genes, 
and also regions where the corresponding DNA is often enriched 
in GC content, the actual basis for the R-banding effect is not 
understood. 

Many chemicals interact with DNA in a sequence-specific man
ner, providing stains that often reflect the characteristic DNA se
quence composition of specific chromosome regions. Compounds 
that are particularly useful in this area of research include a number 
of antibiotics, which exert their action by binding to DNA and 
fluorescing when illuminated by ultraviolet (UV) light. The band
ing revealed by staining chromosomes with the antimalarial agent 
quinacrine hydrochloride or quinacrine mustard is a result of the 
DNA sequence-binding specificity of the quinacrine moiety. When 
applied to human chromosomes, the procedure generates a Q-band
ing pattern that is valuable in the identification of chromosomes 
(see Fig. 2.13). Quinacrine has a preference for AT-rich segments 
of DNA, and varying amounts of the dye, bound to different parts 
of the chromosomes, are considered to reflect the base composition 
of the DNA located in these regions. The differential fluorescence 
along the chromosome after quinacrine staining can also be modi
fied by the differential quenching effects of other agents, so that 
the final pattern of bands observed is probably the result of a combi
nation of differential binding as well as differential quenching, 
or suppression, of fluorescence. Rules of nomenclature cover the 
description of banding patterns (see Chapter 24 for standard karyo
types of a range of organisms) . 

6.2.3 Combinations of Stains Can Enhance 
the Resolution of Bands 

In general, chromomycin and actinomycin-D have a preference 
for GC-rich DNA, whereas compounds such as quinacrine, DAPI 
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Fig.6.S. The 21 chromosomes of 5 different cultivars of common wheat (Triticum aestivum; 2n = 

42) labeled by C-banding (Friebe and Gill, 1994). In animals as well as plants, C-banding is the most 
used method of chromosome identification because in contrast to G- or Q-banding patterns, which are 
usually quite conservative and relatively unchanging, C bands are often highly polymorphic, as 
demonstrated in this figure. The seven chromosomes in each of the A, B, and D genomes are derived 
from different ancestors and, in general, the B genome chromosomes are the most heavily labeled. A 
nomenclature system to describe the C-banded wheat chromosomes was proposed by Gill et al. (1991). 
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Fig. 6.9 Chromosomes from the grasshopper Caledia captiva. showing correspondence 
between the location of heterochromatin as detected by C-banding (left-hand chromosome of 
each pair), and by a family of highly repetitive DNA sequences (with units 168 bp long). 
detected by in situ hybridization with a 3H-labeled RNA probe (right-hand chromosome of each 
pair). Where polymorphisms occur-as shown for chromosomes I, 7, and 9-the 
correspondence between heterochromatin and localization of repetitive sequence is maintained 
(Arnold, 1985). Similar results from many other organisms demonstrate that C bands are the 
sites of late-replicating, highly repetitive DNA sequences (John et aI., 1986). The chromosomes 
are arranged in order of decreasing size except for the X chromosome, which is the third longest 
and shown at that position in the published literature, but labeled as X. 

(4' -6-diamidino-2-phenylindole), and Hoechst 33258 have a prefer
ence for AT-rich DNA. However, the preferential staining of cer
tain parts of the chromosome by DNA-binding compounds reflects 
not only the AT or GC content of the DNA but also the nature of 
the actual sequence. For example, the secondary constrictions of 
human chromosomes 1,9, and 16 contain a simple sequence called 
satellite IT that is AT rich, yet these constrictions do not show 
strong fluorescence after staining with quinacrine. The major com
ponent of mouse centromeric heterochromatin also contains long 
tracts of AT base pairs, but stains poorly with quinacrine. The 
terminal heterochromatin of Secale cereale (rye) is stained by 

Table 6.3. Comparative Properties of G-Positive (Heterochromatic) 
and G-Negative (Euchromatic) Bands 

G-Positive Bands 

Contain AT -rich DNA and fluoresce 
with AT-specific fluorochromes 

Negative staining in R-banding 
p~hyrenechromomeres 

Condense early in cell cycle 
Replicate late in cell cycle 

Low density of genes 
Contain long tandem arrays of 

repetitive sequences, and long 
interspersed repetitive DNA 
sequences (LINES) 

Source: After Bickmore and Sumner (1989). 

G-Negative Bands 

Contain GC-rich DNA and 
fluoresce with GC-specific 
fluorochromes 

Positive staining in R-banding 
interchromomeric regions 

Condense late in cell cycle 
Replicate relatively early in 

cell cycle 
Contain a wide range of genes 
Contain short interspersed 

repetitive sequences 
(SINES) 

Hoechst 33258 but not by any of the other DNA-binding com
pounds available. 

The application of another molecule, such as actinomycin-D, 
to quinacrine-stained chromosomes has been found to enhance the 
relative fluorescence of certain regions. The basis of this enhance
ment is the contrasting DNA-binding specificities of quinacrine 
(AT preference) and actinomycin-D (GC preference), combined 
with the fact that actinomycin-D can accept light energy from quin
acrine. Where actinomycin-D binds, it therefore quenches the back
ground fluorescence of quinacrine resulting from low-level, "non
specific" sets of interactions, and the characteristic yellow-green 
fluorescence persists only in the normally quinacrine-bright re
gions. The remainder of the karyotype has the characteristic red 
fluorescence of actinomycin-D. An example of the modification 
of the relatively uniform fluorescence staining of human chromo
somes by the fluorochrome DAPI using actinomycin-D is shown in 
Fig. 6.12. Similarly, the staining of chromosomes by chromomycin, 
which has a preference for GC-rich DNA, can be modified by the 
application (counterstaining) of molecules with AT specificity for 
binding to DNA. 

Thus, it is evident that a number of different pairs of DNA
binding compounds can be utilized to differentially stain chromo
some regions, either to gain more information about the DNA com
position of specific regions of the chromosomes or to develop novel 
banding patterns for chromosome identification purposes. When 
both compounds used in the staining are fluorescent, the final ap
pearance of bands depends on the wavelength of the light used to 
illuminate the chromosome preparations. The heterochromatic Y 
chromosome of Drosophila melanogaster has been investigated in 
detail by staining with quinacrine and the dye Hoechst 33258. The 
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Fig. 6.10. Human mitotic-metaphase chromosomes labeled by G
banding (Bickmore and Sumner, 1989). 

bands differentiate regions within heterochromatin and have pro
vided cytological markers for the mapping of fertility genes located 
on the Y chromosome (see Chapter 11). 

6.2.4 Many SpeciaUzed Techniques Reveal 
Functional Domains in Metapbase 
Chromosomes 

A variety of procedures have been developed to visualize func
tional domains in metaphase chromosomes. Staining procedures 
based on the use of silver nitrate (AgN03) can result in the deposi
tion of silver atoms onto RNA-binding proteins (RNPs). High con
centrations of RNPs in a particular chromosomal region often re
flect intense transcriptional activity, and in the case of ribosomal 
genes, the concentration of RNPs is sufficiently great for the result
ing silver deposits to be clearly visible with the light microscope. 
The technique has been applied to both plants and animals (Fig. 
6.13) to observe the nucleolus-organizer region. 

Chromosome preparations treated with restriction endonucle
ases can result in distinct banding patterns after staining with 
Giemsa dye. Depending on the restriction endonuclease used, the 
final banding pattern can be similar to either G- or C-banding (Fig. 
6.14). The enzyme micrococcal nuclease induces G bands when it 
is allowed to act on chromosome preparations for a short period 
of time, but C-type bands when it acts for a longer period of time. 
Under these conditions, it would appear that the DNA in euchroma-
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Fig. 6.11. A highly detailed map of R bands on human chromosomes 
(Drouin and Richer, 1989). Note that these details are more easily 
observed in chromosome preparations that are less contracted. R-banding 
patterns are the converse of G-banding patterns and generally correspond 
to gene-rich regions of chromosomes. The diagrammatic representation 
of the banding for each pair is shown in the middle. 



Fig. 6.12. A partial spread of human chromosomes stained either with 
DAPI. or with DAPI counterstained with a second DNA-binding 
compound. actinomycin-D (Schweizer. 1981). The actinomycin-D 
molecule binds to DNA in a sequence-specific manner and quenches the 
fluorescence associated with the binding of the DAPI molecule. The 
result is a banding pattern on the chromosomes that reflects the DNA
binding specificities of both molecules. The same cell is shown for both 
treatments. 

Fig. 6.13. The nucleolus-organizer regions (NORs) of (top) a female 
red kangaroo (Macropus rufus. 2n = 18 + XX) and (bottom) of wheat 
(Triticum aestivum. 2n = 42). detected by silver staining (see Adolph et 
al .• 1990). The NORs of the kangaroo are located toward the ends of the 
metacentric X chromosomes. In wheat, the major NORs are located on 
chromosomes IB and 6B (arrows). The IB location is homoeologous to 
the location of the NOR of rye on chromosome IR. seen in Fig. 6.4. 
[Photographs kindly supplied by Dr. B. Friebe (wheat) and Dr. D. 
Hayman (kangaroo).] 

Chromosome Morphology and Number 75 

Fig. 6.14. The chromosomes of the liliaceous plant Scilla siberica (2n 
= 12) after restriction endonuclease treatment and Giemsa staining 
(Lozano et al.. 1991). 
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Fig. 6.15. Replication banding of the chromosomes of the toad 
Xenopus laevis using BrdU labeling and Giemsa staining (Schmid and 
Steinlein. 1991). The uridine analog is only incorporated into the 
replicating chromosomes for a limited period of time. and the 
differential incorporation of BrdU is subsequently observed by the 
staining procedure. 
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tin is more accessible to degradation than the DNA in heterochro
matin. 

Sister-chromatid labeling by 3H-thymidine or 5-bromo-2'
deoxyuridine (BrdU), during DNA replication has been widely used 
to study sister-chromatid exchanges. An extension of this technol
ogy is to restrict BrdU labeling to late in the S phase, and then 
stain the chromosomes to detect the BrdU incorporation. An alter
native is to limit labeling to early in the S phase because heterochro
matic regions (C bands) are typically late-replicating, and the repli
cation bands often correspond to C band patterns (Fig. 6.15). This 
replication banding can reveal many additional late-replicating re
gions,which can be used to characterize mitotic chromosomes. 

6.3 MEIOTIC KARYOTYPE ANALYSIS 

The chromosomes at the pachytene and diplotene stages of meiotic 
prophase are highly differentiated and offer the opportunity for 
high-resolution studies of chromosome structure and behavior. At 
pachynema, when homologous chromosomes are still synapsed 
tightly, even the smallest structural differences between the homo
logs are visible as characteristic perturbations in synapsis under the 
light or electron microscope. In this respect, meiotic-chromosome 
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• 

Fig. 6.16. The pachytene chromosomes of a maize pollen mother cell 
showing a range of morphological landmarks (Pryor et aI., 1980). These 
include the centromere (arrow with broken line); differences in the total 
lengths and arm ratios; the position, size, and shape of heterochromatic 
knobs on the long arms of chromosomes 5, 6, and 7, and the short arms 
of 6 and 9; the clear attachment of the nucleolus-organizer region on the 
short arm of chromosome 6 to the nucleolus (arrow with solid line); and 
the presence of prominent chromomeres at specific si tes on the 
chromosomes. 

analysis is a much more powerful cytogenetic tool than mi
totic-chromosome analysis. The major disadvantage is that not 
many organisms have reproductive tissues favorable for the study 
of meiotic prophase. 

6.3.1 Origins of Cytogenetics Are Based 
on Pachytene and Metaphase I 
Chromosome Analyses 

The combination of cytological observations and analyses of 
gene segregations relied on the discovery of pachytene chromo
somes in maize pollen mother cells (Fig. 6.16). Squashed prepara
tions of these chromosomes showed the positions of all the classical 
landmarks such as primary and secondary constrictions, hetero
chromatin, euchromatin, chromomeres, and telomeres, with a clar
ity and detail not possible in mitotic chromosomes. As a result, 
early studies on maize pachytene chromosomes allowed the genetic 
dissection of specific regions such as the heterochromatin near the 
secondary constrictions of chromosomes, the correlation of geneti
cal and cytological maps, and the analysis of instability caused 
by transposable elements. Tomato, another favorable organism for 
pachytene analysis, shows a clear distinction between proximal 
(near the centromere) heterochromatin and euchromatin (e.g., see 
Fig. 11.16). 

A major breakthrough in the electron-microscopic analysis of 
pachytene karyotypes came from the development of a surface
spreading technique (see Figs. 5.18 and 5.19). The structure that is 
actually observed in these karyotypes is the synaptonemal complex, 
which joins the homologous chromosomes at meiotic prophase. 
The positions of the centromeres can be determined so that arm 
ratios can be measured. Using this technique, structural rearrange
ments can be analyzed at a high level of resolution in most organ
isms. The spreading technique has been modified so that the chro
matin of the paired chromosomes (rather thanjust the synaptonemal 
complex) remains attached to the spread material. This allows the 
technique of in situ hybridization to be used to localize specific 
DNA sequences in the chromatin . 

Although pachytene karyotypes provide the most detail in the 
linear resolution of chromomeres, the analysis can be tedious and 
is not possible in many organisms, due to poor spreading and/or 
the presence of large numbers of chromosomes. Metaphase I, on 
the other hand, can generally be readily analyzed, with individual 
chromosomes identifiable by banding techniques (Fig. 6.17). 
Whereas mitotic karyotypes can be used to compare the chromo
somes of two given species, the metaphase I karyotype can be used 
to analyze the F\ hybrids resulting from crossing the two species, 
to determine degrees of pairing similarity between various chromo
somes. 

6.3.2 Giant Lampbrush Chromosomes 
and Diplotene Karyotypes 

In oocytes of certain vertebrates, and sometimes in spermato
cytes of some invertebrates, the meiotic cycle is arrested at the 
diplotene stage for periods up to several months or even years. In 
the case of sharks, some birds, and especially amphibians (Rana 

temporaria, a frog; Triturus viridescens, a newt), the diplotene 
chromosomes expand greatly in size and develop symmetrical 
loops that give the "Iampbrush" appearance to the chromosomes 
(Fig. 6.18). The loops result from high levels of transcriptional 
activity. Newly synthesized RNA, which is present on the loops, 



Fig. 6.17. C-banding of the 21 bivalents of wheat at metaphase I of 
meiosis. Note the seven more heavily labeled bivalents of the B genome 
(compare with Fig. 6.8) and the diagnostic labeling shown by many of 
the A and D genome bivalents. (Photograph kindly supplied by Dr. B. 
Friebe.) 

represents the transcription of both genes and neighboring repeti
tive DNA sequence families. Each chromomere of a chromosome 
can give rise to one to nine loops. Because each loop has a reprodu
cible size, a characteristic pattern is observed for each chromosome, 
thus allowing chromosome identification. Each diplotene bivalent 
also has a fixed number of chiasmata. In newts and frogs, the 
largest chromosomes may reach a length of 1000 p,m. At the end 
of diplotene, the lampbrush appearance disappears as the chromo
somes enter a diffuse stage before progressing into metaphase I. 

In other plants and animals, diplotene chromosomes may not 
attain the lampbrush appearance, yet are still suitable for karyotypic 
analysis. The diplotene stages in grasshopper spermatocytes pro
vide particularly fine details of sister-chromatid structure and their 
involvement in chiasmata associations (see Fig. 5.2). Among 
plants, Arabidopsis tholiana, with one of the smallest known DNA 
contents of any pIant, can be karyotyped using diplotene chromo
somes (Fig. 6.19). 
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Fig. 6.18. Meiotic bivalents of the newt, Triturus cristatus, in the 
diffuse diplotene or lampbrush stage (Gall, 1966). The loops of exposed 
chromatin are actively synthesizing RNA. (See also Figs. 2.9 and 17.29). 

Fig. 6.19. The five bivalents of Arabidopsis thaliana at the diplotene 
stage of meiosis. The diplotene chromosome arrangements can be 
individually identified and have been used to identify different trisomic 
types (Sears and Lee-Chen, 1970). (Photograph kindly supplied by Dr. 
B. R. Tyagi.) 
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6.4 POLYTENY PRODUCES GIANI' 
CHROMOSOMES IN SOME 
DIIT'ERENI1ATED TISSUES 

In the 1880s, it was found that the salivary glands of dipteran 
insects contained giant chromosomes. It was not until the 1 920s, 
however, that carmine staining of squash preparations was devel
oped, and the detailed analyses of the structure of the salivary
gland chromosomes of Drosophila melanogaster could be carried 
out (Fig. 6.20; also Fig. 2.3). The formation of polytene chromo
somes is characterized by DNA replications taking place during 
the interphase stage, but because mitosis is arrested at the G2 stage, 
the replicated chromatids of each chromosome remain attached to 
one centromere, so the chromosomes become multistranded. This 
process is called endoreduplication and can lead to final levels of 
1024 DNA strands in the polytene chromosomes of D. melanogas
ter, in other insects, the level of polyteny can be from 16 to 32 times 
greater than this. The polytene chromosomes usually are found in 
differentiated tissues with special functions and have provided a 
wealth of cytogenetic information, correlating changes in chromo
some structure, such as duplications, with genetic changes. Ex
tremely small structural changes in the chromosomes can be readily 
analyzed, and with molecular techniques, the DNA structure of 
several of the bands (chromomeres) and interband regions have 
been studied in detail. In D. melanogaster, the centromeric hetero
chromatin fails to undergo endoreduplication, and the respective 
regions from each of the four chromosome pairs remain fused to
gether to form a chromocenter (see Fig. 6.20). 

In plants, polytene-type chromosomes have been reported in 
the ovary tissues that nourish the developing embryo, and examples 
include the suspensor cells in Phaseolus, the antipodal cells in 
poppy (Fig. 6.21) and wheat, and the endosperm cells in maize. 
The polytene-type chromosomes in plants are the result of up to 
eight rounds of endoreplication in the absence of cell division. The 
replicated chromosomes do not show the degree of synapsis of 
homologous chromatin that is characteristic of salivary-gland poly-

21t 

Fig. 6.20. Polytene chromosomes from the larval salivary glands of 
Drosophila melanogaster. Note the banding patterns, consisting of 
chromomeres. of the three autosomes and the X chromosome. and the 
heterochromatin of the chromocenter to which all of the chromosomes 
are attached (Lefevre. 1976). 

Fig. 6.21. An antipodal cell from an embryo of the poppy. Papaver 
somniferum (2n = 22). showing polytene-type chromosomes. These 
chromosomes do not show the precise alignment of endoreduplicated 
DNA observed in the polytene chromosomes of insects (see Fig. 6.20). 
(Photograph kindly supplied by Dr. B. Friebe.) Endoreduplication has 
also been reported in animal tissue-culture cells in response to stress 
such as exposure to radioactivity and BrdU labeling (Wolff and Perry. 
1974; see also Fig. 18.3). 

tene chromosomes in insects, so they are difficult to analyze cyto
logically. 

6.5 SEX CHROMOSOMES 

In most animals and some plants, sex is determined by specialized 
sex chromosomes (called X, Y, Z, or W. depending on the organ
ism), which show unique variations in number, structure, function, 
and behavior. In these chromosomes, the regions that are normally 
euchromatic may behave as heterochromatic bodies in interphase. 
This type of heterochromatin is called facultative to distinguish it 
from the constitutive or permanently heterochromatic parts of the 
chromosomes. Usually, females are the homogametic sex and carry 
a pair of sex chromosomes (XX in most animals as well as plants). 
In these organisms, the males (XY in most animals and plants) are 
the heterogametic sex and may show variation in sex-chromosome 
number such as having only one X (XO). The male-determining 
Y chromosome is usually much smaller than the X and carries 
fewer genes. There are many variations of the basic XXlXO or 
XY scheme of sex determination, including cases in Lepidoptera 
(moths and butterflies) and some birds. where females are the heter
ogametic sex (see Fig. 6.5). In addition, the number of X chromo
somes in XO organisms may vary from one to five. XY organisms 
may also have up to eight X chromosomes along with one Y. 

Diversity in sex-chromosome number and morphology can be 
fIlustrated in the genus Drosophila. Among the various Drosophila 



species, the X and Y are of equal size in 60% of the species, Y is 
somewhat smaller than X in 30%, and Y is tiny in 9%; in less than 
1% of the species, there is no Y. The XO condition is considered to 
be derived from XY by loss of the Y chromosome. The Drosophila 
miranda male is X(l-2)Y(l-2), and the increase in numbers of X 
and Y chromosomes occurs by translocations with autosomes. 

6.5.1 Sex Determination in Different 
Organisms 

In Drosophila, the ratio between X and autosomal, or A, chro
mosomes determines the sex, irrespective of XXlXO or XXlXY 
constitution. Individuals with a 1 : 1 ratio between X and autosomes 
(XXl2A or XXY/2A) are females and those with a 1:2 XlA ratio 
(XO/2A or XY/2A) are males. Individuals with other ratios, for 
example, 2X13A or 3X14A, are intersexes. However, the Y chromo
some in Drosophila does contain fertility factors and rRNA genes, 
so it is essential for normal sperm development. 

Double dose of X 
chromosomes in 
females, before the 
blastoderm stage 

+ activation of early 
promoter, P e' generates 
a transcript from the Sx/ 
locus that is spliced to 
yield several proteins 

+ 
later in the development 
of somatic cells, in the 
determination of female 
characters, a new 
promoter, Pm,located 
5kb upstream from the P e 
promoter, is activated 

correct splicing of transcripts 
from the Pm promoter 

+ late Sxl proteins __ -

+ 
female somatic differentiation 

Single dose of X 
chromosome in males 

l 
no activation of P e 
promoter and no 
production of the Sxl 
early proteins 

no late Sxl proteins 

+ 
male somatic differentiation 

Fig. 6.22. Summary of the mode of action of sex determination in 
Drosophila. The Drosophila Y chromosome is not male-determining, as 
it is in mammals, although it does carry fertility factors (see Fig. 20.6). 
The organisms Drosophila and Caenorhabditis are widely used as 
models for molecular studies in animals (see Chapter 24) and both share 
the feature that the primary sex-determining signal is the ratio of X 
chromosomes to autosomes (XlA). When the organism has one pair of X 
chromosomes per diploid complement (XIA = I), the phenotype is 
female for Drosophila and hermaphroditic for Caenorhabditis. When 
there is a single X chromosome per diploid complement (XI A = 0.5), 
the phenotype is male in both organisms. There is a narrow threshold for 
the XI A value, and in Drosophila. the master gene that is affected by the 
ratio is at the Sxllocus. In Caenorhabditis, a master gene may be 
located at the sdc locus. Although the organisms share similarities in sex 
determination, the actions of the master genes in the regulatory cascade 
are probably quite different. The structure of promoters and the nature of 
splicing are discussed in Chapter 16. [Adapted from Hodgkin (1990) and 
Cline (1993).] 
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Fig. 6.23. Mitotic metaphase (top) and meiotic metaphase I (bottom) in 
a male plant of evening campion, Melandrium album (2n = 22 + XY). 
The bottom photo shows 11 pairs of autosomal bivalents and an XY 
heteromorphic bivalent with the 2 chromosomes associated by their 
terminal regions. The unequal-sized X and Y chromosomes (large and 
small arrows, respectively) in both photos are telocentrics. [The 
photograph of mitosis is from Cirpercescu et al. (1990), and the 
photograph of meiosis was kindly supplied by Dr. B. Friebe.] 

The specific genes that trigger Drosophila-type and human-type 
sex determination have been identified. In Drosophila, the gene 
Sxl (sex-lethal) controls somatic sexual differentiation, and also the 
dosage compensation of the X chromosome, by its effect on many 
subordinate regulatory genes with more specialized functions. Sxl 
is turned on in diplo-X individuals and turned off in haplo-X indi
viduals. The postulated molecular mechanism of its mode of action 
is illustrated in Fig. 6.22. 

In organisms such as humans, mice, and the plant Melandrium 
(Fig. 6.23), the Y chromosome determines maleness, irrespective 
of the number of autosomal sets or X chromosomes. Sry (sex
determining region) genes, located on the Y chromosome, have 
been cloned both in humans (designated SRy) and mice (designated 
Sry). The Sry gene is identical to a previously described gene, Tdy 
(testis-determining gene) and is expressed in testis-specific gonadal 
somatic cells, but is absent in Tdy-defective mouse mutants. Muta
tions in the human SRY gene, leading to loss of function, account 
for sex reversal to females in two XY humans, whereas experiments 
in which an active Sry gene is introduced into XX female mice 
have shown that sex reversal to males is induced. Microinjection 
of a 14.6-kb segment of DNA from the mouse Sry locus into XX 
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embryos results in the development of phenotypically male 
transgenic mice. It is evident, therefore, that the Sry gene is similar 
to Sx/ of Drosophila, in providing a primary trigger, which controls 
a complex cascade of many other downstream sex-determining 
genes (see Fig. 6.22). 

6.5.2 Structure and Behavior of Sex 
Chromosomes 

The evolution of the heterogametic sex has given rise to several 
features of sex-chromosome structure and behavior that are unu
sual. The cytogenetic structure of the human X chromosome is 
shown in Fig. 6.24 and, in particular, emphasizes a region on the 
X chromosome that contains genes also present on the Y chromo
some. 

In XO or XY individuals, many genes that are present in a single 
dose are in a double dose in XX individuals. Thus, to maintain the 
same levels of gene product in XY (or XO) and XX individuals, 
either the genes in XO or XY individuals need to be expressed at 
twice the level or mechanisms must exist to reduce the expression 
of genes by one-half in XX individuals. In Drosophila, cis-acting 
elements provide the basis for a compensation mechanism that 
results in a twofold increase of X-linked gene products in males; 
the Sxl gene is a major controlling element. In Drosophila, as well 
as other organisms, there must also exist special mechanisms for 
pairing and disjunction of XY chromosomes and the normal move
ment of unpaired X chromosomes during meiosis; determining the 
basis of these mechanisms is the subject of intense current research. 
In Drosophila, for example, the ribosomal-gene region is a key 
region of homology between the X and Y chromosomes in males 
and is the site of pairing between these chromosomes. 

In mammals, the gene-dosage problem in XY versus XX indi
viduals is overcome by inactivation of one of the X chromosomes 
in the somatic cells offemales, so that only a single X chromosome 
remains active in any somatic cell, or oogonium, regardless of how 
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Fig. 6.24. Shared and unique molecular markers on the X and Y 
chromosomes of humans (Zinn et aI., 1993; Disteche, 1995). The black 
bands on the diagrammatic representations of the chromosomes are 
standard chromosome-banding landmarks (see Chapter 24). 

many X chromosomes are present. The process results in dosage 
compensation for X-linked genes in chromosomally XX females 
and XY males. In humans, the Barr body is an X chromosome that 
is condensed, and inactive, in the somatic nuclei of XX cells. The 
inactivation of the X chromosomes occurs in early embryos (4-6 
days of gestation in mice) and is thought to be initiated at an X
inactivation center by the trans-action of a product encoded by an 
autosome. The choice of maternal or paternal X for inactivation is 
random. Only the X chromosome that expresses the X-inactivation 
center, carrying the Xist locus, is inactivated and it is therefore a 
cis-acting function. The Xist locus on the active X is silent and 
fully methylated at the CpG dinucleotides in the promoter region, 
whereas the Xist locus on the inactive X is functioning as a result 
of complete lack of methylation in this region; the role of methyla
tion in control of gene expression is covered in Chapter 17. Once the 
X chromosome to remain active has been chosen, it is maintained in 
subsequent cell divisions by a process of imprinting, which may 
involve methylation of the DNA of the X chromosome that remains 
inactive. In many marsupials, the inactivation is usually directed 
more specifically to the paternally derived X chromosome. 

As indicated in Fig. 6.24, the entire X is not inactivated, and 
this incomplete inactivation is now considered to be the basis for 
explaining the phenotype of human females that contain only a 
single X chromosome. Monosomy for the X chromosome is associ
ated with Turner's syndrome, and the symptoms of the defect most 
likely result from the reduced dosage of the genes that are duplica
ted on the Y chromosome and normally escape inactivation on the 
X chromosome. Certain loci that escape X inactivation, such as 
RSP4, have functional equivalents on the Y chromosome and code 
for proteins that are basic in cell biology. A reduced amount of the 
S4 ribosomal protein encoded by the RSP4 locus could, in principle, 
result in the marked phenotypic changes associated with monosomy 
for the X chromosome in Turner's syndrome. These symptoms 
include anatomical abnormalities as well as metabolic defects. Al
though a number of loci that escape X inactivation have function
ally equivalent genes on the Y chromosome, exceptions do occur 
and gene dosage is therefore not critical for all loci. 

In the meiocytes of XX female, the inactive X condition is 
reversed, so that both of the X chromosomes are transcriptionally 
active and able to undergo pairing and crossing over. In the meio
cytes of XY male, the single X chromosome becomes condensed 
for the first time and is transcriptionally inactive during prophase. 
The process of meiotic sex-chromosome inactivation (MSCI) in 
heterogametic (XY) males is considered to be quite distinct from 
the somatic X inactivation in XX females discussed above. Whereas 
somatic X inactivation is related to dosage compensation, the func
tion of MSCI is related to the different status of the two sex chromo
somes with respect to pairing and recombination. The homologous 
X chromosomes must pair and recombine not only to ensure proper 
segregation at anaphase I but also to prevent the accumulation of 
deleterious mutations. 

6.6 B CHROMOSOMES 

Many organisms contain a variable number of accessory or super
numerary chromosomes (B chromosomes) in addition to the normal 
(A) complement of chromosomes (Fig. 6.25). The B chromosomes 
are usually small in size and variable in number. In some organisms, 
they have a deeply staining, heterochromatic appearance after treat-



Fig. 6.25. B chromosomes in rye (Secale cereale). A chromosome 
squash of a root-tip cell in metaphase of mitosis showing 2n = 14 + 4 
smaller, acrocentric B chromosomes. Rye plants can contain up to eight 
B chromosomes. although fertility is severely reduced with this many 
extra chromosomes. (Photograph kindly supplied by Dr. B. Friebe.) 

ment with standard stains. whereas in other organisms. they can 
be lightly staining. with telomeric and centromeric regions of het
erochromatin. B chromosomes range in appearance from acrocen
tric in rye (see Fig. 6.25) and maize. to submetacentric in the para
sitic wasp (Nasonia vitripennis) and metacentric in Allium cemuum 
and Crepis capillaris. They usually have little phenotypic effect on 
the organisms in which they occur. although they are not genetically 
inert. and the reason for their continued persistence in organisms. 
as well as their origins. are the subjects of current research. 

6.6.1 Unusual Behavior of B Chromosomes 

In an organism with B chromosomes. not all cells carry them 
and they are most likely to be present in mitotically active somatic 
cells and in germ cells. In the wheat-related plant Triticum tripsa
coides. for example, the B chromosomes cannot be detected in 
root-tip meristematic cells, but are present in pollen mother cells. 
In Crepis capillaris. there are two B chromosomes in root-tip and 
aerial vegetative cells, but four in germ cells. 

During meiosis and/or postmeiotic mitotic divisions in plants. 
the segregation behavior of B chromosomes enhances their reten
tion and transmission to offspring. The most dramatic behavior is 
demonstrated during the development of the male gametophyte in 
plants. In rye. for example. the B chromosomes undergo nondis
junction of sister chromatids in the first mitotic division of micro
spores and are preferentially included in the generative nucleus. 
which divides to form two sperm nuclei. In maize. nondisjunction 
of a B chromosome occurs in the second mitotic division to give 
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one spenn nucleus with two B's and one with none. The spenn 
nucleus with the B chromosomes preferentially fertilizes the egg 
cell. Nondisjunction of B chromosomes also occurs on the female 
side in rye (but not in maize), during the first mitotic division of 
the basal megaspore. In some plant species, the B chromosomes 
are preferentially recovered in the basal megaspore at the end of 
meiosis. All of these mechanisms increase the chances for transmis
sion of B chromosomes. 

6.6.2 Genetic Functions Associated 
with B Chromosomes 

Although B chromosomes are transcriptionally inert relative to 
high levels of transcription from A chromosomes, in stages of the 
cell cycle such as meiosis. several important genetic functions have 
been assigned to them. The B chromosomes often carry functional 
ribosomal RNA genes (Nor locus). and genes that affect A chromo
some pairing. chiasma fonnation. and genetic recombination. The 
level of transcriptional activity from B chromosomes generally cor
relates with the degree of DNA methylation. For example. in grass
hoppers. where the B-chromosome Nor locus is inactive. the DNA 
in this region is methylated. whereas a translocation that moves 
the Nor locus to an A chromosome reduces the level of methylation 
and increases the activity at the Nor locus. Another example of 
a biological activity that is correlated with the presence of a B 
chromosome is found in Festuca. where an increase in B chromo
some number is associated with increased frequencies of chiasmata 
in autosomal bivalents. In maize. the regions near A-B transloca
tion breakpoints show enhanced recombination. 

When Triticum tripsacoides lines with or without B chromo
somes are crossed to other Triticum species. reduced pairing is 
observed in hybrids with B chromosomes relative to those without 
B chromosomes. This effect on pairing suggests that B chromo
somes carry genes that determine the degree of pairing between 
homologous or homoeologous chromosomes in a way that is analo
gous to the Ph gene in wheat (see Chapter 10). In maize. deletions 
of sections of B chromosomes have been used to identify regions 
of these chromosomes carrying genes that influence poleward 
movement during anaphase and mitotic nondisjunction. Identifica
tion of small chromosome regions in this way opens up the possibil
ity of using transposable elements to create mutations in the respec
tive genes (see Chapter 7). The insertion of a transposable element 
into a putative gene that influences. for example, mitotic nondis
junction. provides a molecular tag for isolating the gene and further 
characterizing its functions in transformation experiments. 

6.6.3 Origin of B Chromosomes May Be 
Related to Cytoplasmic-Specific 
Introgression During Interspecific 
Hybridization 

Most organisms show no pairing between the A and B chromo
somes in meiosis. indicating that B chromosomes have an origin 
independent of the A chromosomes. Numerous hypotheses have 
been discussed to account for the origin of B chromosomes. One 
interesting. more recent. suggestion is that they arise from A-chro
mosome fragmentation during interspecific hybridization and that 
some of these fragments are retained because they restore compati
bility between the nucleus and the cytoplasm. Nucleo-cytoplasmic 
interactions are important in the evolution of plants by interspecific 
hybridization. which is discussed in detail in Chapter 22. Argu-
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ments in favor of this concept of B-chromosome origin for plants 
include the fact that B chromosomes are usually found in cross
pollinated species, contain repetitive-sequence families that are not 
present in the A chromosomes, and carry essential genes such as 
those coding for ribosomal RNA 
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Structural Stability of Chromosomes 

• Chromosome breakage can be caused by external factors such as radiation or certain chemicals, and by internal factors such as aging 
and transposable elements. 

• The efficient repair of damaged chromosomes is crucial for survival and utilizes enzymatic activities that recognize and remove 
lesions in DNA, carry out repair synthesis, or transfer homologous DNA from an undamaged chromosome to a damaged one. 

• Sister-chromatid exchanges involving unrepaired lesions are associated with aging and some disease syndromes in humans. 

• Certain regions of chromosomes, the fragile sites, are more susceptible to breakage than others. 

• Transposable elements are segments of DNA that are capable of moving from one place to another in the genome and, in so doing, 
they can cause extensive disruption to chromosome structure. 

• Gametocidal chromosomes induce breaks in other chromosomes during the mitotic divisions that occur in the postrneiotic maturation 
of gametes. 

It is a large step from understanding DNA structure and gene func
tion at the molecular level to defining the nature of genetic change 
in whole chromosomes. In Chapter 20, landmarks that are well
known to cytogeneticists are discussed in molecular terms, but it 
is evident that these represent only a small fraction of the genetic 
material in the chromosomes. Although gene structure and function 
are also considered in that chapter, it should again be emphasized 
that genes usually comprise only a small proportion of the genome. 
In this chapter, we shall pursue the behavior of whole chromosomes 
in order to analyze the range of factors that cause changes in the 
structure and number of chromosomes. We will also analyze the 
major factors that contribute to the stability of chromosomes and in 
particular, the ability of chromosomes to repair damaged segments, 
particularly DNA molecules, through the action of enzymes. This 
capability applies equally to the complex chromosomes of eukaryo
tic organisms and to the simple protosomes of prokaryotes. These 
repair activities complement mechanisms that filter out certain 
agents before they can cause damage to the DNA. For example, 
in human skin, the ability to absorb ultraviolet (UV) light before 
it causes damage to DNA is controlled by the production of melanin 
pigment; in plant epidermal cells, harmful UV is absorbed by flavo
noids; and in blue-green algae, it is absorbed by derivatives of 
amino acids. 

7.1 CHROMOSOME STRUCTURAL STABILITY 

The constancy of inherited characteristics that distinguish the major 
groups of living organisms depends on the integrity of chromo
somes and genes. Chromosomes and their respective DNA mole-

cules are replicated with remarkable accuracy through infinite cell 
and organism generations. Thus, for a specific type of organism, 
we expect to find the same chromosome number and structure in 
different cells of the same organ or tissue, whether in one indi vidual 
or different individuals of the same species. Genes are expected 
to replay their program of information with enough fidelity that 
offspring resemble parents in the gross features of development 
and differentiation. 

In prokaryotes, the circular form of the protosome may of itself 
contribute to stability in that there are no exposed ends. Further
more, because prokaryotes lack a spindle mechanism, they are not 
involved in the elaborate maneuvers of mitosis and meiosis. On 
the other hand, the linear chromosomes of eukaryotes have evolved 
a number of protective features to maintain their integrity during 
cell division. Their telomeres prevent random end-to-end joining, 
and the close association of histone and nonhistone proteins with 
DNA provides general structural stability to the chromosome 
framework. Entanglement of chromosomes is prevented by the ac
tion of DNA topoisomerases, which break and rejoin DNA helices 
to resolve interlocked strands of chromosomes. There is also the 
stabilizing effect of having two homologous copies of each chromo
some present in most cells for most of the life cycle. A loss of 
function in a part of one homolog can be rescued by the normal 
functioning of the partner chromosome. 

The evolution of karyotypes encompasses numbers ranging 
from a single protosome in bacteria to over 1000 chromosomes in 
some plant species. Although the differences among organisms in 
number, size, and other characteristics of chromosomes are pres
ently difficult to explain, it can be argued that they are directly 
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relevant to the attainment of cytological, developmental, and ge
netic stability. 

7.2 CHROMOSOME INSTABILITY AM) REPAIR 

Although the inherent structural properties of chromosomes give 
them a high degree of constancy, transverse breaks or changes in 
chromosome number can occur under a variety of stressful condi
tions, which can result in the formation of different types of struc
tural or quantitative chromosomal changes. The harmful effects of 
many of these changes, such as losses of chromosome segments, 
are commonly eliminated by death in the gametic or early embry
onic stages. Changes that do not have a drastic effect on viability are 
valuable experimentally in determining the modification of gene 
function or the physical locations of genes, and in moving genes 
within or between genomes. 

It is estimated that about 6 in every 1000 live human births and 
up to 60% of human spontaneously aborted fetuses have inherited 
some kind of chromosome abnormality. The causal agents in most 
cases are difficult or impossible to trace, although, in some in
stances, environmental factors such as increased use of chemicals 
in agriculture, industry, and medicine may contribute. Some plant 
and insect species use novel reproductive strategies to maintain and 
transmit particular changes in chromosome structure and number. 
Persistence of these chromosomal aberrations in natural popula
tions indicates that they confer some adaptive advantages. 

7.2.1 Timing of Chromosome Breakage 

The kinds of chromosome structural aberrations that occur de
pend on whether or not the chromosomes have duplicated at the 
time a break occurs. When cells in the G 1 phase are exposed to 
X-rays, the aberrations observed in the first-division cycle after the 
treatment are mainly of the chromosome type, where both of the 
sister chromatids have a break in the same place as a result of 
replication after the break was induced (Fig. 7.1). If the radiation 
is applied to cells in the S or G2 phase, the chromatid type of 
aberration results because the affected chromosome region has al
ready replicated at the time of treatment (Fig. 7.2). Ultraviolet 
radiation and most chemicals produce only the chromatid type of 
aberration because the lesions they produce must interact with repli
cating DNA during the S phase. 

7.2.2 Major Groups of Chromosome 
Abnormalities 

Two major groups of chromosome aberrations are generally 
distinguished. Spontaneous aberrations are usually attributed to un
known causes because the point in time or the generation when 
the chromosome breaks occurred is unknown. Possible causes of 
spontaneous breaks are natural radiations such as cosmic rays, or 
stresses on chromosome threads during meiosis due to interlocking 
of bivalents or association of nonhomologous heterochromatic re
gions. On the other hand, induced aberrations are the result of 
an experimental procedure or some other known condition. For 
example, if a sample of seeds or insects is treated with a c1astogenic 
(chromosome-breaking) agent such as ionizing radiation, any statis
tically significant increase in the frequency of chromosome abnor
malities over an untreated sample from the same population can 
be attributed to the radiation. 
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Fig. 7.1. Representation of one type of chromosome break as a result 
of applying X-rays in the G 1 phase of the cell cycle. After replication, 
both the old and newly replicated chromatids and the DNA double 
helices will all have a break. 

7.2.3 Repair of Damaged Chromosomes 

Induced aberrations can be used to study the repair of damaged 
chromosomes because they are available in much greater numbers 
than spontaneous aberrations. Quantitative data can be obtained to 
compare a treated group of cells or individuals with an untreated or 
control group, or to make comparisons among different treatments. 

The initial target is usually the DNA molecule, where the dam
age may be in the form of single-strand breaks (SSBs), double
strand breaks (DSBs), or chemical changes in nucleotide base pairs 
such as the formation of thymidine dimers. DSBs are lethal in some 
organisms because the DNA molecule is severed into two pieces, 
which lack structural support. However, in other organisms, repair 
systems within cells can correct the damage to affected strands. 
There are four known repair mechanisms: 

1. In the process of excision-repair, the defective segment of 
DNA is removed and the resulting gap repaired by synthe
sizing new DNA (Fig. 7.3). The failure to fill a gap could 
result in a base injury becoming a SSB, or a SSB becoming 
a DSB after replication. To achieve excision-repair, the 
concerted action of four enzymes is required (Fig. 7.4). 
Enzymatic activities specifically target damaged bases (G* 



in Fig. 7.4) or base mismatches and produce gaps that are 
then processed as shown in Fig. 7.4. In the case of mamma
lian cells, an enzyme exists to target GT mismatches and 
to remove the T residue; thus, it could also correct changes 
resulting from dearnination of C residues to give a moiety 
closely related to T residues (see Fig. 23.11). A long-range 
repair mechanism has been described in Escherichia coli, 
where excision of the DNA strand carrying the mismatched 
base is initiated from the nearest GA TC sites that are meth
ylated. Following this degradation, the strand is resynthe
sized by DNA polymerase. 

2. Recombination repair or postreplication repair can repair 
a lesion that has occurred in one strand of DNA. During 
replication, the damaged strand produces a new strand with 
a gap opposite the lesion where replication was not able to 
take place (Fig. 7.5). At the same time, the unaffected strand 
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Fig. 7.2. A second type of chromatid break resulting from the 
application of X-rays after replication. Only one chromatid and its DNA 
double helix wiD have a break. 
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Fig. 7.3. A simplified diagram illustrating excision-repair of a 
damaged DNA molecule. (Modified from Friedberg, 1985.) 

produces a normal, new strand, and provides a source of 
DNA that can be transferred to the deficient strand, fol
lowed by gap filling. The gap left in the DNA that donated 
the undamaged DNA segment is repaired by repair synthe
sis. A strand with a lesion still in the system could at some 
point lead to a chromosome break, but it is often removed 
by repeating the postreplication repair process. The amount 
of repair varies according to the time available, and cells 
that have a longer division cycle, such as mouse spermato
gonial stem cells, have a higher amount of repair activity. 
A similar mode of repair has been found in bacteria, in 
which a protein (recA) acts to catalyze the invasion of a 
single DNA strand into an intact double helix and thereby 
initiate an exchange with one of the double strands. If the 
invading strand has a break, the exchange could involve an 
aberration in a process similar to those suggested earlier 
(see Fig. 7.5). 

3. External factors such as energy from radiation can also 
initiate photoreactivation repair of the damage produced by 
some c1astogenic agents. The effect of photoreactivation 
on DNA after UV in'adiation is discussed in Section 7.4.2. 

4. The SOS response comprises a series of activities that are 
activated when DNA replication is blocked by the presence 
of a damaged base, and results in the insertion of a random 
base in the new DNA strand, at the position of damage to 
the parental DNA strand. The LexA and RecA proteins are 
central in the response of E. coli to damage to its DNA. The 
LexA protein acts to repress the transcription of a number of 
different genes, whereas the RecA protein acts as a protease 
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to cleave the LexA protein (and reduce its activity). In addi
tion, the RecA protein binds single-stranded DNA, an activ
ity that is an essential part of the DNA repair process. 

Excision-repair and postreplication repair occur in mammals, 
including humans, and in most forms of life, but there are differ
ences among species in repair frequencies. Inhibitors of the DNA 
polymerases involved in the repair process also change the frequen
cies of different types of aberrations. For example, when a marsu
pial cell line is exposed to X-rays, then treated in G2 with an 
inhibitor of DNA polymerase repair activity, there are fewer ex
change aberrations than in cells treated with X-rays alone. Inhibi
tors that prevent SSBs from undergoing repair cause them to be 
changed to DSBs after replication. Some inhibitors also slow down 
the repair process and provide an opportunity for more aberrations 
to occur. Imbalances in deoxyribonucleotide-precursor pools can 
also lead to misincorporation and inhibition of repair synthesis. 

Recognition of lesions in DNA occurs at several levels. The 
stalling of a RNA polymerase complex, during the transcription of 
a normally actively transcribed gene, can occur as a result of a 
thymidine dimer formed during UV irradiation of the template 
strand (see Section 7.4.2). In human transcription complexes, one 

~_ DNA glycosylase removes 
....... damaged base --...... ...,.--

I 5' apurinic or apyrlmldinic 
....... endonuclease 

S'P .5'-+3' exonuclease 

• DNA polymerase carries out 
repair synthesis 

Fig. 7.4. A diagrammatic explanation of the four steps in 
excision-repair. showing the consecutive action of four enzymes. 
(Modified from Friedberg, 1985.) 
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Fig. 7.5. The sequence of steps involved in the repair of DNA by recA 
protein (Friedberg 1985). The DNA strand that invades the adjoining 
double helix in a recA-mediated exchange is shown by the arrow in the 
fourth panel. 

of the polypeptides involved in the complex is the same as one of 
the excision-repair cross-complement (ERCC) genes identified in 
the analyses of DNA repair in cells of patients suffering from xero
derma pigmentosum (see Section 7.3). It is therefore possible that 
a stalled RNA polymerase complex forms a focus for additional 
repair activities to aggregate on the DNA and form a "repairo
some," which contains all the activities to remove the lesion in 
the DNA. Experimental evidence for the coupling of transcription 
and DNA repair has come not only from characterization of the 
genes involved in DNA repair but also from the observation that 
thymidine dimers located in an efficiently transcribed gene are 
removed five times faster than in the rest of the genome. Another 
level of recognition of DNA lesions involves a highly conserved 
mismatch-repair protein (MutS), identified from studies in E. coli 
and Salmonella typhymurium. The MutS protein was discovered 
during the characterization of mutations that affected DNA repair; 
sequence comparisons indicate that analogous proteins exist in 
yeast and higher eukaryotes. A human cancer, hereditary nonpoly
posis colorectal carcinoma (HNPCC), is associated with a defi
ciency in a protein that is closely related in sequence to the MutS 



protein. The first step in the repair of a mismatch lesion in the 
DNA is considered to be the binding of the MutS protein, with 
subsequent binding of other proteins that provide the enzymatic 
activities to carry out the repair. 

7.3 SISTER-CHROMATID EXCHANGE 

The detection of sister-chromatid exchange (SCE) is facilitated by 
growing cells in the presence of 5-bromo-deoxyuridine (BrdU), a 
thymidine analog, which causes sister chromatids to become differ
entially stained (Fig. 7.6). This allows exchanges between the chro
matids to be clearly detected. Although the BrdU can itself induce 
SCEs in low frequency, they are significantly increased by treat
ment of the cells with clastogenic agents such as chemicals or UV 
irradiation, but not by ionizing radiations. In repair-deficient cells 
of the Chinese hamster, unrepaired lesions induced by chemical 
treatment persist to the end of the third-division cycle and result 
in an increased frequency of SCEs, whereas repair-proficient 
human cells given the same treatment have fewer SCEs. 

The way in which exchanges between sister chromatids occur 
is not well understood, and although SCE frequency is affected 
by environmental conditions such as temperature, an intriguing 
question is whether the lesions are permanently repaired when the 
exchanges occur. In both plant and animal cells, SCEs occur more 
frequently in euchromatin than in heterochromatin, often at the 
borderline between the two types of chromatin. Further, their occur
rence tends to be proportional to chromosome length, although 
larger chromosomes seem to have more SCEs than expected. 

Human twins can be used to differentiate between the effects of 
genetic background and age on the frequency of sister-chromatid ex
changes. In older groups of twins, SCEs are more frequent than in a 
younger group, and within age groups, no significant difference in 
SCE frequency occurs between monozygotic and dizygotic twins. 

Sister-chromatid exchanges have been associated with several 
human disease syndromes. Individuals with xeroderma pigmento-
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Fig. 7.6. The microscopic detection of sister-chromatid exchanges in 
mitotic cells grown in the presence of BrdU. Details of the basis for the 
differential staining of BrdU-containing chromatids are described in 
Chapter 18. 
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control 
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Fig. 7.7. Normal human chromosomes (upper) compared to the 
chromosomes of a Bloom's syndrome lymphocyte (lower) that show a 
marked increase in SCEs. The cells were grown in the presence of 
bromodeoxyuridine (BrdU), then stained with Hoechst 33258, followed 
by Giemsa, to detect the SeEs (Chaganti et aI. , 1974). Arrows in the 
upper photo mark points of exchange between sister chromatids. 

sum, who are extremely sensitive to sunlight due to a defect in 
excision-repair of UV -induced pyrimidine dimers and postreplica
tion DNA, have what is considered to be a normal level of sponta
neous seEs. In epidermal cells cultured from such individuals, 
however, significant increases in SeEs occur after UV irradiation 
or treatment with monofunctional alkylating agents. In another 
human disorder, Bloom's syndrome (BS), which also involves sun
light sensitivity, the amount of DNA ligase is significantly reduced 
and is correlated with the observation that cultured BS cells have 
a spontaneous frequency of sister-chromatid exchanges 10 to 15 
times that of cells from normal controls (Fig. 7.7). The exposure 
of blood lymphocytes from BS patients to ethylmethane sulfonate 
(EMS) also gives a greater increase in SeEs than exposure of cells 
from normal humans. 
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7.4 AGENTS AND CONDITIONS INDUCING 
CHROMOSOME BREAKAGE 

In the latter 1920s, the discovery was made that X -rays could induce 
transverse breaks in the chromosomes of Drosophila melanogaster 
and maize. Since that era, the number of cIastogenic agents has 
proliferated to include all types of ionizing radiation, nonionizing 
radiation such as ultraviolet light, and many diverse chemicals. 
In addition, various inherent or external conditions can produce 
chromosome instability. 

7.4.1 Ionizing Radiations 

Ionizing radiations can induce chemical damage to the purine 
and pyrimidine bases of the DNA molecules, as well as to the 
deoxyribose sugar molecules (Fig. 7.8). Another type of damage 
involves breaks in the phosphodiester backbone of one of the DNA 
strands to give single-strand breaks (SSBs), or of both strands at 
the same place to give double-strand breaks (DSBs). The proportion 
of SSBs to DSBs depends on the linear energy transfer (LET) of 
the radiation. With low LET, SSBs are 10 to 20 times as frequent 
as DSBs, whereas with high LET, DSBs predominate. Base damage 
is more frequent than strand breaks, and some SSBs could result 
from damaged bases that are not completely repaired. Most of the 
SSBs are repaired quite rapidly, but some of those not repaired can 
be changed to DSBs by single-strand endonucleases. DSBs are 
needed to produce a chromosome or chromatid aberration. Ionizing 
radiations differ from most of the other cIastogenic agents in pro-
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Fig. 7.S. An example of the effect of ionizing radiation on a single 
DNA base, guanine, and its biochemical transformation into a novel 
pyrimidine (Chetsanga et aI., 1981). 

Fig. 7.9. One of the nucleolus-organizer chromosomes of Vida faba 
showing a radiation-induced lesion in one chromatid near the nucleolus
organizer region (Scheid and Traut, 1971). 

ducing DSBs directly (i.e., without a delayed effect, which would 
allow some of the initial damage to be repaired), and so they are 
an efficient source of aberrations. 

Two main concepts have been developed to explain what hap
pens when an ionizing radiation contacts chromosomes: break
age-reunion and exchange. The breakage-reunion theory, ad
vanced in the early years of X-ray studies, argues that breaks occur 
at the moment of contact. The broken parts then behave in one of 
the following ways: 

I. Do not rejoin, leading to the loss of the piece of chromo
some without a centromere 

2. Rejoin in the original sequence by restitution 

3. Rejoin with adjacent breaks in the same or different chro
mosomes to give new arrangements 

The exchange theory argued that the first effect of the radiation 
is not a break but a lesion (Fig. 7.9), which can either be repaired 
or can interact with other nearby lesions to produce exchanges. 
Although the exchanges can occur within a chromosome that is 
looped on itself, or between chromosomes if they are close together, 
the exact mechanism of strand breakage, with respect to whether 
3'-OH or 3'-P is exposed for exchange, has not been determined. 
At a molecular level, an abundant nuclear protein (Ku) has been 
implicated in the repair of DSBs caused by ionizing radiation. This 
protein, a heterodimer with subunits 70 and 86kDa, binds to the 
broken ends of the DNA in a sequence-independent manner and, 
together with protein kinases, forms a complex that initiates the 
repair of the DSB. 

7.4.2 Ultraviolet Radiation 

Ultraviolet radiation, at shorter wavelengths of about 260 nm, 
close to the maximum absorbed by DNA, causes changes in the 
structure of purines and pyrimidines. One of the more important 
effects in the production of chromosome aberrations is the forma
tion of pyrimidine dimers, most often involving adjacent thymines 
(Fig. 7.10). Ifthe dimers persist, the DNA is prevented from repli
cating, and aberrations such as deletion of chromatin result. Thy
mine dimers are removed by excision-repair if the cells are in the 
dark. If the repair process is incomplete, and a thymine dimer is 
removed from a strand leaving a gap, this gap could persist as a 



SSB. A DSB can also result if an endonuclease nicks the intact 
strand opposite the gap, leading to a chromatid type of aberration. 

When UV irradiation of cells or tissues is followed by exposure 
to short-wavelength visible light or to long-wavelength UV light, 
the enzyme DNA photolyase breaks the bonds between the thymine 
dimers by monomerization. This light-induced enzyme activity is 
present in the cells of many organisms (plants and animals) and 
is known as photoreactivation-repair. In plants, photoreactivation 
reduces the number of UV-induced DNA lesions and chromosome 
aberrations. However, it causes a greater decrease in the number of 
pyrimidine dimers than in the number of chromosome aberrations, 
indicating that not all the induced dimers result in aberrations. The 
DNA photolyase protein from E. coli has been crystallized and 
used to determine the relative positions of the key cofactors, the 
light-harvesting molecule 5, I O-methenyl-tetrahydrofolypolygluta
mate (MTHF) and the electron transfer molecule flavin-adenine 
dinucleotide (FADH), attached to the protein. The amino-acid se
quence of DNA photolyase has homology to the blue-light photore
ceptor in plants, and thus the detailed structural studies on photoly
ase have broader implications. 

The four different ways for removing thymine dimers are sum
marized in Fig. 7.11. The pathways are determined by combining 
mutation analysis with biochemical and chemical studies, in a wide 
range of organisms, to determine the basis for the various possible 
repair mechanisms. A first step in mutation studies is to determine 
that a DNA repair activity is involved rather than a change in the 
protective pigments that reside in cells. 

7.4.3 Chemically Induced Damage 
to Chromosomes 

The first evidence that chemicals can induce chromosome aber
rations was obtained in the 1940s, using nitrogen and sulfur mus
tards. Since that discovery, many chemicals have been tested and 
found to be clastogenic. Some of the chemicals used in chemother
apy treatments for cancer, as well as others, are carcinogenic, so 
there is great interest in finding out how they interact with DNA 
and other cell components. 

A few chemicals are similar to ionizing radiation in inducing the 
chromosome type of aberration when applied to cells in the G I phase, 
but the chromatid type when applied in the S or G2 phases. Examples 
of such chemicals are the antibiotic streptonigrin and the purine de
rivative 8-ethoxycaffeine. Most chemicals differ from ionizing ra-
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Fig. 7.10. The structure of a thymine dimer induced by the action of 
UV light on adjacent thymidine residues. (Modified from Lehninger, 
1982.) 

Structural Stability of Chromosomes 93 

Photoreactivation 

~ -. --Ath --. ---.// --. + 
~~~=== 
dimer 

photoreactivation 
enzyme binds 

Excision repair 

light absorption 
splilS • followed 
by release of 
enzyme 

completion 
of replication 

_~--.~--.---h-. + 
~ ~~==== 

-
incision followed 
by repair synthesis 
and excision 

Post-replicative 
recombination 

----- -

rejoining of 
repair DNA 
strand 

-

completion 
of replication 

-----
+ 

==+==-. ::.-:....:..+ -- --. ==:;:::: -. === 

SOS 
repair 

recombination repair synthesis 
after replication 

+ 

;_'"tbase 

-
next round of DNA 
replication 

:=::Jii_ 
+ 

--",--=::!-c=-. + ------~ ... 

random base pairs 
inserted opposite. 
during replication 

== + 

next round of DNA 
replication 

Fig. 7.11. Four possible mechanisms for the removal and repair of 
thymine dimers from double-stranded DNA (Friedberg, 1985). 

diation and resemble ultraviolet radiation in producing only chroma
tid aberrations regardless of whether they are applied before or dur
ing DNA and chromosome replication. If chemicals of this type are 
applied to cells during the G 1 phase, the conversion of lesions to 
breaks is delayed until the S phase. This delay gives an opportunity 
for some of the lesions to be repaired before replication occurs, but 
when lesion repair is slowed down by a DNA repair inhibitor such 
as cytosine arabinoside, there is an increase in aberrations. This sug
gests that the presence of previously induced lesions may cause inter
ruptions in the replication of DNA during the S phase, leading to si
multaneous breaks, some of which can produce chromatid 
aberrations. Sister-chromatid exchanges (SCEs) are induced by 
many chemicals, and they occur with higher frequencies than struc
tural chromosome aberrations. For this reason, an increase in SCE 
frequency in human cells can give an initial indication of the effects 
of exposure to a chemical agent, but additional studies should be 
made on possible mutagenic or clastogenic effects. 

The different types of lesions produced in DNA by various 
chemical agents are summarized in Fig. 7.12, along with the effects 
of ionizing radiations and ultraviolet radiation. Alkylating agents 
are a prominent group of chemicals with chromosome-breaking 
ability. They are classified as monofunctional, bifunctional, or 
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Fig. 7.12. A diagram of the DNA double helix showing the primary 
lesions produced by different types of chemicals and radiations. The 
single letters inside the spiral refer to the different bases (Natatajan, 
1984). 

polyfunctional based on the number of alkyl groups (ethyl or 
methyl, with the general formula CnH2n + d that react with the 
DNA molecule. Monofunctional alkylating agents such as ethyl 
methanesulfonate (EMS), methyl methanesulfonate (MMS), and 
dimethyl sulfate (DMS) have one reactive site on one strand of the 
DNA double helix. For example, EMS causes alkylation of guanine 
by adding the ethyl group CH3CH2 to the N-7 position of this base 
(see Fig. 17.1), causing it to pair with thymine instead of cytosine 
and leading to a base substitution. In an attempt to correct the 
mispairing, the alkylated guanine may be excised from the DNA 
molecule by enzymic action in a process called depurination, leav
ing an apurinic site. If the gap is not repaired, a single-strand break 
may occur in one of the DNA strands and result in a double-strand 
break after replication. The same sequence can happen with loss 
of a pyrimidine base through depyrimidation, giving an apyrimidi
nic site; however, the pyrimidine bases are lost less often than the 
purine bases. Bifunctional and polyfunctional alkylating agents are 
more effective clastogens than monofunctional alkylating agents 
because they react with two or more sites either within one DNA 
strand (intrastrand cross-links), between the two DNA strands (in
terstrand cross-links), or between DNA and protein. Cross-links, 
especially those of the interstrand type, can interfere with the repli
cation of DNA and cause strand breaks. In addition, bifunctional 
alkylating agents such as nitrogen and sulfur mustards may act like 
monofunctional agents in reacting with DNA at only one site. 

The N-7 atom of guanine (see Fig. 17.1) is more likely to be 
alkylated than any other site on any of the bases. All the nitrogen 
mustards induce monofunctional alkylation at this site, as well as 
interstrand cross-links between the N-7 reactive sites of two gua
nines. When different monofunctional alkylating agents are com
pared for reactivity with DNA base sites, alkylation ofN-7 guanine 
predominates in the production of chromosomal aberrations and 
SCEs, whereas 0-6 guanine alkylation lesions give rise to point 
mutations. Alkylating agents may also affect the sugar-phosphate 
backbone of DNA or RNA by causing disruption of the phos
phodiester bonds through the formation of phosphotriesters, and 
resulting in breaks in the strands. 

Two other types of chemically induced lesions that can result 

in chromosomal aberrations are included in Fig. 7.12. Organic com
pounds containing planar-ring systems such as the acridine dyes 
and the antibiotic actinomycin-D (see Fig. 17.15) can be inserted 
between DNA base pairs. The intercalation causes the DNA mole
cule to elongate and become more rigid, so that during replication, 
a base pair may be added or deleted in the new strand, causing a 
reading-frame shift for the region downstream from the point of 
addition or deletion. This creates an opportunity for misrepair of 
the lesion and strand breakage. Polycyclic aromatic hydrocarbons, 
represented by benzo(a)pyrene in Fig. 7.12, have indirect effects 
on DNA by being metabolized to diol epoxides. Some of these 
derivatives react mostly with the DNA purines to form bulky ad
ducts and distort the structure of the double helix in the process . 
Faulty repair of the lesions can cause strand breakage. 

7.4.4 Chromosomal Changes Resulting 
from Tissue Culture 

Chromosome structural and numerical changes can occur when 
plant tissues or cells are cultured in vitro. Somaclonal variation is 
the term applied to changes arising in cultured somatic tissues such 
as embryos or protoplasts. Gametoclonal variation describes 
changes occurring in cultured cells from the gametophytic pathway 
such as microspores. In such studies, it is essential to know the 
chromosome constitution of the plants used as a control group, so 
that any aberrations already present are not added to those induced 
by the tissue-culture procedures. Two factors that affect the fre
quency of aberrations are the genotypes of the donor plants from 
which the tissues were obtained, and the length of time that the 
cells are cultured-in general, the longer the time, the higher the 
frequency of aberrations. 

7.4.5 Genetic Predisposition 
to Chromosomal Breakage 

Chromosome instability can be caused by various states within 
an organism. A number of viable but severely defective inherited 
conditions in humans are associated with high frequencies of spon
taneous chromosome abnormalities. In some cases, these frequen
cies can be increased even more by exposing the cells to a clasto
genic agent. One example is ataxia telangiectasia (Louis-Bar 
syndrome), which is due to an autosomal recessive gene on chromo
some 11 and occurs in a frequency of I in every 40,000 live births. 
The syndrome affects many body functions, particularly the ner
vous and immune systems, and increases the risk for cancer. The 
frequency of spontaneous chromosome abnormalities is high but 
is increased markedly by X-rays and by chemicals that break DNA 
strands. Defects in DNA synthesis or repair have been implicated 
as causes of chromosomal abnormalities in at least some human 
disease syndromes. 

Chromosomes also have localized segments that are vulnerable 
to breakage because of structural or chemical composition. There 
are heritable fragile sites in human chromosomes, which are trans
mitted like codominant genes and appear as nonstaining gaps in 
chromosome preparations, involving one or both sister chromatids 
(Fig. 7.13). Although different types of fragile sites have been 
defined based on their frequencies in human populations and their 
reactions to pH and certain chemicals, they all correlate with the 
occurrence of a low frequency of acentric fragments and deficient 
chromosomes as well as rearrangements. Rare fragile sites occur 
in only a small fraction of people, whereas common fragile sites 
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Fig. 7.13. The fragile X chromosome of humans as seen with a 
scanning electron microscope. A light-microscopic image is shown in 
the inset. The chromosome has a complete gap in the fragile site of the 
chromatid on the right where the terminal fragment is completely 
detached. The arrows indicate the locations of G bands (Harrison et aI., 
1983). The fragile site consistently occurs at the lower Xq27.3 band, 
where molecular studies have shown that a short array of CGG 
nucieotides is amplified in varying amounts. The tandem array of CGG 
trinucieotides is an example of a microsatellite DNA sequence, and 
instabilities in the size of such regions are associated with a range of 
other human disorders (Richards and Sutherland, 1992; Jiricny, 1994). 

are found in all individuals. Cells must be cultured in suitable 
media for fragile sites to become visible, and breakage occurs more 
frequently at many fragile sites when the cells are cultured in a 
low-folate medium. The folate sensitivity is associated with the 
incorporation of deoxyuridine (dU) into DNA, because the enzyme 
thymidylate synthetase, which converts dU monophosphate to thy
midine monophosphate, is inhibited in a low-folate medium. The 
accumulation of dU and a shortage of thymidine for DNA synthesis 
result in DNA misrepair during G2 and an increase in aberrations. 

The fragile X (Martin-Bell) syndrome is a mental retardation 
defect in humans that is associated with the expression of a rare 
fragile site at Xq27.3 (see Fig. 7.13). In molecular studies, se
quence-target sites (STSs; see Chapter 21, Section 21.7.1) for this 
region have been isolated by microdissecting chromosomes, then 
using the isolated DNA as probes for the isolation of large DNA 
clones covering this entire region. The cloning technology utilized 
the construction of yeast artificial chromosomes (YACs) and in 
situ hybridization to confirm the correct chromosomal location of 
the isolated DNA sequences. The cytological abnormality (see Fig. 
7.13) was in this way shown to be related to the enlargement, by 
amplification, of a CGG trinucleotide repetitive region including 
from 2-60 repeats to over 200 repeats. The amplification occurs 
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in the 5'-upstream region of a gene named FMR1, coding for a 
RNA-binding protein, and correlates with the inactivation of this 
gene, leading to the mental retardation syndrome associated with 
the fragile X site. DNA methylation (see Chapter 17, Section 17.2) 
of the amplified COG trinucleotide has been suggested as a mecha
nism by which expression of the FMRJ gene could be suppressed. 

7.4.6 Chromosome Breakage 
and the Aging Process 

The effect of age in producing chromosome aberrations can be 
tested effectively using seeds. The loss of seed viability with age 
in barley (Hordeum vulgare) and peas (Pisum sativum) is associ
ated with an increase in chromosome aberrations, mainly at the 
chromatid level. Older barley seeds also have less DNA polymerase 
activity, and this could contribute to misrepair of lesions during 
chromosome replication. High temperatures and high humidity dur
ing seed storage can interact with the aging process in causing 
chromosomal breaks. 

Many studies have been made on cultured cells from humans and 
other mammals to find out if there is an association between chromo
some aberrations and aging. The types of cells commonly used are 
lymphocytes from humans, and liver or bone-marrow cells from ani
mals. In some human studies, where the cells were not exposed to a 
clastogenic agent in culture, the frequencies of chromosome breaks, 
chromatid-like lesions, and chromosome rearrangements show in
creases in older individuals. Losses of the inactive X chromosome 
in females and of the Y chromosome in males are also related to the 
age of the subjects. It has also been suggested that fragmentation of 
regions of the genome, such as the nucleolus leads to increased 
amounts of extra-chromosomal circles of ribosomal DNA (rDNA). 
The unscheduled replication and accumulation of these rDNA circles 
leads to aging in organisms such as yeast. 

7.5 TRANSPOSABLE ELEMENTS 
AND CHROMOSOME INSTABILITY 

Transposable elements are now known to be widespread in different 
organisms, and where they have been well characterized, they share 
the common features of target duplication upon insertion, the pres
ence of open reading frames (ORFs), and usually terminal repeated 
sequences. The elements are specialized DNA sequences that reside 
in certain chromosomes but can move from the initial donor site 
to a second recipient site, often close to the first site. The movement 
of the elements causes chromosome aberrations at the sites of inser
tion in diverse organisms such as maize, Drosophila melanogaster, 
yeast (Saccharomyces cerevisiae), and bacteriophages. Other terms 
used to describe these fascinating genetic entities, depending on 
the organism and the investigator, are mobile elements, controlling 
elements, transposons, and insertion sequences. 

7.5.1 The Genetics of Transposable 
Elements 

Transposable elements were first detected by virtue of their 
chromosome-breaking ability in maize (Fig. 7.14), and the genetic 
characterization of this phenomenon demonstrated the existence of 
a two-element system. Activator (Ac) turns on a switch controlling 
the activities of a second element, Dissociation (Ds), named for 
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Fig. 7.14. Chromosome breakage induced by transposable elements in 
maize. A light-microscope photograph (top) and diagram (bottom) of a 
chromosome 9 bivalent at pachytene (McClintock, 1951). The gap in the 
upper homolog was caused by the relocation of a Ds element, which 
induces a breakage at the point of insertion if a second element, Ac, is 
present. The lower homolog does not have Ds. 

its ability to break chromosomes at its insertion site. With at least 
one dose of Ac in the cell, Ds can move to another site and cause 
the chromosome to break where it is inserted. The result is loss of 
the acentric piece beyond Ds, leaving a deficient, centric chromo
some. Ds exists in two states, one of which gives more breaks and 
allows fusions of sister chromatids, whereas the other gives fewer 
breaks and no fusions of sister chromatids. The difference in the 
two states is due to the number of Ds elements. 

Some 30 years after the genetic studies in maize, molecular 
research has provided a framework for interpreting the properties 
of the transposable elements. The DNA structure of the Ac and Ds 
elements, together with the proposed mechanism of insertion into 
a target site in the genomic DNA, is summarized in Fig. 7.15. 

The mechanism for the movement of Ds elements, particularly 
where this leads to chromosome breakage, has been deduced from 
structural analyses and is summarized in Fig. 7.16. The special 
feature of chromosome-breaking Ds elements is that they are "dou
ble Ds," containing two identical copies of a 2-kb (kilobase) Ds 
element originally derived from Ac by deletion (see Fig. 7.16b). 
The critical feature of the double-Ds element is that it has two extra 
copies of the terminal sequences, because it has one Ds element 
inserted into another Ds element. Chromosome breaks result from 
pairing between the terminal repeats at one end of the double-Ds 
element (see Fig. 7.16b), as the transposing enzyme transposase 
attempts to excise this complex element. 

Transposable elements that accompany aberrant chromosome 
events have phases of inactivity and activity for excision and inser
tion. They seem to be activated by conditions causing stress to 

the chromosomes such as chromosome aberrations that produce 
dicentric bridges and stretch the chromatin, extreme temperatures, 
virus infections, and cell culture on synthetic media. A detailed 
proposal for the mode of excision of transposable elements has 
been suggested to account for the modified target site that remains 
after the element has been excised. The footprint of the transposa
ble, or mobile, element suggests that several steps occur in the 
excision process, as summarized in Fig. 7.17. 

Some transposable-element systems in D. melanogaster induce 
hybrid dysgenesis, a syndrome of adverse traits in hybrids between 
interacting strains. Natural populations of D. melanogaster strains 
distributed globally, as well as other Drosophila species, show 
hybrid dysgenesis behavior. There is good evidence that the trans
posable elements producing hybrid dysgenesis are repetitive DNA 
sequences, 5000-6000 nuc1eotides in length, which are distributed 
throughout the Drosophila genome. The increased levels of muta
tions and chromosome rearrangements, due to activation of the 
transposable elements, is the cause of traits such as sterility, which 
is associated with the syndrome. 

The two best-known hybrid dysgenesis systems are P-M (pater
nal-maternal), with males contributing the transposable elements 
called P factors (Fig. 7.18), and I-R (inducer-reactive), with males 
contributing the transposable elements called I. The mechanism by 
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1986: Federoff, 1989). 

which an I factor transposes is postulated to be a combination of 
the DNA repair enzymes and the transcription product from the I 
factor unit (Fig. 7.19). There are several similarities in the two 
systems. Dysgenic traits appear in hybrids from crossing P males 
with M females or I males with R females. The reciprocal cross in 
each system does not cause hybrid dysgenesis. This indicates that 
cytoplasm of M or R strains is needed, because cytoplasmic factors 
are transmitted mainly with the egg cells through the females. The 
phenomenon was discovered when males derived from wild popu
lations were crossed to laboratory-strain females. Together with 
the influence of the age of the flies and external factors such as 
temperature, the phenomenon of hybrid dysgenesis is consistent 
with the activation of transposable elements under stress. In both 
systems, the dysgenic traits are confined to transmission through 
the germline, because there is no evidence for transposition in so
matic tissues. The major difference between the two systems is 
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Fig. 7.17. A diagrammatic representation of the postulated mechanism 
for excision of a transposable element, marked by small arrows, from a 
genomic site. The excision leaves a seven·base·pair "footprint" in the 
genomic DNA that marks the previous position of insertion of the 
element which created the target-site duplication. 
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Fig. 7.18. Diagram showing the results of crosses in Drosophila 
melanogaster between paternal (P) strains carrying transposable 
elements and maternal (M) strains that are susceptible to the P elements. 
When P elements are combined with M cytoplasm, the P elements are 
activated and cause a range of genetic abnormalities known as hybrid 
dysgenesis (upper-right quadrant). Crosses within the P or M strains, or 
between P females and M males, produce normal progeny (Kidwell, 
1986). (See Chapter 22, section 22.3.1.) 
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that hybrid-dysgenesis traits occur in both sexes in the P-M system, 
but only in females in the /-R system. 

Both P and / elements have been located on each of the four 
chromosomes of D. melanogaster, and are associated with localized 
sites or hot spots of mutations and chromosome breaks. In the P-M 
system, the hot spots on a P chromosome disappear when their 
segment is replaced by a homologous segment from the M chromo
some. Many visible and lethal mutations are associated with chro
mosome rearrangements in both systems. A study of about 1000 
P-induced rearrangements showed that two-break inversions and 
reciprocal translocations were common, but three- to five-break 
aberrations also occurred, indicating a flurry of transposition 
events. Most of the rearrangements showed net losses of P sites at 
the breakpoints, due to excision or the coming together of two 
separated P elements. Other rearrangements had net gains of P 
sites, resulting from either the splitting of a P element into two 
sites or duplication during a rearrangement event. 

1.5.2 Transposable Elements 
in Prokaryotes 

Transposable elements in prokaryotes are characterized by a 
great diversity in structure, and their movement occurs during DNA 
replication or may involve essentially no DNA synthesis. Transpos
able elements occur in both gram-positive and gram-negative bacte
ria, and usually confer resistance to antibiotics. In common with 
eukaryotic transposable elements, most of the prokaryotic ele
ments, including bacteriophages, feature an inverted-repeat se
quence at their ends, and the creation of a duplication of the 5-bp 
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Fig. 7.19, A diagrammatic explanation of the transposition of a 
Drosophila I factor via a RNA intermediate (Finnegan, 1989). 
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Fig. 7.20. The structure of a bacterial transposable element (top) and 
its transposition into a genomic DNA site, resulting in a duplication of 
the genomic target site (lower diagrams). 

target sequence upon insertion into the host DNA (Fig. 7.20). The 
target sequence can vary from being highly specific for some trans
posable elements to essentially random for other elements, and 
movement of the elements can be accompanied by deletions, inver
sions, and duplications. During replication of host DNA carrying 
the transposable element, cointegrate structures can be formed, and 
deletions and inversions can take place (Fig. 7.21). 

7.6 DISPERSED REPEATED DNA SEQUENCES 
AND CHROMOSOME INSTABILITY 

Repeated DNA sequences are commonly found in eukaryotic chro
mosomes. If homologous repeated sequences are at the same site 
on sister chromatids or homologous chromosomes, crossing over 
between them gives no loss, gain, or structural rearrangement of 
chromosome segments. As has been found in Drosophila, yeasts, 
and humans, however, if the sequences are at different sites, they 
are sometimes aligned so that an unequal type of crossing over 
occurs between them, resulting in various types of chromosome 
aberrations (Fig. 7.22, see also Fig. 20.23). The relationship be
tween the asymmetrical pairing of repeated sequences and the 
alignment of. other homologous parts of the chromosome is not 
known. Hence, the terms ectopic pairing, ectopic crossing over, 
exchange, and recombination are used to describe the behavior of 
repeated sequences (see Fig. 7.22). 

At least some of the repeated DNA sequences that promote 
ectopic defects are transposable elements, which can occur in multi
ple, dispersed copies due to their ability to move between chromo
somal sites. In yeast, for example, two Ty (transposon yeast) ele
ments had the same orientation on a homologous pair of 
chromosomes but were separated by about 21 kb of DNA. Crossing 



over between the Ty elements gave a deleted region in one chromo
some and a duplicatbn for the same region in the other chromosome 
(see Fig. 7.22c). Ectopic recombination occurred in about 1% of 
the diploid yeast cells during meiosis, but it was rare in the haploid 
cells during mitosis. 

Transposable elements have been involved in both intrachromo
somal and interchromosomal rearrangements in D. melanogaster 
as a result of ectopic recombination. One study involved a pair of 
X chromosomes in which there were 26 copies of the transposon 
roo in one chromosome and 21 copies in the other. The white
eye locus and flanking genes were used as markers to screen over 
400,000 X chromosomes. Ectopic exchanges between repeated 
DNA sequences produced rearrangements that accounted for 25 
phenotypic changes involving the marker genes, and two-thirds of 
these involved exchanges between two copies of roo. Deletions 
were easy to detect in this research, whereas most duplications, 
translocations, and inversions could not be detected. All except one 
of the detectable rearrangements resulting from exchanges between 
copies of roo were deletions of varying sizes similar to those shown 
in Figs. 7.22a and 7.22c. The exception was an inversion, which 
was thought to result from pairing and exchange between two cop
ies of roo in reverse orientation on the same X chromosome, similar 
to that shown in Fig. 7.22b. 

r-- completion of replicatlon--i 

r:::J_. 
~ ! resolution of coIntegrale 

bv a crossover betWeen 
efements 

~ 
D~ 

element 

~Ioss of molecule 
without replication 
origin 

molecule with an 
internal deletion 

Fig. 7.21. A summary diagram showing the consequences of 
transposition between two circular DNA molecules or within a circular 
DNA molecule (the molecules are depicted as rectangles in the 
diagrams). 
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Fig. 7.22. The effects of pairing and crossing over between repeated 
sequences (black arrows) and the orientation of intervening sequences 
(gray arrows). Nonhomologous chromosomes are represented by lines of 
differing widths and filled or clear centromeres. (a) Intrachromosomal 
crossing over between direct repeats in the same orientation, leading to a 
ring and a rod chromosome with complementary deletions (right). (b) 
Intrachromosomal crossing over between a direct and an inverted repeat, 
leading to an inversion of the intervening segment. (c) Unequal crossing 
over between direct repeats in homologous chromosomes or sister 
chromatids, leading to a deletion and a duplication. (d) Crossing over 
between repeats-with the same orientation relative to their 
centromeres-on nonhomologous chromosomes, leading to a reciprocal 
translocation. (e) Crossing over between repeats-with opposite 
orientations relative to their centromeres-on nonhomologous 
chromosomes, leading to a dicentric chromosome and an acentric 
fragment. (Adapted from Petes and Hill, 1988). 

1.1 GAMETOCIDAL CHROMOSOMES 

Another chromosome-breaking condition occurs when wheat (Trit
icum aestivum) is crossed with wild members of the genus Triti
cum, followed by backcrosses of the hybrids to wheat, in order to 
eliminate all but one of the alien chromosomes. Some of these 
alien chromosomes carry a gene(s) or some other factor that induces 
chromosome breaks during the gametophytic cycle, or around the 
time of fertilization. The kinds of structural aberrations observed 
in the progenies of the backcrosses include deletions (Fig. 7.23), 
translocations, ring chromosomes, and dicentric chromosomes. It 
is only by observing the behavior of the alien chromosome during 
meiosis that its effects can be interpreted. If a wheat plant has a 
complete complement of wheat chromosomes plus one dose of the 
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alien chromosome, the latter is an unpaired univalent during meio
sis. As a result, it will be included in one-half or less of the gametes, 
depending on how often it lags behind during both anaphase stages. 
However, during meiosis, some kind of interaction occurs between 
the alien chromosome and the wheat chromosomes, so that gametes 
without the alien chromosome have aberrant wheat chromosomes, 
whereas gametes with the alien chromosome have normal wheat 
chromosomes. A clear example is seen when a chromosome from 
the wild species Triticum /ongissimum is added to the wheat com
plement. No chromosomal abnormalities are observed in male or 
female meiotic cells. During the first postmeiotic division, how
ever, megaspores and microspores without the alien chromosome 
have many acentric fragments (Fig. 7.24). At least some of these 
wheat fragments are lost during later mitotic divisions in the devel
opment of pollen grains or embryo sacs. Thus, many of the resulting 
gametes without the alien chromosome abort due to the deletions, 
and the transmission of the alien chromosome through the gametes 
that have intact wheat chromosomes is assured. 

normal 58 chromosome 

a range of deletions 
of regions in 
chromosome 58 

Fig. 7.23. A comparison of structural changes in wheat 
mitotic-metaphase chromosomes induced by the presence of a 
gametocidal chromosome. A normal chromosome 5B (top) is followed 
by eight photos of chromosome 5B carrying deletions of varying sizes in 
the short arm (right-side). Centromeres are marked by vertical lines. C
banding was used to locate the deletions (Endo, 1988; Endo and Gill, 
1996). Molecular analyses have shown that the ends of the deleted 
chromosomes are "healed" by the addition of telomeric sequences 
(Tsujimoto et al., 1997; see also Chapter 20, Section 20.4). 

Fig. 7.24. The cytological effect of adding a gametocidal chromosome 
from Triticum /ongissimum to wheat. When the gametocidal 
chromosome is present as a univalent during meiosis, many of the 
postmeiotic cells that lack this chromosome show lagging wheat 
chromosomes or wheat-chromatid fragments that completely lack 
centromeres, as shown in this anaphase cell at the first postmeiotic 
division in the embryo sac. Cells in which the gametocidal chromosome 
has been retained have normal wheat chromosomes. This difference in 
the two types of cells seems to be programmed during meiosis (Finch et 
aI., 1984). 

The alien chromosomes responsible for the above effects are 
called gametocidal chromosomes because of the gametic abortion, 
and resulting sterility, that they cause. At least one wheat chromo
some carries a gene that suppresses the gametocidal effect of an 
alien chromosome but enhances its chromosome-breaking ability. 
Some wild Triticum chromosomes are effective only when trans
mitted through the male parent, similar to the P and I elements of 
Drosophila, whereas others are effective through both parents. 
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Losses and Gains of Chromosome 
Segments 

• Chromosome deletions or duplications that do not affect vital functions can be maintained in an organism, where they can be 
characterized by chromosome banding or in situ hybridization techniques, as well as by pairing behavior at meiosis. 

• Some deletions or duplications have phenotypes that are typical of dominant mutations. Deletions, in particular, are involved in 
numerous human abnormalities. 

• Chromosome deletions can be terminal-at least when first produced-or interstitial, and duplications may be adjacent to the original 
segment or displaced on the same or a different chromosome. 

• Losses or gains of chromosome segments may arise from unequal crossingover, from other chromosome aberrations such as reciprocal 
translocations or as the direct effect of a chromosome-breaking agent. 

• Deletions usually have more severe effects on viability and fertility than duplications. 

Karyotypes evolve through numerical and structural changes, and 
what may appear to be the standard chromosome complement in 
present-day organisms could have been structurally abnormal in 
ancestral individuals. The reverse situation occurs when a newly 
arisen aberration creates an abnormal chromosome in comparison 
with the ancestral chromosome. The choice of a standard karyotype 
is, therefore, based on comparative observations of chromosomes 
of related species and any putative ancestors still in existence, as 
well as chromosome behavior in the hybrids of crosses between 
related species. Although the evidence may not be decisive, it helps 
to choose a representative karyotype to be the standard of compari
son within a species, genus, or family. 

In this chapter and Chapter 9, structural chromosome aberra
tions are discussed with respect to their behavior during cell divi
sions and their effects on organisms. The breaks that produce these 
aberrations may involve either chromosomes or chromatids, de
pending on the stage in the cell cycle when they occur, but we 
shall usually apply the term chromosome in referring to aberrations. 
The restitution of breaks by rejoining of the original sequences will 
not be considered, as this does not lead to aberrant chromosomes. 

8.1 THE RANGE OF STRUCTURAL CHANGES 

Chromosome aberrations involving structural changes have a con
tinuum in size from those that are visible within the magnification 
range of conventional light microscopes, to those that are detectable 

only at the molecular level and are defined by new combinations 
of particular DNA sequences. In both classical- and molecular
cytogenetic studies, the behavior of aberrant chromosomes, and the 
loss or gain of DNA sequences, can often be correlated with visible 
phenotypic effects and gene segregations. 

If both members of a pair of homologous chromosomes have 
the same aberration, it is homozygous, whereas if one homolog is 
aberrant and the other is normal, the aberration is heterozygous. 
Aberrations can be maintained in the heterozygous state by matings 
between unrelated individuals, which are unlikely to carry the same 
aberration. Thus, one individual contributes a gamete with an aber
rant chromosome, and the other individual, a gamete with the nor
mal version of the same chromosome. Homozygous aberrations 
result from self-pollination of plants with a heterozygous aberra
tion, or from intercrosses between closely related plants or animals 
that are heterozygous for the same aberration, so that some off
spring can receive an aberrant chromosome through both male and 
female gametes. 

8.2 DELETIONS AND DUPLICATIONS 
OF CHROMOSOME SEGMENTS 

A deletion is any loss of material from a structurally complete 
chromosome. The size of deletions can range from the loss of base 
pairs in a DNA molecule to the loss of most of a chromosome. 
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Fig. 8.1. The formation of an interstitial deletion. From top to bottom: 
A chromosome loops on itself with the centromere outside the loop. 
Two breaks then occur at the base of the loop to give four broken ends 
(1-4) that can behave in different ways. Ends 2 and 3 either remain 
unjoined, forming an acentric rod, or join to form an acentric ring 
chromosome. Ends I and 4 may join to produce a centric chromosome 
with an interstitial deletion. 

Tenninal deletions or deficiencies occur when a chromosome is 
broken into two pieces (see Fig. 7.1). Barring restitution or union 
with another broken chromosome, the end fragment without a cen
tromere (acentric) is lost during cell division because it cannot 
become attached to spindle fibers for poleward movement. It may 
be included fortuitously in the nucleus because of its location in 
the cell, but eventually it will be left in the cytoplasm during a future 
cell division. The unstable end of the centric chromosome-that is, 
the remainder of the chromosome that retains the centro
mere-must undergo a repair process to restore stability (see Chap
ter 20, Section 2004). 

Interstitial or intercalary deletions require two breaks per chro
mosome to produce four unstable ends (Fig. 8.l). If the breaks 
occur in the same arm, as shown, the intervening segment with 
two unstable ends is lost because it has no centromere. Fusion then 
has to occur between the other two unstable ends, otherwise the 
chromosome would have a tenninal deletion. When the two breaks 
occur in opposite arms (Fig. 8.2), the centric piece has two unstable 
ends, which sometimes fuse to fonn a centric ring chromosome. 
As usual, the end pieces are lost regardless of whether they fuse 
or remain separate. A human centric ring chromosome is shown 
in Fig. 8.3. Centric ring chromosomes are retained through cell 
divisions because of their centromeres, but they lack the distal parts 

of both arms; therefore, cell viability is jeopardized unless the loss 
is compensated by the presence of an extra dose of the pertinent 
chromosome. 

Duplications are extra segments of varying sizes that are inte
grated into the structure of chromosomes and increase their lengths. 
Duplications are classified in the following ways according to their 
locations in the chromosomes: 

Tandem duplications have the duplicated segment directly ad
jacent to the original segment. 

Displaced duplications are separated from their homologous 
segments by varying distances and can be located within the 
same chromosome or on a different chromosome, which may 
be homologous or nonhomologous with the one that carries the 
original segment. 

Deletions and duplications often arise from the meiotic behavior 
of chromosomes involved in heterozygous inversions or heterozy
gous reciprocal translocations (see Chapter 9). They also may occur 
as the complementary products of a single event such as unequal 
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Fig. 8.2. The formation of a centric ring chromosome. From top to 
bottom: A chromosome loops on itself with the centromere inside the 
loop. Two breaks occur at the base of the loop to give four broken ends 
(1-4) that can behave in different ways. Ends 2 and 3 either join to give 
a centric ring chromosome with terminal deletions, or they remain 
unjoined to give a centric rod chromosome with terminal deletions. Ends 
I and 4 are on acentric fragments, whether they join or not. 
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Fig. 8.3. A human centric ring chromosome 3 (left), compared with 
two normal chromosomes 3 (right), and an idiogram of chromosome 3 
(center). The approximate locations of the breakpoints that subsequently 
fuse to give the ring are indicated by dotted lines (McKinley et aI., 
1991). 

or ectopic crossing over, in which segments of unequal size are 
exchanged between chromosomes. This situation occurs if homolo
gous chromosomes are not precisely aligned during synapsis due 
to an attraction between repeated DNA sequences (Fig. 8.4; see 
also Fig. 7.22c). 

Deletions and duplications can be induced directly by clasto
genic agents, which increase the chances of simultaneous breaks, 
and thereby of interstitial deletions or displaced duplications, both 
of which require more than one break. For example, a displaced 
duplication induced by ionizing radiation needs a minimum of three 
breaks: two in one chromosome to excise the segment, and a third 
at the insertion site in the same chromosome or a different chromo
some. Three fusions of the broken ends are also needed to repair 
the breaks and prevent loss of chromatin. 

8.3 DE'mCTIOri OF DELETIONS 
AND DUPLICATIONS 

The visibility of deletions and duplications depends on their size, 
their heterozygosity or homozygosity, and the chromosome seg
ments involved. The development of chromosome-banding (see 
Chapter 6, Section 6.2) and in situ hybridization (see Chapter 19) 
techniques has facilitated the detection of these aberrations in mi
totic chromosomes. Otherwise, they are difficult or impossible to 
observe with light microscopy unless they are large and markedly 
alter the length of a chromosome or its arm ratio. 

Although mitotic chromosomes usually do not pair, a significant 
exception is found in the salivary-gland polytene chromosomes of 
dipterous insects such as Drosophila and Sciara, where homolo
gous chromosomes do pair during mitosis. The polytene chromo
somes have a built-in banding pattern resulting from multiple repli
cations of each chromosome, with the linear subdivisions staying 
together and chromomeres forming the bands (see Fig. 6.20). Thus, 
if one homolog has an interstitial deletion and the other is complete, 
the latter forms a lateral loop so that homologous parts can come 
together in the rest of the chromosome pair. With a heterozygous 
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duplication, the homolog with the extra segment forms the loop. 
The locations of all the bands in the salivary-gland chromosomes 
of Drosophila melanogaster have been precisely determined, and 
deleted or duplicated segments can be accurately located. Al
though polytene chromosomes occur in certain tissues of other 
organisms, including some angiosperms, their usefulness is lim
ited due to lack of accessibility to the tissues in which they 
occur. Moreover, the clarity of their banding patterns is poor in 
these instances. Consequently, in most organisms apart from 
dipterous species, other methods must be used to locate aberration 
breakpoints such as the labeling techniques mentioned at the 
beginning of this section. 

The types of meiotic configurations involving chromosomes 
heterozygous for deletions and duplications also depend on the 
lengths deleted and inserted. If these segments are very short, they 
may be difficult to detect cytologically. The most reliable indicators 
of small deletions are the loss of physical markers such as chromo
meres, the loss of chromosome bands or DNA-hybridization re
gions, or changes in phenotype due to the loss of gene markers. 
With longer terminal deletions and close synapsis in the regions 
present, the normal chromosome projects beyond the deleted homo-
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Fig. 8.4. The formation of a tandem duplication and a deletion caused 
by the pairing of homologous chromosomes that differ in size because 
of the presence of variable numbers of repeated DNA sequences. The 
alleles of the gene under study are aligned in (a) but misaligned in (b). 
In (c), unequal crossing over occurs between the alleles of interest 
caused by the misalignment shown in (b). Finally, (d) shows the 
products of meiosis with two parental-type chromosomes and two 
recombinant chromosomes (one with a tandem duplication, the other 
with a deletion), both resulting from the unequal crossover shown in (c). 
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Fig. 8.5. A tenninal deletion of the short ann of one of the homologs 
of a tomato chromosome 1 bivalent at pachytene (photomicrograph, left; 
interpretive drawing, right). The centromere is the gray body between 
two large heterochromatic segments (Khush and Rick, 1968). 

log as a thinner strand when compared with the paired region (Fig. 
8.5). 

If heterozygous interstitial deletions and heterozygous tandem 
duplications are long enough, the loops that they can form during 
meiotic pachytene are similar to those in the mitotic polytene chro
mosomes of the Diptera. The loop is formed by the normal homolog 
in the case of a deletion (Fig. 8.6), and by the chromosome with 
the added segment in the case of a duplication. The loops vary in 
size, depending on the lengths of the deleted or duplicated seg
ments. If the segments are very short, the loops may not form, and 
there is either no pairing or nonhomologous pairing in the aberrant 
region. The presence of a loop cannot be used to distinguish be
tween a deletion and a duplication unless there is a physical or 
genetic marker that is absent or duplicated. Evidence from mitotic 
observations and the effects on fertility and phenotype need to be 
combined with the meiotic configurations in deciding on the type 
of aberration. 

8.4 HEHA VIOK OF MODIFIED CHR.OMOSOl'lES 
DURING CELL DMSION 

With the exception of centric rings, chromosomes with deletions 
or duplications do not cause any problems during mitotic divisions 
unless they disrupt genes or gene complexes that govern chromo
some behavior. In such cases, the loss of genes usually has a more 

severe effect than the extra doses. Cell functions can be affected 
if a deletion includes genes concerned with some aspect of cell 
metabolism or with the transfer of genetic information such as in 
the nucleolus-organizer region. The effect is more severe with a 
homozygous deletion where both homologs lack essential genes. 
Added genes in the form of duplications may prolong cell division 
by creating an unbalanced condition in the gene content of the 
nucleus. 

During meiosis, the normal and aberrant homologs of a hetero
zygous deletion or duplication usually synapse at least in parts of 
their lengths, although some regions may pair nonhomologously 
or not at all (Fig. 8.7). If the chromosomes behave normally during 
the meiotic divisions, half of the gametes receive a normal chromo
some, and the other half, a chromosome with the deletion or dupli
cation. Tandem duplications in the heterozygous or homozygous 
state are prone to misalignment of the duplicated segments. Un
equal crossing over between the misaligned segments can increase 
the amount of chromatin in one direction and decrease it in the 
other, thereby changing the composition of the crossover chroma
tids (see Fig. 8.4, and Section 8.7 for the evolutionary significance 
of these changes). 

A centric ring chromosome pairs with the homologous part of 
its normal (rod) partner during meiosis (Fig. 8.8). If there is no 
crossing over between the ring and the rod, they separate at ana
phase I and half the gametes receive the ring chromosome. A cross
over between a ring and a rod chromatid joins the two chromatids 
and their centromeres in a dicentric structure, which forms a bridge 
at anaphase I as the two centromeres move toward opposite poles. 
The stretched bridge breaks, generally at a random position, so that 
the broken pieces may have more or less material added or deleted 
(see Fig. 8.8). Certain combinations of double crossovers between 
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Fig. 8.6. An interstitial deletion in the long ann of one homolog of a 
tomato chromosome 9 pair at pachytene (photomicrograph, left scale = 
lOp., interpretive drawing, right). The loop (just below the centromere) 
is in the nonnal homolog and all homologous parts are paired (Khush 
and Rick, 1%8). 



Fig. 8.7. An interstitial deletion in the long ann of one homolog of a 
tomato chromosome 10 pair at pachytene (photomicrograph, left; 
interpretive drawing, right). The deletion has resulted in an extensive 
lack of pairing in the distal region of the long ann. The centromere is 
the gray body between two large heterochromatic segments (Khush and 
Rick, 1968). 

ring and rod chromatids, or single crossovers between ring-sister 
chromatids, lead to bridge formation at anaphase II. 

In mitotic divisions, some centric ring chromosomes behave 
normally, and the sister chromatids pass to opposite poles without 
changing in size. Others are unstable and may be lost, or they may 
increase or decrease in size. Changes in size are usually attributed 
to somatic crossing over between the sister chromatids of a ring 
chromosome, and the formation of a dicentric, double bridge at 
anaphase (Fig. 8.9). Unless the bridges break exactly halfway be
tween the centromeres, the two rings formed after the fusion of 
broken ends are unequal in size, and these inequalities in size can 
be a major source of instability. This deviant behavior has been 
observed in such diverse organisms as humans, maize, and Droso
phila. In maize, small ring chromosomes are lost more frequently 
than larger ones involving the same chromosome, because they 
are more likely to lack genes required for survival. The aging of 
Drosophila females results in a considerable somatic loss of other
wise stable ring chromosomes. In humans, a number of abnormal 
syndromes are caused by centric-ring-chromosome deletions (see 
Section 8.6.1). 

8.5 EFfECTS OF DELE'DO"S 
AIm DVPLlCATIO"S 0" VIABILITY 
AIm fERTILITY 

8.5.1 Effects on Viability 

Deletions are more likely to have lethal effects on an organism 
than duplications, because the absence of genes usually has a more 
severe effect than the presence of additional genes. However, the 
severity of effect for both types of aberrations depends on their 
size, gene content, heterozygosity or homozygosity, and the organ
isms in which they occur. A heterozygous deletion produces a 
hemizygous (one-dose) state for genes in the corresponding seg
ment on the normal homolog. If the deletion includes a number of 
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genes that are unable to function in a single dose, lethality or major 
defects can result. Deletions may be tolerated if they are small andl 
or involve genes with minor functions, or if the missing DNA 
sequences are repeated elsewhere in the chromosome complement. 
Most genes are present in more than two doses in most polyploid
plant species, and this situation enables them to tolerate deletions 
more readily (Fig. 8.10). However, humans and most higher ani-
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Fig. 8.8. A diagrammatic representation of the results of crossing over 
between (a) rod and ring chromosomes; (b) pachytene configuration of 
pairing between a complete rod chromosome and a ring chromosome 
that lacks terminal segments I and 7-8, with a crossover taking place 
between a rod and a ring chromatid; (c) at anaphase I, the two crossover 
chromatids form a dicentric bridge with a stress-induced break occurring 
between positions 6 and 2; and (d) the meiotic products again include 
one of each of the parental-type chromosomes, but the crossover has 
converted one ring chromatid into parts of two rod chromosomes, both 
with deletions. It is assumed that the broken ends "heal" by forming 
new telomeres. 
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mals are diploids and thus more vulnerable to gene loss, because 
they carry only two doses of most of the functioning, structural 
genes. Deletions that are large enough to be detected with a light 
microscope are usually heterozygous, because the normal homolog 
gives complete or partial genetic compensation for the deficient 
homolog. Most homozygous deletions are lethal in the early stages 
of the life cycle, because the same genes are missing in both homo
logs. 

Duplications are most likely to have effects on viability if they 
are homozygous and involve several genes with essential functions. 
These effects can be due to an unbalance created by the extra 
doses of these genes in relation to the rest of the gene complement. 
Displaced duplications not only introduce changes in the locations 
of genes but may also disrupt the gene sequences on either side of 
the duplicated segments. Thus, the new arrangement may cause 
phenotypic changes by affecting the functioning of the displaced 
genes, as well as the functioning of the sequences into which it 
has been introduced (see Section 8.6.2). 
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mitosis. In a replicating chromosome (a), a mitotic crossover occurs 
between sister chromatids (b); (c) a double-sized ring is formed at 
anaphase, and two random breaks (arrows) result from the movement of 
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Fig. 8.10. The detection of a terminal deletion from the short arm of 
chromosome IB of wheat. The deletion was originally detected through 
the absence from the autoradiograph of chromosome I B-specific 
ribosomal-DNA sequences (labeled IB; bottom right). The remaining 
rDNA sequences are specific to the Nor locus on chromosome 6B 
(labeled 6B). The loss of the IB Nor locus had little effect owing to the 
presence of a Nor locus on the short arm of chromosome 6B. The 
photographs (top) of G-banded chromosomes (Kota et aI., \993) show 
the normal (left) and IB modified chromosomes (right). The loss of all 
the genes distal to the Nor locus was compensated by the other Group I 
homoeologs, and plants with the terminal deletion showed no deleterious 
phenotypic effects. (C.E. May, personal communication.) 

8.5.2 Effects on Fertility 

Deletions are more apt to cause reduced fertility than duplica
tions. In higher plants, the gametophytic phase of the life cycle is 
particularly sensitive to the loss of genes because of the series of 
postmeiotic divisions that occur in the development of eggs and 
pollen. In diploids, most of the chromosome complement is needed 
for the development of normal gametes; therefore, a plant that is 
heterozygous for a deletion is expected to have about 50% aborted 
pollen and an equal frequency of aborted eggs, detected as reduced 
seed set. However, some deletions can be transmitted through the 



eggs even though they are lethal to pollen. A possible reason for 
this difference is that there are hundreds of developing pollen grains 
in an anther, and they compete for available nutritive substances. 
Those with an incomplete chromosome complement may lack some 
vital genes governing nutrient uptake or may otherwise be unable 
to compete with normal pollen. By contrast, there is only one egg 
cell per embryo sac and because it is nourished by its surrounding 
cells, the synergids, it has a better chance of functioning with a 
deletion. 

In higher animals and humans, the meiotic products develop into 
sperm or egg cells without further divisions, so that abnormalities 
occurring during meiosis or during the development of sperm or 
egg cells are tolerated. In these organisms, deletions and some 
duplications have lethal effects on the zygote or developing em
bryo. 

8.6 PHENOTYPIC EFfECTS OF DELETIONS 
ArID DUPLICATIONS 

Losses or gains of chromosome segments can cause deviations from 
the standard phenotypes depending on the genes that are located in 
the missing or added segments, and their roles in the development 
and functioning of an individual. Deletions and duplications that 
are large enough to be detected with a light microscope may involve 
many genes, but even those that are submicroscopic in size can 
have pronounced effects if they change the dosage of genes with 
essential functions. In general, missing genes have more pro
nounced and deleterious effects than duplicated genes. 

Transmissible deletions and duplications usually occur in the 
heterozygous state because they are transmitted through one parent, 
except for matings between close relatives or self-fertilization in 
organisms where it is possible such as many plant species. When 
heterozygous, they behave like dominant mutations because the 
chromosome carrying a deletion or duplication dominates over the 
standard chromosome to produce a mutant phenotype. 

8.6.1 Deletions 

In D. melanogaster, several dominant phenotypes have been 
associated with heterozygous deletions, which can be detected by 
missing bands in the salivary-gland polytene chromosomes (see 
Section 8.3). The first to be discovered was Notch (N), so-called 
because the edges of the wings are nicked (Fig. 8.1 I). Many sponta
neous and induced occurrences of the Notch phenotype are caused 
by deletions of varying lengths in the X chromosome (see Figs. 
20.2 and 20.3 for a detailed description of the N locus). These 
deletions are lethal in males, which have only one X chromosome, 
and in homozygous females (NIN), so only heterozygous females 
(NI+ ) survive to express the Notch phenotype. Other dominant 
phenotypes of Drosophila that are due to heterozygous deletions 
include many Minute mutants, a general term referring to mutations 
that are dominant in their bristle effect and lethal when homozy
gous. At a molecular level, the mutations cause reductions in trans
fer RNA activity with severe effects on protein synthesis. The het
erozygote has short, thin bristles with a slower developmental 
period than the wild type. Deletions on each of the four chromo
somes produce similar Minute phenotypes, which may be accompa
nied by a range of phenotypic defects, including small body size, 
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Fig. 8.11. A drawing of a Drosophila melanogaster female showing 
the Notch phenotype at the tip of the wings (King, 1965). 

rough eyes, missing aristae, thin wings, abnormal venation, missing 
bristles, and sterility. The widespread chromosomal distribution 
of the Minute deletions reflects the distribution of transfer RNA 
genes. 

In plants, the gametophytic phase eliminates deletions unless 
they are quite small or involve nonessential segments. Even if trans
mitted, it has been difficult to associate deletions with dominant 
mutations by traditional cytological procedures. Although polytene 
chromosomes occur in certain plant tissues, the synapsis of homo
logs is not as regular as in dipterous polytene chromosomes, so 
the banding pattern is less reliable. Banding techniques for mitotic 
chromosomes also do not give the resolution of the dipterous poly
tene chromosomes, so molecular procedures are the best approach 
for detecting small deletions. 

Generally, homozygous deletions have not been recovered in 
higher animals, humans, or cross-fertilizing plants for the reason 
given at the beginning of this section. However, a limited number 
of small, homozygous deletions were obtained in maize, a cross
fertilizing species, by controlled self-pollinations. The effects of 
these deletions on phenotype simulate the recessive mutations of 
genes that are normally present in those segments and not essential 
for the viability of the organism. In self-fertilizing plant species, 
the same deletion can be present in both male and female gametes 
but is rarely transmitted through male gametes, and not always 
through female gametes. 

In humans, heterozygous deletions are responsible for many 
abnormal phenotypes or syndromes, and some of them are observa
ble with a light microscope (Fig. 8.12). Centric ring chromosomes, 
which lack the distal parts of both arms, are a clearly visible cyto
logical defect. They have been found for each chromosome of the 
human genome and are sometimes associated with named disease 
syndromes. The phenotypes of persons with the same ring chromo
some vary all the way from normal to severe mental and physical 
disabilities. This wide range in effects can be caused by the size 
of the rings-the larger the rings, the smaller the deleted portions, 
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and vice versa-and how much crossing over occurs between the 
sister chromatids. 

Many deletions in humans are submicroscopic in size and re
quire molecular techniques for detection. In situ hybridization using 
nonradioactive probes is considered indispensable in clinical cyto
genetics to search for minute chromosome aberrations that are 
either missed or not clearly defined with conventional cytological 
methods. Particularly relevant procedures are the use of fluores
cence in situ hybridization (FISH), whereby several probes can be 
used simultaneously, and the polymerase chain reaction (PCR), 
which can amplify DNA sequences in interphase or metaphase cells 
spread on glass slides (see Chapter 19). 

The following examples illustrate the use of molecular proce
dures to associate human-disease syndromes with deletions: 

p 

q 

Miller-Dieker syndrome. A microdeletion in the short arm 
of chromosome 17 (17p33) was detected in persons with this 
syndrome, a disease characterized by brain and facial abnormal
ities, by in situ hybridization. In one study, normal relatives 
showed hybridization signals on the short arms of both No. 17 
chromosomes, whereas three persons with the disease had only 
one 17 labeled. 

DiGeorge syndrome (DGS). This syndrome, which includes 
absence or hypoplasia of the thymus and the parathyroids, car
diac malformations, and facial abnormalities, is caused by sev
eral kinds of chromosomal abnormalities but is most often asso
ciated with deletions in the long (q) arm of chromosome 22 at 
band 11. Molecular tests, including FISH, have been used to 
establish a molecular-cytogenetic map of the critical region 
within 22q 11 that produces DGS when the genes are present in 
one dose because of a deletion in that region in one homolog. 
These tests also identified several low-copy repeat families in 
the same chromosome region, and it is possible that they provide 
the milieu for the occurrence of deletions by causing instability. 

X-linked ichthyosis. The enzyme steroid sulfatase has an essen
tial role in the desulfonation of cholesterol sulfate, a critical 
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Fig. 8.12. Deletions of human chromosomes. The idiogram and 
photomicrograph on the left side show a G-banded chromosome 13 from 
lymphocyte nuclei isolated from cell cultures of a nonnal human male. 
Those on the right are from a male with severe mental retardation and 
show the deletion of bands 21 and 22 from chromosome 13. The bands 
deleted from the normal chromosome are indicated by a bracket (Dean 
et al., 1991). 
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Fig. 8.13. Deletion breakpoints in the X chromosomes of persons with 
steroid sulfatase deficiency. A restriction map is shown at the top with 
the locations of the steroid sulfatase (STS) locus and S232 sequences 
around the locus. The bars beneath the map indicate the extent of 
deletions in three groups of patients with steroid sulfatase deficiency 
(Yen et al., 1990). 

step in skin metabolism. A deficiency of the steroid sulfatase 
(STS) gene causes abnormal skin development and is caused 
mainly by deletions that include part or all of the 146-kb STS 
locus in the distal part of the p arm of the X chromosome. 
A human genomic probe, CRI-S232, indicated that S232-like 
sequences were closely linked on either side of the STS locus. 
Using molecular probes, a study of 27 patients with ichthyosis, 
and known to have deletions of the entire STS gene, identified 
three groups according to the lengths of the deletions (Fig. 8.13). 
The single person in Group A had the longest deletion and was 
afflicted with mental retardation in addition to ichthyosis. In 
both the Group A patient and the two patients in Group B, the 
breakpoints for the deletions were not within the S232 se
quences. All the deletions in the 24 Group C patients had both 
breakpoints in the S232 sequences flanking the STS locus. This 
suggests that many of the deletions of this locus may be due to 
unequal crossing over between the repeated S232 sequences. 

Thalassemia. Deletions resulting from unequal crossing over 
after mispairing of homologous segments also account for many 
cases of thalassemia, a blood disorder that causes anemia and 
other destructive effects. Thalassemias are characterized by re
duced or no synthesis of one or more globin chains (see Section 
8.7). There are two major subdivisions, a-thalassemias and f3-
thalassemias, depending on the genes that are affected. Dele
tions account for more a-thalassemias than f3-thalassemias, and 
the severity of the effects increases as the number of deleted 
a-globin genes increases. In two types of f3-thalassemia, called 
Hb Lepore (Hb = hemoglobin) and Hb Kenya, a deletion is 
associated with fusion between two globin genes. In Hb Lepore, 
the two genes, 8 and fJ, are closely linked and also closely 
related. An unequal crossover gives one chromatid with a fused 
8-fJ gene and deletes the two separate genes. The fused gene 
produces a single f3-like chain instead of both a 8 and a fJ chain. 
There are several variants of Hb Lepore depending on the site 
of the unequal crossover, which determines where the switch 
occurs from the 8 to the fJ amino-acid sequence in the globin 
chain. Hb Kenya involves a fusion between the fJ gene and one 
of the two r genes, which are farther apart on the chromosome 
and more distantly related, so a greater misalignment had to 
occur to cause their fusion. Molecular studies are continuing in 
efforts to find the underlying causes of thalassemia in all its 
forms (see Chapter 16, Section 16.8.2). 



8.6.2 Duplications 

In humans, molecular techniques have been useful in aligning 
duplicated regions with disease syndromes. For example, the Char
cot-Marie-Tooth syndrome (CMT) is a disorder of the peripheral 
nervous system, with an incidence of I : 2500 and different modes 
of inheritance. One form of the disease, CMTIA, shows dominant 
inheritance and is usually associated with a tandem, submicroscopic 
duplication of a 1.5-Mb region on the short arm of chromosome 17. 
Another autosomal dominant but less frequent disorder, hereditary 
neuropathy with liability to pressure palsy (HNPP), has been asso
ciated with a deletion of the same size as the duplication in the 
same region of chromosome 17. This finding supports the theory 
that unequal crossing over during meiosis (see Fig. 8.4) produced 
both the CMTIA duplication and the HNPP deletion. 

A number of duplications in D. melanogaster produce new and 
usually dominant phenotypes. A classical example is Bar eye (sym
bolized by B), which is narrower than the wild-type eye because 
of a reduction in the number of facets. The Bar phenotype is caused 
by a tandem duplication in the X chromosome, and observations 
of this chromosome in the salivary glands of Bar flies show that 
the duplication involves region 16A, which includes several bands. 
Wild-type (standard) flies, with round eyes, have one dose of 16A 
on each of the X chromosomes in females and one dose on the 
single X in males. Females heterozygous for Bar (BI + ) have two 
doses of 16A in tandem on one homolog and one dose on the other 
homolog, whereas homozygous females (BIB) have two doses of 
16A on each homolog. The various doses produce different pheno
types, with the homozygotes having narrower eyes than the hetero-
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zygotes. In a homozygous Bar female (BIB), there is sometimes 
misalignment of the duplicated regions at the time of synapsis, as 
follows: 

16A 16A 
16A 16A 

instead of 16A 16A 
16A 16A 

In the alignment on the left, an unequal crossover between the 
first 16A regions in each line (chromatid) puts three doses of 16A 
on one chromatid and one 16A on the other. In a mating between 
this female and a wild-type male, union between a female gamete 
with the triple dose of 16A and a X-bearing male gamete with one 
dose of 16A gives a female offspring with four doses of 16A and 
a new phenotype (Ultrabar or double-Bar), which has smaller eyes 
than homozygous Bar. A similar gametic union involving the other 
crossover product with one 16A results in a reversion to a wild
type female. 

Ultrabar provided the first report of a stable type of position 
effect. Ultrabar and homozygous Bar have different phenotypes 
but the same number of 16A regions. However, Ultrabar has the 
distribution 16A 16A 16A 116A between the two homologs, where
as homozygous Bar has the following distribution: 16A 16A 116A 
16A. The effect of the two extra 16A regions is greater when three 
rather than two of them are adjacent to each other on the same 
chromosome. 

Displaced duplications are found in both diploid and polyploid 
plant species, and one way of detecting them is by modified segre
gations for the genes in the duplicated regions (Fig. 8.14). Some 
mutant phenotypes in plants are caused by the presence of tandem 
duplications. For example, since the early part of the twentieth 
century, two anthocyanin loci of maize, A and R, have been known 
to give some unusual mutation patterns. Genetic studies indicated 
that each locus consists of tandem, duplicated segments and that 
some of the mutant phenotypes can be attributed to unequal cross
ing over between the segments and the resultant changes in their 
numbers. 

Molecular techniques are being used increasingly to disclose 
the presence of duplications in plants. For example, Knotted (Fig. 
8.15), a dominant leaf abnormality of maize that controls the fate 
of cells in leaf development, has several variant forms conditioned 
by different alleles at the Knl locus on chromosome 1. One of 
these mutant alleles, Knl-O, is attributed to a tandem duplication 
that includes 17 kb of DNA and the entire coding region for this 
gene, based on DNA sequencing and restriction analyses of geno
mic clones (see Fig. 8.15). The recessive allele knl gives normal 
leaf development and does not have the duplication. Mutations 
of the Knllknl locus are analogous to the homoeotic mutants of 
Drosophila that affect development in that 

(a) all mutations of the locus are dominant; 

(b) the locus codes for a transcriptional control factor; 

(c) the mutant phenotype results from the new position of the 
5'-upstream control regions next to the duplicated gene. 

8.7 EVOLUTlOMKY SIGNIFICANCE 
OF DUPLICATIONS 

The Bar-eye mutation in D. melanogaster, described in the previous 
section, provided the first evidence that new genes in the form of 
tandem duplications could arise from unequal crossing over be-
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Fig. 8.15. The Knotted mutation in maize. Top: Part of a leaf blade 
showing the "knots" produced by abnormal vein development. Bottom: 
Genetic diagram of the 17-kb duplication (marked by arrows) that is 
associated with the Knl-O mutant allele. The dominant phenotype does 
not result from the actual duplication of sequences but rather from the 
new position of the 5' -upstream control regions next to the duplicated 
genes. The altered expression of the KNI protein causes changes in the 
differentiation of cells along the lateral veins of the leaf blade. Knotted 
mutations can also be induced by insertion of the transposable element 
(Mu) into one of the introns, for this also leads to altered KN 1 protein 
expression during leaf development (Green et aI., 1994). 

tween misaligned chromosome segments. In addition, the discovery 
of the Ultrabar phenotype demonstrated that the cycle of unequal 
crossing over and production of a new phenotype could recur. 
These milestones laid the groundwork for the concept that duplica
tions have an important role in the evolution of new genes. The 
following sequential steps are postulated: 

1. A single ancestral locus is duplicated either through fortui
tous mispairing or a breakage-union event such as the ex
change of unequal terminal segments involving the same 
arm of two homologs. 

2. The resulting tandem duplication, in either a heterozygous 
or homozygous state, increases the likelihood that mispair
ing and unequal crossing over will occur, thereby producing 
additional copies of the original locus. 

3. Duplication of the locus provides the opportunity for func
tional diversity, because as long as one copy retains the 
original function, other copies can mutate to acquire modi
fied functions without having the disruptive effects that a 
mutated, single locus might have. 

Thus, cycles of duplication of the original locus or its copies 
lead over evolutionary time to clusters of closely linked genes with 
related functions, but each gene may be activated at a different 
stage in the development of an end product. Some genes that seem 
to have a common origin because of their functions are located on 
different chromosomes. They could have been moved from the 
site of the original locus by chromosome rearrangements or by 
a transposable-element system (see Chapter 7, Section 7.5 for a 
discussion of transposable elements). 

The hemoglobin genes clearly demonstrate the significance of 
duplications in the evolution of essential genes. Hemoglobin con
sists of four molecules of globin-protein chains and four molecules 
of the nonprotein heme group. There are six kinds of globin 
chains-alpha (a), beta (/3), gamma (1'), delta (0), epsilon (E), 
and zeta «()-and the types and proportions of the different chains 
vary according to the stage in the life cycle. In humans, about 97% 
of the hemoglobin of normal adults is 0:213z. and the rest is divided 
between 0:282 and 0:2"Y2. 

The amino-acid sequences of the globin chains are controlled 
by two clusters of globin genes, known as the a cluster and the /3 
cluster. In humans, the a cluster is located on the short arm of 
chromosome 16 over a 28-kb region and includes three functional 
genes, (and two a genes (a1 and 0:2). The /3 cluster is located 
on the short arm of chromosome II over a 50-kb region and in
cludes five functional genes, E, two I' genes (Gy and Ay), 8, and 
/3 (see Fig. 16.25). The amino-acid sequence of each type of chain 
is determined by a different gene, but in the following three cases, 
there is a functional relationship between each closely linked pair 
of genes: a1 and a2 code for the same protein; Gy and A"y differ 
only in one amino acid (glycine versus alanine) at position 136 of 
their coding sequence; and the /3 and 8 genes differ in only about 
7% of their sequences. The most likely explanation for these paired
gene relationships is that tandem duplications, resulting from un
equal crossing over between mispaired genes on homologous chro
mosomes, have occurred comparatively recently from an evolution
ary standpoint. Therefore, the duplicates have not had time for 
extensive divergence either spatially or functionally. 

Further evidence for duplications in the a and /3 gene clusters 
is the presence of nonfunctional genes called pseudogenes, which 
are symbolized by the Greek letter rfJ. They resemble functional 
genes in their structure but have lost the ability for transcription 
and/or translation because of the accumulation of mutations. The 
/3 cluster includes one ~-Iike pseudogene (see rfJ/3 in Fig. 16.25) 
not far from the functional /3 gene. The most likely origin for the 
pseudogene was by a duplication of the /3 gene, which maintained 
its function, allowing the duplicate to evolve into a pseudogene 
because deleterious mutations could be retained. Similar origins 
can explain one (pseudogene and two a pseudogenes in the a 
cluster. 

All the globin genes have three exons and two introns (see Fig. 
16.25 for the structure of the /3 gene). Two other proteins that are 
related to the globins and to each other are myoglobin, found in 
animals, and leghemoglobin, initially found in leguminous plants. 
Both are monomeric, oxygen-binding proteins. The single myoglo
bin gene in humans has essentially the same three-dimensional 
structure as the globin genes, and the leghemoglobin genes have 
the three-exon structure, but with an extra intron (Fig. 8.16). These 
similarities among the globins, myoglobin, and leghemoglobin in
dicate that they evolved from a common ancestral gene. 

The relationship of the a and /3 gene clusters in different groups 
of organisms is helpful in tracing the evolution of the globin genes 
from a single ancestral gene. The single-globin chains of the protein 
myoglobin and of the cytostomes (lampreys and hagfish) preceded 
the duplication of the ancestral gene, which was followed by further 
evolutionary changes to give the 0: and /3 clusters. These two clus
ters were most likely linked at first, as is still the case in the frog 
(Xenopus), but with further duplication, divergence, and transposi
tion, the two clusters were separated on different chromosomes, 
which is the present situation in birds and mammals. 
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Fig. 8.16. Diagram showing the evolution of the globin genes from 
one ancestral gene, based on current knowledge concerning the 
organization and interrelationships of the globin genes in different 
groups of organisms (Stoltzfus and Doolittle 1993; Lewin 1994). The 
structure and evolution of the globin genes has been interpreted on the 
basis of conserved three-dimensional features of the globin protein. In 
particular, conserved a-helices have been defined and are indicated in 
the figure as A, B, C, D, E, F, G, and H. The positions of introns 
(vertical arrows) in the genes are indicated in relation to the conserved 
a-helices. Thus, the introns occurring in all vertebrate, plant, and many 
invertebrate globin genes are located at positions B12-2 (i.e., after the 
second base in the codon specifying amino acid 12 in helix B) and G61 
G7 (i.e., between the codons specifying amino acids 6 and 7 of helix G). 
(see Chapter 24, Section 24.10 for a description of Caenorhabditis.) 
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Rearrangements of Chromosome Segments 

• Inversions rearrange segments within or between anns of single chromosomes, whereas reciprocal trans locations exchange segments 
between chromosomes. 

• Inversions and translocations can be detected by changes in mitotic chromosome structure and by distinctive meiotic configurations. 

• The frequency of aborted gametes or zygotes resulting from heterozygous inversions or translocations depends on the number and 
locations of crossovers, as well as the orientation of the translocation rings at metaphase I. 

• Inversions and translocations rearrange genes and create new genes, depending on the positions of the breakpoints, and can lead to 
cancers. 

• Chromosome rearrangements have significant roles in some natural populations. 

Reciprocal translocations, also called interchanges, and inversions 
result from linear repatterning of the chromosomes after a minimum 
of two breaks. Breakpoints for inversions are confined to one chro
mosome, whereas those for a reciprocal translocation are in differ
ent, usually nonhomologous chromosomes, resulting in an ex
change of segments. Single breaks in one chromosome cannot give 
translocations or inversions because they do not create enough un
stable ends. 

9.1 HOW CHROMOSOME REARRANGEMENTS 
ARE DEreC'I'ED 

Heterozygous rearrangements, which have one normal and one 
rearranged chromosome for each pair involved, may be detected 
initially by a reduction in male and female gametic fertility in 
plants, and by spontaneous abortions in humans and higher animals. 
Phenotypes are usually not affected by rearrangements if there is 
no loss or gain of chromatin, unless the movement of genes to new 
locations changes their functions and sometimes produces variega
tion, a type of position effect. In humans, viable offspring with 
abnormal phenotypes may be caused by extra doses of chromosome 
segments, which are derived from a parent with a heterozygous 
translocation through irregular meiotic behavior. 

Chromosome aberrations other than rearrangements also cause 
reduced fertility; therefore, the next step is cytological observation 
of dividing mitotic or meiotic cells to determine if a rearrangement 
is present. If a mitotic karyotype has distinctive bands, occurring 
naturally as in dipteran salivary-gland chromosomes or revealed 
by staining methods (see Chapter 6, Section 6.2), inverted segments 

or translocation transfers can cause changes in banding sequences. 
Some rearrangements cause noticeable changes in arm ratios (i.e., 
the relative lengths of the two arms of a chromosome), but the 
normal arm ratios must be well established to recognize the devia
tions. An example of a translocation involving human chromo
somes illustrates changes in both banding patterns and arm ratios 
(Fig. 9.1). Meiotic configurations are distinctive for heterozygous 
inversions and translocations, and are discussed in Sections 9.2.1 
and 9.3.1, respectively. 

Molecular techniques, notably in situ hybridization (see Chapter 
19), detect submicroscopic rearrangements and locate breakpoints 
at the DNA-sequence level. In the case of a translocation, for exam
ple, appropriate DNA probes can be tested for hybridization with 
DNA sequences on the chromosomes involved in the translocation. 
The breakpoint on a chromosome can be localized between two 
sequences by determining which sequence has been transferred to 
the translocated chromosome and which one has been left behind. 
This is a valuable procedure in identifying chromosome segments 
transferred between plant species or genera (see Chapter 15, Section 
15.6). 

9.2 INVERSIONS 

Inversions are either confined to one ann of a chromosome (para
centric type) or they involve both anns (pericentric type) and in
clude the centromere (Fig. 9.2). Arm ratios are not changed by 
paracentric inversions, but they can be changed by pericentric in
versions unless the breaks in the two arms are equidistant from the 
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translocation 

4 

Fig. 9.1. Human mitotic chromosomes, showing a heterozygous 
reciprocal translocation between chromosomes 2 and 4 (Walpole and 
Mulcahy, 1991). The normal chromosomes are shown on the left and the 
translocated chromosomes on the right. E;!.ch quadrant has a 
chromosome diagram on the left and a photomicrograph on the right. 
The breakpoints (arrows) are in band 31 in the long (q) arm of 
chromosome 2, and in band 31 in the q arm of 4. Note the physical 
difference in length between the normal and the translocated 
chromosomes. 

centromere. Inversions have a wide range in size, from those easily 
observable by light microscopy to minute inversions requiring char
acterization by molecular techniques. They can be heterozygous or 
homozygous (Fig. 9.3), but when they are induced by a clastogenic 
agent such as radiation, the homozygous state is sometimes not 
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Fig. 9.2. The formation of two types of inversion from two breaks 
within one chromosome. The centromere is outside the inversion in the 
paracentric type, but inside the inversion in the pericentric type. 
Inversions were fIrst detected genetically by their effect on genetic 
recombination (Muller, 1916) and by inverted linear arrays of the same 
genes in different species of Drosophila (Sturtevant, 1921). 
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Fig. 9.3. A diagrammatic representation of homologous chromosome 
pairs from different individuals showing the distinction between 
heterozygous and homozygous inversions. The inverted segment is the 
sequence f-e-d. 

viable because of accompanying lethal, recessive mutations or extra 
breaks that cause deletions. These changes become homozygous 
along with the inversion, whereas they are covered by a normal 
allele or segment when an inversion is heterozygous. 

9.2.1 Behavior of Inversions During Mitosis 
and Meiosis 

Inverted chromosomes function normally during mitotic divi
sions unless rearrangement of genes controlling chromosome 
movement disturbs their expression. During meiosis, there are no 
synaptic problems with homozygous inversions unless reposition
ing genes that control pairing has a disruptive effect. If heterozy
gous inversions are long enough, they form distinctive loop con
figurations so that synapsis can occur throughout the chromosome 
lengths (Fig. 9.4). In nonpaired regions (Figs. 9.4 and 9.5), which 
often occur around the breakpoints because of the changes in se
quence, there is no crossing over, and genetic linkages between 
breakpoints and genes in these regions are tighter than usual for 
the physical distances involved. For paired regions, the number 
and locations of crossovers determine whether or not the resulting 
gametes have a complete chromosome complement. In comparing 
the diagrams in Figs. 9.6 and 9.8 through 9.10, the following guide
lines make it easier to follow each chromatid through meiosis: 

1. For a pericentric inversion, start with the centromere and 
follow the arms of each of the four chromatids to the ends. 
This suggestion applies to both crossover and non crossover 
chromatids. 

2. For a paracentric inversion, do the same for chromatids 
without crossovers. For chromatids with one or more cross
overs, start at a crossover point and follow the reciprocal 
exchange to each end of each chromatid. 

If no crossing over occurs between the inversion breakpoints 
because of the short distance between them, the normal chromo
some separates from the inverted chromosome at anaphase I. After 
sister-chromatid separation at anaphase II, half the meiotic products 
have a normal chromosome and the other half have an inverted 
chromosome. There are no deleted or duplicated segments. 

Examples of the effects of single 'crossovers within heterozy
gous inversions on meiotic behavior of the chromosomes involved 
are given in Figs. 9.6 and 9. 8. When a single crossover occurs 



anywhere within the pachytene loop of a paracentric or peri centric 
inversion, the crossover chromatids have both a deletion and a 
duplication, and are usually not transmitted because of gametic or 
zygotic abortion. A single crossover within a paracentric inversion 
produces an acentric fragment and a dicentric chromatid, which 
forms a chromatin bridge at anaphase I (Fig. 9.7, see also Fig. 9.6). 
The fragment lacks orientation with respect to the poles, and may 
be separated from the bridge or attached by a chiasma to the homol
ogous end of one of the complete chromatids. These distinctive 
configurations do not occur after a single crossover within a peri
centric inversion. 

With longer inversions, two or more crossovers can occur simul
taneously within or near the inversion loop. Because more that two 
crossovers are rare, we shall confine this discussion to two cross
over points. Using the crossover point labeled Xl in Fig. 9.6, a 
second crossover may involve the same two chromatids (X2), only 
one of them (X3 or X5), or the other two chromatids (X4). The 
respective terms for these double crossovers are two-strand (chro
matid), three-strand, and four-strand doubles. None of these double 
crossovers involving pericentric inversions give anaphase bridges, 
whereas three-strand and four-strand doubles involving paracentric 
inversions do result in bridges. 

Fig. 9.4. A photomicrograph of a heterozygous paracentric inversion in 
the long arm of maize chromosome 7 showing the pachytene-loop 
configuration above the nucleus (Morris, unpublished). The homologues 
are tightly paired in the short arm (below the loop) with the inversion in 
the long arm beyond the heterochromatic region adjacent to the 
centromere (c). The inverted sequence in one homolog has paired with 
the normal sequence in the other except around the breakpoints, and the 
homologs are paired in the terminal region of the long arm (to the right 
of the loop). Note the heterochromatic knob inside the loop. The 
nucleolus organizer of chromosome 6 is in contact with the nucleolus. 
The first observations on the meiotic behavior of heterozygous 
inversions were made in maize by McClintock (1931). 
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Fig. 9.5. An electron micrograph of a pachytene spread of human 
chromosome I showing an extensive lack of pairing within a 
heterozygous inversion (Chandley et aI., 1987). 

An example of a two-strand double crossover within a paracen
tric inversion is marked by Xl and X2 (see Fig. 9.6). The gametes 
derived from this meiotic cell each have a complete chromosome 
complement, and those containing the crossover chromatids pro
vide transmissible genetic recombination for the C-c locus in rela
tion to the other loci. If the second crossover also occurs between 
B-b and C-c, the original gene arrangement is maintained. The 
same results are obtained for a pericentric inversion with the same 
two crossovers. A three-strand double can have both crossovers 
within the inversion loop such as XI and X3 (see Fig. 9.6), or one 
crossover inside the loop and one outside but near a breakpoint 
such as Xl and X5 (Fig. 9.9 pachytene; also, compare the anaphase 
I diagram in Fig. 9.9 with the top photo in 9.11). In either case 
and for both types of inversions, the meiotic products will include 
a complete, noncrossover chromatid, a complete crossover chroma
tid, and two incomplete chromatids. The crossover chromatid 
marked 2-3* in Fig. 9.9 anaphases I and II has a transmissible 
recombination for A in relation to the other genes, however, the 
genes that are recombined will vary depending on the locations of 
the crossover points. A four-strand double within the loop (Fig. 
9.10 pachytene; also compare the anaphase I diagram in Fig. 9.10 
with the bottom photo in Fig. 9.11) gives complete abortion with 
both paracentric and pericentric inversions. 

Studies of some paracentric inversions indicate that after a sin
gle crossover or a three-strand double crossover within the inverted 
region, the anaphase I bridge does not break in female meiotic 
cells. Instead, it is oriented so that it moves into a polar body in 
the dipteran species Drosophila meianogaster and Sciara impatiens 
and avoids the basal megaspore in maize. Thus, the egg nucleus 
receives only a complete, noncrossover chromatid, which has the 
normal or inverted sequence. This can be confirmed by the lower 
amount of fertilized egg abortion in Drosophila and of ovule abor-
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tion in maize. There is no crossing over in Drosophila males, hence 
no bridge fonnation. On the male side in maize, all meiotic products 
have the potential to develop into pollen grains, so the cells with 
bridges are not eliminated from the germiine, and they contribute 
to a higher amount of sterility than on the female side. 

A summary of the effects of heterozygous inversions on trans
mitted genetic recombination is given in Table 9.1. These effects 
apply equally to pericentric and paracentric inversions. Genetic 
recombinants are not transmitted after single crossovers (the most 
frequent type) and four-strand doubles, and have reduced transmis
sion rates after three-strand doubles. Thus, for genes that are within 
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Fig. 9.6. The meiotic behavior resulting from the presence of a 
heterozygous paracentric inversion in which a single crossover (e.g., XI) 
has taken place within the pachytene-loop configuration (top). The 
chromatid ends are numbered, with an asterisk beside the numbers at 
one end for clarity, and the letters represent five gene pairs. A dicentric 
chromatin bridge is formed at anaphase I, with the two centromeres 
moving to opposite poles (middle). A rupture in the bridge gives two 
incomplete strands, so one-half of the meiotic products lack some 
segments of this chromosome (bottom). The nonoriented, 2*-4* acentric 
fragment commonly lags during the second meiotic division (left cell) 
and is left in the cytoplasm. The fate of the broken strands and 
fragments was explored in depth by McClintock (1938). Examples using 
other crossover points (X2 through XS) are marked by arrowheads. 
These are discussed in the text and shown in Figs. 9.9 and 9.10. (see 
Bumham, 1962; Schulz-Schaeffer, 1980; Sybenga, 1975, 1992.) 
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Fig. 9.7. A dividing cell of Agave strieta showing an anaphase I 
chromosome spread with a dicentric chromatid bridge (B) and an 
acentric fragment (F) (Brandham, 1969; Sybenga, 1975). This 
configuration is the result of a crossover within a heterozygous 
paracentric inversion (see Fig. 9.6). 

or close to heterozygous inversions, the genetic variability arising 
from crossing over is greatly reduced. 

9.2.2 Effects of Heterozygous Inversions 
OD Fertility 

The amount of gametic or zygotic abortion resulting from heter

ozygous inversions depends on the length of inverted segments, 
the number and kinds of crossovers inside or near the breakpoints, 
and the number of meiotic products with deleted chromosome seg
ments (see Table 9.1). Quantitative measurements of abortion are 
most readily obtained in plants because they usually produce thou
sands of pollen grains, which can be used as units in measuring 
reduced fertility. In maize, pollen abortion for different inversions 
ranges from around 10%, which is similar to the level due to envi
ronmental or developmental conditions, to close to 50%. The 
amount of ovule abortion is expected to be the same as the amount 
of pollen abortion for pericentric inversions and can be used if 
pollen development is affected by adverse environmental condi
tions. The frequency of ovule abortion for some paracentric inver-



sions may be considerably lower than the frequency of pollen abor
tion, depending on the behavior of the anaphase I bridges (see 
previous section). 

9.3 RECIPROCAL TRANSLOCATIONS 

Reciprocal translocations rearrange segments of different chromo
somes in many ways depending on the distribution of breakpoints 
along the lengths of the chromosomes and the degree of randomness 
in the union of broken pieces. Persistent translocations must involve 
the attachment of an acentric segment of one chromosome to the 
centric segment of another chromosome (Fig. 9.12). If two centric 
pieces unite, the resulting dicentric chromosome has deletions for 
part of one arm of both chromosomes (see Fig. 9.12). Persistent 
translocations can be heterozygous or homozygous (Fig. 9.13), but 
some induced translocations cannot be maintained in the homozy
gous state due to lethal mutations, deletions, or other adverse ef
fects. 

Three other types of translocations are insertions, Robertsonian 
translocations, and B-A translocations. The last type involves es
sential (designated A) chromosomes and accessory (B) chromo
somes (for a discussion of B chromosomes, see Chapter 6, Section 
6.6). 

Insertions require three breaks: two within an arm in the chro
mosome donating a segment, and one in the recipient chromosome 
(Fig. 9.14). Insertions are sought in order to transfer genes for 
valuable traits from one species or genus to another (see Chapter 
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Fig. 9.8. The meiotic behavior resulting from a heterozygous 
pericentric inversion with a single crossover (e.g. Xl) within the 
pachytene-loop configuration. (see Fig. 9.6 for explanations of numbers 
and letters.) At anaphase I, each chromatid is monocentric, so there is no 
bridge formation. However, the crossover chromatids 2-4 and 2*-4* 
each have a duplication for one end and a deletion for the opposite end, 
and one-half of the meiotic products are unbalanced. 
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Fig. 9.9. The meiotic behavior resulting from a heterozygous 
paracentric inversion with a three-strand double crossover (e.g., Xl 
inside the pachytene loop between strands 2 and 4, and X5 outside the 
loop between strands 2 and 3). (see Fig. 9.6 for explanations of numbers 
and letters.) The anaphase I chromatin loop with one centromere forms a 
dicentric bridge at anaphase II (bottom right) when the two halves of the 
centromere move toward opposite poles. Assuming that the acentric 
fragment 2*-4* is lost as usual, breakage of the bridge gives incomplete 
complements for two of the four meiotic products. 

15), but they are rare because of the specific requirements for their 
origin. 

Robertsonian translocations, named after the scientist who dis
covered them, result from a break near or within the centromere 
region of two nonhomologous, acrocentric chromosomes. Fusions 
that bring together the long arms constitute the transmissible Rob
ertsonian translocation, and the short-arm fragments are often lost 
from nuclei by lagging. The long-arm translocated chromosome is 
dicentric if both breaks occur in the short arms, followed by the 
union of the centric parts (Fig. 9.15a), but it is monocentric if the 
breaks occur in opposite arms of the two chromosomes, followed 
by the union of the long-arm segments. In both modes of origin, 
the genomic chromosome number is reduced by one. A balanced, 
heterozygous Robertsonian translocation includes one translocated 
chromosome with two long arms and the two acrocentric chromo
somes from which it was derived. 

Robertsonian trans locations occur frequently in insects and 
mammalian species with acrocentric chromosomes in their comple
ments, and they are the predominant chromosomal aberration in 
cattle and sheep. The most studied Robertsonian translocation in 
cattle combines parts of chromosomes I and 29 and occurs in many 
breeds throughout the world. 
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Fig. 9.10. The meiotic behavior resulting from a heterozygous 
paracentric inversion with a four-strand double crossover within the 
pachytene loop (e.g., Xl and X4). (see Fig. 9.6 for explanations of 
numbers and letters.) Breaks in both of the dicentric bridges at anaphase 
I result in deficient strands at anaphase II, and all the meiotic products 
lack part of the chromosome, unless an acentric fragment is fortuitously 
included in a nucleus and supplies the missing segments. 

In the human karyotype, the six chromosomes of the D and G 
groups (including the Y chromosome) are acrocentric, but three of 
these chromosomes, 13, 14, and 21, are involved in Robertsonian 
translocations much more frequently than the others, and the most 
common interchange is between the long (q) arms of 13 and 14 
(Fig. 9.1Sb). Most of the Robertsonian translocations studied in 
humans have a dicentric chromosome, indicating that they arose 
by breaks in the short arms of both acrocentrics, which each have 
a nucleolus organizer region (NOR) with a satellite distal to it (see 
Fig. 9.lSb). When nucleoli are being formed, the satellites of the 

acrocentrics come together and could facilitate exchanges. 
Although acrocentric chromosomes are much less frequent in 

plants than in animals, karyotypic comparisons in different plant 
species of the same genus suggest that some metacentric chromo-

Fig. 9.11. Meiotic anaphase I configurations produced by two cross
overs involving a heterozygous paracentric inversion. Top: A loop cen
tric chromosome (upper arrow) and acentric fragment (lower arrow) 
resulting from a three-strand double crossover at pachytene (Brandham, 
1969; see Fig. 9.9). The ends of the loop chromosome are not visible in 
this photo. Bottom: Two dicentric bridges (right arrow) and two 

• 

t 
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Fig. 9.11. (continued) acentric fragments (left arrow), resulting from a 
four-strand double crossover within the inversion (Sybenga, 1975; see 
Fig. 9.10). 



Table 9.1. Effects of Crossing Over, Within or Near Heterozygous 
Paracentric or Pericentric Inversions, on Viability and 
Transmissible Genetic Recombination 

Gametes or Zygotes 
Viable GametesJ 

Viable Nonviable Zygotes with Genetic 
Type of Crossover (%) (%) Recombination (%) 

Single 50 50 0 
Two-strand double 100 50 
Three-strand double 
Both inside loop 50 50 50 
One outside loop 50 50 50 
Four-strand double 100 0 

somes are formed by Robertsonian translocations. For example, in 
the genus Gibasis the base chromosome numbers are x = 5 with 
three acrocentric and two metacentric chromosomes, and x = 4 
with one acrocentric and three metacentric chromosomes. It is prob
able that the extra metacentric chromosome in the group with x = 

4 came from a Robertsonian translocation that joined two of the 
acrocentric long arms present in the group with x = 5. 

B-A translocations occur in species that have B chromosomes in 
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Fig. 9.12. The formation of translocations between two 
nonhomologous chromosomes (top). One breakpoint in each 
chromosome is indicated (center). The exchange of terminal segments 
gives rise to a balanced reciprocal translocation without loss of 
chromatin (upper alternative). Alternatively, the union of the two centric 
pieces can give an unbalanced translocation, consisting of a dicentric 
chromosome, and two acentric fragments, which are lost from the 
nucleus during subsequent division (lower alternative). If the two 
centromeres move to opposite poles at anaphase, the dicentric 
chromosome forms a bridge that usually breaks under stress, leading to a 
further loss of genes. Cells with deleted segments may die or be 
outcompeted in division rates by cells with a complete karyotype. 
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Fig. 9.13. Diagrams of two pairs of chromosomes to show the 
difference between heterozygous and homozygous balanced reciprocal 
translocations. 
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Fig. 9.14. The steps needed for insertion of an interstitial segment 
(def> from one chromosome into another. The acentric (g) and centric 
(abc) parts of the donor chromosome (white centromere) may unite as 
shown or remain separate, but in either case part of the chromosome is 
missing. A chromosome-breaking or ciastogenic agent such as ionizing 
radiation is one way to increase the chances of obtaining useful gene 
transfers (Sears, 1969). 
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Fig. 9.15. (a) A sequence of events that produces the predominant type 
of Robertsonian translocation in human acrocentric chromosomes. The 
chromosome with two centromeres close together seems to move 
normally through cell division, indicating that the two centromeres act as 
a single unit. The two short-arm, acentric fragments, which may unite, 
are dispensable because they are heterochromatic and are usually lost 
during some cell division. Robertson (1916) fITst suggested that fusions 
could occur between two chromosomes to form a compound 
chromosome and thereby decrease chromosome number. (b) Diagram of 
a Robertsonian translocation that joins the long (q) arms of human 
chromosomes 13 and 14, each of which has a nucleolus-organizer region 
marked by rONA. (Redrawn from Han et al. 1994). The centromeres are 
marked by a-satellite DNA probes D14Z11D22Z1 and D2IZIID13ZI, 
which show that the translocated chromosome, rob(13ql4q), is dicentric. 
The use of four other DNA probes indicates that the breakpoints in the 
short (p) arms of both chromosomes are between the pTRS-47 and 
pTRS-63 sequences in chromosome 14, and between the pTRI-6 and 
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Fig. 9.16. Breaks and exchanges between A and B chromosomes to 
give reciprocal A-B translocations. B chromosomes are usually smaller 
and more heterochromatic than A chromosomes. Roman (1947) used X
rays to produce translocations between A and B chromosomes in maize, 
and, by using gene markers on the A translocated segments, he found 
that nondisjunction of the B centromeres occurred during division of the 
generative cell in the male gametophyte (see Chapter 13, Fig. 13.7). 

atleast some individuals. B chromosomes do not pair with A chromo
somes, but breaks and exchanges can occur between them (Fig. 9.16). 
Detailed studies on the behavior and cytogenetic applications of B
A translocations have been confined to maize, where the first ones 
were induced by X-rays (see Chapter 13, Section 13.6.2). 

9.3.1 Behavior of Translocations During 
Mitosis and Meiosis 

During mitosis, the chromosomes of heterozygous or homozy
gous balanced translocations behave independently and segregate 
normally in anaphase. During meiosis, homozygous translocations 
form bivalents, which progress through the stages to produce func
tional gametes and zygotes. Heterozygous translocations achieve 
homologous pairing by forming a four-branched cross configura
tion at pachytene, with the lengths of the branches being determined 
by the sizes of the translocated segments (Figs. 9.17 and 9.18). 
Nonpaired areas often occur around the breakpoints because of the 
changes in sequence, resulting in tighter linkages for genes in these 
regions. If a branch is too short for crossing over to occur, the ends 
separate when the homologs repel each other during diplotene, 
resulting in a chain rather than a ring (Fig. 9.19). 

The later behavior of each chromosome in the pachytene con
figuration can be determined by starting with the centromere in 
each crossover or noncrossover chromatid and following each arm 
to the end (Fig. 9.20). Crossovers in the distal regions of chromo
some arms do not change chromosome structure, whereas a cross
over in an interstitial segment (Le., the region between a centromere 
and a breakpoint) rearranges segments distal to the crossover point 
(see Fig. 9.23). 

Fig. 9.15. (continued) rONA sequences in chromosome 13. The 
sequences with question marks have not been identified. The advantage 
of molecular techniques to pinpoint the precise locations of breakpoints 
is evident in this study. 
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Fig. 9.17. An electron micrograph of pachytene chromosomes showing a four-branched 
configuration (bottom, marked by arrow) resulting from a heterozygous reciprocal translocation 
between two rye chromosomes. Close homologous pairing in the four branches occurs near the 
exchange of segments (electron micrograph kindly supplied by R. Giraldez, unpublished). 

The power of the centromeres in guiding the translocation com
plex to the metaphase I plate is indicated by the usually regular 
alignment, with two centromeres facing one pole and two facing 
the other pole (Figs. 9.21a and 9.21b). There are two types of 
adjacent orientations, in which centromeres of adjacent chromo
somes face the same pole (see Fig. 9.21a). With adjacent I, nonho
mologous centromeres face the same pole, whereas with adjacent 
2, homologous centromeres face the same pole. The ring must make 
a twist if alternate chromosomes are to go to the same pole, and 
two metaphase I orientations are shown in Fig. 9.21b. There is a 
difference in the diagonal alignment of the homologous versus 
nonhomologous centromeres in the two diagrams, but both orienta
tions have the same chromosomes poised for movement to opposite 
poles, with no deletions or duplications. One viewpoint is that these 
two orientations stem from one three-dimensional configuration, 
which can be rotated during the squash procedure, when preparing 

material for microscopic examination, to form either of the two 
alternate orientations in the two-dimensional plane. A differing 
viewpoint in support of two types of alternate orientation is based 
on chromosome morphological markers (Fig. 9.22) and numerical 
differences in the frequencies of what are called alternate 1 and 
alternate 2 in this study. Because of these different viewpoints, the 
alternate orientations in Fig. 9.21b have not been numbered. A 
rarer orientation shows only two of the four centromeres aligned 
with respect to the poles (Fig. 9.21c) and has been a source of 
trisomics in barley (see Chapter 11, Section 11.4.5). 

A number of factors affect the types and frequencies of ring 
orientations on the metaphase I plate. Chromosome traits favoring 
alternate arrangements are uniform lengths, median or submedian 
centromeres, and movement of chiasmata to the ends of the chro
mosomes during diplotene. These conditions give a ring greater 
flexibility to make the twist for alternate orientation. If the chias-
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Fig. 9.18. An electron micrograph of a heterozygous reciprocal 
translocation between human chromosomes 9 and 20 showing close 
pairing throughout the configuration. The position of the centromere of 
chromosome 9 is indicated by the arrow (Chandley et al., 1986). A 
diagrammatic representation of this configuration is shown beneath the 
photograph (not to scale). 

Fig. 9.19. Metaphase I of meiosis in barley showing five bivalents and 
a chain-of-four chromosomes induced by X-radiation (Caldecott and 
Smith, 1952). 
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Fig. 9.20. Diagram of a heterozygous reciprocal translocation 
involving two pairs of nonhomologous chromosomes (top), and the 
pachytene configuration (bottom) with the breakpoints at the center of 
the "cross." The chiasmata toward the ends of the chromosome arms 
are needed to retain a ring formation at later stages of meiosis. A 
crossover is shown in one of the two interstitial segments. Measurements 
of pachytene configurations were used to determine the breakpoints of 
spontaneous and induced translocations in maize (Longley, 1961), 
whereas in Drosophila, the salivary-gland chromosomes are more 
suitable for locating breakpoints (Roberts, 1976). Biotin-labeled probes 
can also be used to identify the chromosomes involved in translocations 
and the sites of exchanges (Simpson et al., 1990). 

mata remain closer to the centromeres, the ring is more rigid, and 
adjacent orientations are more likely to occur. Alternate orienta
tions are predominant in several plant species, notably in the genus 
Oenothera, where translocations involving most or all of the chro
mosome set have evolved naturally (see Section 9.6). 

The outcome in the gametes from the different anaphase I segre
gations can now be summarized. With no crossing over in intersti
tial segments, alternate segregations result in gametes with a com
plete complement of chromosomes and genes, and both types of 
adjacent segregation result in deficient gametes. A crossover in an 
interstitial segment, followed by alternate segregation, precludes 
the transmission of the crossover chromatids because the gametes 



containing them have an incomplete complement (Fig. 9.23), and 
this is also the situation for adjacent 2 segregation if it occurs. 
However, with adjacent 1 segregation, gametes with the crossover 
chromatids have a complete complement, and the genetic recombi
nation is transmissible (see Fig. 9.23). 

Robertsonian translocations. A heterozygous Robertsonian 
translocation has a pachytene configuration of three chromo
somes, consisting of the translocated chromosome and the two 
acrocentric chromosomes, from which it was derived. If chias
mata retain the chain-of-three, it can be aligned on the meta
phase I plate for alternate or adjacent segregation. The anaphase 
I segregations in Fig. 9.24 are for a chain derived from the type 
of translocation shown in Fig. 9.15a. The adjacent segregations 
give unbalanced gametes, with an increase or decrease in the 
dosage of some genes depending on their locations. 

All centromeres oriented toward poles (usual situation) 
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Fig. 9.21. The orientation of translocation rings at metaphase I given 
no crossing over in the interstitial segments (see Fig. 9.20). The poles 
are in the vertical plane. Only one chromatid of each chromosome is 
shown because sister chromatids are identical. Chromosome ends are 
marked by numbers and chiasmata by crossed ends. The adjacent 
orientations (a) have segmental deletions and duplications, whereas the 
alternate orientations (b) have complete chromosome complements. The 
orientations in (c) can give 3: I distributions to the poles at anaphase I 
(see Schulz-Schaeffer, 1980; Sybenga, 1992). 
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Fig. 9.22. Drawings of rings-of-four at metaphase I in cotton 
(Gossypium hirsutum) (modified from Endrizzi, 1974). I = smaller, 
nontranslocated (standard) chromosome; 2 = standard larger 
chromosome; l' and 2' = translocated chromosomes; homologous 
centromeres are I and I', and 2 and 2'. The four orientations are 
distinguished by a size difference in the two standard chromosomes and 
by the presence of a large chiasma knob at the ends of chromosomes I 
and I· . From left to right, the orientations as used in this study are 
adjacent I, alternate I, adjacent 2, and alternate 2. With the adjacent I 
orientation and both types of alternate orientation, homologous 
centromeres face opposite poles, whereas with the adjacent 2 orientation, 
they face the same pole. Note that nonhomologous centromeres are 
diagonally opposite in the alternate I orientation, whereas homologous 
centromeres are in that position with the alternate 2 orientation. The 
frequencies of the four types of orientation and segregation depend on a 
number of variables involving the behavior of the ring in relation to the 
nucleus and the cell (Sybenga and Rickards, 1987). 

B-A translocations. When a plant homozygous for a reciprocal 
translocation between a B and an A chromosome, such as the 
one in Fig. 9.16, is crossed with a plant lacking both the translo
cation and B chromosomes, the progeny have a three-chromo
some meiotic configuration (Fig. 9.25) consisting of the two 
translocated chromosomes and the normal A chromosome, 
which is homologous with the one in the translocation. Because 
B chromatin is not needed for normal cell functions, we need to 
consider only the segregation of A chromatin into the gametes. 
Studies of B-A translocations in maize indicate that the A and 
AB (see Fig. 9.25 legend for explanation of symbols) chromo
somes usually pass to opposite poles at anaphase I. The BA 
chromosome pairs with A part of the time, but passes at random 
to either pole regardless of its pairing behavior. Thus, the fol
lowing four types of spores are expected at the end of meiosis: 
A, AB BA, A BA, and AB. The first two types have a complete 

complement of A chromosomes and are transmissible. The A 
BA combination has a duplication for the translocated segment 
from A and usually functions through the female, but less often 
through the male. A B spores have the corresponding deletion 
for the translocated segment from A, and they abort unless the 
deleted segment is very short and nonessential. 

9.3.2 Effects of Heterozygous 
Translocations on Fertility 

Fertility is influenced by the relative proportions of alternate 
and adjacent chromosome segregations from the rings or chains, 
together with the amount of crossing over in the interstitial seg-
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Fig. 9.23. The consequences of a single crossover in one of the interstitial segments of a heterozygous 
translocation. The four chromosomes at the top are in the same quadrants as the pachytene configuration 
shown in Fig. 9.20. The chromatids resulting from the crossover in the interstitial segment shown in Fig. 
9.20 are marked by arrowheads. The meiosis I products (center) result from chromosome distributions to the 
poles after alternate and adjacent 1 segregations. The adjacent 2 segregation is not shown because there is 
evidence from both maize and watermelon that it rarely occurs after crossing over in an interstitial segment. 
Meiosis II products, b and d (bottom left) from alternate segregation, include the crossover chromatids but 
have segmental deletions and duplications. Products b and d from adjacent I segregation (bottom right) have 
complete complements. Pollen abortion in Datura stramonium, resulting from four differing translocations 
that generally separate through alternate segregation, was attributed to crossing over in the interstitial 
segments (Burnham and Stout, 1983). 

ments. In animals and humans, gametes with deleted and duplicated 
segments can function in fertilization and are usually combined 
with gametes carrying the full chromosome complement to give 
trisomy for one segment and monosomy for another segment. This 
chromosome condition often is lethal in the early developmental 
stages of the offspring. 

In plants, gametes receiving deleted and duplicated segments 
usually abort. In maize, sorghum, and pea, the frequency of alter
nate: adjacent segregation for four-chromosome translocations is 
about 1 : I and agrees with the frequency of normal: aborted pollen. 
In other plant species, with four or more chromosomes in the trans
location complexes (barley, rye, Datura, and Oenothera), the seg
regation is mostly alternate and the amount of pollen abortion is 
much lower. At least in Datura and Oenothera, low sterility is 
associated with short interstitial segments, which have no crossing 
over and do not contribute to an increase in gamete abortion. Chain
forming translocations (see Fig. 9.19) usually cause lower sterility 
than ring-forming translocations, because half of the adjacent segre
gations have a deletion for the short terminal part of one chromo
some that was translocated to the other chromosome, and gametes 
with this small deletion are often functional in plants. B-A translo
cations in maize give around 25% sterility because the A BA combi
nation mentioned in the previous section is viable in female ga
metes. 

The sterility from Robertsonian translocations depends on the 
frequency of adjacent segregations from the chain-of-three (see 

Fig. 9.24), resulting in unbalanced gametes. Whereas the trisomic 
state for most of one chromosome would probably be viable in 
diploid plants, the monosomic state for one chromosome causes 
gametic abortion. The monosomic state and usually the trisomic 
state cause spontaneous abortions in humans and higher animals. 

9.4 PtmrtOTYFIC EFFECTS OF CHROMOSOME 
REARRANGEMENI'S 

Both inversions and reciprocal translocations have the potential 
to change phenotypes by creating position effects, whereby genes 
moved to new locations are altered in expression, but care must 
be taken to separate position effects from other conditions that can 
affect phenotypes. For example, if one of the breakpoints involved 
in a rearrangement occurs within a gene, its components are sepa
rated and it may lose its function, thus allowing an alternate allele 
to be expressed. Another cause for a change in phenotype is a small 
deletion or duplication near a rearrangement breakpoint. 

Phenotypic changes can occur as indirect effects of rearrange
ments if gametes or zygotes with duplicated and deleted chromo
some segments are viable, because there are changes in gene dosage 
in those segments. The deleted portions must be small and dispensa
ble for survival of the individual. Robertsonian translocations fit 



this situation because losses of the short arms of the participating 
acrocentric chromosomes are tolerated. When this type of translo
cation involves the human chromosome 21, it accounts for 2-5% 
(in different studies) of individuals with Down's syndrome, which 
is attributed to a trisomic dose of the tenninal part of band 21q22. 
The children of a parent, usually the mother, who is heterozygous 
for a Robertsonian translocation (see Fig. 9.24) involving chromo
some 21 will develop Down's syndrome if two long arms of 21 
enter the same parental gamete as a result of adjacent segregation, 

Altemate 
segregation 

Different 
adjacent 
segregations 

Fig. 9.24. Types of segregation for a heterozygous Robertsonian 
translocation at anaphase I. Only one chromatid of each chromosome is 
shown. Alternate segregation (upper) sends the translocated chromosome 
to one pole, and the two acrocentric chromosomes to the other pole. All 
the meiotic products should be functional because the short arms are 
dispensable (see Fig. 9.15a). With both types of adjacent segregation 
(lower), an entire chromosome is missing in half the gametes and its 
long ann is duplicated in the other half. The deletion of a chromosome 
causes gametic or embryonic abortion in diploid organisms. In humans. 
when a gamete with the duplicated arm meets a euploid gamete. the 
trisomic state for this arm causes abortion or an abnormal phenotype 
depending on the chromosome (Jacobs et al .• 1987; Levitan, 1988). 
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Fig. 9.25. Diagrammatic representation of a heterozygous translocation 
between A and B chromosomes at pachytene. The translocated 
chromosome with a B acentric fragment attached to the centric part of 
the A chromosome is designated AS (upper right), and the other 
translocated chromosome with the A acentric fragment attached to the 
centric B segment is BA (lower left). A different A-chromosome 
segment can be added to a B-A translocation by crossing it with an 
A-A translocation that has one breakpoint in the same A arm but at a 
different location. A crossover in the differential segment between the 
two breakpoints joins the two translocations and attaches a new A 
segment to a B centromere (Rilla and Robertson. 1970; Birchler, 
1991). 

and this gamete unites with a gamete carrying one dose of the long 
arm. The usual cause of Down' s syndrome is trisomy for a complete 
chromosome 21 (see Fig. 11.9). 

9.4.1 Chromosomal Rearrangements 
and Position-Effect Variegation 

Associations of rearrangements with unstable phenotypic 
changes. called position-effect variegation, are often difficult to 
document. One approach is to use a heterozygous translocation 
with appropriate breakpoints so that a gene. normally located in 
euchromatin. is relocated next to heterochromatin on one of the 
translocated chromosomes, whereas a differentiating allele remains 
on a standard chromosome and is stable. If the relocated gene has 
a variegated effect. it can be returned to its normal location in the 
standard chromosome through crossing over between the locus and 
the breakpoint. Assuming that position-effect variegation is in
volved, the stability of this gene should be restored, whereas its 
allele is transferred to the translocated chromosome and should 
become unstable. giving variegation. Tests of this kind have dem
onstrated position-effect variegation in Drosophila and mice, but 
the only clear case in plants is in Oenothera blandina for the Ps 
and pr alleles at a locus affecting sepal pattern. 

Another way of separating a gene from its association with 
heterochromatin is by an induced secondary rearrangement. How
ever. reversions to normal phenotype may be due to mutations 
induced by the clastogenic agent, whereas in the translocation 
method. the reciprocal products of crossing over can be distin
guished from mutation. 
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Fig. 9.26. Position-effect variegation in Drosophila melanogaster. Left 
top: X-ray induction of a paracentric inversion with one breakpoint in 
euchromatin near the normal allele (w+) of the white-eye locus and the 
other breakpoint in the heterochromatin near the centromere (see bent 
arrows). Red eye color, due to the normal functioning of w+, is depicted 
by a uniformly dark eye (top right). Middle row: The white-mottled 
(M!'" ) mutant (right) is caused by the inactivation of w+ in its new 
position next to the heterochromatin (left). This allele was inactivated in 
the initial stages of eye development, giving a white background, but its 
function was restored at early (dark wedges) to late (dark dots) stages, 
depending on conditions in individual cells. Bottom: The addition of an 
extra Y chromosome (left side) restores the w+ function to give dark 
eyes except for a few white dots and the occasional white wedge where 
w+ is suppressed. The absence of the Y chromosome (right side) results 
in an enhancement of w+ inactivity, so that it functions much later in 
eye development to give only a few dark dots on a white background 
(Henikoff, 1990). 

Position-effect variegation is affected by various environmental 
and genetic conditions. A notable environmental effect is tempera
ture, with higher temperatures preventing variegation and lower 
temperatures enhancing it. Most cases of position-effect variega
tion involving euchromatic genes in Drosophila are suppressed 
by extra Y chromosomes, which are largely heterochromatic, and 
enhanced in the absence ofY chromosomes (Fig. 9.26). But, hetero
chromatic genes that show variegation when moved to euchroma
tin, respond in a reverse manner to dosage changes in the Y chromo
some. Variegation is modified by numerous loci in euchromatin, 
including histone genes, which indicate that at least some of the 
modifiers have other functions. 

The distance between heterochromatin and the affected genes 

varies with different rearrangements, and in some cases involves 
more than 50 bands on a salivary-gland chromosome in Drosophila. 
The variegated effect also can extend to genes farther removed 
from the heterochromatin than the main gene being tested. This 
spreading effect is called heterochromatinization. One hypothesis 
to explain this effect assumes that heterochromatic proteins, en
coded by the modifying genes mentioned above, spread into eu
chromatin, which becomes partially heterochromatic, thereby inac
tivating the normal ( + ) alleles at certain stages of development. 
An alternative concept is that transposable elements, located within 
heterochromatin, may induce position-effect variegation by mov
ing into nearby euchromatin, then away from it, during somatic 
cell divisions. 

The association of variegation with rearrangements and hetero
chromatin was first uncovered for some X-ray-induced mutant al
leles, called white-mottled (w"'), at the white-eye (w) locus on the 
sex (X) chromosome of D. melanogaster (see Fig. 9.26). Variega
tion at this locus also was produced by transformation experiments, 
in which the normal allele (w+) was inserted near centromeric or 
telomeric heterochromatin. The w'" alleles, like many variegating 
genes, are recessive (i.e., they must be combined with w to be 
expressed). The genotype w+w'n gives stable, red eyes. These re
cessive, white-mottled mutants are examples of the effects of bring
ing heterochromatin close to genes located in euchromatin in the 
same chromosome (cis-inactivation). 

Whereas position-effect variegation can be induced in most 
euchromatic Drosophila genes, some genes remain stable when 
placed near heterochromatin. On the other hand, the heterochro
matic gene light(lt) shows cis-inactivation when moved to euchro
matin, suggesting that cis-inactivation, in general, relates to a 
change in the local environment that gives normal expression to a 
gene. Dominant mutations at the brown-eye locus (bw) in Droso
phila indicate that trans-inactivation between chromosomes also 
can occur (Fig. 9.27). The dominant mutant (bWD) allele arises 
from the relocation of heterochromatin to the vicinity of the bw + 

allele by a chromosome rearrangement, resulting in cis-inactivation 
of the locus, analogous to the position-effect variegation at the 
white locus. The unusual feature of the bwD allele is that if there 
is a bw + allele on the homologous chromosome, there seems to 
be a spreading effect of the heterochromatin across homologues 
(trans-inactivation), and the bw + allele is prevented from producing 
the wild-type red eyes. The dominance of bwD over the bw + allele 
suggests that the relative positioning of the locus is important. 

The dominant position-effect variegation at the brown-eye 
locus in Drosophila has relevance for a human neurological disor
der, Huntington's disease, which is caused by a dominant mutation 
(H) on chromosome 4. Indications of variegation are that onset of 
this disease in adults covers a wide range in age, from 20 to 70 
years, and that the severity of the neurological degeneration varies 
as the disease progresses. Because of striking parallels between H 
and bwD, it has been suggested that Huntington's disease is due to 
a dominant position-effect variegation, which results from trans
inactivation of the normal allele (H+) of a structural gene (or genes) 
governing neurological functions. The effect is analogous to that 
illustrated in Fig. 9.27 for bwD effects on bw+. 

Molecular studies have sought to find the underlying causes 
of position-effect variegation. Late replication and reduced DNA 
content within heterochromatic regions seem to be involved, at 
least in some cases. Gene cloning indicates that both suppression 
of gene activity and reduction in gene-copy number can result from 
placement of genes next to heterochromatin. Of particular interest 
are the loci that enhance or suppress variegation, and the kinds of 
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Fig. 9.27. A model for position-effect variegation due to cis- and 
trans-inactivation at the brown-eye locus in Drosophila melanogaster. 
(a) Chromosome 2 mitotic homologues with the normal allele (bw+) on 
each chromosome. (b) Cis-inactivation of bw+ on the lower chromosome 
caused by an inversion that positions heterochromatic DNA adjacent to 
the gene. The spreading effect of the heterochromatin produces a 
dominant mutant, bwD. (c) Subsequent trans-inactivation caused by 
somatic pairing and a spreading of the heterochromatic effect from the 
lower to the upper chromosome. The normal bw+ allele is inactivated 
and dominated by bwD (Henikoff, 1990; Henikoff et aI., 1995). 

proteins that they encode (see Chapter 20, Section 20.1.4). Addi
tional molecular evidence is needed to substantiate trans-inactiva
tion as an explanation for dominant position-effect variegation in 
the two cases discussed above, one in Drosophila and the other in 
humans. 

9.5 RELATIONSHIPS BETWEEN 
CHROMOSOMAL ABERRATIONS 
AND CANCER IN IlUMANS 

The suggestion that chromosomal aberrations might be involved 
in the development of abnormal growths such as tumors was made 
at the end of the nineteenth century, but it was not experimentally 
confirmed until some 70 years later. With the development of chro
mosome-banding techniques, it could be determined if an aberra
tion involving one or more identified chromosomes was consis
tently associated with a particular kind of cancer. Some 
chromosome changes occur sporadically and their role, if any, in 
the development of cancer cells from normal cells is difficult to 
determine. In other cases, a specific aberration is present consis
tently in the abnormal cells of individuals with the same type of 
cancer. Studies of these consistent relationships demonstrate the 
value of the interplay between cytogenetic and molecular methods. 
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The first evidence of the role of a chromosome aberration in 
promoting cancerous cells was the consistent presence of an abnor
mal G-group chromosome in individuals with chronic myelogenous 
leukemia (CML), a malignant disease involving the leukocytes 
(white blood cells) in the bone marrow. The aberrant chromosome 
is called the Philadelphia (PhI) chromosome because of the city 
where the discovery was made, and initially the only abnormality 
detected was a deletion of about half of the long arm. When chro
mosome-banding techniques became available, the PhI chromo
some, identified as 22, was found to have a small segment from 
chromosome 9 attached to its shortened long arm, whereas its miss
ing segment had been transferred to the long arm of 9 (Fig. 9.28). 
Over 90% of individuals afflicted with CML carry this reciprocal 
translocation, and some of the remaining cases have three-way 
translocations involving 9, 22, and a third chromosome. 

The molecular nature of the Philadelphia chromosome became 
apparent when the e-abl oncogene (e designates a cellular form and 
v a viral form), which is involved in leukemias, was investigated in 
its proto-oncogenic (inactive) form in the DNA from CML patients. 
The e-abl gene was known, from gene-mapping studies, to be lo
cated on chromosome 9, so when a DNA sequence was cloned 
carrying both the e-abl gene and a sequence known to be specific 
to chromosome 22, interest in the Philadelphia chromosome was 
heightened. At the level of RNA transcripts, a new 8-kb e-abl 
product could be assayed in addition to the normal 6- and 7 -kb 
products. The new 8-kb RNA transcript was composed of a 5' end 
from the chromosome 22 DNA segment joined to the e-abl gene 
from exon 2 onward, and was shown to code for a CML-specific 
protein called p2IO. Because the chromosome 22 DNA segment 
did not derive from a known gene region, it was named the break
point cluster region (ber) gene. The significant aspect of this trans
location is that the segment of chromosome 9 with the e-abl gene 
had been transferred to chromosome 22 (Fig. 9.29). The indication 
that variation in the position of the translocation breakpoints in the 
e-abl and/or ber genes may correlate with variation in the clinical 
features of CML has stimulated continuing research in this area. 

The Philadelphia (9: 22) chromosome has been found in acute 
forms of leukemia, but in lower frequencies than in CML cases, 
and in some occurrences its frequency is related to the age of the 
afflicted persons. For instance, this chromosome is found in 2-6% 
of childhood cases of acute lymphocytic leukemias, and in 17-25% 
of adult cases. The e-abl gene appeared to be transferred to chromo
some 22 in all these cases, but the ber gene was not always rear
ranged. 

Some reciprocal translocations involving specific chromosomes 
are consistently associated with malignancies of the two kinds of 
lymphocytes: B cells derived from bone marrow in mammals and 
T cells derived from the thymus. Both types of cells play essential 
roles in immunological (antigen-antibody) reactions. Before dis
cussing a human B-cell tumor called Burkitt's lymphoma, some 
relevant information on the human immunological system will be 
reviewed. 

There are five major classes of immunoglobulin (lg) molecules 
in the gamma-globulin fraction of serum proteins. Each Ig molecule 
contains four polypeptide chains; the two heavy chains have about 
twice as many amino acids as the two light chains (see Chapter 
19, Fig. 19.3). A locus for the heavy chains has been mapped on 
the q arm of chromosome 14 at band 32 (l4q32), and loci for the 
light chains on 2p II and 22q 11. In stem cells from which mature 
B cells develop, the Ig heavy-chain locus (/gH) on chromosome 
14 consists of a constant (C) region, which has essentially the same 
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Fig. 9.28. Top: A metaphase karyotype from a bone-marrow cell of a human male with chronic 
myelogenous leukemia (CML) (Rowley, 1980), The shortened Philadelphia chromosome (right side, 
pair No, 22) has a shorter long arm than its homolog because of a reciprocal translocation with 
chromosome 9 (right side, pair No.9), which has gained chromatin in its long arm. Lower: A 
diagram of the translocation between chromosomes 9 and 22 (Rosson and Premkumar Reddy, 
1988). The normal chromosomes are on the left and the translocated chromosomes on the right. The 
arrows indicate where the breaks and exchanges took place. As a result of this translocation, a gene 
(c-abl ) is transferred from section 22 of the long arm of chromosome 9 to chromosome 22 (bottom 
right), a movement that involves this gene with CML and the Philadelphia chromosome. 

amino-acid sequence in all Ig molecules of the same class. and a 
variable region. which has different amino-acid sequences depend
ing on the antigenic specificities of the Ig molecules (Fig. 9.30). 
The recombination events between different segments of the vari
able region contribute to the tremendous amount of antibody diver
sity in the immune system. 

Ig heavy chains are divided into several classes and subclasses 
based on the structure of the constant region. which includes nine 
C segments that give heavy chains their antigenic characteristics 

(isotypes). Generally, only the two C segments next to the VIDIJ 
exon can be expressed (see Fig. 9.30). However. after a more ma
ture B cell has been stimulated by the binding of antigen to its 
membrane immunoglobulin, rearrangements can take place be
tween a VIDIJ exon and a nonadjacent C sequence by deletion of 
intervening C sequences (Fig. 9.31). This process is called isotype 
switching and is another source of antibody diversity. 

Burkitt's lymphoma has two forms based on geographic distri
bution. both affecting the B cells: endemic Burkitt's lymphoma in 
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Fig. 9.31. Further rearrangement of the immunoglobulin heavy-chain 
locus (lgH) by isotype switching. This switch places a different C 
sequence (C-y) adjacent to the V!Dll exon (Stites and Terr, 1991) by 
deleting the intervening C sequences. 

Fig. 9.29. A molecular interpretation of the translocation giving rise to 
the Philadelphia chromosome and chronic myelogenous leukemia, CML 
(Oobrovic et al., 1991). See text for explanation of gene symbols. c-myc is transferred to chromosome 14 along with the distal part 

of the 8q arm (Fig. 9.32). In the other two translocations, the distal 
segment of 2p or 22q, including an /g locus, is transferred to chro
mosome 8. Thus, each of the three translocations brings the c-myc 
gene and the 19 loci in close proximity on the same chromosome. 

equatorial Africa and sporadic Burkitt's lymphoma, a less common 
form, in Europe and North America. The tumor cells of both the 
endemic and the sporadic forms have a translocation between chro
mosome 8 and one of three other chromosomes, 2, 14, or 22, with 
breakpoints at the sites of the /g loci. A cellular proto-oncogene, 
c-myc, which plays a role in growth control of cells, is located on 
chromosome 8 (band q24), which is the breakage point for each 
of the three translocations. The c-myc locus includes three exons 
with intervening introns. In the 8-14 translocations, all or part of 

Molecular studies have helped to clarify the origin of the translo
cations, and their effect on c-myc in relation to the human immune 
system and the development of Burkitt's lymphoma. The 8-14 
translocation has been analyzed in greater depth than the other two 
because of its higher frequency. By cloning and sequencing the 
breakpoints of the 8-14 translocation from many cases of Burkitt's 
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Fig. 9.30. The molecular structure and rearrangements of the immunoglobulin heavy-chain locus 
(lgH) on human chromosome 14 (Stites and Terr, 1991). This abbreviated model (top) shows 4 of 
several hundred variable (V) segments, 4 of about 50 diversity (0) segments, the 6 joining (J) 

segments, and 9 constant (C) sequences, each consisting of several exons. The OIl joining, via the 
enzyme recombinase, involves 03 and 14 (top two rows), which, in tum, join with VH2 to give a V!Dll 
exon (third row). The presence of the combined V!D/l exon enables transcription to take place, and the 
intervening segments are then deleted by enzymic action. The primary transcript can now be spliced to 
generate mRNAs that encode (in this example) JL or Ii heavy chains with identical V domains. 
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Fig_ 9.32. A diagram of a reciprocal translocation event between 
chromosomes 8 and 14 that occurs in the tumor cells of many patients 
with Burkitt's lymphoma (Stites and Terr, 1991). Upper: Chromosomes 
8 and 14 showing the locations of the breakpoints (arrows pointing up) 
and the c-myc and IgH genes. Lower: The two translocated 
chromosomes showing c-myc next to IgH on 14-8. In this location, c
myc becomes deregulated and oncogenic (Haluska et aI., 1987). 

lymphoma, the breakpoints on chromosome 14 have been found 
to occur at several sites within the /g locus. This suggests that the 
breaks are induced as a result of some type of error at the time of 
rearrangements within the /g locus. Most of the translocations in 
the endemic form of Burkitt's lymphoma are thought to arise during 
the rearrangement of the V, D, and J regions in the early stages of 
B-cell development, perhaps by malfunctioning of the recombinase 
system. In the sporadic form, the translocation breakpoints seem 
to result from mistakes during isotype switching. These conclusions 
are based on molecular analyses of the breakpoints in the two forms, 
and on the Ig characteristics of the tumor surfaces, which relate to 
the timing of rearrangement errors. 

Another interesting difference between the endemic and spo
radic forms of Burkitt's lymphoma relates to the positions of the 
breakpoints within the c-myc gene. Analyses ofDNAs from tumors 
with the 8-14 translocation by Southern blotting showed that the 
translocation caused rearrangement of the c-myc gene in some tu
mors, but not in others. Generally, the endemic tumors had break
points outside the c-myc locus, thus, all three exons in the c-myc 
gene were transferred to chromosome 14. Most of the sporadic 
tumors had breakpoints within the intron located between the first 
two exons, and exons 2 and 3 were transferred to 14. Exon 1 is 
thought to be noncoding, but exons 2 and 3 encode for the c-myc 
protein. Because the gene protein can be produced by both types 
of transfers, the oncogenic activity of c-myc is thought to occur 
because its control over cell growth is deregulated when it is trans
ferred to chromosome 14 next to the /g locus. The result is a prolif
eration of cells to form a tumor. 

9.6 CHROMOSOME REARRANGEMENTS 
IN NATURAL POPULATIONS 

Inversions and reciprocal translocations arise in natural populations 
as a result of external or internal chromosome-breaking agents. 
Although the frequency of these aberrations is generally low, popu
lations of some species have noticeably higher frequencies, which 
may be due to some localized condition. For instance, when trans
posable elements (see Chapter 7, Section 7.5), which seem to be 
almost universal in their occurrence, are activated under stress, 
some of them cause chromosome breakage and, as a result, a burst 
of aberrations. 

Changes in chromosome-arm ratios by pericentric inversions or 
reciprocal translocations can be used, along with other attributes, 
to distinguish different populations. Although paracentric inver
sions do not change arm ratios, they can change the morphology 

of a chromosome arm with a nucleolus organizer. If breakpoints 
in the satellite region and in the other part of the same arm are not 
equidistant from the secondary constriction, changes in length of 
these two segments are detectable in mitotic chromosomes if a 
standard karyotype is available for comparison. 

The permanency of inversions or trans locations depends on 
whether they improve the fitness of natural populations in relation 
to their environment. A major disadvantage of heterozygous rear
rangements in sexually reproducing populations is the partial steril
ity, caused by unbalanced gametes, which makes individuals with 
a heterozygous aberration less fit than those with either a homozy
gous aberration or standard chromosomes. This is an unusual situa
tion, called underdominance, as opposed to overdominance, where 
the heterozygote is more fit than either homozygote. Underdomi
nance can be averted if the chromosome aberrations behave in 
specific ways during meiosis. For example, heterozygous transloca
tions with no crossing over in interstitial segments and alternate 
segregation of the chromosomes from the ring or chain at anaphase 
I will not cause any reduction in fertility (see Section 9.3). The 
sterility produced by heterozygous inversions results from crossing 
over within or near the inverted regions; therefore, conditions that 
prevent crossing over in these regions such as lack of pairing or 
nonhomologous, straight (as opposed to loop) pairing will prevent 
sterility (see Section 9.2). This behavior is expected with short 
inversions because they may not be able to form the pachytene 
loop, which brings homologous parts together. For longer inver
sions, which usually have homologous pairing, one of the following 
three conditions that prevent sterility must exist if the inversions 
are to persist in populations: 

I. The inversions occur in chromosome regions that have no 
chiasma formations. 

2. The heterozygous inversions cause a redistribution of chias
mata to regions outside the inverted segments. 

3. Nonhomologous, straight pairing within the heterozygous 
inversions occurs with a high frequency. 

There is evidence that all of these conditions exist in grasshop
per (order Orthoptera) populations, where the type of pair
ing can be observed exceptionally clearly at pachytene. 

In D. melanogaster populations, peri centric inversions are rare 
compared to paracentric inversions because of the difference in 
their meiotic behavior in females-there is no crossing over in 
males. Heterozygous paracentric inversions are associated with 
high fertility and lack of underdominance, because the meiotic 
anaphase bridges, which consist of the crossover chromatids with 
deletions and duplications, are excluded from the egg cells. On the 
other hand, heterozygous peri centric inversions are usually under
dominant because crossover chromatids do not form bridges, so 
they can be included in egg cells and cause sterility. However, a 
large pericentric inversion, including almost half of chromosome 
2, lacked underdominance for fertility, and tests for recombination 
of gene markers showed that almost no crossing over occurred in 
the inverted region. Nonhomologous pairing of the inverted and 
standard segments was one possible explanation for the underdomi
nance, but it could not be confirmed because of the poor quality 
of female meiotic preparations. 

From a genetic standpoint, heterozygous inversions of both 
types can retain allelic arrangements of the genes between or adja
cent to their breakpoints because of the absence or elimination of 
recombinations. In specific environments, these inversion-enforced 
linkages may provide adaptive advantages over standard chromo-



somes, in which the allelic group can be recombined by crossing 
over. New inversions that include a desirable linkage group have 
an advantage in becoming established as permanent heterozygotes 
in individuals and eventually in populations. 

If heterozygous translocations are to preserve blocks of genes 
in populations, they must have certain characteristics, which are 
exemplified in the plant genus Oenothera (2n = 14). Transloca
tions have occurred spontaneously in the evolution of this genus, 
but the number of chromosomes involved varies among species 
from none or a low number in the center of origin, Mexico or 
Central America, to the whole complement in the eastern two
thirds of North America. The larger rings are believed to have 
developed from intercrosses between species with smaller rings. 
Large rings or chains are usually oriented at metaphase I to give 
alternate segregation at anaphase I, which is facilitated because 
Oenothera chromosomes are quite uniform in size with median 
centromeres, and are therefore flexible in movement. The breaks 
that produced the translocations tended to occur in heterochromatin 
near the centromeres, making the exchanged pieces equal in length 
and thereby retaining uniformity in chromosome size. Crossing 
over does not occur in the interstitial segments because they are 
short and located in heterochromatin; therefore, there are no unbal
anced gametes from crossing over in this region when followed by 
alternate segregation (see Section 9.3.1). 

Oenothera species with large rings are self-pollinating and 
largely true-breeding for their characteristics, but when crosses are 
made between some of the species, the progenies segregate into 
two phenotypic groups, called Renner complexes after the German 
scientist who first described them. When the genetic and cytological 
aspects of the genus were compared, it was realized that the two 
Renner complexes of a species are due to the segregation of two 
chromosome groups from the large translocation rings during meio
sis. The allelic arrangement in each complex is usually transmitted 
intact through the egg or sperm, which implies that there is very 
little recombination in the regions containing the genes that differ
entiate the two complexes. The ring or chain configurations are 
maintained by chiasmata in the distal regions of the chromosomes. 

The anomaly that Oenothera species with two Renner com
plexes can be true-breeding is due to zygotic or gametophytic lethal 
conditions, which prevent the transmission of specific complexes 
or homozygous combinations depending on the species. Oenothera 
lamarckiana, a European species that apparently arose from hybrid
ization between two introduced North American species, has 12 of 
its 14 chromosomes in a ring, and its two complexes are designated 
gaudens and verlans. Self-pollination gives 50 % nonviable seeds, 
but fertility is normal when it is crossed with some other species. 
The nonviable seeds from selfing contain two like complexes, either 
gaudens.gaudens or velans. velans, whereas the viable seeds have 
one dose of each complex. This difference is caused by at least 
one recessive, lethal gene, or possibly a deletion, at a different 
locus in each complex. If two doses of the same complex come 
together at fertilization, the lethal gene for that complex is homozy
gous and is expressed as a zygotic lethal. The gaudens. velans com
bination is viable because each complex has the dominant allele 
of the lethal gene in the other complex. 

Mechanisms in other Oenothera species act during the gameto
phytic phase to prevent gametes with a particular Renner complex 
from participating in fertilization. On the male side, there are genes 
that kill or inactivate pollen containing one of the two complexes 
in a species. There may be incompatibility between the style and 
pollen tubes containing a specific complex, or competition between 
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pollen tubes containing different complexes, with one type partici
pating in fertilization. On the female side, the two Renner com
plexes are distributed in a 2: 2 ratio to the linear tetrad of cells at 
the end of meiosis. Competition between two complexes results in 
the development of the embryo sac by the megaspore with the 
stronger complex, regardless of its position in the tetrad, thus pre
venting the transmission of the other complex. If one complex is 
not transmitted via pollen for one of the reasons mentioned above 
and the other complex is not transmitted through the egg, the perpe
tuation of the two-complex genotype is assured. These lethal effects 
on pollen, or on seeds in the case of zygotic lethals, do not reduce 
population size because Oenothera plants produce an abundance 
of pollen and seeds. 

The survival of multichromosome translocations in Oenothera 
natural populations indicates that the genes preserved in the Renner 
complexes provide adaptive advantages through heterotic effects. 
As the large rings evolved, the incorporation of balanced lethal 
systems maintained heterozygosity and heterosis, and self-pollina
tion replaced cross-pollination, thus ensuring that the genetic sys
tem would be transmitted intact. The disadvantage is that genetic 
variability through recombination or the expression of recessive 
mutations is minimized and may affect the future evolutionary de
velopment of the genus. 

Permanent, heterozygous translocations including all or most 
of the chromosomes occur in other genera of the Onagraceae fam
ily, to which Oenothera belongs, and in genera of several other 
plant families. In animals, they have been reported in two scorpion 
genera, Tityus and Isometrus, and in isolated populations of the 
American cockroach, Periplaneta americana. Characteristics of the 
Oenothera translocation system are established or still evolving in 
these other cases, but with some variations. For example, in Rhoeo 
spathacea (syn. discolor), 2n = 12, with all the chromosomes in 
the translocation complex (Fig. 9.33), the large rings or chains 
separate into smaller chains more frequently and have more nondis
junction due to adjacent segregation of two or more chromosomes. 
Rhoeo chromosomes are not as uniform in length or centromere 
placement as the Oenothera chromosomes, probably due to unequal 
exchanges of segments. Nonetheless, Rhoeo apparently has enough 
of the requirements to maintain permanent heterozygosity. 

The association of trans locations with sex determination has 
been found in dioecious species of the genus Viscum (East African 
mistletoes). In V. fischeri, females (2n = 22) have only bivalent 
formations at meiosis and n = II in the gametes, but males (2n 
= 23) have 7 bivalents and a chain-of-9 which segregates 5: 4 to 
give gametes that are n = 12 or n = II. Union of each kind of 
male gamete with a female gamete ensures that dioecism will be 
perpetuated. 

9.7 SOME SPECIFIC USES OF RECIPROCAL 
TRNISLOCATIONS 

9.7.1 Source of Stable Duplications 

The rationale in using translocations to produce stable duplica
tions is to increase the dosage of small chromosome segments con
taining desirable genes. The method has been applied to Droso
phila, maize, and barley. The initial requirement is to have available 
a number of translocations involving the same two nonhomologous 
chromosomes, with the physical positions of the breakpoints accu-
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rately determined. It is an advantage if one or both of the translo
cated chromosomes carry genes for desirable traits. The transloca
tion lines selected for crosses must have the breakpoints in the 
same arms of both chromosomes (Fig. 9.34). If the breakpoints of 
the two translocations are at about the same point in one arm, and 
at two points on opposite sides of a pertinent locus (e.g., locus 7 
in Fig. 9.34a) in the other arm, one type of resulting FJ gamete 
has a duplication for the locus. If fertilization brings together two 
gametes with the same chromosome constitution, the progeny has 
four doses of the locus. It is also possible to have breakpoints on 
opposite sides of desirable loci in both arms so that some gametes 
can have a duplication for both loci. 

The effects of this localized increase in gene dosage can vary, 
with some duplications producing effects on viability and fertility. 
However, barley lines with duplications for segments of two chro
mosomes gave higher grain yields than their translocation parents. 
In species with a large supply of appropriate translocations, it is 
worthwhile to test many duplicated segments for their effects on 
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Fig. 9.33. A translocation ring-of-12 in Rhoeo spathacea (Sybenga, 
1992). Photomicrograph of a metaphase I cell (top) showing alternate 
orientation of all the chromosomes in the chain. Some of the 
centromeres are visible as light areas. The two chromosomes on the 
right side are connected by a thin thread. Diagrammatic representations 
of (center) an alternate, balanced 6:6 segregation, and (bottom) adjacent 
segregation of the GH and m chromosomes, to give a 7: 5 segregation. 
The ends of each chromosome are designated by different letters. 
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Fig. 9.34. The development of stable duplications of chromosome 
segments using reciprocal translocations (Hagberg and Hagberg, 1991). 
(a) Arrows mark the breakpoints between regions I and 2 of one 
chromosome in both translocations, and on opposite sides of region 7 in 
the other chromosome. (b) Gametes from the two translocations made 
homozygous after exchange of segments. (c) A cross between the two 
translocation lines. (d) Meiotic pairing in the F 1 hybrid. Region 7 is 
shown as a loop so that homologous pairing can occur. If the two 
chromosomes marked by asterisks enter the same two gametes, region 7 
is effectively duplicated through its presence on two different 
chromosome pairs (e). 

traits of importance in plant breeding. When genes are located 
near the centromere regions, they may be difficult to detect by 
recombination data, because crossing over is often absent or se
verely reduced in these regions. If duplications can be obtained for 
these regions by choosing translocations with breakpoints near the 
centromeres, the duplicated genes may be revealed by their dosage 
effects. 

9. '1.2 Use of Translocations to Control 
Insect Pests 

Chemical insecticides have played a dominant role in control
ling insect pests, particularly those that attack crop species, or those 
that carry organisms causing animal or human diseases. Concern 
for the possible harmful effects of some chemicals on the environ
ment led to efforts to find safer methods of control. These alterna
tives, grouped under biological control, have included use of micro
organisms or insects that attack and destroy specific pests, 
introduction of genes for insect resistance into crops, and use of 
induced gene mutations or chromosome aberrations to introduce 
sterility into the pest popUlation. 



As early as 1940, the suggestion was made that reciprocal trans
locations might be used as a method of controlling insect pests 
because, when heterozygous, they could introduce partial sterility 
into a pest population and thereby reduce its numbers. Because the 
frequency of translocations in natural populations is usually quite 
low, clastogenic agents are used to induce breaks and exchanges 
between chromosomes. Different types of translocations and proce
dures have been tried in efforts to improve the efficacy of this 
approach to pest control. Extensive studies on the Australian-sheep 
blowfly (Lucilia cuprina) have proven the theoretical feasibility 
of this approach, but have also demonstrated the difficulty in main
taining males carrying translocated chromosomes in the field. 

The release of sterile males, produced by irradiation, has been 
successfully applied in the control of agronomically important pests 
such as the screw-worm. The principle applied in this case is the 
ability of the released males to compete with males in the natural 
population and thus reduce the overall production of progeny. This 
procedure requires the release of large numbers of sterile males 
and is economically feasible only for a major pest. Current research 
is examining the use of viruses that infect the particular host and 
express antibodies to proteins involved in sex-cell development. 
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Multiples of Basic Chromosome 
Numbers - Polyploidy 

• Polyploids have more than two basic chromosome sets and they occur mainly in plants. 

• A major cause of spontaneous polyploidy in plants is unreduced gametes resulting from meiotic irregularities. 

• Doubling chromosome numbers in somatic cells by means of colchicine is the universal method for inducing polyploidy in plants. 

• The phenotypic consequences of polyploidy result from increased dosages of genes in each cell of all or some of the tissues of an 
organism, and they vary depending on whether the organism is autopolyploid or allopolyploid. 

• The diploidlike pairing in many natural allopolyploids is due to the presence of genes that prevent pairing between partially homologous 
chromosomes. 

• Gene segregations in polyploids depend on the relationships between the constituent genomes, and the meiotic behavior of the 
homologous or partially homologous chromosomes. 

• Genome analysis is based on quantitative analyses of meiotic pairing, genetic compensation of substituted chromosomes, and homoeo
logous relationships between genomes. 

Polyploidy is a potent force in the evolution of many plant species 
and in a few animal groups such as some species of fishes and 
amphibians. After ways of doubling the chromosome number were 
discovered, induced polyploids have had a significant role in exam
ining the ancestries and interrelationships of species, and they have 
been tested in plant breeding programs. This chapter includes sec
tions on the origin, reproductive behavior, genetics, and evolution
ary aspects of polyploids. 

10.1 DESIGftATIrIG PLOIDY LEVELS AND 
SOMADC VERSUS GAMETIC 
CHROMOSONE NUMBERS 

The single-genome state, symbolized by x, with one dose of each 
chromosome, is the baseline for comparing different ploidy levels. 
It also is used for the somatic condition of haploids that are derived 
from diploids and are called monoploids or monohaploids (see 
Chapter 12). Ploidy levels above diploidy are polyploids and are 
designated according to the number of genomes in the somatic cells 
[i.e., triploidy (3x), tetraploidy (4x), pentaploidy (5x), hexaploidy 
(6x), etc.]. Haploids derived from polyploids are called poly
haploids. All of these ploidy levels contain the basic genome, in 
the case of monohaploids, or an exact multiple of it; therefore, they 
are characterized as euploids. 

Different symbols are used to indicate the chromosome number 
in the somatic or body cells (2n) and the postmeiotic phase includ
ing the gametes (n). An unreduced gamete has the somatic chromo-

some number and is also symbolized by 2n. Although some scien
tists have interchanged the designations of x and n, we use the terms 
n and 2n to define the euploid chromosome numbers in gametes and 
somatic cells, respectively. at any ploidy level. 

10.1.1 Diploidy 

Diploidy can be represented by 2n = 2x. usually involving two 
doses of the same genome. in the somatic cells and n = x in the 
gametes. In most organisms. it is the minimum ploidy level that 
provides normal functioning throughout the life of an individual. 
The presence of two homologous chromosomes of each type in the 
somatic cells during the active growth stages ensures cytological 
and genetical stabilities. Gene segregations are more straightfor
ward in diploids than in polyploids that have most or all of their 
genes in doses above two. Diploidy is the normal ploidy level 
throughout much of the life cycle in humans. higher forms of ani
mals. and some plants. 

10.1.2 Polyploid Types in Relation 
to Genome Composition 

Polyploids are classified both by the number of genomes and the 
genetic composition of the genomes (Fig. 10.1). If the same genome 
is multiplied three or more times. the condition is autopolyploidy 
(sometimes shortened to autoploidy). A 3x condition is an auto
triploid. a 4x condition is an autotetraploid. and so on. If the basic 
genome of a species is designated by the letter A. an autotriploid is 
AAA and an autotetraploid is AAAA. Allopolyploidy (also called 
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8. Autopolyploidy 

species 1 
diploid (2x), AA 

b. Allopolyploidy 

doubling ~ autotetraploid (4x) x diploid (2x) 

AAAA • AA 
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Fig. 10.1. The origins and genomic constitutions (capital letters) of 
different types of polyploids. In allopolyploids, the genomes from 
different parental species are often genetically related, but they are 
distinguished by different letters in this figure. The allotetraploid 
produced under (b) can also be called an amphidiploid. 

alloploidy) arises from crosses between species or genera and in
cludes at least two genomes from different sources. Allopolyploids 
from these sources have a broad range of variation in the amount of 
chromosome pairing and gene duplication between genomes from 
the parental sources. This variation is caused by several conditions, 
including the relationship between the parents and the evolutionary 
status of the allopolyploids. A former classification included true or 
genome allopolyploids and segmental allopolyploids based on the 
degree of relationship of the component genomes. Because this dif
ference becomes indistinct at the level of DNA sequences, where all 
allopolyploids have some degree of homology, only the general term 
allopolyploidy is used in this book. Combinations of autopolyploidy 
and allopolyploidy can occur in plants above the tetraploid level 
either naturally or by experimental methods. The mixture is termed 
autoallopolyploidy (also autoalloploidy). 

Another condition relating to allopolyploidy is amphiploidy 
(amphi is the Greek word for double), which is more often applied 
to induced than to spontaneous allopolyploidy. The usual experi
mental procedure is to cross the parental species or genera, then 
double the chromosome number in the highly sterile hybrids to 
produce the amphiploid and regain fertility. Amphiploidy applies 
to any level of allopolyploidy, but if the doubled hybrid is at the 
tetraploid level, the term amphidiploid (double diploid) is appropri
ate (see Fig. to.lb). 

10.2 POLYPLOIDY OCCURS IN WHOLE 
ORGANISMS OR PARTS OF ORGANISMS 

Before considering the distribution of polyploidy among different 
types of organisms, we need to distinguish between whole-organ
ism polyploidy and cell polyploidy, which involves certain tissues 

or organs. Whole-organism polyploidy commonly arises from sex
ual reproduction when unreduced gametes from one or both parents 
come together in the zygote. Cell polyploidy arises in the somatic 
cells at some stage in the life cycle of an individual and usually 
involves a small portion of the body, such as a specific organ or 
type of tissue. Cell polyploidy also occurs in cancer cells and in 
cells cultured in vitro. 

Whenever a cell changes from the diploid to the polyploid state, 
adjustments must be made in cell metabolism, as well as in chromo
some and gene interactions. Polyploidy is more likely to put a 
severe strain on cells that are dividing during the growth phase 
of an organism. Therefore, under natural conditions in a diploid 
organism, actively dividing cells are diploid. In the later stages of 
the life cycle, certain tissues or organs, in which cell division has 
ceased and differentiation is occurring, may change to a polyploid 
state. However, if the same organ or tissue is compared in different 
organisms, there is not always the same degree of ploidy. The 
predominant liver cells (hepatocytes) are mostly polyploid in adult 
mice and rats, but mostly diploid in humans and guinea pigs. When 
polyploidy does occur in a tissue or organ, it implies that the multi
plication of chromosomes and their genes is needed for the differen
tiation or functioning of a specific part of the body. For example, 
in the Mediterranean flour moth, Ephestia kiihniella, the sizes and 
locations of the wing scales relate to the ploidy level of the epider
mal cells from which the scales project (Fig. 10.2). 

Whole-organism polyploidy is more prevalent in the plant king
dom than in the animal kingdom, but there are too few cytological 
studies in some animal groups, such as amphibians and reptiles, 
for the true incidence to be known. Although polyploidy is the 
natural condition in from one-third to one-half of higher plant spe
cies for which chromosome numbers are available, it is largely 
confined to the angiosperms and is rare in the gymnosperms. Poly
ploidy is prevalent in ferns and mosses, but not in liverworts. It is 
found in most groups of algae and probably is more prevalent in 
fungi than the studies indicate because of the difficulty of getting 
accurate chromosome counts. 

Although the normal condition in mammalian species, including 
humans, is diploidy, whole-organism polyploidy has the potential 
to occur. Triploidy and tetraploidy have been detected in studies 
of cattle and pig blastocysts, and of spontaneously aborted human 
embryos (Fig. 10.3). However, there are no reports of live-born 
offspring with overall polyploidy in any of these organisms, indicat-

Fig. 10.2. A comparative diagram of the wing epidermis in the 
Mediterranean flour moth (Ephestia kiihniella) to show the relationship 
between scale length and ploidy level of the scale-forming epidermal 
cells (SeC) and the socket cells (SOC). The uppermost and longest scale 
(left) is an outgrowth from a 32x cell, and the shortest scale (right) is 
from an 8x cell. The socket cells around the base of each scale are 4x 
with the longest scales and 2x with intermediate and short scales. The 
epidermal cells are 2x. (Redrawn from Brodsky and Uryvaeva, 1985.) 
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Fig. 10.3. A triploid karyotype from a spontaneously aborted human fetus (Levitan. 1988). In humans 
and other mammals. a mixture of polyploid and diploid cells is a normal condition in some tissues such as 
the liver, but it is not tolerated in the whole organism. 

ing that the extra doses of chromosomes and genes cause lethality 
in the early embryonic stages. On the other hand, triploidy has been 
reported in adult chickens, and ploidy levels ranging from 3x to 
8x occur in some fish species, and also in some amphibians and 
reptiles. Polyploidy is rare in insects and seems to be associated 
with a parthenogenetic mode of reproduction. 

Explanations have been sought to explain why polyploidy is 
prevalent in plants but rare in animals. One suggestion is related 
to the fact that most animals are dioecious and have a Y chromo
some with very little genetic activity. which is compensated by 
doubling of the transcription rate in the single X of males, or by 
inactivation of an X chromosome in females. Polyploidy disrupts 
the balance of X to autosomal gene products, normally maintained 
by dosage compensation. and is expected to result in lethality or 
sterility. On the other hand, most plants are not dioecious, and 
those that are. rarely have a degenerate sex chromosome. 

10.3 WHOLE-ORGANISM FOLYPLOIDY 

Polyploid individuals arise spontaneously from diploids as a result 
of some cell-division error or the effect of some condition in the 
natural environment, and they are induced by applying a specific 
treatment or manipulation. The outcome is autopolyploidy or some 
type of a1lopolyploidy. depending on whether the diploid has one 
type of genome or two types as a result of hybridization. The timing 
of a polyploid-producing event in the life cycle determines whether 
the whole organism or only sectors become polyploid. 

The spontaneous occurrence of whole-organism polyploidy due 

to chromosome doubling in somatic cells is thought to be a rare 
event. If the doubling takes place in the zygote, whole-organism 
polyploidy can result, but this causes death in the early embryonic 
stages of most higher animals, as indicated in the previous section. 
In a plant population. a newly polyploid individual has severe com
petition from the diploid majority and usually does not survive. 
Doubling in plant-meristematic cells results in sectors of polyploid 
tissue of varying sizes. depending on how early or late in the life 
cycle the doubling occurs. Unless the polyploid condition is carried 
into the reproductive organs. it will not be transmitted to the next 
generation. 

The most likely natural cause of polyploidy in plants is the 
formation of unreduced (2n) gametes in a diploid individual. If a 
2n gamete participates in fertilization by uniting with a 2n or n 
gamete. the zygote and all succeeding cells are polyploid. The 
advantage of 2n gametes over somatic doubling is that the doubling 
process occurs in mature plants after growth and differentiation 
have largely ceased. During seed development. there is time for the 
cells to adjust to the higher chromosome number. and the resulting 
offspring will be better able to compete with diploids. but certain 
gene combinations may give better adaptability in the polyploids. 
Some causes of unreduced gametes are as follows: 

(a) Chromosome doubling in a premeiotic cell 

(b) An incomplete type of first meiotic division known as 
first-division restitution 

(c) An incomplete type of second meiotic division called sec
ond-division restitution 

(d) Chromosome doubling after meiosis 
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(e) Development of a somatic cell in the ovule into a 2n ga
mete 

Meiotic irregularities are the most frequent sources of unre
duced gametes in plants. Normally, on the female side, a ceUplate 
forms between the first and second meiotic divisions, and another 
plate at the end of meiosis, so that each of the four nuclear products 
is in a separate compartment. On the male side, the first cell division 
mayor may not occur, depending on the species; if not, both cell 
divisions occur simultaneously at the end of meiosis. First-division 
restitution (FDR) means that the members of each homologous pair 
of chromosomes separate, but all the chromosomes stay within the 
membrane of one nucleus, called a restitution nucleus, at the end 
of the first meiotic division (Figs. lOA and 10.6). Second-division 
restitution (SDR) refers to an abnormal second meiotic division 
(Figs. 10.5 and 10.6). The amount of heterozygosity or homozygos
ity in the unreduced gametes depends on whether or not there is 
crossing over between genes and their centromeres, and whether 
there is first- or second-division restitution. With no crossing over 
between gene loci and their centromeres, all of the resulting ga-

failure in spindle formation 1 
results in the nuclear 
membrane reforming 

around the chromosomes 
without movement to 

opposite poles 

normal disjunction at 
second division of meiosis 

both gametes are 
AaBb 

meiotic prophase 

product of first
division restitution 

telophase I 

Fig. lOA. A simplified diagram of meiosis to illustrate first-division 
restitution (FOR). Only one pair of chromosomes is shown with no 
crossing over between the centromere and the Ala or BIb loci. Although 
a cell plate does not develop between meiosis I and II, a plate does 
develop at the end of meiosis to give two diploid gametes (a dyad) in 
which nonsister centromeres are present and both loci are heterozygous. 
(Veilleux, 1985.) 
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products of 
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Fig. 10.5. A simplified diagram of meiosis illustrating second-division 
restitution (SDR). Again, only one pair of chromosomes is shown with 
no crossing over between the centromere and the Ala or BIb loci. In this 
case, meiosis I is normal and a cell plate forms between the two nuclei 
in the normal sequence. The separation of sister chromatids OCCUIS 

during meiosis II, but no cell plate is formed at the end of meiosis, 
resulting in a dyad of 2n cells. In each cell, homologous chromosomes 
have sister centromeres although the chromatid arms distal to the Ala 
and BIb loci can be a mixture of crossover and noncrossover segments. 
The products of meiosis are 100% homozygous at both loci. (Veilleux, 
1985). 

metes are heterozygous for these genes after FDR and all are homo
zygous after SDR. When crossing over occurs between a gene and 
its centromere, 50% of the gametes are heterozygous for that gene 
after FDR, but 100% are heterozygous after SDR (see the B-b 
gene pair in Fig. 10.6). Because heterozygosity is associated with 
heterosis, FDR is a desirable event in the absence of crossing over, 
but for genes farther from the centromeres, with crossover events 
more likely to occur, SDR events give maximum heterozygosity. 

The production of unreduced gametes is influenced by hybridi
zation, the plant genotype, and environmental conditions. Hybrids 
from crosses between some species or genera have largely univa
lents at meiosis due to lack of intergenomic-chromosome pairing. 
FDR overcomes the problem of chromosome loss by keeping all 
the chromosomes in one nucleus at the end of meiosis I, and this 
results in dyads of functioning cells. Single-gene recessive muta
tions for lack of pairing (asynapsis) or premature separation of 



paired homologs (desynapsis, Fig. 10.7) occur in many plant spe
cies. 1bey can cause irregular distributions of the chromosomes to 
the poles, and a high frequency of nonfunctioning male or female 
gametes. Therefore, the plants are prone to produce unreduced ga
metes by first-division segregation in order to overcome the high 
sterility. 

In the microsporocytes of some plant species, a cell plate is 
not formed between the two meiotic divisions; instead, cell plates 
develop simultaneously in two directions at the end of meiosis IT 
to produce a tetrad of reduced microspores. One condition that 
produces a dyad of unreduced microspores in these species is pre
mature cytokinesis, the formation of a cell plate at telophase I or 
prophase IT. Premature cytokinesis may be due to gene mutations 
or environmental conditions · such as certain temperatures. Other 
genetic conditions with potentials for producing unreduced male 
gametes involve variations in spindle orientations during meiosis 
IT. Normally, the two spindles are at right angles to each other or 
are positioned so that the four poles form a tetrahedron (Fig. 10.8a). 
Both fused (Fig. 1O.8b) and parallel (Fig. 1O.8c) spindles have 
been observed in potato (Solanum) species and hybrids, and alfalfa 

first-<livitis~~n ./ 
restltu~ 

normal I 
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second-I 
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telophase I 
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gametes 
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1 AABb:1aaBb 
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FIg. 18.6 Diagrams of meiotic stages, using one pair of chromosomes, 
to illustrate the results of fDR (left) and SDR (right) after a single 
crossover between the centromere and the BIb locus. but not between the 
centromere and the Ala locus. At the end of meiosis, the cells resulting 
from FOR are 100% Aa, 50% Bb, and 25% BB or bb. After SDR, they 
are 50% AA or aa, and 100% Bb (Veilleux. 1985). Both fDR and SDR 
are important causes of unreduced gametes in the potato (peloquin et al., 
1990). 

Multiples of Basic Chromosome Numbers-Polyploidy 143 

'. '\ 
~ .... 

' . ,. 
~ 

• , -." , \ 
~'J 

b 

Fig. 10.7. Pachytene (a) and diakinesis (b) in a desynaptic mutant of 
diploid potato (1x = 24) (Ramanna, 1983). Although homologous 
chromosomes are paired at pachytene, most of the pairs separate 
prematurely and are univalents at diakinesis and later stages. Synaptic 
mutations. such as the one shown here. often stimulate first-division 
restitution. resulting in functioning 2n gametes rather than unbalanced 
gametes (Hermsen, 1984). 

(Medicago sativa) haploids, which are at the diploid level. Cytoki
nesis occurs in only one plane at the end of meiosis, a dyad of 
unreduced microspores is produced, and the genetic effect is analo
gous to first-division segregation. 

Parallel or fused spindles at meiosis IT are not possible in meg
asporocytes because there is a linear arrangement of the cells after 
both meiotic divisions. However, asynaptic and desynaptic muta
tions, mentioned above, can produce unreduced female gametes by 
failure of cell division after the fIrst meiotic division. Other muta
tions also can disturb the meiotic process such as the maize gene 
elongate (el), which causes the chromosomes to uncoil (hence the 
name) during meiosis in the ovules. Only one of the two meiotic 
divisions takes place, resulting in a dyad of unreduced megaspores 
and, eventually, unreduced eggs. This gene has no effect on micro
sporogenesis. 

Autotetraploids can arise from the spontaneous occurrence in 
diploids of unreduced gametes with two identical genomes. If union 
occurs between male and female unreduced gametes produced by 
the same plant, or by different plants with the same genome, autotet
raploids can be produced directly. However, if an unreduced pollen 
grain originates from an irregular type of meiosis, it competes with 
the more numerous reduced pollen grains from normal meioses on 
the same plant. Therefore, a reduced sperm cell is more likely to 
fertilize an unreduced egg cell because of faster pollen-tube growth 
or a more favorable interaction with diploid-style tissue. The prod
uct of this mating is an autotriploid, which may occasionally pro
duce an egg cell containing three identical genomes; this egg can 
unite with a reduced sperm cell, which contains the same genome 
from the triploid or a diploid, to give an autotetraploid. 

Allotetraploids originate from crosses between diploid species 
with genomes from different sources, and the diploid hybrids are 
usually highly sterile due to lack of chromosome pairing. First
division restitution, followed by a normal second division, results 
in gametes containing one dose of each chromosome in the two 
genomes. Union of male and female gametes of this type restores 
a double dose of each chromosome and genome in an allotetraploid 
(see Fig. 10.1 b). 

Higher levels of polyploidy arise in nature by some of the same 
routes that produce tetraploids from diploids. For instance, natural 
crosses between an allotetraploid and a related diploid species with 
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a third genome give a1lotriploid hybrids with a single dose of each 
genome and high sterility. Doubling of the triploid chromosome 
number somatically, or union of male and female gametes contain
ing the three genomes, produces an a1lohexaploid with each genome 
in a double dose. Another possibility is doubling of the diploid 
chromosome number to give an autotetraploid, then introduction 
of a second genome from a diploid species, resulting in an autoallo
hexaploid (see Fig. 10.1 c). 

Polyploidy is associated with various forms of asexual repro
duction in some genera or species of fishes, insects, reptiles, and 
plants. Polyploidy increases the dosage of gene loci, and thereby 
the chances for mutations that are favorable for the change from 
sexual to asexual reproduction. Hybridization increases the diver
sity of the gene pool by introducing heterozygosity. There is some 
evolutionary evidence in plant angiosperms that sexual polyploidy 
and hybridization precede apomixis (a general term used in plants 
to denote reproduction without fusion of gametes). However, in 
animals, hybridization and asexual reproduction likely would pre
cede polyploidy. This difference between animals and flowering 
plants can be attributed to the more complex reproductive cycle in 
plants, so that more genetic changes must occur to bring about an 
asexual mode of reproduction. Both polyploidy and hybridization 
facilitate these changes, as pointed out above. In animals, the main 
type of asexual reproduction is parthenogenesis (i.e., the develop
ment of an unfertilized egg into an embryo and a subsequent indi
vidual). Only two genetic changes are needed in the oocyte to bring 
this about: elimination or circumvention of meiosis, and physiologi
calor chemical changes in the oocyte to make it divide mitotically 
without stimulation from a sperm cell. A single-locus basis for 
parthenogenesis was reported in chickens, supporting this concept. 
If the asexual mode of reproduction can be established in diploid 
animals, it could be advantageous when polyploidy is introduced, 
by circumventing the sterility produced by meiotic irregularities in 
sexually reproducing polyploids. 

Induced polyploidy results from various treatments or manipu
lations such as heat or cold shocks, which produce triploidy in 
fishes and amphibians. A temperature treatment applied to fish 
eggs in some cases suppresses the second meiotic division. As a 
result, the chromosomes that normally pass into the second polar 
body are retained in a restitution nucleus, and unreduced ova are 
produced. However, temperature treatments, particularly heat 
shocks, can lead to mortality and abnormalities. Heat shocks ap
plied to plants around the time that the zygote is beginning to 
divide produce tetraploidy, apparently by preventing cell division. 
Temperature treatments in plants have been largely replaced by the 
alkaloid colchicine, as the most effective chromosome-doubling 
agent. 

The discovery in the 1930s that colchicine (see Fig. 4.9, Chapter 
4) could induce polyploidy led to a burst of experiments to study 
its effects in animals and plants. When colchicine is applied in a 
paste or solution to seeds or seedling meristems, it disorganizes 

Fig. 10.S. Variations in spindle behavior during meiosis in potato 
(Solanum sp.). (a) Metaphase II showing two normal (nonparallel) 
spindles. (b) Fused spindles with the two chromosome groups together. 
(c) Parallel spindles at metaphase II. (d) An unreduced group of 
chromosomes at metaphase II and two reduced groups at anaphase II. (a, 
b, and d: Ramanna, 1974; c: Ramanna, 1979.) 



Fig. 10.9. The effects of colchicine on root-tip mitotic chromosomes of 
onion (Allium cepa, 2n = Ix = 16) (O'Mara, 1939). Top: The 16 
chromosomes showing lack of coiling and excessive contraction. They 
are not oriented in the cell because colchicine prevents spindle 
formation. Bottom: A near-tetraploid cell (2n = 31). This can result 
from the top cell if, after the chromosomes have separated, the sister 
chromatids remain in the same cell. In both cells, the sister chromatids 
are still attached at their centromeres. Some of the ends also show 
contact, but others are separated. These shapes are typical for colchicine
affected mitosis. 

the spindles of cells that it contacts by binding to tubulin, the protein 
of the microtubules. Because colchicine prevents cell division but 
does not prevent chromosome or DNA replication, sister chroma
tids are retained in a restitution nucleus, which has a doubled chro
mosome number (Fig. 10.9). As long as colchicine remains in con
tact with the cell, the chromosomes continue to replicate without 
cell division, resulting in a higher level of polyploidy. Whenever 
colchicine is removed, the spindle function is restored in most plant 
species, and cell division proceeds normally. Colchicine has wide
spread effectiveness in higher plants and in some lower forms such 
as algae, but it is not generally effective in fungi. It has been applied 
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to fertilized eggs or sperm of rabbits and pigs in attempts to induce 
polyploidy. Although there is evidence that chromosome doubling 
occurs, it is not possible to establish whole-organism polyploidy 
in these mammals. 

Callus formation is another source of polyploidy in plants. In 
some species, particularly those in the family Solanaceae, a callus 
(outgrowth of cells) can form at the place where a stem is cut 
or injured. At least some of the cells in calluses have a doubled 
chromosome number, and a portion of the shoots from them are 
polyploid. Calluses also can form in tissue cultures of various plant 
parts if a callus-stimulating medium is used. If the plant parts in
volve somatic cells such as immature embryos, those callus cells 
that undergo chromosome doubling are polyploid. 

Often, anyone treatment does not act on its own, but interacts 
with another condition or treatment. The effectiveness of colchicine 
in doubling the chromosome number of grapes was enhanced by 
combining it with gibberellic acid. This combination was thought 
to increase the rate of cell division, making more cells available 
for colchicine action, and to cause cell elongation, making it easier 
for colchicine to enter the cells. 

10.4 TISSUE OR ORGMI POLYPLOIDY 

In diploid animals and plants, certain organs or tissues may become 
partially or entirely polyploid as a normal condition in the life 
cycle. This implies that there is some programmed irregularity in 
a mitotic cycle, resulting in polyploid cells. The most frequent type 
of irregularity is lack of cytokinesis (cell division) after a normal 
nuclear division. In a diploid organism, the result is a cell with 
tetraploidy distributed between two diploid nuclei (Fig. 10.10). Bi
nucleate cells are a normal constituent of certain tissues in plants 
and animals; they are found in several parts of the mammalian 
body, including the liver (see also Fig. 4.16, Chapter 4), and partic
ularly in some invertebrates. Another type of irregularity is failure 
of the later stages of mitosis due to lack of spindle formation or 
some other breakdown. Again, there is no cell division, and the 
cell has a single, tetraploid nucleus because the sister chromatids 

Fig. 10.10. Binucleate cells in the pigment epithelium of a rat retina 
stained with Feulgen (Brodsky and Uryvaeva, 1985.). The smaller paired 
nuclei are diploid, giving a tetraploid cell (Ix X 2), and the larger 
paired nuclei are tetraploid, giving octoploid cells (4x X 2). 
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of each chromosome separate but cannot move to opposite poles. 
Failure of cytokinesis after the tetraploid nucleus divides results 
in octoploid cells with two tetraploid nuclei (see Fig. 10.10). Mono
nucleate, tetraploid cells can also be derived from binucleate, dip
loid cells by fusion of the two spindles and the two sets of chromo
somes, with the formation of a single metaphase plate. Anaphase, 
telophase, and cell division proceed normally, resulting in two tetra
ploid cells with single nuclei. In certain plant and invertebrate cells, 
the two spindles of binucleate cells remain separate, but the two 
groups of daughter chromosomes at each pole are sufficiently close 
together during telophase that they are enclosed in one nuclear 
membrane, giving two mononucleate, tetraploid cells. 

Endomitosis refers to situations where chromosomes replicate 
and sister chromatids separate without breakdown of the nuclear 
membrane. No nuclear or cell division occurs, giving a condition 
known as endopolyploidy. Repeated endomitoses in the same cell 
can give high ploidy levels, as has been found in differentiated 
tissues of certain insects, and in the tapetal layer of anthers in higher 
plants. 

10.5 EFFECTS OF POL ¥PLOIDY 
ON PHENOTYPES AND INTERNAL TRAITS 

The effects of polyploidy are most clearly detected in new, experi
mental polyploids, which can be compared with their diploid par
ents before they have had time to diverge because of mutations, 
or intergenomic recombination in the case of some allopolyploids. 
However, when diploid and neopolyploid (i.e., recent polyploid) 
races of the same plant species exist in natural populations, differ
ences can be noted. Polyploidy of any type involves an increase 
in DNA amount per nucleus. When compared to the situation in 
diploids, gene dosage is increased at all loci in autopolyploids and 
at many loci in allopolyploids. The morphological, physiological, 
and chemical effects of polyploidy trace to these conditions within 
the cells. 

The characteristics of polyploids have been determined mainly 
at the autotetraploid level. The initial effect of polyploidy is an 
increase in cell size to accommodate the greater chromosome num
ber and DNA amount, but a decrease in the ratio of cell surface 
to cell volume. The increase in size of pollen and stomatal guard 
cells in plants is often used as an initial indicator of polyploidy 
(Fig. 10.11). The cell-division cycle is prolonged, resulting in a 
slower growth rate and later plant maturity (flowering and fruiting) 
than in diploids. In some plant species, the delayed development 
has been associated with decreases in growth-hormone levels in 
polyploid tissues and with lower rates of respiration. The final plant 
size may not be increased over that of the diploid because of fewer 
cell-division cycles, but there can be an increase in the size of 
flowers (see Fig. 10.11), fruits, and seeds, particularly in autotetra
ploids. Other typical traits of polyploids are less branching and 
changes in the shape and texture of leaves and flower parts. Poly
ploids have a higher water content, which may result from less 
transpiration, and a lower osmotic pressure except under low hu
midity. They are more sensitive to freezing temperatures because 
of their increased water content. 

The activities of several enzymes involved in metabolic pro
cesses have been compared in tomato diploids and derived autotet
raploids. For different enzymes, the activity increases, decreases, 
or remains unchanged in response to increased gene doses. Lack 
of consistency between gene dosage and enzyme activity could 

diploid autotetraploid 

Fig. 10.11. Colchicine-induced autotetraploidy in Cosmos bipinnatus 
(Newcomer, 1941). From top to bottom: flower, stomata, and pollen 
grains of diploid (left) and autotetraploid (right). Induced autotetraploids 
usually have a mixture of favorable and unfavorable traits that must be 
weighed when conSidering their practical uses (Sybenga, 1992). 

disturb metabolism or some other regulation mechanism and cause 
developmental abnormalities in the tetraploids. 

Polyploids contain higher concentrations of sugars, starch, and 
vitamin C than diploids, but lesser amounts of nitrogen and struc
tural constituents such as cellulose. Studies on phenolic compounds 
and isozymes in polyploids have been useful in characterizing spe
cies or in helping to identify the parental species in natural poly
ploids, because different phenolic or isozyme patterns are often 
inherited as codominants. In such cases, patterns of two diploid 
parental species can appear in the F 1 hybrid or the derived allotetra
ploid. Sometimes, the parental patterns combine to produce a non
parental phenolic profile in the hybrid, making the parentage more 
difficult to detect. Some autopolyploids have nonparental phenolic 
or isozyme patterns when compared with the diploids from which 
they were derived. These differences between diploids and poly
ploids are explained by assuming that the pertinent genes are sup
pressed in the diploid parents, but chromosome doubling somehow 
restores their functions. The occurrence of nonparental patterns in 
autopolyploids indicates that this criterion must be combined with 
others when deciding whether a polyploid originated from interspe
cific hybridization. 

10.6 MEIOTIC DEHA VIOR AND FERTILITY 
IN POLYPLOIDS 

This section is based mainly on higher plants because of the avail
ability of both natural and induced polyploids. In animals, viable 
polyploidy is an infrequent occurrence. By definition, autopoly-



ploids should have identical multiples of each kind of chromosome, 
at least when they first arise. In both experimental and natural 
polyploids, structural changes over time can cause divergence 
among the homologous chromosomes of the multiplied genome, 
thereby affecting the kind of pairing during meiosis. 

10.6.1 Meiotic Behavior of Autopolyploids 
Autotetraploids have four doses of the same genome, which 

means that each chromosome in the genome is represented by four 
homologs. As synapsis is a specific two-by-two attraction between 
homologous chromosomes or segments, each group of four chro
mosomes cannot be paired as a unit throughout their lengths. In
stead, there is pairing competition by segments within the group, 
and at least two chromosomes must change partners to maintain 
the two-by-two pairing relationship, and also the association of the 
four chromosomes as a quadrivalent (Fig. 10.12). 

If chromosome arms pair at random, bivalents occur when there 
is pairing in both arms of two chromosomes instead of a switch in 
partners between one of these chromosomes and a third chromo
some. Studies on induced autotetraploids in different plant species 
indicate that there are more bivalents and fewer quadrivalents at 
metaphase I than would be expected if partner exchange occurs 
without restrictions. There also is evidence that the proportion of 
bivalents to multivalents increases over a span of generations. The 
suggested explanations for the reduction in quadrivalents focus on 
the pairing mechanism during the zygotene and pachytene stages 
of meiosis and the locations of chiasmata. 

In the silkworm, Bombyx mori, a study of synaptonemal com
plexes (SCs) in autotetraploid females, using the electron micro
scope, disclosed more quadrivalents at early synaptic stages than 

plant (Alliumsp.) 

Fig. 10.12. Electron micrographs of quadrivalent formations in 
autotetraploid cells at pachytene. Top: A microsporocyte of tetraploid 
Allium vineale, with a quadrivalent of four chromosomes synapsed at the 
ends and in the middle (Loidl, 1986). There is lack of synapsis in two 
regions where the chromosomes change partners. Bottom: A tetraploid 
chicken oocyte showing a symmetrical, cross-shaped quadrivalent with 
non-pairing where the chromosomes change partners (Solari and 
Fechheimer, 1988.). The four centromeres are marked by arrowheads. 
The arrow marks telomeres that are folded back over the paired arms. 
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Fig. 10.13. Diagrams of quadrivalents (IVs) at pachytene in an 
autotetraploid (left) and some of the metaphase I configurations resulting 
from varying numbers of crossovers (right). Each chromosome is 
represented by one chromatid, and the centromeres are numbered; 
crossover sites are marked by X. (a) A crossover in each branch of a 
quadrivalent (left) gives closed IV s at metaphase I (right). The 
configuration on the left would be expected to give a 2: 2 chromosome 
distribution because two chromosomes face each pole. In contrast, the 
configuration on the right will give a I : 1 distribution if the two 
nonoriented chromosomes lag behind, a 2: 2 distribution if they go to 
opposite poles, a 1: 2 distribution if one chromosome lags, and a I: 3 
distribution if both go to the same pole. (b) A crossover in three of the 
arms will give an open quadrivalent. The left combination will give a 
2: 2 distribution; the right will give a 3: I distribution as two adjacent 
chromosomes move to the same pole. (c) A crossover in two adjacent 
arms will give a trivalent (III) and a univalent. The distribution will be 
2: 1 if the univalent lags and is lost, 2:2 if it goes with chromosome I, 
and 3: 1 if it goes with 2 and 3. (d) A crossover in two nonadjacent 
branches will give two bivalents and a 2: 2 segregation. (Sybenga, 
1975.) 

at later stages. This was explained by an adjustment in the SC so 
that it was extended between two homologous chromosomes and 
not between the other two homologs in the quadrivalent, which 
was resolved into two bivalents. However, if the pairing period 
was too short for the synaptic adjustment to occur, the frequency 
of quadrivalents remained high. Synaptic adjustment was observed 
in maize SCs but was not considered to be effective in reducing 
quadrivalent frequencies. 

The number and locations of chiasmata in the pachytene con
figurations have a direct influence on whether quadrivalents or 
smaller configurations are seen at metaphase I (Fig. 10.13). Be
cause the sites where the chromosomes change pairing partners are 
not fixed, as they are in reciprocal trans locations, quadrivalents 
can vary in shape among cells depending on the locations of these 
sites. If partner exchange occurs near the ends of the arms, the 
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Fig. 10.14. Left: Photomicrograph of a metaphase I cell of an autotriploid Triticum speltoides 
(3x = 21). There are six V-shaped trivalents, and one "panhandle" trivalent (arrowhead) 
consisting of a closed bivalent and a third chromosome tied to one of the others after a switch of 
partners. (Photograph from Yen and Kimber, 1990). In the interpretive diagram for the trivalent 
(right), the two chromosomes on the left side form a closed bivalent structure after a crossover in 
each arm, then a partner switch in the upper arm and a second crossover ties the third 
chromosome like a panhandle to the other two. These complex trivalents are more likely to occur 
in autotriploids than in autotetraploids because after a crossover occurs in one arm between two 
chromosomes, the chances for that arm to pair and crossover with a third chromosome are greater 
when there is no fourth homolog competing for pairing, as is the case in tetraploids (Yen and 
Kimber, 1990). Although the photo shows only trivalents, bivaients and univalents also occur and 
must be included when quantifying pairing behavior (Jackson, 1991). 

segments beyond an exchange site may be too short for crossing 
over and chiasmata to occur, and two rod-shaped bivalents result 
(see 1O.13d). Another condition that can prevent chiasmata from 
forming is lack of pairing or nonhomologous pairing around the 
sites of partner exchanges. Chiasmata are sometimes localized in 
the centromere region such as in the natural autotetraploid Allium 
porrum, where partner switches must occur between chiasmata on 
opposite sides of the centromeres to retain quadrivalents. These 
events are rare, however, and, in their absence, quadrivalents are 
reduced to bivalents. 

As the four chromosomes of each group in an autotetraploid 
are structurally identical, the gametes are balanced as long as there 
is a 2: 2 distribution to the poles at anaphase I. Different metaphase 
I orientations that give balanced and unbalanced distributions are 
shown in Fig. 10.13. When these variations in behavior for one 
quadrivalent are extended to other quadrivalents that are present, 
the frequency of unbalanced gametes is increased. Because there 
are interactions among gene dosages on different chromosomes, 
changes in dosage caused by unequal chromosome distributions 
may produce nonfunctional gametes. 

Autotriploids have three homologous chromosomes of each 
type, and their most common meiotic configurations are a trivalent 
(Fig. 10.14) or a bivalent plus univalent. The trivalents and univa
lents behave like those in autotetraploids during meiosis, but their 
higher frequencies in autotriploids increase the number of unbal
anced gametes. The meiotic behavior of the trivalents that are asso
ciated with the trisomic states of individual chromosomes is given 
in Chapter 11 (Section ll.l). 

With levels of induced autopolyploidy above tetraploidy, the con
figurations become more complex and cytological instability increases. 

10.6.2 Fertility of Autopolyploids 
When fertility is measured by seed set and/or normal pollen, it is 

usually lower in newly induced autotetraploids than in the parental 

diploids due to anyone, or a combination, of cytological, genetical, 
and physiological conditions. Studies using different plant species 
have followed induced autotetraploids for a number of generations 
to detect a relationship between fertility and meiotic chromosome 
behavior. In maize, turnip (Brassica campestris), and grain ama
ranth (Amaranthus species), selection of plants with higher fertility 
over 10-19 generations was accompanied by a decrease in quadri
valents and an increase in bivalents. These results suggest that the 
decreased fertility in the newly induced autotetraploids was caused 
by the meiotic irregularities introduced by the multivalents and that 
the restoration of the diploid type of meiotic chromosome behavior, 
called dipioidization, produced more functional gametes. There is 
support for this concept in some natural populations of plants and 
fishes, where inherent autopolyploids have bivalent pairing or are 
in the process of making this change. However, in some plant 
species, an increase in fertility is accompanied by no change, or 
an increase, in quadrivalent frequency, indicating that fertility is 
affected by genetical or physiological conditions. 

Autotriploids typically have high sterility because of the prepon
derance of gametes with unbalanced chromosome numbers. Even 
if each group of three homologous chromosomes consistently forms 
a trivalent, there can be different orientations on the metaphase 
plate. For example, with each V-shaped trivalent (see Fig. 10.14), 
two chromosomes may be oriented toward either the upper pole 
or the lower pole, and the third chromosome to the opposite pole, 
and the gametes can have a range of chromosome numbers, with 
a few having one or two complete genomes. Ifbivalents plus univa
lents occur, the loss of univalents can contribute to this range. 
Gametes that deviate by more than one or two chromosomes from 
the reduced or unreduced euploid chromosome numbers are likely 
to be nonfunctional in plants because of the variation in dosage of 
different chromosomes. 

Newly induced autopolyploids above tetraploids usually lack 



the vigor and fertility to be maintained long enough to adapt to the 
higher level of ploidy. This is the situation with maize (Zea mays ), 

which is normally diploid. On the other hand, plant species do exist 
in which high levels of autopolyploidy have evolved. In these cases, 
the plants are often perennials with some type of asexual propaga
tion, so that seed propagation can be bypassed when high sterility 
is a problem. Ploidy levels up to 12 times the basic chromosome 
number occur in Rubus species (raspberries and blackberries) and 
in some groups of ferns (Pteridophytes). 

10.6.3 Meiotic Behavior of AIlopolyploids 

As indicated in Section 10.1.2, all allopolyploids have at least 
two genomes from different sources in their background. The de
gree of genetic relationship between the genomes influences the 
kind of meiotic pairing. Allopolyploids that arise naturally or are 
successfully induced have some degree of relationship between 
genomes from different species, and they may have both bivalents 
and multivalents during meiosis, depending on the number and size 
of common chromosome segments. Those chromosomes having 
common segments across genomes, and the pairing of those seg
ments, are called homoeologous. If intergenornic, homoeologous 
pairing and intragenomic, homologous pairing occur in the same 
nucleus, both multivalents and bivalents may be formed. 

A number of naturally evolved allopolyploids have only biva
lent pairing even though they have homoeologies between ge
nomes. Genetic control of this pairing restriction was first discov
ered in common or bread wheat (Triticum aestivum), which is an 
allohexaploid with three related genomes. A major gene, symbol
ized Ph1 for pairing homoeologous, restricts pairing to homologous 
chromosomes, with only bivalent formations in the hexaploid, and 
univalents in the haploids (Fig. 1O.ISa). The effect of this gene 
was detected by removing the chromosome or arm carrying the 
Ph1 locus by cytogenetic manipulations, or by using X-rays or a 
chemical mutagen to delete or mutate the locus. In these situations, 
multivalents as well as bivalents were observed at meiosis in the 
hexaploids and haploids, with some univalents still occurring in 
the haploids (Fig. IO.lSb). When a wild, diploid relative of wheat, 
Triticum speltoides, is crossed with common wheat, the action of 
Ph1 is suppressed in the hybrid by the speltoides genome, and 
intergenomic pairing occurs. 

Ph-like genes are thought to be widespread in plants and possi
bly in some amphibians, so there has been considerable interest in 
finding out how the Ph1 gene functions in wheat. Characterization 
of the Ph1 mutations presently available indicates that they are all 
deletions, and DNA sequences located in these deleted regions have 
been identified. Because point mutations for this important gene 
are not available, this limits detailed studies on its mechanism of 
action. Although a molecular explanation has not been established, 
two broad categories are possible. 

I. The product of the Ph1 gene may stimulate nuclear -attach
ment sites for the chromosome ends of homologous ge
nomes so that pairing can occur. The homoeologous ge
nomes would not be acted on in this way and would remain 
far enough apart so that pairing does not occur. 

2. The product of the Ph1 gene could modulate the fine tuning 
of the time in meiotic prophase when crossing over occurs. 
Early in this stage, homoeologous and nonhomologous, as 
well as homologous, associations of chromosomes can be 
readily observed, using three-dimensional reconstructions 
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Fig. 10.15. Chromosome behavior in haploids of hexaploid wheat 
(Triticum aestivum), with and without the gene PhI, located on 
chromosome 5B (Photographs from lauhar et aI., 1991). Top: Late 
metaphase I showing only univalents due to the presence of one dose of 
PhI that prevents homoeologous pairing. Bottom: Metaphase I showing 
homoeologous pairing in the presence of the mutant allele phI. There 
are two trivalents (marked by arrows), five bivalents, and five 
univalents. Meiotic pairing in wheat is controlled by genes on several 
chromosomes, with a balance between promoters and suppressors, but 
the Ph gene has a predominant effect (Kimber and Sears, 1987), 

of sectioned nuclei analyzed by electron microscopy. As 
the cells progress to pachytene, all except the homologous 
associations disappear. If the Ph1 gene product delays re
combinational activity until well into pachytene, only ho
mologous crossing over would occur and would result in 
only bivalents later in meiosis. 

Variation in the dosage of Ph1 may cause changes in the amount 
and kind of pairing. When six doses of Ph1 are obtained by cytoge
netic manipUlations, even the close association between homologs 
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is suppressed, and both homologs and homoeologs enter meiosis 
with a random distribution. It is evident that if evolutionary rela
tionships between genomes are based on chromosome pairing ob
served in hybrids between two species under investigation, errors 
in interpretation can occur due to the unknown effects of a Ph-like 
gene. 

10.6.4 Fertility of Allopolyploids 

A major cause of reduced fertility in aUopolyploids is homoeo
logous pairing during meiosis, because it produces multivalents, 
irregular chromosome distributions, and genetically unbalanced ga
metes. Allopolyploids without genetic restrictions on chromosome 
pairing have this problem. We might expect allopolyploids with a 
Ph-like suppression of homoeologous pairing to be as fertile as 
their diploid parents. However, most newly induced polyploids of 
this type have some reduction in fertility, indicating a lack of har
mony when different genomes occur in the same cell, along with 
cytoplasm that came mainly from one species through the egg cell. 

Another condition promoting sterility in a1lopolyploids is a high 
ploidy level. Several perennial grass genera (x = 7) in the tribe 
Triticeae have natural ploidy levels ranging from diploid to octo
ploid or higher, but two-thirds of the species are tetraploid, suggest
ing that this is an optimum ploidy level. Induced amphiploids at 
the octoploid level showed a continuous decrease in fertility over 
six generations. In such cases, the high chromosome number with
out pairing restrictions gives multivalents and unbalanced gametes. 
The established natural allopolyploids have survived because inher
ent mutations that restrict chromosome pairing to bivalents have 
become part of their genotype, or vegetative reproduction has elimi
nated the need to rely on seed production for perpetuation of the 
polyploid. With a combination of cytogenetic and molecular tech
niques, it may be possible to transfer Ph1 or similar genes between 
species or genera, to lessen the problem of reduced fertility in 
induced amphiploids. The success of such transfers depends on 
how a gene of this type would function in foreign cells. 

10.7 GENE SEGREGATIONS IN POLYFLOIDS 

Diploids have disomic inheritance because they normally have two 
doses of each chromosome and each gene locus. The type of inherit
ance for polyploids may be disomic or polysomic (more than two 
doses of each chromosome and gene locus), depending on the type 
of polyploid and the genotype. The difference in genome composi
tion between autopolyploids and a1lopolyploids is reflected in the 
way genes segregate in these two types of polyploids. 

10.7.1 Allopolyploids 

Established natural a1lopolyploids are thought to have been de
rived from hybridization between genetically related diploid spe
cies; therefore, the different genomes have many genes in common. 
In an allotetraploid, for example, each of the two parental genomes 
can have a gene contributing to the same function or phenotype. 
These genes show disomic segregation like that for duplicate genes 
arising from a duplication within a diploid genome. Any genes 
limited to one genome in an allopolyploid would also show disomic 
inheritance. 

A good example of disomic inheritance in a natural allopoly
ploid is red versus white kernel color in wheat (Table 10.1). There 
exists one gene locus for kernel color in each of the three genomes 

Table 10.1. Inheritance of Kernel Color in Allopolyploid Wheat with 
Triplicate Genes for Red Color, R1 in Genome D, R2 in 
Genome A, and R3 in Genome B 

Parents 

FJ 

F2 

Parents 

Crosses Involving Tetraploids (A and B Genomes) 

R2 R2 R3 R3 x r2 r2 r3 r3 
Dark Red White 

R2 r2 R3 r3 
Medium red 

Selfed 

9 R2- R3-
3 R2- r3 r3 
3 r2 r2 R3-
I r2 r2 r3 r3 

Different shades of reda to white 

Crosses Involving Hexaploids (A, B, and D Genomes) 

R1 R1 R2 R2 R3 R3 X r1 r1 r2 r2 r3 r3 
Dark red White 

R1 r1 R2 r2 R3 r3 
Medium red 

Selfed 

27 R1- R2- R3-
9 R1- R2- r3r3 
9 R1- r2r2 R3-
9 rlrl R2- R3-
3 Rl- r2r2 r3r3 
3 rlrl R2- r3r3 
3 rlrl r2r2 R3-
1 rlrl r2r2 r3r3 

Different shades of reda to white 

• The intensity of red pigment depends on the number of dominant R alleles present. 

(A, B, D) making up hexaploid wheat, and in each of the two 
genomes (A, B) making up tetraploid wheat. The lighter shades of 
red are difficult to distinguish from white by direct observation, 
but a chemical test detects the presence of any red pigment. Meiotic 
chromosome pairing is restricted to bivalents at both ploidy levels 
despite the presence of homoeologous chromosomes because of 
the pairing-restriction gene PhI. The gene segregations are not, 
therefore, disturbed by irregular chromosome distributions. If a110-
polyploids have homoeologies between different genomes and no 
pairing-restriction genes, the proportion of multivalents and biva
lents, and the behavior of the multivalents during meiosis influence 
gene segregations. Irregular segregations are also expected for odd
numbered ploidy levels such as a1lotriploids, with two doses of 
one genome and one dose of another, due to the unpredictable 
segregation behavior of the third genome. 

10.7.2 Autopolyploids 

Gene segregations in autopolyploids are more complex than in 
diploids or in a1lopolyploids with disomic inheritance, because of 
the replication of one genome. In autotetraploids, the following 
five genotypes are possible for alleles R and r, with the terms in 
parentheses referring to the dosage of the dominant allele: RRRR 
(quadruplex), RRRr (triplex), RRrr (duplex), Rrrr (simplex), or rrrr 
(nulliplex). The three heterozygous genotypes can be obtained by 



mutations or crosses between different genotypes. As the number 
of dominant alleles increases, the frequency of the r"r genotype 
in an F2 or backcross progeny decreases. The RRRr and RR" geno
types are the most useful for distinguishing between diploid and 
polyploid segregations in F2 or backcross progenies, because they 
give ratios of R: r that deviate more markedly from diploid ratios 
than those from the Rrrr genotype (see Table 10.3). 

The alleles at a single locus in an autotetraploid can be symbol
ized in a general way by a, b, e, and d, which can represent various 
combinations of dominant, recessive, or codominant alleles. Using 
these symbols, gametic formulas can be derived when there is no 
crossing over between the gene locus and the centromere in any 
of the four chromosomes due to close linkage (Fig. 10.16), or when 
the gene is far enough from the centromere for crossing over to 
occur in this region (Fig. 10.17). In the first situation, the alleles 
remain with their own centromeres through meiosis, and it is not 
possible for sister alleles to enter the same gamete; this is called 
chromosome segregation. In the second situation, sister alleles are 
separated into two chromosomes by crossing over, and if these 
chromosomes go to the same pole at anaphase I (e.g., see the 1 + 
2, 3 + 4 distribution in Fig. 10.17), this is an equational distribution 
because both chromosomes have the same alleles. The random 
distribution of sister chromatids at anaphase IT results in some ga
metes with sister alleles-a process called double reduction. This 
is also referred to as a type of chromatid segregation because the 
alleles segregate on a chromatid rather than a chromosome basis. 
The situation in Fig. 10.17, where there is a crossover between the 
gene and the centromere in each chromosome, is called maximum 
equational segregation, because it leads to the highest frequency 
of double reduction. Although maximum equational segregation 
presents the greatest contrast to chromosome segregation, it re
quires more specific conditions such as quadrivalent formation, 
and a crossover in each chromosome between the gene and the 
centromere. For these reasons, it is less likely to occur than a form 
of chromatid segregation requiring less stringent conditions. 

The gametic formulas in Figs. 10.16 and 10.17 can be applied 
to the three heterozygous genotypes for the R-r locus by assigning 
the general symbol to each allele as follows. 

RRRr 
abed 

R R r r 
abed 

R r r r 

abed 

For each of the three genotypes, the expected gametic frequencies 
for chromosome or maximum equational segregation can be de
rived by substituting R or r for a, b, e, or d in the formulas, and 
the results are given in Table 10.2. 

When backcrosses of any of the three genotypes are made to 
the nulliplex genotype r"r, the gametic frequencies in Table 10.2 
become the genotypic frequencies of the backcross progenies when 
an " gamete from the nulliplex is combined with each type of 
gamete. The F2 segregations in Table 10.3 are obtained by self
pollinating the F 1 plants, which transmit the same kinds and fre
quencies of gametes through the male and female sides. The back
cross and F2 segregations for the triplex (RRRr) genotype distin
guish tetrasomic inheritance from disomic inheritance (50% r for 
backcrosses, 25% r for F2's) for both chromosome and maximum 
equational segregations, because of the absence or less frequent 
occurrence of the recessive phenotype. Both types of F2 segrega
tions and both types of backcross segregations of the duplex (RRrr) 
genotype are distinguishable from disomic segregations, so this 
genotype as well differentiates between a tetrasomic and a disomic 
segregation. Chromosome segregation for the simplex genotype 
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3 

Anaphase I Anaphase II 

+ 2 aa + bb a + b -- a + b 

t t 
3 + 4 cc + dd c + d - c + d 

1 + 3 aa + cc a + C -- a + C 

t t 
2 + 4 bb + dd b + d - b + d 

1 + 4 aa + dd a + d -- a + d 

t t 
2 + 3 bb + cc b + C - b + C 

Gametic frequency: 2 ab + 2 cd + 2 ac + 2 bd + 2 ad + 2 bc 

The other two pachytene pairing combinations are 

1 (aa) - 3 (cc) 

2 (bb) - 4 (dd) 
and 

1 (aa) - 4 (dd) 

2 (bb) - 3 (cc) 

pachytene 
configuration 

Gametes 

ab + ab 

cd+cd 

ac + ac 

bd + bd 

ad + ad 

bc + bc 

These combinations give the same kinds of gametes as the 1 - 2. 3 - 4 
pairing shown above. and increase the frequency of each kind to 6. which 
can be reduced to 1. so the overall gametic formula for chromosome 
segregation is 

1 ab + 1 cd + 1 ac + 1 bd + 1 ad + 1 bc 

See text for use of this formula with any monogenic genotype. 

Fig. 10.16. Diagram illustrating the derivation of gametic frequencies 
after chromosome segregation in an autotetraploid (after Burnham, 
1962). The letters a, b, c, and d represent alleles of a single gene locus 
and there is no crossing over between the centromeres (numbered) and 
these loci. Randomness is assumed for the pachytene-pairing 
combinations, chromosome distributions at anaphase I, and chromatid 
distributions at anaphase n. Deviations from the gametic frequency 
shown are likely to occur if the four homologous chromosomes do not 
consistently form a quadrivalent. 

Rr" give the same frequency of recessives as a disomic segrega
tion, and maximum equational segregation requires large progeny 
numbers to separate tetrasOinic from disomic inheritance. The RRRr 
genotype gives some indication of the distance between the R-r 
locus and the centromere, because the recessive phenotype does 
not occur in backcross or F2 progenies unless the gene is far enough 
from its centromere for crossing over to occur. 

In natural populations, electrophoretic markers for various en
zymes or DNA markers (see Chapter 21, Section 21.2) provide 
efficient ways of testing for tetrasomic versus disomic inheritance, 
because different alleles at a locus are codominant and therefore 
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a a 

c c 

Anaphase I 

+ 2 ab + ab 

t 1 
3 + 4 cd + cd 

+ 3 ab + cd 

! ! 
2 + 4 ab + cd 

1 + 4 ab+cd 

t l 
2 + 3 ab + cd 

b b 

2 

4 

pachytene configuration 
after crossing over 
between the gene and 
the centromere in each 
chromosome 

Anaphase II Gametes 

a + a - b + b aa. + bb· 
or 

a + b -- a + b ab + ab 

c + C - d + d cc· + dd* 
or 

C + d -- c + d cd+cd 

a + C - b + d ac + bd 
or 

a + d -- b + C ad + be 

a + C - b + d ac + bd 
or 

a + d -- b + C ad + be 

This segregation has the same allelic combinations 
as the 1 + 3. 2 + 4 segregation. so each of its 8 
gametes can be mUHiplied by 2. 

Gametic frequency: 1 aa· + 1 bb· + 1 cc· + 1 dd· + 2 ab + 2 cd + 4 ac + 
4bd+4ad+4be 

The other two pachytene pairing combinations after crossing over between 
each gene locus and ~s centromere are 

1 (ac) - 3 (ac) 

2 (bd) - 4 (bd) 
and 

1 (ad) - 4 (ad) 

2 (be) - 3 (be) 

Both of these combinations give the same types of gametes as the 1 - 2. 3 -
4 pairing but with different frequencies for some of them. The overall gametic 
formula for maximum chromosome segregation is 

3aa·+3 bb"+3 cc·+3dci*+ 10ab+ 10cd+ lOac+ 10bd+ lOad + lObe 

See text for use of this formula with any monogenic genotype. 

Fig. 10.17. Diagram illustrating the derivation of gametic frequencies 
after maximum equational segregation in an autotetraploid (redrawn 
from Burnham, 1962). The letters a, b, c, and d represent alleles of a 
single gene locus, and there is a crossover between these loci and the 
centromeres (numbered). Randomness is assumed for the pachytene
pairing combinations, chromosome distributions at anaphase I, and 
chromatid distributions at anaphase II. The gametes with an asterisk 
result from double reduction, which requires that after crossing over 
between the centromere and the gene marker in adjacent chromosomes, 
these chromosomes go to the same pole at anaphase I. 

are expressed phenotypically. Some examples of tetrasomic segre
gation are given in Tables 10.4 and 10.5. The symbols r, s, t, and 
u for the different alleles at a locus were chosen to distinguish them 
from the general symbols a, b, c, and d, used in deriving the gametic 
formulas in Figs. 10.16 and 10.17. The three sets of data show 
good fits to the expected segregations for tetrasomic inheritance. 
Experiments such as these provide evidence for the occurrence of 
autotetraploidy in natural populations. 

In autotriploids, with three doses of the same genome, a gene 
locus such as R-r can have any of the following four genotypes: 
RRR (triplex), RRr (duplex), Rrr (simplex), or rrr (nulliplex). The 
two heterozygous genotypes can be used to obtain gene segrega
tions, and the theoretical expectations should be the same as for 
trisomics (see Chapter 13, Section 13.2). In reality, the trisomic 
segregations may be more reliable because autotriploids tend to 
have high sterility and a range of aneuploid progeny. 

Discrepancies may occur between observed and expected segre
gations in autopolyploids because of variable conditions during 
meiosis such as the frequencies of multivalents, bivalents, and uni
valents, which can influence the proportion of balanced and unbal
anced gametes, as well as fertility. Another uncertainty is that gene 
expressions in induced polyploids cannot always be predicted from 
their behavior in the diploid parents, because the increased gene 
dosage in autopolyploids sometimes changes the interactions be
tween loci and also between alleles at a locus. A completely domi
nant allele in a diploid may become partially dominant or additive 
in a polyploid. These changes in gene expression complicate cyto
genetic studies of characters in autopolyploids. 

10.8 GENOME AlULYSES IN POLYFLOIDS 

The chromosomal and genetical contents of genomes indicate the 
evolutionary pathways of extant species, and their taxonomic rela
tionships. Knowledge of interspecific chromosome homoeologies 
facilitates the successful transfers of genes to crop species from 
their wild relatives by chromosome manipulations (see Chapter 
15). The main focus of genome analysis has been on allopolyploids, 
which by definition, consist of more than one type of genome, but 
autopolyploids also can be investigated for the origin of their one 
type of genome, and possible divergence of the multiplied genome 
through mutation, chromosome rearrangement, or hybridization. 

Genome analysis is best accomplished if each chromosome in 
the set can be identified. Telochromosomes can be distinguished 
from two-armed chromosomes by direct cytological observations, 
and their pairing relationships with other chromosomes can be de
termined. However, usually only one or two chromosomes of the 
set are introduced as telochromosomes in anyone hybrid, so a series 
of crosses involving different telochromosomes must be made to 
test the complete set. Another direct way of assessing the pairing 
relationships of different genomes is by chromosome-banding pro-

Table 10.2. Expected Types and Frequencies of Gametes from Chromosome and Maximum Equational Segregations Involving a Single Heterozygous 
Locus with Two Alleles, R Dominant Over r, in an Autotetraploid 

Genotype Chromosome Segregation % rr Maximum Equational Segregation % rr 

RRRr IRR + IRr 0.0 l3RR + IORr + Irr 4.2 
RRrr IRR + 4Rr + Irr 16.7 2RR + 5Rr + 2rr 22.2 
Rrrr IRr + Irr 50.0 IRR + IORr + I3rr 54.2 

Source: After Burnham (1962). 
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Table 10.3. Expected F2 Segregations for a Single Locus with Two Alleles, R Dominant Over r, After Chromosome or Maximum Equational (Max. 
Equat.) Segregations in an Autotetraploid 

F2 Genotypes 

Genotype Type of Segregation RRRR RRRr RRrr Rr" rrr Ratio (R:r) %r 

RRRr Chromosome 2 allR 0.0 
Max. equat. 169 260 126 20 575: 1 0.17 

RRrr Chromosome 8 18 8 35:1 2.8 
Max. equat. 4 20 33 20 77:4 5.19 

Rrrr Chromosome 2 
4 
1 

169 
3: 1 25.0 

Max. equat. 20 126 260 407: 169 29.03 

Source: After Burnham (1962). 

Table 10.4. Tetrasomic Inheritance, Based on Chromosome Segregation, for Two Alleles at a Locus for Phosphoglucomutase(Pgm), and for Three 
Alleles at a Locus for Phosphoglucoisomerase(Pgi), in a Natural Population of Tolmiea menziesii. The Symbols r, s, and t Represent 
Codominant Alleles 

Locus 

Pgm 

Pgi 

0.46 

Genotype of Parents 

"SS X rrss 
(abed) (abed) 

sttt X rttt 

(abed) (abed) 

Genotypes 

rrrr 
rrrs 

"SS 

rsss 
ssss 

rstt 
rttt 
sttt 
tttt 

Progeny 

(Phenotypes) 

(r) 
(rs) 
(rs) 
(rs) 
(s) 

(rst) 
(rt) 
(st) 
(t) 

Observed Expected 
Segregation Ratio' 

3 1 
20 8 
38 18 
14 8 

2.03 

17 
20 
27 
24 

2.64 

P 

0.74 

0.46 

a The expected ratios are derived by assigning the symbols a, b, c, and d to each parental genotype as shown, in order to substitute the alleles r, S, or t in the gametic formula 
for chromosome segregation in Fig. 10.16. 
Source: Data from Soltis and Soltis (1988). 

Table 10.5. Tetrasomic Inheritance, Based on Maximum Equational Segregation, for Four Alleles at the Locus (Lap) for Leucine-Aminopeptidase in a 
Cross Between Two Alfalfa Species, Medieago sativa and M. falcata 

Fl 
Observed Expected 

Parental Genotypes Genotypes (Phenotypes) Segregation Ratio' P 

rrrr X sstu rrss (rs) 21 16 
(abed) (abed) rrst (rst) 37 20 

rrsu (rsu) 32 20 
rrtu (rtu) 16 10 
rrtt (rtu) 3 3 
rruu (ru) 2 3 

3.9 0.60 

Note: The symbols r, s, t, and u represent codominant alleles at the Lap locus. 
a The expected ratios are derived by assigning the symbols a, b, c, and d to each parental genotype as shown, in order to substitute the alleles r, s, t, or u in the gametic formula 
for maximum equational segregation given in Fig. 10.17. The last two F, genotypes probably came from double reduction. 
Source: Data from Quiros (1982). 
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cedures (see Chapter 6, Section 6.2), provided that most or all of 
the meiotic chromosomes have distinctive patterns. There is an 
increasing use of molecular techniques such as in situ hybridization 
(see Chapter 19) to detect repeated or single-copy DNA sequences 
in localized chromosome regions, and to relate them to intergeno
mic relationships. An example of this approach is given in the next 
section. 

10.8.1 Identifying Diploid Ancestors 
of Allopolyploids 

The first step is to locate diploid species that are likely progeni
tors of a naturally evolved allopolyploid species. This often in
volves expeditions to collect species from the area or center of 
origin for the taxonomic group to which the polyploid belongs. The 
potential ancestral species are selected for further investigations 
because they resemble the polyploid in one or more of the following 
ways: outward morphological traits, karyotype, and internal ana
tomical, biochemical, physiological, or molecular attributes. 

One way of testing the source of different genomes in the allo
polyploid is the genome-analyzer method. Hybrids are made be
tween a selected diploid species and the allopolyploid, culturing 
the embryos on synthetic medium if needed to prevent abortion. 
Meiotic cells are observed in the hybrids to determine the extent 
of chromosome pairing. Each genome is present in a single dose, 
so pairing of the genome from the diploid species with one of the 
genomes from the polyploid indicates that the diploid contributed 
its genome to the allopolyploid. The same method can be used to 
trace the source of the second genome in an allotetraploid, or the 
second and third genomes in an allohexaploid. The genomes that 
are common to the polyploid and its diploid ancestor are given the 
same letter. Quantitative data on the types of chromosome pairing 
provide more details for the degree of relationship between the 
genomes. 

A different approach is to make crosses between the selected 
diploid species, then double the chromosome number in the F 1 

hybrids using colchicine. The naturally evolved allopolyploid can 
be compared with its re-created counterpart in a number of ways, 
and the degree of fertility in the hybrid between the synthetic and 
natural polyploids indicates the closeness of the relationship. 

Both of these methods have been used in wheat and tobacco. 
The genome-analyzer method provided unequivocal evidence that 
the source of the A genome in tetraploid and hexaploid wheats was 
the diploid wheat Triticum monococcum, but there is a continuing 
search for the source of the B genome. The origin of the D genome 
in the hexaploid wheat Triticum aestivum was identified by crossing 
the tetraploid wheat Triticum turgidum, which has genomes A and 
B but lacks D, with the diploid species Triticum tauschii, which 
has the D genome. When the chromosome number in the hybrid 
was doubled to give a synthetic AABBDD hexaploid, it resembled 
the natural spelta group of hexaploid wheat and produced fertile 
hybrids when crossed both with this group and with bread wheat. 
There was less segregation in the progeny of the hybrids than would 
be expected if the cross had been between distantly related parents. 
With these clear results, T. tauschii was chosen as the contributor 
of the D genome to polyploid wheats. 

When the naturally evolved allotetraploid tobacco, Nicotiana 
tabacum, with genomes S and T, was crossed with each of two 
diploid species, N. sylvestris (genome S) and N. tomentosa (genome 
T), each diploid genome paired with one genome in the tetraploid, 
indicating that they were the ancestors of the tetraploid. The syn-

thetic allotetraploid, created by crossing the two diploid species 
and doubling the chromosome number of the hybrid, was like the 
natural allotetraploid N. tabacum in appearance and was male-fer
tile but female-sterile. When allotetraploids were derived using 
crosses between N. sylvestris and the diploid species N. tomentosi
formis or N. otophora, they were completely fertile in both cases, 
indicating that either of the latter species could be involved in the 
ancestry of tobacco. Molecular cytogenetics has helped to solve 
this dilemma. When N. tabacum DNA was hybridized to biotinyl
ated total genomic DNA from N. tomentosiformis and N. otophora 
using dot blot and in situ techniques (see Chapter 19), the results 
indicated that the T genome in N. tabacum may be the result of 
hybridization between the two diploid species. This idea was rein
forced by molecular evidence for up to nine translocations between 
the S and T genomes in N. tabacum. A strong, uniform signal was 
given when biotinylated N. sylvestris DNA was hybridized to N. 
tabacum DNA using the same techniques, and thus confirmed the 
close relationship between the S genomes of tabacum and sylv
estris. 

10.8.2. Quantitative Tests of Genome 
Relationships in Polyploid Hybrids 

Meiotic-chromosome pairing tests for DNA similarities 
throughout chromosome lengths, so considerable effort has been 
given to developing quantitative evaluations of observed sets of 
data. Mathematical models of chromosome pairing in triploid, tetra
ploid, or higher-level polyploid hybrids test the relative affinity 
(i.e., the degree of relationship) between different genomes. This 
approach is more objective than simply observing whether or not 
there is chromosome pairing between different genomes. In devel
oping the models, certain assumptions are made such as the follow
ing: synapsis begins at the ends of the chromosome arms and not 
in other regions, therefore each arm of a chromosome acts indepen
dently in its synaptic behavior, and multivalents can occur; the 
tendency for synapsis and chiasma formation between homoeolo
gous arms of two genomes is the same regardless of the arm and 
homoeologous group involved; and chiasma interference (see 
Chapter 21, Section 21.4.6 and Fig. 21.11) affects bivalents and 
multivalents equally. Although these assumptions are based on 
some factual evidence, they may not apply in all cases, but they 
are considered to be acceptable simplifications. 

The mathematical models are based on observed frequencies of 
chromosome configurations at the diakinesis to metaphase I stages 
of meiosis. Using an allotriploid as an example, the configurations 
can include trivalents, ring or rod bivalents, and univalents. The 
frequencies of these configurations are used to calculate a mean 
arm-pairing frequency, c, which is the proportion of paired arms 
observed, compared to the maximum possible for a triploid. Rod 
bivalents have one paired arm, whereas ring bivalents and trivalents 
each have two paired arms. Therefore, 

c= 
rod bivalents + 2(ring bivalents + trivalents) 

2(basic chromosome number) 

Varying numbers of parameters, depending on the mathematical 
model, represent the relative affinities of different genomes. One 
model, developed for allotriploid hybrids, relates the meiotic be
havior of chromosomes to two parameters, x and y, which are rela
tive affinities between the more and less closely related genomes, 
respectively. Values of x range from 0.5 to 1.0, and x + y = 1, 
so there is one independent variable. If an allotriploid is formed 



from crosses between an autotetraploid with genomic composition 
AAAA and a diploid with genome B, the triploid will be AAB. 
Over time, mutations or chromosome rearrangements can cause 
the two A genomes to differ somewhat, in which case they can be 
designated A and A', but they are still more closely related to each 
other than either is to genome B. Therefore, x is the relative affinity 
between A and A', and y is the relative affinity between A and B 
or A' and B, with a ratio of x:y:y. The calculated frequency of 
pairing between genomes A and A' is cx/(x + 2y) and between A 
and B or A' and B, cy/(x + 2y). Lack of pairing between arms of 
homoeologous groups is indicated by I-c. These formulas are used 
to obtain expected frequencies of different arm configurations, 
which are compared with an observed set of data. The best estimate 
of x (optimized x), which is facilitated using a computer program, 
is one that minimizes the differences between it and the calculated 
set of data, and this is attained by weighting the observed and 
calculated meiotic figures by the number of chromosomes in each 
type of configuration. 

Other mathematical models use more than two parameters to 
describe meiotic behavior in triploid, tetraploid, or pentaploid hy
brids. Some models are based on fewer assumptions and provide 
more variables than there are degrees of freedom in the set of data 
under study, resulting in ranges rather than single solutions for the 
parameters. Although this gives good agreement between observed 
and calculated frequencies of the various configurations for an opti
mized fit, it involves time-consuming computations. When the 
model described in the preceding paragraph was compared with 
two other models using the same sources of data for allotriploids 
in each case, essentially the same conclusions were reached con
cerning the relative affinities of different genomes. 

10.8.3 Assigning Chromosomes 
to Genomes 

In some cases, the chromosomes of one genome can be distin
guished from those of a different genome because of a morphologi
cal feature that involves the whole genome. For example, in allote
traploid cotton, Gossypium hirsutum, the chromosomes of the A 
genome are about twice as large as those of the D genome. Another 
example occurs in hexaploid wheat, where the B genome as a group 
has more prominent C and N bands than either the A or D genomes 
(see Chapter 6, Fig. 6.8). Of course, additional information must 
be obtained before a group of chromosomes with distinctive fea
tures can be assigned to a specific genome, using a letter as well 
as a number for each chromosome (see next subsection). 

When chromosome-group distinctions are absent, appropriate 
crosses are made to assign chromosomes to a genome on an individ
ual basis, but there must be a way of distinguishing each chromo
some from the others in the complement of allopolyploid species. 
If aneuploids such as monosomics or trisomics are available for 
each chromosome, they give decisive tests because the absence or 
addition of a chromosome is easily observed by cytology or, in 
some cases, by genetic effects (see Chapter 11, Section 11.5). The 
use of a set of monosomics to assign chromosomes to specific 
genomes is given in Chapter 14, Fig. 14.1. Telochromosomes are 
also good markers because they are distinctive at meiosis, either 
asunivalents or when their one arm pairs with a homologous arm 
of a complete chromosome (see Chapter 11, Fig. 11.21). 
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10.8.4 Homoeologous Relationships 
Between Cbromosomes of Different 
Genomes 

Homoeologous chromosomes have some common segments, 
but they are not identical throughout their lengths, as are homolo
gous chromosomes. Naturally occurring allopolyploids have inter
genomic groups of homoeologous chromosomes, indicating that 
the different genomes are derived from a common ancestor. Cyto
logical, cytogenetic, and biochemical methods have been used to 
detect these homoeologies. 

Meiotic observations on haploids derived from allopolyploids 
provide information on homoeologous relationships because each 
chromosome lacks a homologous partner, so there is a greater 
chance for homoeologous pairing. If, however, a gene such as PhI 
is present in one dose, it severely reduces homoeologous pairing, 
so haploids with a deletion or a mutant form of this locus must be 
used. A study on bread wheat haploids, with one dose of genomes 
A, B, and D, compared the amount of homoeologous pairing in 
the presence of one dose of the gene PhI versus one dose of the 
mutant allele phI (see haploids in Fig. 10.15). The percentage of 
the complement paired ranged from 6.45 to 14.05 in different hap
loids with PhI. In phI haploids, the pairing was much higher, 
ranging from 58.21 to 61.75 of the complement, and a haploid that 
was lacking chromosome 5B, which carries the PhI locus, had 
comparable pairing (54.9%). Chiasma frequencies also were con
siderably higher when PhI was not present. N-banding showed 
that 80% of the pairing was between A- and D-genome chromo
somes, but there were some trivalents, which had a heavily banded 
B-genome chromosome attached at one end to more closely paired 
A and D chromosomes. 

Individual chromosomes were not identified in the above study, 
but C- or N -banding can be used to distinguish whole chromosomes 
and, in some cases, each arm of a chromosome. Thus, when banding 
techniques are combined with a single dose of each genome and 
absence of genes that restrict homoeologous pairing, many interge
nomic chromosome-arm relationships can be observed at meiosis. 
If homoeologous chromosomes pair closely enough in haploids for 
crossing over and chiasma formation to occur, the exchanges of 
segments amount to reciprocal translocations, which can be de
tected in the progenies of crosses between the haploids and the 
allopolyploids in which they occurred. By identifying the chromo
somes in the translocations using chromosome banding or crosses 
with aneuploids, the homoeology of the chromosomes involved 
can be determined. 

When an array of identified aneuploid types are available, ho
moeologous relationships can be tested by combining the nulli
somic state for a chromosome in one genome with the tetrasomic 
state for a chromosome in a different genome. The nulli -tetra com
binations are checked for the amount of phenotypic compensation 
that two extra doses of one chromosome provide for the missing 
chromosome. An intensive study was made in hexaploid wheat, in 
which many nulli-tetra combinations were developed in the culti
var Chinese Spring, using painstaking cytogenetic methods. Each 
nulli-tetra combination was compared with the normal condi
tion-two doses of each chromosome-and with the nullisomic 
for the same chromosome that was missing in the nulli-tetra (Fig. 
10.18). The criteria emphasized fertility, but also included plant 
and spike sizes, and other traits. The results of this study made it 
possible to classify wheat chromosomes into seven homoeologous 
groups, with three chromosomes in each group (one chromosome 
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Fig. 10.1S. Spikes of Chinese Spring wheat showing 
nullisomic-tetrasomic compensation (top) and lack of compensation 
(bottom). N is a normal, disomic spike. The spikes labeled 3A, 3B, and 
3D in the top row are nullisomics, and the two spikes to the right of 
each nullisomic are nullisomic for that chromosome and tetrasomic for 
one of the other two homoeologs. The spikes to the right of N in the 
bottom row are nullisomic-tetrasomic combinations-or 
nullisomic-trisomic for the rightmost spike-but involve 
nonhomoeologous chromosomes (Morris and Sears, 1967). 

from each of the three genomes A, B, and D). There were differ
ences among the groups in the degree of compensation, and in 
three groups, the compensation was poor when the nullisomic for 
one chromosome was combined with either of its homoeologs, 
(e.g., nulli-2B combined with tetra-2A or tetra-2D). With the accu
mulating evidence for the natural occurrence of reciprocal translo
cations in wheat, this type of chromosome aberration or small dele
tions can cause some differentiation among homoeologs, so that 
they lose some of their compensating effects. 

The discovery that many genes in an allopolyploid are repre
sented by a locus in each genome provides a genetic approach to 
detecting intergenomic homoeologies. The more of these homolo
gous gene sets there are, the greater the extent of common areas 
among the chromosomes. The triplicate genes for kernel color in 
wheat are an example of a homologous set (see Table 10.1). Many 
homologous sets of structural gene loci for different enzymes span 
the wheat A, B, and D genomes, and they have also been located in 
homoeologous chromosome arms. Gluten, a nonenzymatic protein 
found in the endosperm of wheat kernels (see Fig. 21.7, Chapter 
21) is essential for bread-making. Gliadin and glutenin, two of the 
important components of gluten, are each controlled by homolo
gous sets of genes located in the homoeologous group 1 chromo
somes and, in the case of gliadin, also in group 6. These genes 
are located on chromosomes by using a combination of identified 

monosomics and biochemical techniques, and they are localized to 
chromosome arms using telochromosomes (see Chapter 14, Sec
tions 14.1 and 14.3). Strong evidence for homology of gene sets 
is provided if the genes are located at similar positions on the short 
or long arms of homoeologous chromosomes and if they are close 
to several loci that belong to known homologous sets. 

Homoeologies between the genomes of natural allopolyploids 
and related species are important in tracing the ancestry of the 
polyploids or in transferring to them valuable genes from wild 
relatives. The homoeologies are detected by methods that are simi
lar to those used within allopolyploids. For example, a hexaploid 
wheat variety (genomes A, B, and D) that was nullisomic for chro
mosome 5B and therefore lacked the pairing-restricting gene PhI, 
was crossed with diploid rye, which has genome R. The hybrids 
were ABDR, lacking PhI, and C-banding was used to identify 
chromosomes and their arms at meiosis. Whereas rye chromosomes 
could be distinguished from wheat chromosomes, only two of the 
seven rye chromosomes could be identified by their banding pat
terns. The pairing behavior of these two chromosomes with wheat 
chromosomes indicated that the long arm of IR was homoeologous 
to the long arms of the wheat group I chromosomes, lA, IB, and 
ID, and the short arm of IR was probably homoeologous to the 
short arms of the same wheat group. The long arm of the other 
identifiable rye chromosome, 5R, was homoeologous to wheat 
5AL, but partially homoeologous to the long arms of two chromo
somes of wheat group 4. This and other lines of evidence suggested 
that during the evolution of the rye genome from the same ancestor 
as wheat, a translocation had occurred between 4RL and 5RL. 

Tests for genetic compensation are effective in determining the 
amount of homoeology between chromosomes of an allopolyploid 
and a related species. Individual chromosomes of the related spe
cies, also called alien species, are substituted for individual chromo
somes of the allopolyploid, and the amount of compensation is 
gauged by the vigor and fertility of the plants with the substitutions 
(see Chapter 15, Section 15.4.2). If teIochromosomes are available 
for the alien chromosomes, the amount of compensation can be 
tested on an arm basis, substituting a pair of telochromosomes for 
one arm at a time. 

In another genetic approach, an allopolyploid and its related 
species can be compared with respect to gene homologies and con
servation of gene-chromosome arrangements (synteny) during the 
evolution of the polyploid and its relatives from a common ances
tor. Structural chromosome changes, in particular reciprocal trans
locations, can disrupt the genetic relationships among chromo
somes, but they can be detected by observations of meiotic pairing, 
by comparing related species for their gene arrangements, or by 
molecular techniques. 

There is an extensive amount of information on the gene homol
ogies of the grain crops barley, rye, and wheat, which belong to 
the tribe Triticeae within the family Poaceae. The hexaploid wheat 
cultivar Chinese Spring is used as a standard for cytogenetic com
parisons with related species because its gene-synteny relation
ships are believed to be largely unchanged from those in the ances
tral genome for the Triticeae. When the chromosomal locations of 
enzymes, proteins, and other traits are compared in wheat, barley, 
and rye, there is evidence of some homoeologies among chromo
somes with the same numbers, particularly between barley and 
wheat. Although each rye chromosome has some genes that are 
homologous to those in the comparable chromosomes of barley 
and wheat, rye chromosomes have undergone more structural 
changes than barley or wheat chromosomes during their evolution. 



This difference can be illustrated with chromosomes 4A, 4B, and 
40 of wheat, 4H of barley, and 4R of rye. The short (S) arm of 
rye chromosome 4R carries genes for the enzymes phosphogluco
mutase and alcohol dehydrogenase, which are homologous to genes 
on barley 4H and on homoeologous arms of the wheat group 4 
chromosomes. However, some genes and molecular markers 
(cDNA clones) are located on 4R in rye but on one or more of 
the group 7 chromosomes in wheat. Conversely, the gene for acid 
phosphatase is located on 7RS in rye, but on chromosomes num
bered 4 in wheat and barley. In chromosome-substitution experi
ments, 4RS gives good compensation for wheat group 4 chromo
somes and 4RL (long arm) gives good compensation for the group 
7 chromosomes of wheat. All these findings support the concept 
of a reciprocal translocation between 4RL and 7RS, so that some 
genes from 7RS are transferred to 4RL, and vice versa. 

10.8.5 Species-Specific Translocations 

During the evolution of different wheat groups, translocations 
that are specific for a group have occurred and have been detected 
by a combination of chromosome N-banding followed by in situ 
hybridization (see Chapter 19). The allotetraploid emmer group, 
Triticum turgidum, with genome formula AABB, has a transloca
tion involving two chromosomes of the A genome (4A and 5A) 
and one chromosome of the B genome (7B). The interchanges 
between these chromosomes are thought to have occurred in a 
sequence, so the translocation is called cyclic. The tetraploid timo
pheevi group, Triticum timopheevii, with genome formula AlA 'GG, 
has a different cyclic translocation involving chromosomes 6AI, 
IG, and 4G. A hypothesis to explain why these translocations are 
species-specific is that when a new amphiploid occurs by combin
ing and doubling two different genomes, it may be highly sterile 
because of an incompatibility between male nuclear genes and fe
male nuclear or cytoplasmic genomes. This bottleneck is overcome 
by certain changes in the nuclear chromosomes such as cyclic trans
locations, which somehow restore fertility and harmony between 
nucleus and cytoplasm. The mechanism whereby this is achieved 
still has to be determined. The translocation difference between 
the emmer group and the timopheevi group indicates that two lines 
of descent were involved in the evolution of tetraploid wheats. 

10.9 ADAPTABI.llfY OF NATURAL 
POLYFWIDS 

When polyploids are found in natural popUlations, questions arise 
about the attributes that enable them to compete with the diploid 
cQlllponent and to adapt to specific environmental conditions. The 
potential is always present for polyploidy to originate from somatic 
doubli~, or more likely from 2n gametes as a result of gene muta
tions affecting meiotic divisions. Some of the 2n gametes may have 
a higher number of adaptive gene combinations than others. Thus, 
some polyploids ,can survive and spread, while many are outcom
peted by their diploid parents. 

Conditions that favor polyploids in plant popUlations are a per
ennial rather ,than an annual habit of growth and an asexual mode 
of reproduction. With these traits, a polyploid has a longer time to 
become established while circumventing the sterility caused by 
irregular meioses. Apomixis can stabilize adaptive genotypes by 
transmitting the female genotype through unreduced eggs, thereby 
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helping polyploids to colonize a suitable habitat. If the polyploids 
are limited to sexual reproduction, the presence of a Ph-like gene 
would help to normalize the polyploid meioses. 

In both fish and insect natural populations, there is evidence that 
polyploidy has an adaptive role. In two fish families, Catostomidae 
(freshwater suckers) and Salmonidae (salmon, trout, etc.), all the 
members appear to be tetraploid based on cytological and genetical 
evidence. Members of the Catostomidae family and Cyprinus car
pio (carp), a tetraploid in the Cyprinidae (minnow) family, seem 
to be very well adapted to different ecological areas because of 
their large size, fast growth rate, and long life. These traits are 
attributed to increased gene doses, genetic recombination, and espe
cially heterozygosity. Polyploidy in insects is consistently associ
ated with parthenogenesis, which in most cases involves suppres
sion of meiosis. Although this condition prevents genetic recom
bination, both parthenogenesis and polyploidy cause a greater in
crease in heterozygosity than bisexual diploids because new muta
tions are retained. Genetic variability seems to make insects more 
efficient in occupying available niches; with parthenogenesis, one 
insect can establish a new population. Life spans of 2 or more years 
help polyploid insects to survive short-term environmental changes. 
Polyploidy increases genetic homeostasis (i.e., the stability of ge
netical and physiological states in variable environments) and has 
a buffering effect against deleterious mutations and chromosome 
aberrations. However, the accumulation of harmful mutations over 
a number of generations could cause loss of homeostasis and jeop
ardize the future of polyploid insect species. 

10.10 PRODUCTION AND USES 
OF INDUCED POLYPLOIDS 

Since the first use of colchicine in the 1930s to double chromosome 
numbers in plants, much has been learned about the optimum condi
tions when producing polyploids for breeding purposes. In addition 
to a perennial habit and asexual reproduction mentioned above 
for natural populations, other desirable traits of the diploids to be 
doubled are a low chromosome number, cross-pollination for the 
sexual mode of reproduction, and a short sexual-generation cycle. 
If the commercial product is a vegetative part of a plant such as 
tubers, leaves, or flowers, instead of seeds, the problem of a reduced 
seed set can be bypassed. At the same time, the larger size of some 
organs such as flowers, or the increased amount of certain chemical 
constituents such as sugar, give some commercial advantages to 
induced tetraploids. 

A low chromosome number is considered to be one of the most 
important factors because most crop species have already reached 
their optimum ploidy level. In fact, some so-called diploid species 
may actually be polyploid at least in part of their genome and could 
have evolved from a true diploid ancestor. If diploids have a high 
chromosome number, the doubling process may add too much 
DNA to the cells, which would not function efficiently. Diploid 
species with a low chromosome number (e.g., maize, n = 10, or 
tomato, n = 12) can tolerate tetraploidy, but they lose vigor and 
fertility at the octoploid level. 

Cross-pollination introduces new gene combinations and heter
ozygosity to autopolyploids, which have one genome multiplied. 
Successful induced autopolyploids such as ryegrass (Lolium spe
cies) and red clover (Trifolium pratense), as well as most of the 
natural autopolyploids, are cross-pollinating. This mode of pollina-
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tion appears to be less essential in allopolyploids because they have 
built-in genetic diversity, with at least two genomes from different 
sources. Therefore, self-pollination in this group fixes desirable 
gene combinations. 

Polyploidy breeding is a long-term program because the in
crease in chromosome number requires time for adaptation, both 
within the plants and in their interactions with the environment. A 
faster turnover of sexual generations accelerates testing of segregat
ing genotypes for many traits, including adaptation. It also is impor
tant to start with a broad genetic base, using diploids with diverse 
genotypes to produce the polyploids. Genes in polyploids often 
react differently to environmental conditions than when they are 
in diploids, so a large number of polyploid genotypes should be 
available for tests. 
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Deviations from Basic Chromosome 
Numbers - Aneuploidy 

• Aneuploidy can be caused by meiotic irregularities, chromosome aberrations, aging, or environmental stresses. 

• The viability, fertility, and phenotypic effects of deleting or adding whole chromosomes varies among organisms. 

• Aneuploidy for chromosome arms results from misdivision of univalent centromeres during meiosis. 

In contrast to euploidy, aneuploidy refers to deviations of one or 
more chromosomes from the basic genome in monoploids, or from 
multiples of the basic genome in diploids and polyploids. The de
viations can be additions or subtractions of individual chromo
somes. Aneuploids are described symbolically by the somatic chro
mosome number because the gametic numbers vary. If 2n is used 
for the normal somatic chromosome number of a species, the addi
tion of one chromosome to the somatic complement is designated 
by 2n + I, and the subtraction of a chromosome by 2n - I. These 
formulas apply to any ploidy level, but x can be used instead of n 
for a particular ploidy level. For example, in diploids, the formulas 
are2x + I and2x - 1. 

Although the addition or subtraction of single chromosomes has 
severe effects in mammals and often causes lethality early in the life 
cycle, such changes are tolerated more readily in plants, particularly 
polyploids. However, if the doses of several chromosomes are 
changed, the imbalance in gene interactions cannot be tolerated 
even in the polyploid plant or its gametes. Aneuploidy is an impor
tant type of chromosome deviation because it is a major cause 
of spontaneous abortions in humans and other mammals. Certain 
aneuploids in plants are useful for gene-mapping and gene-dosage 
studies. 

11.1 TYPES OF ANEVPLOIDS 

The normal or disomic state of two doses per chromosome in so
matic cells is the basis for comparing different types of aneuploids. 
The addition of a single chromosome to the 2n complement is a 
trisomic condition 2n + 1. In a diploid species, this means that 
one chromosome (trisome) is represented three times in somatic 
cells; all the other chromosomes are in two doses. In plants, triso
mics have been classified into different types, depending on the 
composition of the extra chromosome (Fig. 11.1). A tetrasomic (2n 
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+ 2) has two extra homologous chromosomes, so it has four doses 
of one chromosome compared to two doses of the other chromo
somes. 

A monosomic or 2n - I condition is the loss of one chromo
some from the 2n complement. In diploids or allopolyploids, the 
monosomic chromosome (monosome) and its genes are present 
once instead of twice in the somatic cells, but in autopolyploids, 
the genes are still present in two or more doses. The loss of both 
homologs of one type of chromosome constitutes a nullisomic con
dition. These and other types of subtraction aneuploids are illus
trated in Fig. 11.2. 

Some aneuploids involve dosage changes in more than one chro
mosome, such as double trisomies, which have an extra dose of 
two nonhomologous chromosomes, or double monosomics, which 
have one dose of two nonhomologous chromosomes. 

11.2 OCCURRBNCB AND VIABILITY 
OFANBUPLOIDY 

Aneuploidy can occur in any eukaryotic organism, but the viability 
of different aneuploid states depends on a number of factors, includ
ing the type of organism, the type of aneuploidy, the chromosome 
affected, and the background genotype and ploidy level. 

In the plant kingdom, diploids usually tolerate the primary triso
mic state, although the vigor can vary depending on which chromo
some has an extra dose. Complete sets of primary trisomics exist 
in a number of diploid crop species, including barley, maize, and 
tomato. Tetrasomics can be obtained from primary trisomics if the 
male and female n + 1 gametes carry the same extra chromosome 
(Table 11.1), but they are rare in diploids because of the low trans
mission of n + I gametes through the male. The modified trisomics 
(secondary, tertiary, etc.) are viable in the relatively few plant spe
cies where efforts have been made to obtain them. Monosomics 
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Fig. 11.1 Terms and diagrams illustrating the disomic and various 
addition-aneuploid states of one chromosome (e.g., A B C) in a diploid 
species. A second pair of chromosomes (E F G) represents the rest of 
the chromosome set. The symbol 2n is used here in a general .sense for 
the somatic-chromosome number at any ploidy level, although x can be 
substituted for n when the ploidy level is known. Thus, in this figure, 2n 
= 2x for diploidy. 

can be tolerated during the sporophytic stage of diploid plants, 
but the missing chromosome causes abortion of male and female 
gametes unless the loss occurs late in the development of pollen 
or eggs. Polyploids tolerate both trisomies and monosomics, but 
the latter are more useful because they have more distinctive pheno
typic effects. Monosomic sets have been developed in several poly
ploid species starting with tetraploid tobacco (Nicotiana tabacum) 
and hexaploid wheat (Triticum aestivum). 

Nullisomics come from the union of male and female n - 1 ga
metes with the same missing chromosome, usually by selfing a 
monosomic plant (Table 11.2). The frequencies of nullisomics for 
different chromosomes are usually low because of the competition 
between n and n - I pollen, orlethality in the early stages afterfertil
ization. However, certain monosomics in hexaploid oats (Avena sat
iva ), as well as certain monotelosomics and monoisosomics in hexa
ploid wheat, give higher frequencies of nullisomics. In these cases, 
there is less competition between n - I pollen and pollen with a 
complete chromosome set or with one or two doses of one arm. In 
tetraploid species, nullisomics cannot be recovered through sexual 
reproduction, but they were obtained indirectly in allotetraploid to
bacco by culturing anthers containing n - I microspores. Haploid 
plants with a missing chromosome (nullihaploids) were obtained, 
and their chromosome number was doubled to get nullisomics. 

The occurrence of aneuploidy in humans is widespread, but 
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Fig. 11.2. Terms and diagrams illustrating the disomic and various 
subtraction-aneuploid states of one chromosome (e.g., A B C) in an 
allotetraploid species. A second pair of chromosomes (E F G) represents 
the rest of the chromosome set. See Fig. 11.1 for use of n and x. For the 
a1lotetraploids in this figure, 2n = 4x. 

most aneuploid states cause spontaneous abortions, often before 
the pregnancies are detected. For clinically recognized pregnancies, 
the frequencies of trisomy in extensive studies are 25% for sponta
neous abortions, 4% for stillbirths, and less than 0.5% for live 
births. Trisomies for a few chromosomes are common, whereas 
those for others are rare. Chromosome 16 is involved in one-third 
of the trisomies causing spontaneous abortions. In live births, the 
sex chromosomes make up one-third of the trisomies, and chromo
some 21 makes the greatest contribution to autosomal trisomy. The 
parental sources of monosomic conditions have been detected in 
spontaneous abortions by using restriction-fragment-Iength poly
morphisms (RFLPs) (Fig. 11.3). Monosomy for any of the chromo
somes except X does not occur in live births, presumably because 
oflethality very early in a pregnancy. However, partial monosomies 

Table 11.1. Types of Progeny from the Self-Pollination of a Primary 
Trisomic (2n + 1); the Added Chromosome is Designated 
No. 5 as an Example 

Male Gametes 
Female 

Gametes n n + I, No. 5 

n 2n 2n + 1 
Disomic for No. 5 Trisomic for No. 5 

n + I, No.5 2n + I 2n + 2 
Trisomic for No. 5 Tetrasomic for No.5 
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Table 11.2. Types of Progeny from the Self-Pollination of a 
Monosomic Plant (2n - 1); the Monosomic Chromosome 
is Designated No. 5 as an Example 

Male Gametes 
Female 
Gametes n n - 1, No.5 

n 2n 2n - 1 
Disomic for No. 5 Monosomic for No.5 

n - 1, No.5 2n - I 2n - 2 
Monosomic for No. 5 Nullisomic for No. 5 

(deletions of chromosome segments), as well as partial trisomies 
(duplications of chromosome segments), for almost every human 
chromosome have been identified by banding techniques. The sizes 
of the excess or deficient segments usually do not exceed 5% of 
the total genome. There seems to be a concentration of partial 
aneuploidy in relatively few chromosome arms, and partial triso
mies are more frequent than partial monosomies. 

A mixture of aneuploid and diploid cells (mixoploidy) is another 
situation where monosomic cells could persist in a viable diploid 
body. This condition most likely results from nondisjunction in 
mitotic cells and seems to involve the sex chromosomes more often 
than the autosomes. From 10% to 20% of all sex-chromosome 
aneuploidies in humans are mixoploid conditions. 

In other mammals, the aneuploid pattern in livestock is similar 
to that in humans, with sex-chromosome aneuploidy and mixo
ploidy predominating in animals surviving the gestation period. 
Studies on spontaneous aneuploid frequencies in mice have been 
confined mainly to the sex chromosomes using gene markers. Pa
ternal X-chromosome losses are 5-10 times higher than maternal 
X-chromosome losses, both resulting in XO fertile females, and 
losses are also about 30 times as frequent as the expected comple-

~2.7kb 
~2.5kb 

Fig. 11.3. X-chromosome RFLP DNA sequences in a spontaneously 
aborted human fetus monosomic for X (center), and its disomic parents. 
By comparing the bands located at 2.5 and 2.7 kb, it is evident that the 
single X chromosome of the fetus came from the mother. The 
monosomic condition was, therefore, caused by the loss of X or Y from 
the chromosomal complement of the father (Hassold, 1986). 

mentary class, XXY (sterile males) with 1 maternal X and 1 pater
nal X. This indicates that most of the paternal X losses are not due 
to meiotic nondisjunction, otherwise the complementary classes 
should be equal in frequency. 

In chickens (Gallus domesticus), trisomies for macrochromo
somes (the large, identifiable chromosomes in the set; see Fig. 
6.5, chapter 6 for avian karyotype) and mixoploids of euploid and 
aneuploid sectors have been observed in early-stage embryos, but 
most of these conditions cause embryonic death. Two exceptions 
include a viable and fertile chicken that was trisomic for a micro
chromosome, and a viable F2 hybrid goose, which was shown to be 
trisomic for macrochromosome 1 (see Chapter 24, Section 24.14). 

Among insects, Drosophila melanogaster has been more inten
sively investigated cytogenetically than any other species. The 
spontaneous aneuploid frequencies for each of the four chromo
somes are low, whether originating in males or females. The fre
quencies of XO sterile males are consistently higher than those of 
XXY fertile females, similar to the results with mice given above, 
but the same sex-chromosome genotype has a different effect on 
sex expression and fertility in mice and Drosophila. 

11.3 MODES OF ORIGIN OF ANEUPLOIDY 

Most of the different types of aneuploids result from irregular chro
mosome distributions to the poles during cell divisions, so the con
ditions that produce these irregularities need to be considered. 
Gains and losses of chromosomes sometimes have a common or
igin. 

11.3.1 Nondisjunction of the Ceniromeres 

Occasional nondisjunction of the centromeres of sister chroma
tids during a mitotic division sends both chromatids to the same 
pole (Fig. 11.4a). One daughter cell will have a 2n + 1 complement 
and the other a 2n - 1 complement. If both types of cells divide, 
they can give rise to sectors of trisomic and monosomic tissues. 
Transmission of these aneuploid states depends on whether the 
sectors eventually involve reproductive structures. Nondisjunction 
can occur during either of the meiotic divisions. If a homologous 
pair of chromosomes fails to separate at anaphase I (Fig. ll.4b), 
both chromosomes go to the same pole, and there is no representa
tive of that chromosome at the other pole. With the separation of 
sister chromatids during meiosis II, half of the cells are n + 1 and 
the other half are n - 1. Union of n + 1 and n gametes gives a 
trisomic, and union of n - 1 and n gametes gives a monosomic. 
Nondisjunction of sister chromatids of a chromosome during meio
sis II also results in n + 1 and n - 1 gametes (Fig.l1.4c). 

11.3.2 Univalent State 
of Chromosomes 

Conditions such as haploidy that cause univalents instead of 
bivalents to be present during the metaphase I and anaphase I stages 
of meiosis have the potential for producing aneuploids. If a univa
lent divides equationally during meiosis I, the sister chromatids go 
to opposite poles and are included in the nuclei. They cannot divide 
further during meiosis II, so they lag and are often excluded from 
the nuclei. A univalent may not divide during meiosis I and lags 
between the poles, but may be included in a nucleus because of 
its location. In this case, it divides equationally during meiosis II, 



and two of the four cells have one dose of this chromosome. A 
third possibility is that the univalent is not included in a nucleus 
at the end of meiosis I and remains in the cytoplasm. If this variabil
ity in behavior is extended to most or all of the chromosomes 
in a haploid complement, the resulting gametes have a range in 
chromosome number. A few gametes with one added or one miss
ing chromosome can produce trisomics or monosomics, respec
tively, by uniting with a complete gamete. The gametes with one 
extra chromosome result from the inclusion of two unpaired homo
logs in the same nucleus at the end of meiosis I and equational 
separation of their sister chromatids during meiosis II, so that two 
of the four products have an extra dose of the chromosome. The 
loss of this chromosome from the other telophase I nucleus leads 
to deficient gametes. 

Univalents are the main source oftelochromosomes (telosomes) 
and isochromosomes (isosomes) because of occasional abnormal 
behavior (misdivision) of their centromeres during anaphase I or 
II (Fig. 11.5). Normally, a centromere divides lengthwise like the 
rest of the chromosome, and each chromatid has an equal amount 
of centromere material. A univalent centromere sometimes divides 
transversely, with each arm receiving varying amounts of centro
mere material depending on the dividing line. Because the centro-

a. 
anaphase nondisjunction progeny cells 

b. anaphase I 

c. 
anaphase II 

>--------<-.... :>----+----< 

nondiSjunction 
at mitosis 

nondisjunction 
at meiosis I 

nondisjunction 
at meiosis II 

Fig. 11.4. Nondisjunction in diploid plant cells with 2x = 4. (a) 
mitotic anaphase-the sister chromatids of one of the chromosomes are 
at the upper pole, resulting in aneuploid states in the progeny cells. (b) 
Meiotic anaphase I-both members of one bivalent are at the upper pole 
(left), whereas the homologs of the other bivalent have separated. After 
sister-chromatid separation at anaphase II, the four products are 
aneuploid (right). (c) Meiotic anaphase II-the sister chromatids of one 
of the chromosomes have both moved to the pole on the right in the 
upper cell, resulting in aneuploid states for two of the four meiotic 
products. 
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Fig. 11.S. Photographs and diagrams of normal division and 
misdivision of a wheat univalent at anaphase I. (Morris and Sears, 
1967). Left: Normal centromere division, with sister chromatids moving 
to opposite poles. Center: Centromere misdivision in the upper 
chromatid after chromatid separation, resulting in two telochromosomes. 
There is no misdivision in the lower chromatid where the short arm 
overlaps the long arm. Right: Centromere misdivision before chromatid 
separation, reSUlting in two isochromosomes. 

mere region consists of repetitive DNA sequences (see Chapter 20, 
Section 20.3), parts of it can be lost without interfering with its 
function, but if the transverse division is too unequal, only one arm 
has a functioning centromere. A linear centromere division and 
separation of the sister chromatids may precede misdivision, which 
can occur in one or both chromatids independently, and result in 
two or four telosomes. If misdivision occurs while the sister chro
matids are still together, it produces two isosomes, each with two 
identical arms attached by part of the centromere. Once telosomes 
and isosomes are obtained, they can give rise to each other if they 
occur as univalents during meiosis. Misdivision of a telosome while 
its chromatids are together can give an isosome and a centromere 
fragment, which would probably be lost. Misdivision of an isosome 
after its chromatids have separated gives two telosomes for the 
same arm. 

11.4 CONDmONS THAT CAUSE ANEUPLOIDY 

Conditions that affect chromosome pairing, or that produce hap
loidy and triploidy, result in high sterility in the individuals where 
they occur, because many of the gametes are unbalanced due to 
added or missing chromosomes. The few gametes that are func
tional are a good source of aneuploids, and their sources are dis
cussed in the following subsections. 

11.4.1 Mutations in Genes Controlling 
Meiotic Pairing and Separation 

Genes for asynapsis (no meiotic pairing) and desynapsis (pre
mature separation of homologs) (see Fig. 10.7) result in univalents 
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instead of bivalents at metaphase I. The irregular distribution of 
the univalents at anaphases I and II can result in a few viable 
gametes, with one or two chromosomes above or below the normal 
number for the species involved. When these gametes unite with 
gametes having the normal chromosome number, aneuploids are 
produced. 

11.4.2 Occurrence of Haploid States 

Monohaploids from diploids and polyhaploids from allopoly
ploids have high frequencies of univalents during meiosis because 
of the absence of homologous partners (see Chapter 12, Section 
12.3). Both trisomics and monosomics are produced in plants by 
crossing haploids as females with their diploid or polyploid coun
terparts, because haploids are more likely to transmit aneuploid 
gametes through eggs than through pollen. 

11.4.3 Crosses Involving Autotriploids 

Autotriploids crossed as females with diploids are an efficient 
source of trisomics in plants, because many of the viable female 
gametes formed by the triploid have extra doses of one to three 
chromosomes as a result of trivalent formations and 2: 1 separations 
during meiosis (see Chapter 10, Section 10.6). In the Solanaceae, 
the transmission of gametes with one to three extra chromosomes 
was 60% in the tomato (Lycopersicon esculentum) and close to 
72% in Datura stramonium. 

11.4.4 Crosses Between Related Species 

Interspecific crosses between related species with different 
ploidy levels give some univalents at meiosis and are a potential 
source of monosomics (Fig. 11.6). The disadvantage of interspe-

genomes 

gametes 

F1 meiosis 

F1 gametes 

Nicotiana tabacum (4x) X N. sylvestris (2x) 
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Fig. 11.6. An experimental procedure to obtain monosomics from 
interspecific crosses in Nicotiana. N. tabacum (tobacco) is an 
allotetraploid with an S genome from diploid N. sylvestris, and a T 
genome believed to come from a hybrid between two other diploid 
Nicotiana species. The cross shown is between the allotetraploid and the 
diploid source of the S genome, but a cross involving the T-genome 
diploid species could also be used. In order to compare the phenotypes 
of the different monosomics in a uniform genetic background, they were 
backcrossed several times to a particular line of N. tabacum (Clausen 
and Cameron, 1944). 

cific crosses is that they introduce heterozygosity, which makes it 
more difficult to distinguish the monosomic phenotypes. The solu
tion is to transfer the monosomic states, through crosses, to a uni
form genetic background such as a homozygous variety or line 
before comparing their effects. 

11.4.5 Reciprocal Translocations 
with Irregular Chromosome 
Distributions During Meiosis 

Heterozygous reciprocal translocations with a 3: 1 distribution 
of chromosomes from a ring-of-four or chain-of-four during meio
sis can produce n + 1 and n - 1 gametes. The type of trisomic 
or monosomic from these gametes depends on how the chromo
somes in the translocation are aligned on the metaphase I plate (see 
Fig. 9.21c). If the centromeres of the two standard (nontranslo
cated) chromosomes are not oriented with respect to the poles and 
at anaphase I these chromosomes pass to one pole with one of the 
translocated chromosomes, the gametes resulting from this distribu
tion have an extra, translocated chromosome. If such gametes unite 
with gametes having standard chromosomes, tertiary trisomics are 
produced (see Fig. 11.1). If the two nonoriented chromosomes are 
translocated and they pass to one pole with one of the standard 
chromosomes, the extra chromosome in the gametes is standard. 
The union of this type of gamete with a gamete having standard 
chromosomes gives an interchange trisomic (i.e., a trisomic state 
with a translocation background). In both situations, the nucleus 
at the other anaphase I pole receives only one chromosome from 
the ring or chain-a translocated chromosome in the first case and 
a standard chromosome in the second case. Such nuclei lack sizable 
amounts of chromatin, resulting in the abortion of gametes or zy
gotes in diploid organisms. However, tertiary monosomics with a 
single, translocated chromosome were obtained in tomato by irradi
ating mature pollen, which induced a break in the centromere re
gions of two nonhomologous chromosomes, followed by union of 
two of the four arms. The pollen functioned in fertilization because 
the male gametes contained the other two arms, which were lost 
during the zygotic cell division because of defective centromeres. 

In compensating trisomics, two structurally modified chromo
somes compensate for a missing standard chromosome. The com
pensations may consist of two translocated chromosomes from dif
ferent sources, a translocated chromosome and a telosome, or other 
combinations that give the equivalent of the missing chromosome. 
Two types of compensating trisomics are shown in Fig. 11.7. 

11.4.6 Robertsonian Translocations 

Heterozygous Robertsonian translocations between two acro
centric chromosomes (see Chapter 9, Section 9.3) have the potential 
for producing trisomic states for most of one chromosome and 
monosomics for the other chromosome. These aneuploid conditions 
occur if the translocated chromosome goes with one of the normal 
chromosomes to the anaphase I pole (source of trisomics), whereas 
the other normal chromosome goes to the other pole (source of 
monosomics), and the resulting gametes unite with gametes having 
standard chromosomes (see Fig. 9.24). 

11.4.7 Aging of Cells or Organisms 

The frequencies of aneuploids in cell or organism populations 
may be increased by aging. In humans, a study of over 1300 sponta-
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Fig. 11.7 Two types of compensating trisomies. The arms of each 
chromosome are marked with different numbers. (a) Two translocated 
chromosomes (3.2 and 5.4) from different translocations supply 
segments for a complete 3.4 chromosome. If the breakpoints in 3.4 are 
at different locations in the two translocated chromosomes as shown, the 
region between the breakpoints is trisomic, as are the distal parts of 
arms 2 and 5. (b) The translocated chromosome 3.2 and a 
telochromosome for arm 4 compensate for the missing chromosome 3.4. 
Parts of arms 2 and 4 are trisomic; the other parts of the three 
chromosomes are disomic. (Adapted from Sybenga, 1992.) 

neous abortions showed that the mean maternal age was higher for 
trisomic conditions than for other types of chromosomal abnormali
ties. Among the trisomics, the pronounced effect of maternal age 
involved mainly acrocentric chromosomes (groups D and G). For 
trisomics surviving beyond birth, the frequencies for at least three 
chromosomes (numbers 13, 18, and 21) are influenced by the age 
of the mother. The most investigated condition is trisomy for chro
mosome 21, which causes a complex of abnormalities known as 
Down's syndrome after the person who first described the devia
tions. The mean age for mothers having children with Down's 
syndrome in 11 countries is 35.5 years compared to 28 years for 
mothers of children without the syndrome. The risk of a woman 
having a child with Down's syndrome therefore increases markedly 
in the later childbearing years. The main cause of trisomy 21 is 
thought to be nondisjunction of chromosome 21 during gametogen
esis, and polymorphic DNA probes for this chromosome, as well 
as banding techniques, make it possible to trace the source of non
disjunction to meiosis I or II in the mother or father. Nondisjunction 
of chromosome 21 occurs more frequently in the mother, and one 
interpretation is that aging promotes some condition in the chromo
somes or in the cell components that increases this type of chromo
some behavior. Another suggestion is that older women do not have 
as many spontaneous abortions of trisomic 21 fetuses as younger 
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women, therefore there are higher frequencies of live-born infants 
with Down's syndrome. 

In Drosophila melanogaster, increases in frequencies of aneu
ploid offspring were obtained by a combination of maternal aging 
and treatments applied during the aging period such as a tempera
ture of 10°C (control 25°C) or a minimal food medium. Oviposition 
is reduced or inhibited under these conditions, but it resumes after 
the treatments are ended. Separation of progenies into broods, based 
on the length of time after a treatment, made it possible to localize 
the origin of aneuploidy to meiotic or premeiotic cells. In both 
mice and Chinese hamsters, older females usually give higher fre
quencies of aneuploids in their offspring than younger females. 
The increase in mice can be attributed to nondisjunction of one or 
more chromosomes during meiosis I, based on observations of 
metaphase II in oocytes cultured in vitro. 

11.4.8 Environmental Conditions 
Two important environmental factors with the potential for in

ducing aneuploidy are radiations and chemicals. Experiments on 
yeast (Saccharomyces cerevisiae) show that ultraviolet (UV) and 
X radiations, when applied to cells that later undergo mitosis, in
crease the frequencies of aneuploids over those in untreated cells, 
and that UV is also effective when applied to premeiotic cells. In 
D. melanogaster, frequency of loss of an X chromosome depends 
on the stage of gametogenesis irradiated, as well as the X-ray dose, 
in both males and females. In studies of nondisjunction of the sex 
chromosomes, males were irradiated when most of the cells in the 
testes were primary spermatocytes. The small proportion of XXY 
female progeny was attributed to nondisjunction of X and Y in the 
damaged spermatocytes. In irradiated females, induced nondisjunc
tion for chromosomes X and 4 depends on a specific stage of the 
oocytes when treated with X-rays. It should be pointed out that 
after irradiation, losses and gains of chromosomes may not trace to 
a common event because of other effects of the treatment. Whereas 
irradiation is able to induce aneuploidy in Drosophila and yeast, 
there is no decisive evidence for its effectiveness in Chinese ham
sters after irradiation of females, or in mice after irradiation of 
young or old females, males, oocytes (in vitro ), or spermatogonia. 
In humans, extensive chromosome studies have been made on 
groups at higher risk for irradiation effects because of their occupa
tions, the regions where they lived, medical treatments, or cata
strophic events such as exposure to radiations from atomic bombs 
in Japan during World War II. These studies indicate that at least 
for low dose levels and rates, there seems to be only a small risk 
of abnormalities from induced nondisjunction. However, irradia
tion can induce structural aberrations, and some of these can result 
in aneuploidy because of irregular distributions during meiosis. 

Many chemicals with aneuploid-producing potentials are natu
ral components of the environment, or are introduced by human 
activities. It has been challenging to develop assays that detect 
chemicals of this type, because some chemicals induce aneuploidy 
in some organisms but not in others. Another problem is that differ
ent chemicals can affect different targets or mechanisms in the 
cells, including the spindle, centrioles, centro meres, or chromo
some activities during meiosis such as pairing and crossing over. 
Chemicals that interfere with spindle activities such as microtubule 
formation or spindle elongation can cause irregular chromosome 
distributions, resulting in aneuploidy. Diazepam induces aneu
ploidy in Chinese hamsters by inhibiting centriole separation. In 
maize, ethylene glycol causes equational separation of centromeres 
at anaphase I, and the sister chromatids are distributed indepen
dently during meiosis II, resulting in some aneuploids. 
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Fig. 11.8. Mitotic metaphase in a mouse-human hybrid cell after 
benomyl treatment. The human chromosome 2 was increased from one 
to two doses (arrows) by the treatment, and can be distinguished from 
the mouse chromosomes by lighter staining (Athwal and Sandhu, 1985). 

Several species of fungi have been used to detect aneuploidy 
induced by chemicals because their chromosome organization and 
spindle formation are similar to those in higher eukaryotes, al
though some aspects of cell division are different. Other tests have 
included studies on the effects of chemicals on in vitro spindle-mi
crotubule assembly, cultured cells from various organisms and tis
sues, D. melanogaster, and progenies of organisms exposed to 
chemicals. 

In scoring cells for chromosome number, it is easier to detect 
chromosome gains than losses, because a chromosome loss attrib
uted to a chemical may be due to the technique in squashing cells. 
This problem was solved by using a mouse-human hybrid cell 
culture containing one human chromosome 2 with a dominant gene 
for the enzyme xanthine-guanine phosphoribosyl transferase, 
transferred from Escherichia coli. Growth of the cells in a medium 
containing xanthine and mycophenolic acid retained chromosome 
2, whereas growth in 6-thioguanine selected cells that had lost this 
chromosome. The human chromosome could be distinguished from 
mouse chromosomes by Giemsa-II or fluorescence banding. Three 
chemicals, benomyl, colcemid, and cyclophosphamide, caused both 
gains and losses of chromosome 2 when they were added to the 
medium in appropriate doses (Fig. 11.8). Another technique involv
ing a human sex chromosome is the use of fluorescence after quina
crine staining to detect the number of Y chromosomes in spermato
zoa from semen samples. This procedure showed that there were 
striking increases in cells with two Y chromosomes after the men 
were exposed to occupational or therapeutic chemicals. 

11.4.9 Viral Infections 

Viruses have been implicated in aneuploidy as well as other 
types of chromosomal aberrations. The barley-stripe-mosaic virus 
induces aneuploids in barley and wheat. One virus-induced condi
tion is the persistence of nucleoli during mitosis, which makes it 
difficult for sister chromatids to separate, so that nondisjunction 
can occur and lead to aneuploidy. It is speculated that viruses may 
produce their effects by interfering with DNA or protein synthes~s 
within cells, or that viral nucleic acid combines with cellular nucleIC 
acid to disrupt cell division. 

I 1.4.10 Pbysiological Stress 

Most of the factors causing aneuploidy create stressful condi
tions for cells and disrupt the harmony of cellular processes. When 
mice were stressed by keeping them in small cages, there was an 
increase in aneuploid cells along with increases in hormone levels. 
Another stress-producing situation is cell culture in vitro, which 
can affect chromosomes as well as genes. The resulting variation 
has included monosomics and trisomics, which are thought to arise 
from mitotic errors. 

11.5 EFfECTS OF ANEUPLOIDY 
Ort PHErtOTYPES 
ArID Il"ITERrIAL TRAITS 

In diploid organisms, both gains and losses of single chromosomes 
generally have pronounced effects on phenotypic traits due to asso
ciated disruptions in cellular processes. The severity of the effects 
varies with the organism and the individual chromosomes. 

In humans, the phenotypic and other disorders associated with 
aneuploid conditions that survive beyond the gestation period have 
been described as syndromes, together with the names of the per
sons who first described the symptoms. The autosomal trisomies 
in this category include trisomy-13 or Patau's syndrome, trisomy-
18 or Edwards' syndrome, and trisomy-21 or Down's syndrome 
(Fig. 11.9). Trisomy-13 and trisomy-l 8 have some common symp
toms, including mental and developmental retardation, as well as 
some distinguishing features. The abnormalities in both cases are 
so severe that death usually occurs within a few months after birth. 
About one in six infants with trisomy-21 die during the first year, 
mainly due to congenital heart disease or respiratory infections, 
and the average life span is about 16 years. Males are sterile because 
of abnormal reproductive organs. At least some females are fertile 
and can transmit both n and n + 1 gametes to their offspring. From 
studies of persons with trisomy for part of chromosome 21, most 
of the symptoms associated with Down's syndrome appear when 
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Fig. 11.9. Mitotic karyotype, stained with Giemsa, of a Down's 
syndrome human male with trisomy for chromosome 21 (Levitan, 1988). 



Fig. 11.10. Mitotic karyotype of a human male with Klinefelter' s 
syndrome, showing trisomy for the sex chromosomes, XXY (Novitski, 
1977). 

the tenninal part of q21 is trisomic. An increase in phosphofructoki
nase activity occurs in erythrocytes from persons with trisomy-21. 

Trisomy for the sex chromosomes in humans consists of three 
genotypes, XXY, XYY, and XXX. Klinefelter' s syndrome, which 
is based primarily on male reproductive abnonnalities, is usually 
due to XXY trisomy (Fig. 11.10), but may occur with additional 
doses of X, as in tetrasomy (XXXY) or pentasomy (XXXXY). The 
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phenotypic effects in different men can range from nearly normal 
to noticeable effects on body form, fertility, and such disorders 
as depressed thyroid function, chronic pulmonary problems, and 
diabetes mellitus. Mental retardation increases with the number of 
X chromosomes. Klinefelter's syndrome also results from mosa
icism, most frequently the XYfXXY combination, which gives a 
lower frequency of men with reproductive and intelligence prob
lems than overall XXY trisomy. XYY trisomic males have genital 
abnormalities and below-average intelligence. Some XYY individ
uals have normal psychological behavior; others may be aggressive 
against property. XXX trisomic females show variations ranging 
from a normal phenotype to abnonnalities in sexual traits, reduction 
in intelligence, and behavior problems. Four or five doses of X 
intensify the symptoms. 

In livestock, XXY and XXX trisomies in cattle and XXY tri
somy in sheep have adverse effects on the reproductive organs. 
Trisomy for chromosome 17 in cattle is assayed by karyotype anal
ysis of G-banded chromosomes and causes lethality due to a very 
short lower jaw and other defects. Animals with sectors of trisomic 
cells are sometimes viable and fertile. 

Monosomy for the X chromosome (XO where 0 refers to a 
missing X or Y) has been found in humans (Turner's syndrome; 
Fig. 11.11) and in other mammals including horses (Equus ca
ballus), swine (Sus scrofa domestica), and mice (Mus musculus). 
The XO phenotype in all these species is that of a sterile female, 
except in the mouse, where the female is fertile. The Turner' s 
syndrome traits of XO human females have also been found in 
females with one X and an isochromosome for the long arm of X, 
thus giving a monosomic state for the short arm and a trisomic 
state for the long arm. Deletion of part of one X short arm gave 
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Fig. 11.11. Mitotic karyotype in a human with Turner's syndrome, showing monosomy for the sex 
chromosomes, XO (Novitski, 1977). 
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Fig. 11.12. Drawings of female flies of Drosophila melanogaster 
showing (top) a diploid (2n = 2x = 8), (center) a monosomic for 
chromosome 4 (haplo-IV), and (bottom) a trisomic for chromosome 4 
(triplo-IV). Note the effect of aneuploidy on body size. In Drosophila, 
monosomy is tolerated only for 4, the smallest chromosome, and for the 
X chromosome (Morgan et aI., 1925). 

the complete Turner's syndrome expression, and deletion of part 
of one long arm gave a less severe expression of the syndrome. 
Thus, these partial monosomics have helped to localize the genes 
involved. 

Monosomy for any of the autosomal chromosomes has not been 
reported in live births of mammals, so the loss of one of these 
chromosomes is presumably lethal early in the gestation period. 
D. melanogaster flies that are monosomic for the smallest chromo
some, 4 (Fig. 11.12), develop slowly, may die, and are often sterile 
if they live, but the monosomic condition has been transmitted to 
progeny. 

In plants, the phenotypic effects of trisomy are clearest in dip
loid species, because gene replications in polyploids often mask 
the dosage effects of an extra chromosome. The different trisomics 
of a set within a species are more easily differentiated from diploids 
and from each other when they are all in the same homozygous 
genetic background. Another requirement is favorable growing en
vironments without competition from diploids, because trisomies 
generally develop more slowly. 

Trisomic chromosomes affect many aspects of development and 
differentiation, both externally and internally, throughout the plant 
life cycle. In species with a range in chromosome length, longer 
chromosomes can have more pronounced trisomic effects than 
shorter chromosomes, including a greater reduction in fertility, as 

was found in rice (Oryza sativa). Observations of the primary triso
mics in Datura stramonium and tomato (Lycopersicon esculentum) 
indicate that a specific trisomic condition modifies different organs 
in the same direction. For example, tomato trisomics 3 and 4 in
crease the length of leaves, stems, inflorescences, fruits, and seeds, 
whereas trisomics 7 and 10 decrease the lengths of most of these 
parts. Usually, certain key features are used to identify different 
trisomies. These include seedling traits in spinach (Spinacia olera
cea) (Fig. 11.l3), leaf traits in tomato, panicle types in sorghum 
(Sorghum bicolor), and seed-capsule sizes and shapes in Datura 
(Fig. 11.l4). If the chromosomes involved in the trisomies cannot 
be identified by phenotypic effects or chromosome morphology, 
chromosome banding and in situ hybridization can be used to iden
tify the trisomes and were applied to distinguish different primary 
trisomics in diploid wheat (Triticum monococcum). 

When telotrisomics, isotrisomics, tertiary trisomics, or compen
sating trisomics are available, they can be compared phenotypically 
with the appropriate primary trisomics for the effects of extra doses 
of single arms or segments versus whole chromosomes. Isotrisom
ics, also called secondary trisomics, are tetrasomic for genes on 
the arm included in the isochromosome (see Fig. 11.01). In Datura 
stramonium and tomato, isotrisomics for opposite arms of a chro
mosome have divergent effects on several traits, whereas the phe
notype of the primary trisomic for the same chromosome is interme
diate between the two isotrisomics (Fig. 11.15). Tomato telotri
somics and isotrisomics for long arms resemble the pertinent pri
mary trisomics, but those for the short arms are difficult to distin
guish from disomics. If a tertiary trisomic has a translocated chro
mosome consisting of the short arm of one chromosome and the 
long arm of another, it resembles the primary trisomic for the chro
mosome contributing the long arm. These observations indicate 
that most of the genes producing trisomic effects are located on 
the long arms, at least in tomato. Compensating trisomics (see 
Section 11.4.5) have varying numbers of chromosome segments 
with three doses depending on their origin, so they resemble the 
related primary trisomic or one of the modified trisomics. 

The effects of monosomy in plants vary according to the ploidy 
level of the species. In hexaploid species such as wheat (Triticum 
aestivum) and oats (Avena sativa and A. byzantina), if monosomics 
for each of the different chromosomes are grown in a favorable 
environment, most of them cannot be distinguished from each other 
or from disomics phenotypically. In these allopolyploids, genes on 
homoeologous chromosomes generally compensate for the reduced 
dosage of genes on the monosomes, and thereby produce a normal 
or nearly normal phenotype. A few genes lacking compensation 
have distinctive effects in reduced dosage and are useful for identi
fying the monosomics. 

Monosomic features are clear enough at the tetraploid level to 
separate the monosomics from the disomics and from each other 
based on phenotype, but it is important to make comparisons in a 
uniform genetic background, as was mentioned for trisomics in 
diploids. Differences in various flower parts are useful in identify
ing tobacco (Nicotiana tabacum) monosomics, because flower 
traits are more stable in different environments than other charac
ters. Monosomics of tetraploid cotton (Gossypium hirsutum) and 
tetraploid wheat (Triticum turgidum) are less vigorous and gener
ally less fertile than tobacco monosomics. Cotton monosomics of 
the two component genomes, A and D, can be separated on the 
basis of boll traits. 

Diploid plant species are most severely affected by monosomy. 
A few primary monosomics and a number of tertiary monosomics 



were obtained in tomato. All differed from disomics in traits affect
ing many parts of the plants, similar to those affected by trisomy, 
but with more extreme effects. The maize monosomics resulting 
from deletion-induced nondisjunction in the embryo sac (see Chap
ter 13, Section 13.4) were reduced in size compared to disomics, 
and each monosomic type could be distinguished by several quanti
tative traits. 

phenotype genotype 

normal diploid 

trisomic chromosome 1 

trisomic chromosome 2 

trisomic chromosome 3 

trisomic chromosome 4 

trisomic chromosome 5 

trisomic chromosome 6 

Fig. 11.13. Seedlings of spinach (SpiTlllCia oleracea) grown in petri 
dishes to compare growth traits between the diploid (top) and the six 
primary trisomies (rearrangement of photo from Ellis and Janick, 1960). 
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phenotype genotype phenotype genotype 

normal (20) 20+ 13.14 

20+12 20+ 15.16 

20+3.4 20+ 17.18 

20+ 5.6 20+ 19.20 

20+7.8 20+21.22 

20+9.10 20+23.24 

2n+ 11 .12 

Fig. 11.14. Seed capsules of Datura stramonium (2n = 2x = 24) 
showing the normal diploid (top left) and the 12 primary trisomies. It is 
customary in this species to use numbers to designate the arms of each 
of the 12 chromosomes (rearrangement of photo from Avery et aI., 
1959). 

11.6 MEIOTIC REHA VlOK, FERTILITY, 
ArID TKMISMISSION OF ANEUPLOIDS 

The primary aneuploids, whether trisomies or monosomics, have 
an odd chromosome number, so we need to concentrate on the 
meiotic behavior of the extra chromosome in the case of trisomies, 
and on the single chromosome in the case of monosomics. As 
with polyploids, the studies on meiotic behavior in aneuploids have 
usually involved plant species because of the rarity of aneuploidy 
at the reproductive stage in animals. 

11.6.1 Trisomies and Related Types 

In the pachytene stage of meiosis, the trisome of a primary 
trisomic may form a trivalent with two-by-two pairing in different 
segments of the three chromosomes (Fig. 11.l6), a bivalent and a 
univalent, or rarely three univalents. Even though there is consistent 
trivalent synapsis, there has to be a minimum of two chiasmata 
appropriately placed to maintain a trivalent until anaphase I. In 
species with a range in chromosome length such as maize and 
tomato, the longer chromosomes have higher frequencies of triva
lents because they provide greater opportunity for chiasma forma
tions. On the other hand, the chromosomes of barley and tobacco 
are relatively uniform in size, and the trisomies of a set do not 
differ significantly in trivalent frequencies. 
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phenotype genotype phenotype genotype 

oormaJ(2o) 20+5.6 

20+1.1 2n+6.6 

20+ 12 2n+9.9 

20+22 20+9.10 

211+5.5 20+ 10.10 

Fig. 11.15. Seedlings of Datura stramonium showing growth traits for 
the normal diploid (top left), three primary trisomics (e.g., 2n + 1.2, 
5.6, or 9.10) and several corresponding secondary trisomics or 
isotrisomics (e.g., 2n + 1.1, etc.). Numbers designate the arms of each 
chromosome (rearrangement of photo from Avery et al., 1959). 
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Fig. 11.16. Photograph (top) and diagram (bottom) of a trivalent 
configuration at pachytene in a primary trisomic for tomato chromosome 
12 (S = short arm, L = long arm). Only two chromosomes are paired 
at any given point. The centromeres of the three chromosomes are 

grouped at the constriction between the two heterochromatic regions 
(Khush, 1973). 

Fig. 11.17. Metaphase I in a barley (2n = 2x = 14) primary trisomic, 
showing a V-shaped trivalent and six bivalents (Tsuchiya, 1960). 

The chainlike trivalent can be oriented in different ways on the 
metaphase I plate (Fig. 11.17). The V and Y shapes have each 
centromere oriented with respect to a pole, and there is a 2: 1 distri
bution at anaphase I. Half of the meiotic products are n + 1 and 
the other half are n. Other configurations have one chromosome 
with a nonoriented centromere. This chromosome may pass with 
one of the other two to a pole, or it may lag like a univalent when 
it frequently remains in the cytoplasm. In the latter case, and also 
when the third chromosome is unpaired, the proportion of n ga
metes is increased. There may be a low frequency of gametes with 
a telosome or isosome instead of a complete extra chromosome 
because of univalent misdivisions during meiosis. 

The fertility of primary trisomics varies depending on the ge
netic background in which they occur, and on the size and genetic 
composition of the trisome. The extra dose of genes on the trisome 
may interact unfavorably with the disomic doses of genes on the 
other chromosomes in some genotypes. Longer trisomes result in 
a higher proportion of n + 1 gametes with more genetic unbalance 
than shorter trisomes, causing some aborted pollen and ovules. 
Most primary trisomics have enough fertility to be maintained, but 
they segregate for trisomics and disomics. 

The transmission rates of male and female n + 1 gametes can 
be tested by using primary trisomics as male and female parents 
in crosses with disomics. The male n + 1 gametes generally have 
zero to very low transmission rates, although a few trisomic types 
can overlap the rates through the female. Because a trisomic plant 
produces both n and n + 1 pollen, the viable aneuploid pollen 
often cannot compete with the euploid pollen because of slower 
pollen-tube growth or adverse physiological interactions with the 
disomic stigma or style. The female n + 1 gametes do not have 
competition because there is normally one egg cell per embryo sac, 
and although they usually have higher transmission rates than male 
n + 1 gametes, there are differences among trisomics as shown 
by the frequencies of trisomics in the progenies. In rice (Oryza 

sativa), the range is from about 15% to almost 44% for the 12 
primary trisomics. These differences may be due to variations in 
loss of the extra chromosome during meiosis or in the amount of 
ovule or seed abortion. 

The extra chromosome in acrotrisomics, telotrisomics, and iso
trisomics forms a trivalent with its two homologs (Fig. 11.18) or 
remains unpaired as a univalent during meiosis. The frequency of 
trivalent formation, which depends on the extent of the pairing 
surface in these modified chromosomes, is influenced by the posi
tion of the breakpoint in acrotrisomics and the arm length in telotri
somics and isotrisomics. An isochromosome can synapse within 



itself because of its identical arms, fonning an unusual ring univa
lent. Any of these trisomic types can yield n or n + 1 gametes. The 
extra chromosome in the aneuploid gametes can be the modified 
chromosome, or occasionally one of the two normal chromosomes 
if they go to the same pole at anaphase I. The fertility of these 
modified trisomics and the transmission of the extra chromosome 
depend on how much of the chromosome is present in three or 
four doses, and how much euchromatin and heterochromatin the 
extra segments contain. 

Tertiary and interchange trisomics can have a variety of meiotic 
configurations, ranging from chains-of-five chromosomes (pen
tavalents) to univalents, depending on the lengths of translocated 
segments and the chiasma frequencies. In tomato, the most frequent 
configurations in 7 tertiary trisomics (2n = 25) were 11 bivalents 
+ trivalent, 12 bivalents + univalent, and 10 bivalents + pentava
lent (Fig. 11.19). These configurations result in a variety of gametic 
types, including n + a standard chromosome, which is a source 
of primary trisomics. Compensating trisomics also have various 
meiotic configurations, depending on whether they include translo
cated chromosomes, telochromosomes, or isochromosomes. In Da
tura stramonium, a diploid plant species, seven compensating triso
mics, with compensation for a missing chromosome provided by 
two translocated chromosomes, were selfed or backcrossed as fe
males to disomic plants. In each case, most of the progeny were 
disomics or the same type of compensating trisomic as the parent. 
These results indicated that most of the transmitted gametes from 
the compensating trisomics were n (all standard chromosomes) or 
n + 1, with the extra segments divided between two translocated 
chromosomes (see Fig. 11.7a). 

Tetrasomics have four doses of one chromosome (see Table 
11.1), and at meiosis, the four chromosomes can form a quadriva
lent, a trivalent plus univalent, or two bivalents. The breeding be
havior of a tetrasomic in Datura stramonium indicated that the 
transmitted gametes were mostly n or n + 1. A 3: 1 distribution 
from the quadrivalent gives n + 2 (not functional) and n gametes, 

I2L 

Fig. 11.18. Diagram (left) and photograph (right) of a trivalent at 
pachytene in a tomato secondary trisomic (isotrisomic), involving two 
doses of normal chromosome 12 and an isochromosome for the long (L) 
arm. The isochromosome is paired with the distal part of the long arm 
of both nonna! chromosomes and is paired on itself in the 
heterochromatic region. The centromeres are at the top of the 
heterochromatin in the isochromosome, and between the two 
heterochromatic regions in the normal chromosomes (Khush, 1973). 
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Fig. 1l.19. Photograph (top) and diagram (bottom) of a pentavalent at 
pachytene in a tertiary trisomic tomato plant. The extra chromosome has 
parts of the short (5) arm of chromosome 5 and the long (L) arm of 
chromosome 7 and shows some pairing with homologous regions of 
those two chromosomes. This configuration will form a chain at 
metaphase I because of the one unpaired 5S arm (Khush, 1973). 

and a 2: 2 distribution gives only n + 1 gametes. A 2: 1 distribution 
from the trivalent gives n + 1 and n gametes provided the univalent 
is lost. The two bivalents give n + I gametes. 

11.6.2 Monosomics and Related Types 

The meiotic behavior of these deficient aneuploids has been 
observed in tetraploid and hexaploid plant species. In a monosomic 
individual, the monosome, which has no synaptic partner, usually 
occurs as a univalent during meiosis (Fig. 11.20). A much higher 
frequency of n - 1 gametes than of n gametes results from lagging 
of the monosome. In the allotetraploid Nicotiana tabacum, monoso
mics for two different chromosomes had the monosome included 
in a trivalent in about 25% of the cells. Presumably, the monosome 
was pairing with its homoeo\ogous chromosome pair in the other 
genome in the absence of a gene-restricting pairing to homo\ogs. 
The monosomic condition of certain chromosomes causes asynap
sis or desynapsis in some of the other chromosomes and, therefore, 
a higher frequency of univalents than in disomics. 

The meiotic behavior of monotelosomics and monoisosomics 
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Fig. 11.20. Metaphase I in a monosomic of tetraploid wheat (Triticum 
turgidum var. durum) showing the unpaired univalent off the plate due 
to delayed movement (Mochizuki, 1968). 

is similar to that of monosomics because the single teIosome or 
isosome acts as a univalent and is often not included in the gametes 
due to lagging (Figs. 11.21a and 11.21c). In a ditelosomic, the 
homologous pair of telosomes forms a thin bivalent because of the 
missing arm (Fig. 11.2Ib). When a teIosome is paired with a normal 
chromosome, a heteromorphic bivalent is formed (Fig. 11.2Id). 
With both this condition and the ditelosomic, the modified bivalents 
move through meiosis at the same time as the normal bivalents, 
and the telosomes are included in the gametes. If the arms of the 
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Fig. 11.21. Meiotic behavior of various types of aneuploids in 
hexaploid wheat (Triticum aestivum). (a) A dividing telochromosome at 
telophase I; (b) a pair of telochromosomes (arrow) at metaphase I; (c) a 
lagging isochromosome (arrow) at metaphase I; (d) a heteromorphic 
bivalent (arrow) consisting of a telochromosome (upper third) and a 
normal chromosome at a stage close to metaphase I. The centromeres 
are at the tip of the telochromosome and at the bend of the two-armed 
chromosome (Morris and Sears, 1967). 

telosomes are too short to retain pairing by chiasma formations, 
these modified chromosomes remain as univalents and would be 
included in only a small portion of the gametes. Nullisomics are 
expected to have bivalent pairing, but some missing chromosome 
pairs cause partial or complete asynapsis. As a result, the gametes 
have varying numbers of chromosomes and often lack more than 
one chromosome. 

The fertility of monosomics depends on several factors, includ
ing ploidy level, the specific monosomic chromosome, genotype, 
and environmental conditions. Monosomics in tetraploid species 
have more sterility than those in hexaploid species when measured 
by pollen or ovule abortion, or seed fertility . There also is a differ
ence in monosomic fertility among species at the same ploidy level. 
Monosomics of hexaploid wheat have normal fertility in a favorable 
environment, whereas those of hexaploid oats have reduced fertility 
and are more sensitive to environmental conditions. The differences 
among species are related to the amount of gene replication in the 
component genomes; species with more compensation for genes on 
the missing chromosome have better tolerance for environmental 
conditions. 

The transmission rates of deficient n - I gametes of a monoso
mic are generally much higher through the female than through 
the male, as shown in reciprocal crosses between monosomics and 
disomics. In hexaploid species, the n - I eggs are viable and do 
not have competition from n eggs in the same embryo sac, so the 
frequency of monosomic progeny is similar to the frequency of n 
- 1 eggs. The n - 1 pollen grains are viable, but they have to 
compete with n pollen on the stigma and in the style. Even though 
there are fewer n pollen grains, their gametes usually predominate 
in fertilizing the egg cells. There is a wide range in the transmission 
rates of n - 1 gametes in different oat monosomics. For some 
monosomes, n - 1 gametes seem to participate in fertilization as 
often as n gametes, so that there is a high frequency of monosomics 
in the progenies of crosses between disomics and monosomics 
(used as males), or of nullisomics in progenies of selfed monoso
mics (see Table 11.2). Other oat monosomic chromosomes have 
intermediate to strong competition between the two kinds of pollen, 
resulting in lower or no transmission of n - 1 gametes. The varia
tion in transmission rates reflects the effects of different missing 
chromosomes on pollen function . 

In tetraploids, there is wide variation in the transmission fre
quency of different monosomic states through the female, with 
some missing monosomes causing high rates of n - I megaspore 
abortion. The 24 tobacco monosomics have a range in ovule abor
tion from about 16-87%, and a similar range in monosomic trans
mission through the female. However, for specific monosomics, 
the frequency of monosomic progeny is usually less than expected 
based on female fertility. The difference is due to the death of 
some monosomic progeny in the zygotic or early embryonic stage. 
Tetraploid species have low or no transmission of n - I gametes 
through the male due to a combination of pollen abortion, competi
tion with n pollen, and death of monosomic zygotes or embryos. 
Nullisomics have not been obtained in progenies of selfed monoso
mics, and this is further evidence for the rare transmission of n -
I gametes through the male. 

The fertility and transmission behavior of monotelosomics, mo
noisosomics, and nullisomics have been studied most extensively 
in hexaploid wheat. The fertility of monotelosomics and monoiso
somics varies depending on whether their arms carry genes affect
ing some aspect of fertility and whether there are genes for fertility 
in the missing arms. Some fertility genes have dosage effects, so 



that the monoisosomic is more fertile than the monotelosomic for 
the same chromosome arm. The transmission rates of female ga
metes with a telosome or isosome are similar to those with a mono
some. Male gametes with a telosome or isosome have less advan
tage over n - 1 gametes than n gametes; as a result, mono
telosomics and monoisosomics give a higher frequency of nulli
somics in their progenies than do monosomics. Monotelosomics 
give some ditelosomics from transmission of the same telosome 
through both male and female gametes. Similarly, monoisosomics 
can produce diisosomics by transmission of the same isosome 
through both sides. 

Only 2 of the 21 wheat nullisomics have fertility approaching 
that of disomics. Nine have male or female sterility and the rest 
have low to very low fertility. Those that do have enough fertility 
to produce seeds when selfed transmit both male and female n -
1 gametes to give mostly nullisomic progeny except for nullisomic 
3B, which lacks a gene for synapsis and segregates for aneuploid 
conditions. Some nullisomics have a few offspring with a trisomic 
condition for a chromosome homoeologous to the missing chromo
some, presumably as a result of a nondisjunction event during meio
sis. These nullisomic-trisomic plants are more vigorous and fertile 
than their nullisomic sibs because of the compensating genes on 
the trisome. 
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The Cytogenetic Analysis of Haploids 

• Some organisms can survive with half the usual somatic chromosome number. 

• The smaller size of haploids is due to the reduction in the normal gene dosage of somatic cells. 

• Haploids arise spontaneously from irregularities in sexual reproduction and are induced by various methods such as chromosome 
elimination in wide crosses or in vitro anther culture. 

• Haploids are highly sterile because of the irregular meiotic behavior of unpaired chromosomes. 

• Doubled-haploid plants are genetically homozygous and provide an important basis for producing new varieties with greater efficiency. 

The term haploidy, in a whole-organism sense, refers to situations 
where the genome dosage in somatic cells is the same as in normal 
gametes of the organism. In most diploid higher organisms, the 
life cycle alternates between a prolonged 2n somatic phase of 
growth and differentiation, and a relatively short n phase of sexual 
reproduction, when the chromosome number is halved. For a spe
cific genome in diploids, there is one dose in the gametes and two 
doses in the somatic cells, except for specialized tissues (see Chap
ter 10, Section 10.4). Haploidy in diploid organisms refers to an 
abnormal situation in which there is only one dose of a genome in 
the somatic cells. Vertebrate animals are not able to tolerate this 
condition beyond the early embryonic stage, so this chapter will 
be concerned almost entirely with haploids in plants. 

The life cycle of higher plants is summarized in Fig. 12.1 to 
highlight the various sources of normal and abnormal haploid tis
sues or individuals. A haploid derived from a diploid is called a 
monoploid or a monohaploid, whereas a haploid derived from a 
polyploid is called a polyhaploid. 

12.1 THE ORIGINS OF HAPLOIDS 

12.1.1 Natural Occurrences of Haploids 

Some organisms have adapted to a haploid state throughout 
much or all of their life spans. In the insect order Hymenoptera 
(ants, bees, and wasps), the males are haploid because they develop 
from unfertilized eggs. In many fungi, the n phase of the life cycle 
predominates, and the very short 2n phase occurs when two n nuclei 
with different mating-type alleles unite. The 2n fusion nucleus im
mediately undergoes meiosis to repeat the n phase. Fungi have 
evolved some compensating mechanisms for somatic haploidy such 
as coenocytic mycelia with numerous n nuclei, short generation 
times, and prolific spore production. 

Spontaneous somatic-haploid states in higher plants are due to 
some type of apomixis (i.e., lack of fusion between egg and sperm) 
in contrast to amphimixis, where the egg and sperm unite (fertiliza
tion or syngamy). There are several types of apomixis depending 
on the behavior of the egg and sperm (see Fig. 12.1). The phenome
non of polyembryony, in which a seed has multiple embryos, is 
also a source of haploid plants. 

Parthenogenesis refers to the development of the egg cell or 
some other cell in the embryo sac without fertilization. An unfertil
ized egg may divide in the absence of sperm (gynogenesis), or it 
may be stimulated to divide prematurely by the presence of sperm, 
but fertilization does not take place (pseudogamy). The deviation 
in timing of egg division may be due to failure of an inhibitor to 
prevent the egg from dividing before fertilization. With apogamy, 
a haploid embryo arises from some other cell in the embryo sac 
besides the egg, such as a synergid. These three variations in parthe
nogenesis result in maternal haploids. Androgenesis occurs when 
a sperm cell divides inside the embryo sac, possibly inside the egg 
cell, without syngamy because the egg nucleus has disintegrated 
due to gene mutation or environmental damage. Androgenesis gives 
rise to paternal haploids. 

Semigamy also involves failure of syngamy although a sperm 
nucleus is inside the egg cell. Instead, the egg and sperm nuclei 
divide separately but usually synchronously. In the prairie lily, 
Cooperia pedunculata, the sperm nucleus divides in the basal part 
of the egg cell, and the descendant nuclei of the sperm nucleus are 
separated from the egg-nucleus descendants by cell walls. In cotton 
(Gossypium barbadense), semigamy is attributed to one dominant 
gene, and when marker genes are used for traits contributed by the 
egg or sperm, sectors involving maternal or paternal tissue appear 
on the plants. This provides further evidence that the descendant 
nuclei from sperm and egg segregate into different cells during at 
least some of the division cycles. Semigamy provides the opportu-
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Fig. 12.1. A diagrammatic representation of the different life cycles of 
higher plants showing normal sexual reproduction and the possible 
deviations leading to haploidy. (Adapted from de Fossard, 1974.) 

nity for obtaining maternal or paternal haploids if the sectors in
clude reproductive tissue or if they can be propagated vegetatively. 

The frequency of twin embryos, which are a potential source 
of haploids, seems to be under genetic control and is increased by 
wide crosses or by pollen irradiation. In a diploid species, twin 
embryos may be 2xl2x, 2xllx, or l.x/lx. The 2x embryos are normal 
diploids and the Ix embryos are monohaploids. In both diploid and 
polyploid species, most haploids seem to occur in one member of 
twins and are derived from an unfertilized embryo-sac cell other 
than the egg, whereas the 2n plant comes from a normal fertilization 
involving the egg cell. Relatively high frequencies of twins, with 
one haploid twin, have been reported in pepper (Capsicum an
nuum), rape (Brassica napus), flax (Linum usitatissimum), and in 
the wheat cultivar "Salmon." 

12.1.2 The Induction of Haploids 

The frequency of spontaneous haploids is usually too low to 
use them in genetic or breeding studies, so a number of different 
approaches have been used to increase their occurrence within 
plants. These have included temperature shocks applied just after 
pollination, irradiation of the embryo sac or pollen, delayed pollina
tion, and application of certain chemicals to the stigmas after polli-

nation. The purpose of each treatment is to inactivate or damage 
the male or female gamete so that fertilization cannot occur; then 
the unaffected gamete produces a haploid plant. 

The frequency of apomictic haploids can be influenced by the 
genotype of one or both parents used in crosses. In maize, one 
genetic strain gives over 3% haploids with self-pollination, com
pared to the usual frequency of 0.1 % maternal haploids and very 
rare paternal haploids. The increase in haploidy is transmitted with 
variable frequencies when different plants of the strain are used as 
male parents in crosses, but only maternal haploids are produced. 
In potato, selection of both female (seed) and male (pollinator) 
parents results in 30-100 haploids per 100 fruits. The technique 
of cutting off the upper portion of the seed parent and placing the 
cut stem in water in an air-conditioned greenhouse contributes to 
the high frequency of haploids. 

Some single-gene mutations influence the frequency of hap
loids. The indeterminate gametophyte (ig) gene in maize causes 
abnormalities in the development of the embryo sac, resulting in 
several extra eggs and polar nuclei. When the female parent is 
homozygous for this gene, about 3% of the offspring are a mixture 
of maternal and paternal haploids (detected by using gene markers). 
The hap gene in barley produces 15-40% haploids when plants 
homozygous for the gene are self-pollinated or used as female 
parents in crosses, but no haploids occur when the plants are used 
as male parents. F I and F2 plants heterozygous for hap also produce 
haploids, but in a lower frequency than homozygotes. It is thought 
that the hap gene may prevent fertilization of the egg nucleus or 
may stimulate it to divide prematurely. The maternal genotype 
seems to influence the formation and survival of haploid embryos. 

Interspecific or intergeneric crosses have been used widely to 
promote haploidy because the stimulation of alien pollen often 
causes the egg cell to divide by pseudogamy. In potato, the most 
success has been obtained by pollinating the tetraploid species, 
Solanum tuberosum, with the diploid species, Solanum phureja. 
When the pollen tube reaches the embryo sac, the two sperm nuclei 
fuse and unite with the polar nuclei to produce the endosperm while 
the egg cell divides to produce a polyhaploid embryo. 

Alien cytoplasm, introduced by wide crosses, also can induce 
haploidy. When hexaploid wheat or triticale (wheat-rye) genomes 
were combined with cytoplasms from several wild Triticum spe
cies, polyhaploids were obtained. The most effective wheat geno
type was the strain "Salmon," which has already been mentioned 
in connection with twin embryos. This strain of wheat was derived 
from triticale, and it has a translocation between the wheat chromo
some IB and the homoeologous rye chromosome IR (Fig. 12.2). 
The high frequency of haploids in "Salmon" is due to an interac
tion between the wild Triticum cytoplasm and a gene(s) on the lBl 
IR chromosome. With this combination, it is thought that the egg 
cell often develops parthenogenetically to produce haploids while 
a synergid is fertilized by a male gamete, thus giving a high fre
quency of haploid-hexaploid twins. For each pair of twins, the 
haploid plant is larger than the hexaploid plant because an egg cell 
is larger than a synergid. The haploids are completely male sterile 
due to the wild Triticum cytoplasm, and possibly because of the 
loss of a fertility-restoring gene on the arm of IB that is replaced 
by an arm from lR. 

Another way in which wide crosses can produce haploidy is 
by chromosome elimination of specific genomes. Crosses between 
barley (Hordeum vulgare) and a wild relative, H. bulbosum, fol
lowed by the rescue of the immature embryos on culture medium, 
result in haploid plants. The bulbosum chromosomes are eliminated 
during a number of cell-division cycles in the initial development 
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Fig. 12.2. Diagram showing the difference between a normal wheat 
chromosome IB and the wheat-rye IBUIRS translocated chromosome 
found in the wheat strain "Salmon." The entire short arm and satellite 
of IB has been replaced by a rye arm (adapted from Kobayashi and 
Tsunewaki, 1980). The IRS arm includes the rye NOR, but the satellited 
constriction is suppressed when this chromosome is introduced into 
wheat. 

of embryo and endosperm, and in less than 2 weeks after p011ina
tion, over 90% of dividing cells are haploid. Up to 60% of cultured 
embryos give mature plants and, of these, 90% are vulgare haploids 
and the rest are diploid hybrids. Both maternal and paternal vulgare 
haploids are obtainable from reciprocal crosses, because the bulbo
sum chromosomes are eliminated when this species is used as a 
male or female parent in crosses with vulgare. This suggests that 
elimination is not due to vulgare cytoplasm interacting with the 
bulbosum chromosomes, because it occurs when bulbosum is the 
female parent and introduces its own cytoplasm. Chromosome 
elimination is common in other interspecific Hordeum crosses, and 
in some of them, chromosomes are eliminated from specific tissues. 
For example, when H. vulgare is crossed with H. marinum, vulgare 
chromosomes are eliminated from the endosperm and marinum 
chromosomes are eliminated from the embryo. The elimination of 
different parental genomes from different tissues of the same seed 
has the potential for uncovering new aspects of the biology of 
chromosome behavior. 

Suggestions for the selective mechanism underlying the elimi
nation of the bulbosum genome have included suppression of nucle
olar activity in this genome, or improper attachment of bulbosum 
chromosomes to the spindle during cell division, resulting in lag
ging chromosomes and other abnormalities. The bulbosum chromo
somes in the H. vulgare-H. bulbosum hybrids are located in periph
eral regions of mitotic cells, and they lag during cell divisions. 
Besides, their nucleolu-organizer and centromere-constriction re
gions are suppressed. These deviations from normal structure and 
behavior of the bulbosum chromosomes may be related to their 
interactions with the vulgare genome. Crosses between diploid or 
autotetraploid barley and autotetraploid bulbosum reveal that the 
number of vulgare genomes have to be equal to or greater than the 
number of bulbosum genomes for the consistent elimination of 
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bulbosum chromosomes. Thus, the importance of genomic balance 
is evident when crosses include different ploidy levels. Chromo
some-mapping studies using trisomic analysis indicate that genes 
influencing genomic balance are located on two vulgare chromo
somes. 

On the intergeneric level, haploid wheat plants are obtained by 
crossing hexaploid wheat with diploid and tetraploid H. bulbosum, 
with the tetraploid inducing a higher frequency of haploids. Crosses 
between wheat and maize (Zea mays), pearl millet (Pennisetum 
americanum), or Tripsacum dactyloides have also produced wheat 
haploids. The wheat X maize crosses have a major advantage over 
the wheat X H. bulbosum crosses, because maize pollen seems to 
be able to function in the presence of crossability genes (Kr) in 
wheat that greatly reduce the seed set when H. bulbosum pollen is 
used. The wheat X maize system also has an advantage over the 
anther-culture method because success in producing haploids from 
microspores is affected by the wheat genotypes used. In addition, 
cytological instability, such as aneuploidy, seems to be less frequent 
in haploids derived from wheat X maize crosses than in those 
derived from anther culture. 

Anther culture on artificial nutrient media has been tested with 
many plant species as a haploid-producing method (Fig. 12.3). 
Anthers are 2n tissue, but the microspores within the anthers are 
n and the source of haploids. Isolated micros pores, also called im
mature pollen, have produced haploids in some species, but they 
usually come from precultured anthers or have been cultured with 
aqueous extracts of cultured anthers. Substances in the anther wall 
seem to be needed for callus formation, and for the production 
of green rather than albino regenerated plants. The advantage of 
isolated-microspore culture over anther culture is that all the micro
spores are usually n, whereas anther-wall 2n cells can regenerate 
some 2n plants. The haploids resulting from anther or isolated
microspore cultures are called androgenic haploids because they 
consist of the male meiotic products, like those arising from andro
genic apomixis. 

A number of conditions affect the capability of microspores to 
produce haploids, whether by the anther or isolated-microspore 

embryoid 

Fig. 12.3. The development of haploid plants from microspores via 
anther culture. Unpublished photograph kindly provided by Dr. N. 
Darvey, Sydney University, NSW, Australia. 
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method. The nuclear genotype of the plants from which the anthers 
or microspores are obtained has a strong influence on the induction 
of haploids, and, within a species, some cultivars are more respon
sive than others. The role of cytoplasmic genes is less certain, 
because there are differences between reciprocal crosses for micro
spore response in some experiments but not in others. Hybrids may 
produce more haploids than the parental cultivars, as in the case of 
Brassica campestris. The age of the donor plants and their growing 
conditions affect the embryogenic potential of anthers. Photope
riod, light intensity, temperature, and nutrition are thought to influ
ence levels of hormones and inhibitory substances in the anther 
walls. Pretreatment of anthers or inflorescences with low tempera
tures or centrifugation before culturing them has enhanced the pro
duction of haploids in some species. The developmental stage of 
the microspores at the time of culturing is critical to success. The 
most favored stage in cereal crops is the uninucleate microspore 
(Fig. 12.4), but binucleate microspores, which have undergone the 
first mitotic division, or the earlier tetrad stage are suitable in other 
species. The culture requirements, including composition of differ
ent media, and the environmental conditions, particularly tempera
ture, have to be determined for each species. Most of the species 
in the Gramineae produce haploid plants from microspores via 
the intermediate step of callus formation, which usually requires 
a different culture medium than that used for species predominantly 
in the Solanaceae, where haploid plants are produced directly from 
microspores. However, progress in CUlturing techniques makes it 
possible to obtain haploid plants by either pathway in wheat, a 
gramineous species. 

There are several challenging situations during the process of 
regenerating plants from anther or microspore culture. As a rule, 
only a portion of the microspores respond even under favorable 
conditions. It has been tempting to associate the difference between 
embryogenic (producing embryos) and nonembryogenic micro
spores with two morphologically different kinds of pollen grains 
within an anther, and they have been described in several species. 

Fig. 12.4. A wheat microspore that is responding on a synthetic 
medium by undergoing the first mitotic division (anaphase stage) 
(Rybczynski et aI., 1991). This microspore has the potential to 
differentiate into a haploid plant, but not all dividing microspores do so. 

Fig. 12.5. Electron micrographs of portions of microspores in Datura 
innoxia. (a) Presence of tannin (arrows) on the tonoplast (t). (b) Absence 
of tannin from the tonoplast (t). V = vacuole; C = cytoplasm. (From 
Sangwan and Sangwan-Norreel, 1987.) 

A critical test of this association was made in Datura, using a 
cytological marker that could differentiate two kinds of micro
spores as early as 12 h after putting them in culture. A tannin 
coating, which developed on the tonoplast of embryogenic micro
spores, was lacking on the tonoplast of nonembryogenic micro
spores (Fig. 12.5). The percentage of microspores with a coated 
tonoplast and the percentage that formed embryos were closely 
related. 

Conditions arising in haploids derived from microspores are 
albino plants, chromosome numbers other than haploidy, changes 
in chromosome structure, and gene mutations. These changes are 
generally referred to as gametoclonal variation (see Chapter 7, Sec
tion 7.4.4), and it is important to check the regenerated plants cyto
logically as well as phenotypically. Albinism is detrimental to a 
haploid-inducing program, particularly in cereal crops, which can 
have high frequencies of albino plants. In wheat, albino plants have 
mininuclei in their cells, and deletions including up to 80% of the 
chloroplast genome. They also lack certain fractions of ribosomal 
RNA and protein. A physiological effect is implied by the fact that 
more albinos occur when cultures are exposed to higher tempera
tures during the stage when the microspores are converting from 
a gametophytic to a sporophytic pathway. In several cereal crops, 
the proportion of green plants is higher if microspores are excised 
before they have undergone division. The culturing conditions and 
the genotype also influence the frequency of green haploids. Non
haploid chromosome numbers may be caused by irregular meioses 
that lead to aneuploidy and unreduced microspores, or by fusion 
of microspore nuclei. There also can be fusion between the vegeta
tive and generative cells in the pollen grains before further division 



occurs. Some of the aneuploids and gene mutations resulting from 
haploid-inducing tissue culture have potential uses in gene-map
ping studies (as discussed in Chapters 14 and 21). 

The use of ovary, ovule, or pistil culture has been successful 
with a number of plant species, including those where anther culture 
is difficult. The female organ can be taken from male-sterile plants 
to produce haploids. Most gynogenetic haploids come from the egg 
cell, but there is evidence that synergid, and even antipodal, cells 
may produce haploids. The advantages of gynogenetic haploids 
over androgenetic haploids are that albino plants are rare and chro
mosome stability is high. 

12.2 DETECTION ArID PHENOTYPES 
OF HAPLOIDS 

Gene markers for traits in various parts of the seeds or seedlings 
have been useful in detecting potential apomictic haploids in the 
early stages of the life cycle. The usual procedure is to cross a 
plant with one or more recessive gene markers as the female parent 
with a plant carrying the dominant alleles. Progeny showing the 
dominant phenotype are discarded because they should have both 
male and female genomes. Progeny with the recessive phenotype 
are potential haploids but need to be confirmed by root-tip chromo
some counts. An example of a useful gene marker is the dominant 
gene P for the development of anthocyanin pigment in the hypo
cotyl of potato seedlings. When the tetraploid potato Solanum tub
erosum, with four doses of the recessive allele p, is crossed as 
female with the diploid potato S. phureja, which has two doses of 
the dominant allele P, the progeny are screened as seedlings for 
pigmented hypocotyls, and nonpigmented seedlings are saved as 
potential maternal haploids. 

Haploids in higher plants generally show a reduction in overall 
size, as well as in the size of cells and individual organs such as 
leaves and inflorescences (Fig. 12.6). Haploids from diploids show 
pronounced effects because they have only one dose of one ge
nome. They cannot be maintained by sexual reproduction beyond 
their own generation because of gametic sterility, but there are a 
few examples where they have persisted for years by vegetative 
propagation. Haploids from allopolyploids also have one dose of 
each kind of genome, but usually there is considerable gene repeti
tion across genomes, so the effects of reducing genome dosage are 
not as severe as in monohaploids. Haploids from autopolyploids 
have more than one dose of the one type of genome. For example, in 
autotetraploid potato, which has four similar genomes, the haploids 
have the same genome dosage as a diploid and are sometimes called 
dihaploids. Nevertheless, these haploids often have reduced vigor 
and fertility, which have been attributed to loss of interactions 
within and between loci that occur at the tetraploid level. Favorable 
interactions are retained in tetraploid potato by asexual propagation, 
but meiosis intervenes in the production of haploids, so crossing 
over and chromosome segregation can break up groups of favorable 
genes. 

If monohaploids occur in cross-fertilizing species, which have 
many heterozygous loci, harmful recessive genes, which are nor
mally masked by dominant alleles, have severe phenotypic effects. 
These effects occur less frequently in polyhaploids, which, in auto
polyploids, can have a dominant allele to conceal a deleterious 
recessive allele at the same locus or, in allopolyploids, a dominant 
gene at a duplicate locus in one of the other genomes. It has been 
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Fig. 12.6. The effect of ploidy level on the size of seed capsules (left), 
flowers (center), and stamens (right) in Datura stramonium (Jimson 
weed). From top to bottom: monohaploid, diploid. autotriploid. and 
autotetraploid. (Photographs from Avery. 1959.) 

estimated that the process of obtaining a polyhaploid from an auto
tetraploid is equivalent to three generations of self-pollination in 
terms of increased homozygosity. The retention of harmful, reces
sive genes in self-fertilizing species is less likely, because the plants 
become homozygous for these genes and are eliminated from a 
population by competition from plants with the dominant alleles. 
Therefore, fewer unfavorable genes are uncovered with haploidy. 

12.3 MEIOTIC BEHAVIOR AND FERTILITY 
lrlHAPLOIDS 

Variations in meiotic behavior relate to the type of haploid and 
can be affected by genes, chromosome structural changes such as 
duplications. and environmental factors such as temperature. 
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12.3.1 Monohaploids 

A monohaploid has one dose of each type of chromosome; 
therefore, no chromosome pairing is expected except for a small 
amount involving duplicated regions, which can arise from chromo
some rearrangements. Monohaploids of some plant species con
form to these expectations, but those of other species have more 
extensive pairing. In several species, synaptonemal complexes are 
frequent in monohaploids, as shown for barley in Fig. 12.7. The 
ends of the synaptonemal complexes are aligned, as are the ends of 
paired chromosomes observed with the light microscope, indicating 
that the sites where pairing starts are not random. However, most 
of the associations are nonhomologous because they do not consis
tently involve the same chromosomes. Many associations break: 
down into univalents by diakinesis and metaphase I, and the con
figurations that remain vary among cells. Univalents in the early 
stages of meiosis often show foldback pairing within themselves 
(Fig. 12.8a), and other configurations resemble bivalent or multiva
lent structures (Fig. 12.8b). 

Metaphase I and anaphase I are hard to separate in microscopic 
observations on many monohaploids because of disorganized spin
dles and scattered univalents. In some species, the end of metaphase 
I is indicated by the separation of sister chromatids, except in the 
centromere regions. Unless a restitution nucleus containing all the 
chromosomes is formed, the univalents tend to lag between the 
poles at anaphase I, and varying numbers are included in the nuclei 
(Fig. 12.8c). Those not reaching the poles form micronuclei in the 
cytoplasm. Usually, a normal spindle forms during metaphase II, 
and those chromosomes that are in the nuclei are distributed irregu
larly to the poles. Restitution nuclei can occur during the second 
meiotic division (see Chapter 10, Fig. 10.5), but they usually lack 

Fig. 12.7. Electron micrograph of a synaptonemal complex between 
nonhomologous chromosomes at the pachytene stage in a 
microsporocyte of monohaploid barley. (Photo from Sadasivaiah, 1974.) 
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Fig. 12.8. Meiotic chromosome configurations in monohaploid barley. 
(a) Pairing within univalents (marked by arrows) at early diplotene. (b) 
Diakinesis structures resembling (from left to right) a univalent, a 
quadrivalent, and a bivalent. (c) Anaphase I with two lagging univalents 
after separation of sister chromatids. (Photomicrographs from 
Sadasivaiah, 1974.) 

one or more chromosomes unless all the chromosomes have under
gone equational division during meiosis I, with sister chromatids 
going to opposite poles. This sequence can produce two n spores, 
as can a first-division restitution (see Chapter 10, Fig. lOA), fol
lowed by separation of sister chromatids at anaphase II. Both frrst
and second-division restitutions are rare events, so most of the 
spores lack one or more chromosomes. Consequently, they vary 
in size and deviate in number from the normal tetrad. 

Fertility is very low in monohaploids because most of the spores 
abort due to aneuploidy, but, occasionally, a sector of a plant shows 
a normal seed set as a result of chromosome doubling in a somatic 
cell (see Chapter 10, Section 10.3). On the other hand, an occasional 
normal seed is probably due to nuclear restitution during meiosis 
in a haploid plant, followed by a cross with its diploid counterpart. 
If the haploid is selfed, male and female gametes must come from 
separate meiotic restitution events if each is to contribute a com
plete genome. Seeds derived by these various means carry a dou
bled chromosome number in their embryos, and the resulting plants 
are known as doubled haploids. 

12.3.2 Polyhaploids 
Haploids derived from autotetraploids involve a reduction from 

the tetraploid to the diploid level. They have two doses of the 



same genome, so meiotic pairing is usually regular, with bivalent 
fonnation and nonnal distributions of the chromosomes during both 
meiotic divisions. The haploids of autotetraploid alfalfa and potato 
show nonnal meiotic behavior with a few exceptions, which may 
be due to the uncovering of recessive genes affecting some phase 
of meiosis. Such genes can contribute to the reduction in fertility, 
especially on the male side, where there may be complete sterility. 
The fertility can often be improved by crossing the haploids with 
diploid relatives either within the same species or in other species. 

Most of the haploids from allopolyploids show some bivalent 
fonnations, indicating that there are some intergenomic genetic 
relationships and that the pairing is between homoeologous chro
mosomes (Fig. 12.9a). However, homoeologous pairing can be re
duced by structural changes and also by genetic restrictions such 
as the Ph or similar genes, which limit pairing to homologous 
chromosomes. Therefore, caution is needed in interpreting genomic 
relationships from the amount of chromosome pairing. Some biva
lents may be the result of stickiness or nonhomologous pairing 
rather than homoeologous attractions. None of the haploids from 
allopolyploids have enough meiotic pairing and regularity to have 
high fertility, but they may have enough female fertility to produce 
a few seeds when crossed with their polyploid sources. Poly
haploids, like monohaploids, can produce occasional n gametes as 
a result of the formation of restitution nuclei during meiosis. 

12.3.3 Secondary Associations 

In monohaploids and in polyhaploids from allopolyploids, loose 
attractions between univalents have been observed at metaphase I. 
These attractions may be end-to-end (e-e), side-by-side (s-s), or 
end-to-side (e-s) (see Figs. 12.9a and 12.9b). The chromosomes in 
these arrangements seem to be in contact without any evidence of 
chiasmata, and they do not have the shape of bivalents. Secondary 
associations may be attractions between heterochromatic regions 
with similar repeated-DNA sequences. Another suggestion is that 
side-by-side configurations are loose associations between homo
eologous chromosomes. Chromosome-banding techniques can help 
in determining whether there is a consistency in the chromosomes 
that associate in this manner, thereby providing information on 
interchromosomal or intergenomic relationships. 

12.4 USES OF HAPLOIDS IN PLAm'S 

12.4.1 Screening for Mutations 
Using Haploids 

In diploids, and in both autopolyploids and allopolyploids, a 
newly arising, recessive mutation in a somatic cell usually occurs 
on only one of the homologous chromosomes. The mutation is 
concealed by a dominant allele on one or more of the other homo
logs, depending on the ploidy level and genome constitution. If the 
recessive mutation occurs in a gamete that participates in fertiliza
tion, the other gamete introduces a dominant allele. Therefore, in 
diploids and both types of polyploids, recessive mutations are not 
revealed until after one or more generations of inbreeding. 

Monohaploids are the most suitable type of haploid to screen 
for recessive mutations because they have a single dose of one 
genome, so there are no covering dominant alleles unless there are 
intragenomic duplications. Polyhaploids are less suitable because 
of the replicated loci on homologous chromosomes in haploids 
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Fig. 12.9. Chromosome associations at metaphase I in haploids. (a) A 
polyhaploid in wheat showing 3 rod bivalents on the plate (the one on 
the right is broken into two pieces) and 15 scattered univalents. The 
three univalents in the lower right show end-to-end, side-by-side, and 
end-to-side associations. (Photomicrograph from Riley and Chapman, 
1957.) (b) The seven univalents in monohaploid barley. The three 
univalents on the left show end-to-end, side-by-side, and end-to-side 
associations; the four univalents on the right show side-by-side 
associations. (Photomicrograph from Sadasivaiah, 1974.) 

from autopolyploids, or on homoeologous chromosomes in those 
from allopolyploids. However, both monohaploids and poly
haploids can be used to detect dominant mutations, which are less 
frequent than recessive mutations. 

The most efficient method for mutation screening is to introduce 
a treatment to haploid cell cultures such as microspores, callus 
tissue, or protoplasts. Treatments and their purposes include radia
tion and chemical mutagens to study mutation frequencies, weed
killing chemicals to isolate cells of crop plants that are resistant to 
the chemicals, and stress conditions such as a pathogen for a partic
ular disease, to select disease-resistant cells, or an excess of salt, 
to select salt-tolerant cells. By exposing successive cycles of cells 
to increasing concentrations of a chemical such as salt, it may be 
possible to obtain cells with tolerance for levels of a chemical found 
in the growing environment of plants. 

The next important step is to be able to regenerate plants from 
the selected cells and to double their chromosome number to get 
stable, homozygous genotypes, thereby perpetuating the mutations. 
The mutant plants can then be used in crosses with current crop 
varieties to transfer the mutant genes within or between species. 
If the genes have quantitative effects, the use of molecular markers, 
linked with the mutant genes, help in following the traits through 
the generations until a reconstituted variety is developed. 
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Diploid Autotetraploid Allotetraploid 

2n = AA (2x) 2n = AAAA (4x) 2n = AABB (4x) 

• • • ----------. Production of haploidy·----------· 

MonJaPloid AutopothaPloid AllopothaPloid 
(Monoploid) 

2n = A (x) 2n = AA (2x) 2n = AB (2x) 

Fig. 12.10. The differences in origin and genome dosage (symbolized 
by A and B) of three kinds of haploids. 

12.4.2 Uses of Haploids in Breeding 
and Genetic Research 

Most haploids cannot be used directly in developing new crop 
varieties because of low vigor and high sterility due to the reduced 
genome number. An exception is the haploids from autotetraploids 
because they are at the diploid level with two doses of the same 
genome (Fig. 12.10). These haploids have distinct advantages over 
the tetraploids in gene-mapping studies and in transferring genes 
from wild diploid relatives, because they provide a simpler genetic 
situation. Two naturally evolved autotetraploid crops are the culti
vated potato (Solanum tuberosum) and alfalfa or lucerne (Med· 
icago sativa), both cross-fertilizing species, which depend on alle
lic variations at their gene loci to maintain vigor and fertility. The 
haploids have homologous pairs of chromosomes, which usually 
behave normally during meiosis. Vigor and fertility are often re
duced because of fewer genetic combinations within or between 
loci, and the expression of deleterious, recessive genes when the 
haploids are maintained by self-fertilization. However, the severity 
of effects varies depending on the autotetraploid genotypes. 

The most intensive use of haploids for genetic and breeding 
studies has been in potato, where they are derived from the tetra
ploid S. tuberosum in large numbers by various manipUlations. 
Selection is made for the most vigorous and fertile plants, and 
improvement in these traits is sometimes obtained by intercrossing 
haploids from different tetraploid sources. The haploids are also 
crossed with wild, diploid relatives, which have the same or a 
similar type of genome, to introduce new and potentially valuable 
genes. The haploids do not have the potential of tetraploids for 
developing new varieties because of their more limited genetic 
variation, but they provide intermediate steps in transferring new 
genes to the tetraploid level. The transfers are facilitated by the 
formation of 2n gametes in the haploids as a result of first-division 
restitution (FDR) or second-division restitution (SDR) (see Chapter 
10, Figs. 10.4-10.6). In potato, most of the 2n pollen results from 
FDR, whereas most of the 2n eggs result from SDR. The tetraploid 
level can be achieved by intercrosses at the diploid level between 
haploid lines, or between the haploids and diploid species, if some 
fertilizations unite 2n male and female gametes. Another approach 
is to cross a current tetraploid variety with haploids from different 
sources. When 2n gametes from the haploids meet 2n gametes 
formed by the tetraploids, the progeny are tetraploid with two ge
nomes contributed by each parent. With selection of suitable par
ents, the derived tetraploid genotypes should be highly heterozy
gous and can be maintained by asexual propagation of tubers. 

12.5 PRODUCTION AND USES OF DOUBLED 
HAPLOIDS IN PLANTS 

Haploids from diploids have only one dose of one genome, and 
haploids from allopolyploids have one dose of each type of genome 
(see Fig. 12.10). These reduced doses cause disturbed meiotic divi
sions, resulting in sterility in most of the gametes, so the genomes 
must be doubled to restore vigor and fertility. 

12.5.1 Methods for Doubling Haploids 

Spontaneous genome doubling is desirable because it is less 
likely to produce changes in chromosomes and genes when com
pared with artificial treatments. Unfortunately, it happens too infre
quently to obtain enough doubled haploids for research programs. 
Induction methods include the same types of treatments that are 
used to obtain polyploids from diploids (see Chapter 10, Section 
10.3), except that some treatments can be applied to media used 
for culturing gametophytic cells. There are several requirements 
for a satisfactory induced-doubling method, including an efficient 
technique to handle large numbers of plants, seeds, or cultured cells 
over a wide range of species. The desired goal is homozygous, 
doubled-haploid plants with no genetic or physiological damage 
or changes. Overall, colchicine satisfies these needs more than other 
treatments, so it has been used most widely. It has been applied to 
seeds and seedlings, often producing 2n sectors, and has been added 
to anther-culture media. Some factors that may affect doubling in 
tissue culture are pollen stage when cultured, hormones, and low
temperature pretreatment. Because callus tissue, induced in appro
priate culture media, tends to undergo chromosome doubling more 
than once, the regenerated plants with one doubling must be sepa
rated from those having a higher ploidy level. About 70% of the 
plants regenerated from anther culture in barley and rye are doubled 
haploids, and the rest are haploids or tetraploids. 

12.5.2 Genetic Composition 
of Doubled Haploids 

Doubled haploids from diploids or allopolyploids should be 
homozygous at all loci, because the haploids have one dose of each 
kind of chromosome before the doubling event. However, there 
can be genetic differences among doubled-haploid lines if the plants 
from which they were derived are heterozygous at a number of 
loci (Fig. 12.11). Another source of variation is the occurrence of 

1. Heterozygosity at two loci in donor plant: 

A B 
-a---b-

2. Possible genotypes of derived haploids: 
A B A b a B a b -----, -----, -----, -----

3. Doubled-haploid lines: 
2... _B_ ~_b __ a ___ B_ a b -----
7-B-' 7-b-' -a---B-' a b 

Fig. 12.11. A diagrammatic representation of the effect of 
heterozygosity within a plant used for anther culture on genetic 
variability in the derived haploids and doubled-haploid lines. The two 
gene pairs used in this example are shown on separate chromosomes. 
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Fig. 12.12. The effect of a mutation in a somatic cell of a doubled 
haploid on segregation in its selfed progeny. If the mutation occurs 
during the early development of the doubled-haploid plant, it has a 
chance of being transmitted through the gametes. 

mutations in the early stages of plant development after chromo
some doubling (Fig. 12.12). Usually, only one of the alleles mutates 
at a particular locus on homologous chromosomes, so that the re
sulting plant is heterozygous at that locus, and segregation can 
occur in its progeny. Heterozygosity has been found to vary from 
0% to 10% in doubled haploids of different species. Some segregat
ing genotypes may have desirable characteristics to be investigated. 

Genetic variations, as well as changes in chromosome structure 
and number, are frequent occurrences in doubled-haploid lines aris
ing from in vitro culture. Some of the chromosome changes such 
as aneuploidy can be used in cytogenetic studies to relate genes to 
chromosomes. The genetic changes involve single-gene traits as 
well as polygenic traits such as height, maturity, and yield. The 
spectrum of variations produced by tissue culture is similar to the 
effects of applying mutagenic agents to plants. Although some of 
these changes may be useful for increasing variability when devel
oping new crop varieties, they are a hindrance if they have deleter
ious effects. A complex of leaf abnormalities and decreased growth 
rates appeared in doubled haploids from cultured anthers of the 
diploid species Nicotiana sylvestris. Some doubled haploids trans
mitted these traits to all their selfed progenies, but others gave 
segregation in their progenies. There was increasing variation for 
these traits during five consecutive cycles of haploid induction, 
indicating that the new variation had arisen during anther culture. 
Molecular studies showed that the doubled haploids had an average 
of 10% more DNA than the original plant, with increases in the 
highly repeated sequences and in the number of inverted repeats. 
There were indications that regions rich in A-T and G-C were 
amplified. Wheat doubled haploids from anther culture differed 
from the parental cultivar in the organization of the nontranscribed 
spacer region of ribosomal DNA. The variation was inherited but 
was influenced by environmental and genetic factors. 

There has been great interest in trying to define the causes of 
variation in doubled haploids from tissue culture, with the objective 
of being able to control the amount of stability or variability at 
will. Part of the variability is attributed to the age of the culture 
and the numerous mitotic cycles in culture, thus increasing the 
chances for mutations and chromosomal changes. The replication 
and segregation of chromosomes can be adversely affected, and 
this may contribute more to variability than the added number of 
cell divisions. Cultural conditions that may foster instability are 
the chemical composition of the medium and physical influences 
such as temperature. 

It is important to be able to express rates of mutations or chro-
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mosomal changes on the basis of a cell-division cycle, because 
of variations in the number of cell divisions due to cultural or 
environmental conditions. This is often not possible because of the 
lack of data on the number of cell divisions. If most of the changes 
in genes and chromosomes occur during cell division, cultures that 
divide rapidly per time unit, or that are transferred often to fresh 
medium, are expected to generate more variability than cultures 
that divide, or are transferred, less frequently. Under cell-culture 
conditions, DNA replication and mitotic stages (except anaphase) 
take longer in unorganized cells, such as microspores, than in cells 
organized in meristerns and can contribute to more instability. Mi
totic abnormalities include spindle or nuclear fusions and endom
itosis (see Chapter 10, Section 10.4). Heterochromatin may be more 
prone to breakage than euchromatin, based on evidence in oats and 
maize from culturing somatic cells. Genes may be suppressed by 
transposable elements, which may be activated by the stressful 
conditions of the culture regime (see Chapter 7, Section 7.5). The 
effect is a change in gene expression that resembles a mutation. 

It is evident that when cells are removed from their natural 
environment within a plant body and cultured on an artificial me
dium, they are introduced to stressful conditions that can affect 
DNA, chromosome structure, and cell division. In spite of these 
adverse effects, it has been possible to obtain haploids and doubled 
haploids from cell cultures on a scale that is competitive with other 
methods. 

12.5.3 Uses of Doubled Haploids 

The prime advantage of using doubled haploids in developing 
new crop varieties is the achievement of homozygosity in one gen
eration. The initial step in a breeding program involves crosses 
between varieties, lines, or species differing in important traits, in 
order to introduce variation through heterozygosity. The F I hybrids 
produce a range of gametes with different gene combinations, 
which reflect the genetic differences between the parents. A con
ventional plant -breeding program requires self-pollination of the F I 
hybrids and several succeeding generations before stable, relatively 
homozygous lines can be selected for increase and tests. If haploids 
are available from culturing anthers of F I plants, homozygous dou
bled haploids can be obtained in the equivalent of the F2 generation. 
The only chance for genetic recombination is during meiosis in 
the F 1 hybrids. Therefore, enough doubled-haploid lines should be 
developed to include the range of variation represented by the F I 
gametes, so that lines with the most desirable traits can be selected. 
Some studies have shown a skewness toward one parent in the 
genotypes represented by the doubled haploids, indicating that 
these genotypes have a selective advantage in their passage through 
tissue culture. 

Stable doubled haploids can be increased and tested several 
generations ahead of the conventionally developed lines (Fig. 
12.13). This saving in time must be weighed against the expense 

1ncIvidua/s with three genes homozygous: 

compris6 (112), of popu/alion in doubled haploid derivativBS 
compris6 (114), of popu/alion in nonnaJ F2 gfllJtlllltion 

true-breedlng lines recovered 1/8 In doubled haploid derivalives 
true-breedng lines recovered 1/64 In normal F2 generation 

Fig. 12.13. A statistical comparison of doubled-haploid and 
conventional-breeding methods as applied to spring wheat. (Adapted 
from Baenziger et al., 1984; Morrison and Evans, 1988.) 
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and expertise required to develop the doubled haploids. Their per
formance must be equal or superior to that of lines developed by 
conventional breeding methods to make this approach feasible. In 
tobacco and barley, some doubled-haploid lines were inferior to 
conventional lines in some decisive traits, whereas others equaled 
or surpassed the conventional lines. Chinese scientists, through 
concentrated efforts, have released new varieties of rice and wheat 
using the doubled-haploid pathway. A number of factors are in
volved in the successful application of this method, and one of the 
most important is the ability to regenerate a large number of haploid 
plants. They provide a wide base of genetic variation, upon which 
to draw, in developing and selecting the best doubled-haploid lines. 

Doubled haploids have other potential uses besides the develop
ment of new varieties. They are a vehicle for incorporating in crop 
species homozygosity for valuable genes from related wild species. 
If the genomes of the crop and wild species have enough homology 
to pair during meiosis, the genes can be transferred to the crop 
chromosomes by crossing over in the Fl hybrids, followed by ex
traction of doubled haploids with homozygous, recombined genes. 
Another mode of transfer takes advantage of the chromosomal in
stability in the haploid cells during tissue culture, with the possibil
ity of breaks and exchanges between crop and alien chromosomes 
to produce translocations. Some exchanges may transfer segments 
of alien chromosomes, with needed genes, to the chromosomes of 
agricultural crops. 

Doubled haploids are suitable for determining the mode of in
heritance of complex quantitative traits, because their homozygous 
genotypes simplify the genetic segregations and statistical analyses 
from hybridizations. The studies can involve crosses between two 
doubled-haploid lines with different expressions of the traits under 
study, and collection of data from the F2 or later generations. An 
alternative method involves tests of doubled-haploid lines devel
oped from F 1 hybrids. 
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Locating Genes in Diploids Using 
Chromosome Aberrations 

• Genes are assigned to specific chromosomes in diploids by using chromosome aberrations identified by their phenotypic effects, 
meiotic behavior, or banding techniques. 

• Gene-chromosome associations are recognized by phenotypic segregations that deviate from normal when using aneuploids, or by 
linkages with breakpoints of structural chromosome aberrations. 

One of the most important roles of cytogenetics is to discover the 
physical sites of genes within the karyotype of an organism. Informa
tion on genetic or linkage maps based on recombination data was 
first obtained while knowledge about the chromosomes was still in 
a primitive state. From the 1920s onward, starting with the classical 
organisms Drosophila melanogaster and maize (Zea mays), chro
mosomes of many organisms were identified by their physical char
acteristics (see Chapter 6). Another significant development was the 
stockpiling of structural and numerical aberrations from spontaneous 
or induced origins. Methods using these aberrations were developed 
to establish relationships between the linkage maps and the physical 
chromosomes, thereby producing cytogenetic maps. We shall dis
cuss methods for gene mapping in diploids in this chapter, and meth
ods for polyploids in Chapter 14. The fine-tuning of gene mapping 
by molecular techniques is discussed in Chapter 21. 

Genes can be mapped in diploids using gains and, in some 
cases, losses of whole chromosomes or their segments, as well as 
rearrangements of segments. Aneuploids change gene dosage, and 
the association of a gene with an aneuploid condition is detected 
by a deviation from the normal phenotype or segregation pattern. 
Genes can be tested for linkage with the breakpoints of inversions 
and reciprocal translocations, and for association with deletions by 
pseudodominance, the appearance of recessive phenotypes in the 
F 1 from appropriate crosses. These different approaches will now 
be considered in more detail. 

13.1 DIPLOID ANALYSIS USING TRISOMICS 

The term disomic refers to two doses of each chromosome in a set 
such as in diploids, when compared to added or subtracted doses 
of one or more chromosomes. This chapter includes various types 
of trisomics, and these chromosome-dosage terms refer to individ
ual plants as well as gene segregations. 

Trisomy in its various forms is an efficient method for assigning 

genes to specific chromosomes in diploid plant species. The triso
mic types for each chromosome usually have distinctive pheno
types involving such traits as height, leaf shape, inflorescence type, 
and maturity rate (see Chapter 11, Figs. 11.14 and 11.15). These 
are all quantitative characters, so direct observations of the effects 
of increasing the dosage of whole chromosomes, arms, or segments 
provide information on the inheritance of these traits. When these 
comparisons are made among trisomics of a set, they and the diploid 
controls should have the same genotypic background to avoid the 
possibility that some differences are due to background heterogene
ity. Both trisomics and diploids should be grown in the same envi
ronment at the same time, because variations in such conditions as 
soil fertility or temperature may affect quantitative gene expression. 

Trisomies also are very useful for locating qualitative genes that 
are introduced through crosses. Because of the distinctive trisomic 
phenotypes, large numbers of plants can be classified in segregating 
progenies without the need for cytology. The procedure is to make 
crosses between trisomics, identified for each chromosome in the 
set, and diploids that have contrasting alleles of the genes to be 
located. The F 1 trisomic plants are selfed to obtain F2 segregations, 
or they are crossed with the diploid parent carrying the recessive 
alleles to get backcross-progeny segregations. The trisomic parents 
and trisomic F1's are used as females in the crosses because the 
transmission rates of n + 1 gametes are usually much higher 
through the female than through the male. The trisomic ratios also 
depend on the number of genes controlling a trait and their modes 
of action or interaction, the genotypes of the parents, the behavior of 
the extra chromosome during meiosis, and the viability of trisomic 
progeny. 

13.2 USE OF PRIMAKY TRISOMIeS 

If a gene pair designated A -a is located on a trisomic chromosome, 
this is called the critical chromosome, and the cross involving this 
trisomic is the critical cross (Fig. 13.1). Crosses involving all the 
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Fig. 13.1. Diagrams to show the difference between a critical cross and 
a noncritical cross, with respect to a gene locus A-a, when a trisomic is 
crossed with a disomic. In both cases, the parent used as female is the 
one on the left side because the transmission of the trisomic state is 
much higher through the female than through the male. Only two 
chromosomes of the genome are shown. 

other trisomics in the set are noncritical crosses. The critical triso
mic parent can have one of the following genotypes: AAA, AAa, 
Aoo, or aaa. The F) AAa genotype can be obtained by crossing 
trisomic AAA as female with disomic 00, so that an AA egg unites 
with an a sperm. The F) Aoo genotype can come from the reciprocal 
cross [i.e., the trisomic (aaa) supplies an 00 egg and the disomic 
(AA) an A spermJ. If we assume that transmission of the n + I 
gamete is 25% through the female, which is within the range for 
plant trisomics (see Chapter II, Section 11.6.1), the F) 's from these 
two types of crosses consist of 25% trisomics and 75% disomics. 
The trisomics are selected by phenotype or cytology and are self
pollinated or backcrossed to aa. 

A pachytene trivalent configuration for an F) AAa genotype, 
with one of the three random-gene arrangements, is shown in Fig. 
13.2. At least one chiasma must occur in one arm of each chromo
some to retain the trivalent configuration until anaphase I. If the 
two dominant alleles are labeled Al and A2, the two chromosomes 
carrying them are shown paired in this region, and the a allele is 
unpaired. The amount of crossing over between the gene locus and 
the centromere in each of the three chromosomes influences the 
frequencies of n and n + I gametes. In Fig. 13.2, it is assumed 
that the A -a locus is close enough to the centromere that crossing 
over is rare, and no crossover products are recovered in a plant 
population of practical size. Because the two alleles in each n + 
I gamete are derived from different chromosomes, chromosome 
segregation is involved. Disregarding the numerical distinction be
tween the A alleles, the overall gametic ratio is 2 AA + 4 Aa + 
4 A + 2 a, which can be reduced to 1 AA + 2 Aa + 2 A + 1 a. 
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Fig. 13.2. Diagram of a trisomic pachytene configuration. The gene 
locus Ala is assumed to be completely linked with the centromere 
(numbered) in each chromosome. The dominant alleles AI and A2 are 
distinguished by numbers to show how they segregate during meiosis. 
The anaphase I random segregations and the gametic array are shown. 
The other two random arrangements at pachytene, clockwise from the 
upper left, are AIAI-aa-A2A2 and A2A2-aa-AIAI. Both orientations 
give the same kinds and frequencies of gametes as the one shown in this 
figure. 

With female transmission rates of 25% n + 1 gametes and 75% 
n gametes, which is a 1 : 3 ratio, the transmission frequency can be 
obtained by multiplying the n gametes by 3. 

The results of backcrossing and selfing the F) AAa trisomics 
with chromosome segregation of the gene are given in Table 13. L 
In the backcross progeny, the genotypic frequency is the same 

Table 13.1. Gametes and Progenies from F\ Trisomic AAa, 
Backcrossed as Female to Disomic aa Male, or Selfed to 
Give an F2 Progeny 

Self-Pollination 

F\ Trisomic Backcross to Disomic Sperm Sperm 
Eggs Sperm a 2A I a 

I AA 1 AAa 2AAA 1 AAa 
2Aa 2Aaa 4AAa 2Aaa 
6 A (2 X 3) 6Aa 12AA 6Aa 
3 a (1 X 3) 3 aa 6Aa 3aa 

Note: It is assumed that there is no crossing over between the centromere and the 
gene and that the transmission of n + 1 gametes = 25% through the female and 0% 
through the male. 



as the female gametic-transmission frequency. If trisomics can be 
distinguished from disomics by phenotypic traits, the trisomics 
have only the dominant phenotype, assuming that one dose of the 
A allele suffices. The disomic group segregates 2 A : 1 a instead of 
1 A : 1 a in a noncritical backcross. If the trisomic phenotypes cannot 
be separated from the disomic phenotypes, the overall phenotypic 
segregation in the backcross progeny is 9 A : 3 a or 3 A : 1 a, which 
is also different from a noncritical segregation. If we assume no 
transmission of n + 1 gametes through the male when the trisomic 
is self ed, the two kinds of n gametes compete equally and are 
transmitted in the same frequency as they are formed, which is 2 
A : 1 a. Again, if trisomics are separable from disomics, all the 
trisomics have the dominant phenotype, and the disomics segregate 
24 A: 3 a or 8 A: 1 a. The overall segregation is 33 A: 3 a or 11 
A : 1 a. These segregations are compared with a 3 A : 1 a noncritical 
segregation. If a low frequency of male n + 1 gametes is transmit
ted, they will not have much effect on the segregations, which can 
still be separated from noncritical segregations. A few tetrasomics 
may appear in the F2 progenies from the union of female and male 
n + 1 gametes, but their phenotype is usually a more extreme form 
of the trisomic phenotype. 

In all the noncritical crosses, the A-a gene pair segregates inde
pendently of the trisomic state. If enough progeny plants are grown, 
both the trisomic and disomic groups, as well as the combined 
groups, should have I A: 1 a backcross segregations and 3 A: 1 a 
F2 segregations. 

If crossing over occurs between the centromere and the gene 
locus in each chromosome, each allele must be considered on a 
chromatid basis. This situation is shown in Fig. 13.3, which has 
one of three possible gene arrangements. Three of the 12 n + 1 
gametes (AlAl, A2A2, and aa) have sister alleles, a situation called 
double reduction, and the kind of chromatid segregation that pro
duces this high frequency of gametes with sister alleles is described 
as maximum equational segregation (see Chapter 10, Section 
10.7.2). 

The expected segregations for the AAa genotype with maximum 
equational segregation are given in Table 13.2. The female n ga
metes have been multiplied by 3 (75% transmission) and, for the 
selfs, the male n gametes are reduced from 8 A + 4 a to 2 A + 
1 a. This table differs from Table 13.1 mainly in the occurrence 
of aaa in the trisomic group, although large progenies have to be 
grown to recover this phenotype, especially in the selfed progeny. 
The ratios from both backcrosses and selfs are distinguishable from 

Table 13.2. Gametes and Progenies from F. Trisomic AAa, 
Backcrossed as Female to Disomic aa Male, or Selfed to 
Give an F2 Progeny 

Self-Pollination 

F. Trisomic Backcross to Disomic Sperm Sperm 
Eggs Sperm a 2A 1 a 

5AA 5AAa IOAAA 5AAa 
6Aa 6Aaa 12AAa 6Aaa 
laa 1 aaa 2Aaa 1 aaa 

24A (8 X 3) 24Aa 48AA 24Aa 
12 a (4 X 3) 12aa 24Aa 12 aa 

Note: In this case, it is assumed that there is maximum crossing over between the 
centromere and the gene and that the transmission of n + I gametes = 25% through 
the female and 0% through the male. 
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Fig. 13.3. Diagram of a trisomic pachytene configuration with crossing 
over between the centromere and the gene pair AI a in each 
chromosome. See Fig. 13.2 legend for the explanation of Ai and A2. 
The random anaphase I segregations and the gametic array are shown. 
The frequencies of n gametes are multiplied by 2 to equal the 
frequencies of n + 1 gametes. The other two random arrangements at 
pachytene, clockwise from the upper left, are AlAi-aa-A2A2 and 
A2A2-aa-A1Al. Both orientations give the same kinds and frequencies 
of gametes as the one shown in this figure. 

noncritical ratios for the trisomic and disomic groups, as well as 
for the combined data. 

The same procedures can be used for the other heterozygous 
trisomic genotype, Aaa. Comparisons of the segregations from the 
two genotypes (Table 13.3) indicate that AAa is the more efficient 
genotype for distinguishing between trisomic and disomic inherit
ance. Most of its segregations have greater deviations from disomic 
segregations than those from Aaa, so its progenies can be smaller 
in size. TheAAa trisomic also gives some indication of the distance 
between a gene and its centromere, because there must be crossing 
over in this region to obtain any aaa genotypes. Trisomic progeny 
from Aaa include aaa both with and without crossing over between 
the gene and its centromere. 

The segregations in Tables 13.1 through 13.3 are based on de
fined meiotic chromosome behavior in the FJ trisomics such as 
consistent trivalent formations, crossing over in specific regions, 
and random chromosome distributions. There may be deviations 
from this pattern depending on which chromosome is trisomic. The 
transmission rates of n + 1 gametes vary considerably among 
different trisomics. Whereas the conditions used for these tables are 
useful in representing different aspects of theoretical expectations, 
some adjustments may be needed for comparisons with observed 
data. For instance, if the transmission frequencies of n and n + I 
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Table 13.3. Trisomic Phenotypic Segregations for the Ala Locus Based on Female Transmission of I(n + 1):3(n) Gametes Through the Female and 
No Male n + 1 Transmission 

F I Trisomic Backcrossed as Female to Disomic aa F I Trisomic Selfed 
Type of Segregation 

and Genotype 2n + I 2n 

Chromosome 
AAa AliA 2A:I a 
Aaa 2A: 1 a 1 A:2 a 

Maximum equational 
AAa 11A:la 2 A:I a 
Aaa 7 A:5 a I A:2 a 

Note: Some of the ratios have been reduced as much as possible. 

gametes through female and male are known for a particular tri
some, those values should be used in calculating expected frequen
cies. 

A useful observation in Table 13.3 is that the ratios of the diso
mic (2n) groups within a genotype are the same for chromosome 
and maximum equational segregations, but the frequencies of domi
nant and recessive phenotypes are reversed between the two geno
types. The disomic ratios also are the same with different transmis
sion rates of the n + I gametes, but different from ratios resulting 
from crosses between diploids. Therefore, the disomics are an im
portant component of a progeny in determining trisomic inherit
ance. If either of the two Fl genotypes is used as male in back
crosses with aa, and no n + I gametes are transmitted, only 
disomics occur in the progenies, with a 2 A: la ratio for AAa and 
a 1 A: 2 a ratio for Aaa. These ratios are distinguishable from the 
I A: 1 a diploid ratio if large enough progenies are tested. 

We can see how trisomic analysis works in practice by using 
some data from a study in rice (Table 13.4). The gene symbols for 
gold hull are ghl and for spotted leaf spll with the dominant alleles 
representing the normal phenotype in each case. The expected seg
regations are based on no transmission of n + I gametes through 
the male, and 33.3% through the female instead of 25% used in 
Tables 13.1 through 13.3. This change in frequency affects the 
segregation ratio for the total population (12.5: 1 instead of 11 : 1 

for chromosome segregation), but not the disomic portion (8: 1). 
The actual transmission rates of the n + I gametes through the 
female in crosses of trisomic female by disomic male are 32.7% 
for trisomic 5 and 37.1 % for trisomic 6, and through the male in 
the reciprocal cross, 1.6% for trisomic 5 and 5.6% for trisomic 6. 
Therefore, use of 33.3% transmission of n + 1 through the female 
and none through the male is close to the actual values. The chi
square tests give a good fit of the observed to the expected segrega
tions. There are two recessive phenotypes in the F2 trisomic group 
for trisomic 5, but none among a comparable number for trisomic 
6. Assuming that the two recessive plants came from crossing over 

Total 

3 A:I a 
5 A:7 a 

35 A: 13 a 
19 A:29 a 

2n + 1 

AliA 
7 A:2 a 

35 A: 1 a 
13 A:5 a 

2n 

8 A: I a 
5 A:4 a 

8A:I a 
5A:4a 

Total 

11A:la 
11A:7a 

13IA:13a 
43 A:29 a 

between the gene and the centromere, ghl is farther from its centro
mere on chromosome 5 than spll is from its centromere on chromo
some 6. All three sets of data for each trisomic are useful in locating 
the genes. 

Trisomics and tetrasomics are useful for mapping restriction 
fragment-length polymorphisms (RFLPs) in diploid species when 
monosomics are not available. If a DNA fragment under study is 
on a trisomic or tetrasomic chromosome, the extra one or two doses 
of the fragment result in thicker bands than disomic doses when 
the fragments are hybridized with homologous probes. Once as
signed to identified chromosomes, RFLPs can be used as genetic 
markers for exploring the genetic content of each chromosome. 
Their value is increased when their locations can be narrowed to 
chromosome arms or segments of arms. Telotrisomics or acrotri
somics show more intense bands if a DNA fragment is in an arm 
or a region that is trisomic. The band intensity is the same as for 
a disomic if the fragment is on the missing arm or missing segment 
of these modified trisomics because two doses of the normal chro
mosome are present. 

13.3 USE OF TELOTRISOMICS, 
ACROTRISOMICS, .MID TERTIARY 
TKlSOMICS 

These modified trisomics have three doses of genes in parts of 
the chromosome involved, and two doses in the remainder of the 
chromosome (see Chapter 11, Fig. ILl). All are useful in localizing 
genes to arms or segments of arms. 

13.3.1 Telotrisomics 

These aneuploids, which have an extra dose of one chromosome 
arm, can be used for arm locations of genes. A gene gives a trisomic 

Table 13.4. F2 Segregations for Marker Genes in Rice from Self-Pollinating FI Trisomic Plants with Genotypes Ghl Ghl ghl or Spll Spll spll* 

2n Progeny 2n+ 
Trisomic Chromosome 

and Gene Normal Mutant X2(8:1) Normal 

5, ghl 205 31 0.98 98 
6, spll 91 11 0.01 87 

• Note: These genotypes are comparable to AAa in Figs. 13.2 and 13.3, and in Tables 13.1-13.3. 

Source: Data from Khush et al. (1984). 

1 Progeny Total Progeny 

Mutant Normal Mutant X2 (12.5: I) 

2 303 33 2.85 
0 178 11 0.69 



segregation if on the same arm as the telochromosome (often abbre
viated to telo), but a disomic segregation if it is on the opposite 
arm. If the telo and the two complete homologs form a modified 
trivalent during meiosis, the normal homologs usually go to oppo
site poles at anaphase I and the telo goes at random to either pole. 
This behavior results in equal frequencies of n and n + telo ga
metes. If the two complete chromosomes form a bivalent and the 
telo remains a univalent, most of the gametes are n because of 
frequent loss of the telo. The transmission rates of nand n + telo 
gametes through the female depend on the frequency of trivalent 
versus bivalent plus telo formations. Telochromosomes for longer 
arms pair with a homologous arm more frequently than those for 
shorter arms. The transmission of the n + telo through the male 
gametes is so low that it can be disregarded. 

A pachytene trivalent involving a telochromosome is dia
grammed in Fig. 13.4 for the F, genotype AAa, with no crossing 
over between the centromere and the gene locus in any of the three 
chromosomes. The gametic frequency can be reduced to I AA + 
I Aa + I A + 1 a. The segregations in Table 13.5 are based on 
consistent trivalent formations in the F, plants. If 2n + telo and 
2n can be distinguished phenotypically, variations in transmission 
rate of the n + telo gametes do not affect backcross or F2 segrega
tions. These are 1 A: I a for the disomics and all A for the telotri-

A1 

pachytene 

first meiotic division 

rd= 
A1 

::::JJ:' r ___ ~JL __ 

A2 
~, 1 

a a 

second meiotic division ~ 

~ 
A2 

~ 
----~---

BB 88 ]g~~::~s GG 
GG [JO ]g~etes GG 

g~etic frequency = 2M + 2Aa + 2A + 2S very infrequent 

Fig. 13.4. Diagram of a telotrisomic pachytene configuration. It is 
assumed that the gene pair A-a is completely linked with the 
centromere (numbered) in each chromosome (see Fig. 13.2 legend for 
the explanation of Al and A2), and that the two complete chromosomes 
go to opposite poles in most anaphase I cells, with the telochromosome 
going to either pole. The gametic array is also shown. The other 
arrangement at pachytene, which gives the same gametic frequencies as 
the one shown in this figure, is AIAI-aa-A2A2. 
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Table 13.5. Gametes and Progenies from FI Telotrisomic AAa (see 
Fig. 13.4), Backcrossed as Female to Disomic aa Male, or 
Selfed to Give an F2 Progeny 

Self-Pollination Sperm 
FI Telotrisomic Backcross Disomic 

Eggs Sperm a lA 1 a 

1 AA 1 AAa 1 AM 1 AAa 
1 Aa 1 Aaa 1 AAa 1 Aaa 
3 A (3 X 1) 3 Aa 3AA 3 Aa 
3 a (3 X 1) 3 aa 3 Aa 3 aa 

Note: It is assumed that there is no crossing over between the centromere and the 
gene, separation of the two normal chromosomes occurs anaphase I with the telochro
mosome going to either pole, and transmission of n + telo gametes = 25% through 
the female and 0% through the male. The extra chromosome in the trisomic progeny 
is a telochromosome. 

somics in the backcross progenies, compared to I A: I a from a 
diploid cross; and 3 A: I a for the disomics and all A for the telotri
somics in the F2 progenies, compared to 3 A: I a from a diploid 
cross. If telotrisomics cannot be separated from disomics, the total 
ratio is influenced by the gametic transmission rates; with the as
sumptions given in Table 13.5, it is 5A: 3 a in backcross progenies, 
and 13A : 3a in F2 progenies. These ratios are close to those ex
pected from a diploid cross, so the test is more efficient if telotri
somics and disomics can be separated, because smaller progeny 
numbers are needed. 

Crossing over between the centromere and the gene in any or 
all of the three chromosomes gives different gametic frequencies 
and segregation ratios. One useful aspect of the effect of such 
crossovers will be given here. In Fig. 13.4, if chromosomes 1 and 
3 are paired, and crossing over occurs between the telochromosome 
and chromosome 3 in the region between the centromeres and the 
A-a locus, the a allele can be transferred to the telochromosome. 
Then, if chromosomes 1 and 3 pass to the same anaphase I pole, 
an aa (double reduction) gamete can occur as a result of the ana
phase II chromatid distribution. Then, segregation for the recessive 
phenotype can occur in the telotrisomic group in backcross or F2 
progenies. This indicates that the A-a locus is not completely 
linked with the centromere. 

The use of telochromosomes makes it possible to localize the 
gene order within an arm. When two genes are being tested in the 
same study, and Gene I shows complete linkage with the centro
mere, whereas Gene 2 gives evidence of some crossing over in 
that region, the order of the genes can be determined, with Gene 
1 being closer to the centromere than Gene 2. 

13.3.2 Aerotrisomies and Tertiary 
Trisomies 

The value of these aneuploids is that genes can be aligned with 
a physical marker in the extra chromosome; that is, the breakpoint 
that produced a deletion in the acrotrisomic and the breakpoint in 
the translocated chromosome in a tertiary trisomic. 

Acrotrisomics are trisomic for all the genes in one arm and for 
those in the segment that is present in the opposite arm, but disomic 
for genes in the segment that is missing in the extra chromosome 
(see Chapter 11, Fig. ILl). They are useful for gene locations in 
species such as barley, in which pachytene observations are very 
difficult because the chromosomes are not condensed enough. The 
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meiotic behavior of an acrochromosome can resemble that of a 
telochromosome, but with a better chance for pairing with one of 
the normal homologs because part of the second arm is present. 
The calculations for the expected genetic segregations are similar 
to those for telotrisomics. Because genes in both the complete arm 
and the partial arm show trisomic segregations, they should be 
assigned to an arm before making the acrotrisomic analysis. Gene 
locations can be related to the physical chromosome by measuring 
the length of the shortened arm at a mitotic metaphase, then deter
mining, by the type of segregation, whether the gene is somewhere 
in that segment or distal to it. 

Some tertiary trisomics have extra doses of two complete arms 
from different chromosomes if the translocated chromosome origi
nates from a break in the centromere region of two chromosomes, 
followed by fusion of two arms, one from each chromosome. 
Whereas this type of tertiary trisomic can be used to locate genes 
on either arm, additional tests are needed using telotrisomics to 
identify which of the two arms contains those genes. Other tertiary 
trisomics have a translocated chromosome with more than one arm 
of one chromosome and less than one arm of the other (see Chapter 
11, Fig. 11.1). Genes from both chromosomes may give trisomic 
or disomic segregations depending on whether they are present 
or absent on the translocated chromosome. Their arm assignment 
should be determined by telosomic analysis before using tertiary 
trisomics. 

13.4 DIPLOID ArIAL YSIS USING MONOSOMICS 

The use of monosomics for mapping genes in diploids has been 
very limited because of n - 1 gametic abortion in plants, and 2n 
- 1 zygotic or embryonic abortion in animals with the exception 
of monosomics for the tiny chromosome 4 in Drosophila melano
gaster. Therefore, the effects of monosomics must be studied in 
the generation in which they occur. 

In tomato, monosomics induced by mature-pollen irradiation 
were used to associate a linkage group with a specific chromosome. 
Plants carrying two recessive genes from the same linkage group 
were crossed with irradiated pollen, which carried the dominant 
alleles. Nine Fl plants showing the recessive phenotype for both 
genes were examined cytologically and found to be monosomic 
for chromosome 11, one of the shortest chromosomes. The mature 
pollen was able to function after irradiation because there were no 
further nuclear divisions, but the treatment may have affected the 
function of the centromere region of chromosome 11, so that it 
lagged at the first mitotic division after fertilization and was ex
cluded from a nucleus. Other plants were recessive for one of the 
two marker genes and had segmental deletions for chromosome 
11. 

A very effective way of producing monosomics for different 
chromosomes in maize involves the use of an irradiation-induced 
deletion (r-Xl) which includes the R locus on chromosome 10. 
This deletion causes nondisjunction of sister chromatids, in any of 
the 10 chromosomes, at the second postmeiotic division of the 
female gametophyte, and about 18% of the female gametes lack a 
chromosome. Evidence for nondisjunction is the similar frequen
cies of monosomics and trisomics in the progenies of crosses using 
the deletion. Because the nondisjunction events occur late in the 
development of the female gametophyte, n - 1 eggs are functional. 
The r-X1 deletion is not transmitted through the pollen, so it is 
maintained in the heterozygous state. 

Maize plants homozygous for a recessive gene, for example, 
aa, which is to be assigned to a chromosome, are crossed as males 
on plants heterozygous for the deletion (Rlr-X1) and homozygous 
AA. The Fl plants showing the recessive phenotype (a) are checked 
cytologically and are nearly always monosomic. The single chro
mosome bearing a comes from the male parent, because this chro
mosome is missing in the egg cell from the female parent due 
to nondisjunction. Identification of the chromosome by pachytene 
observations or banding techniques aligns A -a with a specific chro
mosome. The test can be made more efficient by using male parents 
that have recessive marker genes for as many of the 10 chromo
somes as possible, because the induction of nondisjunction in a 
particular chromosome by the r-X1 deletion seems to be a random 
event. When these males with marker genes are crossed with fe
males carrying the dominant alleles, the occurrence of the recessive 
phenotype for any of the marker genes usually indicates a monoso
mic state for the chromosome carrying the marker gene. If a reces
sive phenotype for a test gene accompanies the recessive phenotype 
for a marker gene, the test gene can be assigned to the marked 
chromosome. Occasionally, a segmental deletion including the test 
gene and the marker gene can occur, but it can be distinguished 
from a monosomic by the appearance of the plants (each monoso
mic type has a distinctive morphology) and by root-tip chromosome 
counts to determine if a whole chromosome is missing. 

The r-X1 deletion method can be used to locate mutant genes 
induced by a mutagenic agent. One approach is to pollinate RI 
r-X1 plants with treated pollen carrying marker genes for different 
chromosomes. Specific monosomics are identified in the progeny 
by the marker-gene phenotypic effects. If new, recessive pheno
types appear in the monosomic plants, the mutant genes can be 
assigned to the pertinent chromosomes. 

Monosomics induced by the r-X1 deletion are valuable for lo
cating protein genes that give products with different electropho
retic mobilities. The advantage of these genes is that different al
leles are codominant; when two different alleles occur together, 
each one can be detected by the position and type of band (size 
and density) on the gel. One example is a locus with allelic variation 
for histone I subfractions (H1a). Rlr-X1 plants that had a fast
migrating HI band were crossed as females with plants that had a 
slower-migrating band and a marker gene for chromosome 1, leaf
brown midrib (bm2). A monosomic plant in the progeny had brown 
midribs and only the slower-migrating band. Monosomics for eight 
other tested chromosomes had both types of bands, so it was clear 
that the H1a locus was on chromosome 1. 

Restriction fragment-length polymorphisms (RFLPs) are valua
ble probes for mapping conventional genes because of their distri
bution throughout genomes, but they must be located within identi
fied chromosomes before they can be used for this purpose. In 
maize, r-X1-induced monosomics were used to map a maize RFLP 
sequence. The Fl monosomics came from a cross between a line 
designated MT, used as the male parent, and Rlr-X1. Monosomics 
were obtained for all of the 10 maize chromosomes except Nos. 1 
and 5, with the monosomic chromosomes coming from the male 
parent. A radioactive, cloned fragment of maize-genomic DNA 
was hybridized to membrane-bound DNA fragments from the two 
parents, the F 1 disomic plants, and each of the eight monosomic 
types. DNA fragments in the parents and their progeny with se
quences homologous to the clone sequence were identified by auto
radiography. The parents differed in the size of the sequence homol
ogous to the clone, as shown by the different positions of the 
prominent band (Fig. 13.5). The Fl disomic plants and seven of 
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Fig. 13.5. Location of an RFLP site in maize using monosomics, generated by the r-XI 
deletion, and Southern blotting. Numbers 2 through 10 refer to chromosomes in the 
monosomic state. The monosomic for chromosome I is missing and is rarely produced 
when using the r-XI deletion. Monosomic 5 is also missing. The lane marked "markers" 
contains molecular-weight markers. The RFLP site is assigned to chromosome 3 because 
the band from the female parent, Rlr-XI, is missing in monosomic 3, but is present in the 
diploid and the other seven monosomics. (From Weber, 1991). 

the F 1 monosomics had the band from each parent because of co
dominance of the RFLP variants. The monosomic for chromosome 
3 lacked this chromosome and its band from the female parent. 
Therefore, the cloned sequence can be assigned to chromosome 3 
and can be used as a marker probe for that chromosome. By testing 
many cloned sequences from the maize genome by the monosomic 
method, about 400 DNA sequences were located on specific chro
mosomes, with some sequences on each chromosome but a greater 
number on the longer chromosomes. 

13.5 DIPLOID ANALYSIS USING 
1'IlMISLOCATIONS AND INVERSIONS 

Both reciprocal translocations and inversions are valuable cytoge
netic tools for localizing genes on the physical chromosomes. They 
can be used to supplement information provided by aneuploid anal
yses or used on their own if aneuploids are not available. If a gene 
is first assigned to a chromosome, and perhaps to an arm, by the 
aneuploid method, but acrotrisomics or tertiary trisomics are not 
available, inversions or translocations with breakpoints in the iden
tified chromosome or arm can be used to locate the gene within a 
physical segment. However, certain information about these struc
tural aberrations must be available. 

13.5.1 The Inverted or Translocated 
Chromosome Must be Identified 

Early studies on chromosome aberrations used a genetic ap
proach to identify aberrant chromosomes because the karyotypes 
were not well defined. A reversal in the normal order of marker 
genes in a linkage group indicated the presence of an inversion in 
that chromosome, and an exchange of genes between linkage 
groups suggested a reciprocal translocation. After the discovery of 
the salivary-gland chromosomes in Drosophila melanogaster, the 
natural banding pattern was used to discern rearrangements in this 
organism. The techniques developed to reveal banding patterns in 
human and plant chromosomes are helpful in detecting changes in 
linear patterns. In some cases, aberrant chromosomes are distin
guishable at mitosis by changes in length and banding pattern (see 
Chapter 9, Fig. 9.1). 

Several methods of identification using meiotic observations of 

aberrant chromosomes are available depending on the species. If 
the pachytene karyotype is identified, the chromosomes in the con
figuration formed by a heterozygous inversion or translocation can 
be identified by morphological characteristics (see Chapter 9, Fig. 
9.4). If the species has only one pair of nucleolus-organizing chro
mosomes and one of them has an inverted or a translocated seg
ment, the configuration is associated with the nucleolus quite con
sistently. 

In plants, new, homozygous translocations can be crossed with 
a set of identified trisomics, used as females to increase the trans
mission of n + I gametes (see Chapter ll, Section 11.6), and 
diakinesis or metaphase I can be observed in the F I' s. If the trisome 
is one of the chromosomes in the translocation, the cells can have 
a chain of five, which includes the four chromosomes in the translo
cation and the extra dose of the trisomic chromosome. If the trisome 
is not one of those in the translocation, it may form a trivalent with 
its homologs while the translocation forms a ring- or chain-of-four. 

If translocations with identified chromosomes are available, a 
tester set that checks for each chromosome in the complement 
can be used, and crosses are made between each tester and a new 
translocation. The meiotic configurations in the F I plants may be 
two separate rings-of-four if there are different chromosomes in a 
tester translocation and the new translocation, a ring-of-six if one 
chromosome is in common, and a ring-of-four or two bivalents if 
both chromosomes are in common. 

13.5.2 The Breakpoints That Produce the 
Inversion or Translocation Must Be 
Determined Precisely in Order to 
Map the Genes Accurately 

The sites can be narrowed to single bands in the salivary chro
mosomes of Drosophila melanogaster except when the breaks 
occur in heterochromatin around the centromeres, because these 
regions from different chromosomes fuse to form a chromocenter. 
The dye-induced banding in the mitotic chromosomes of humans, 
animals, and plants (see Chapter 6, Section 6.2) may be used if 
there are enough clear bands. The meiotic pachytene stage is very 
useful in plants if the chromosomes in the heterozygous inversion 
or translocation configuration can be followed from the centro
meres to the ends of the arms (see Chapter 9, Figs. 9.4, 9.17, and 
9.18). A configuration can be photographed if all parts are on one 
plane. Alternatively, the image of the configuration is projected by 
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a camera lucida, a device with a prism placed over one eyepiece 
of the microscope, then traced on paper and interpreted. With either 
method, the location of a breakpoint is determined by measuring 
the distance from the centromere to the breakpoint (where the arms 
change partners), in relation to the length of the arm. For example, 
if a breakpoint is located at 0.25 on the short arm of a chromosome, 
it is one-quarter of the distance from the centromere to the end of 
the arm. It is painstaking work to locate the breakpoints for large 
numbers of translocations and inversions, but this has been done 
in maize, and many breakpoints distributed over the chromosome 
arms are available. In tomato, the breakpoints are more frequent 
in the centromere regions or in the heterochromatin around the 
centromeres than in the euchromatic regions. 

13.6 GENERAL PROCEDURE USING 
IlWERSIONS OR TKANSLOCATIONS TO 
LOCATE GENES 

This general procedure applies to reciprocal translocations between 
A (essential) chromosomes of a genome, and a specific example is 
given in Section 13.6.1. Thr procedure is different for translocations 
between A and B (accessory) chromosomes, and it is discussed in 
Section 13.6.2. 

The most efficient method is to cross plants that are homozygous 
for an inversion or translocation, and also for a gene under investigation, 
with plants that have the standard (normal) chromosomes and are homo
zygous for the contrasting allele. The gene to be located is designated 
the test gene to avoid confusion with a marker gene. If the chromosome 
and arm assignments of the test gene have already been determined 
using aneuploids, the inversion or translocation should have a breakpoint 
in the designated chromosome arm. If the chromosome assignment is 
unknown, the crosses should include an inversion or translocation for 
each chromosome in the set, with breakpoints covering both arms of 
each chromosome. The F 1 plants are backcrossed to the parent with 
standard chromosomes and homozygous for the recessive allele of the 
test-gene locus. In the backcross progenies, either a gene marker, closely 
linked with one of the inversion or translocation breakpoints, or pollen 
abortion is used to separate plants with the aberration from those without 
it, thus avoiding meiotic observations, which are more time-consuming. 
The segregations are analyzed to find out if the test gene shows linkage 
with pollen abortion or the gene marker, which in either case would 
indicate linkage with a breakpoint The amount of aborted pollen should 
be high enough to identify plants that have a heterozygous aberration. 
Use of a gene marker requires less effort than pollen classification, and 
the most desirable gene markers control seed characters that can be 
classified before planting the seeds (see Section 13.6.1 for an example). 

In self-pollinating plant species, where it is laborious to obtain 
large quantities of backcrossed seeds because of the need for emas
culation (removal of anthers) before pollination, an alternative 
method is to grow F2 progenies from selfed F l' s. This is more 
complex than backcrossing, because both male and female gametes 
consist of more than one kind, but it is possible to get information 
on test-gene locations using translocations or inversions. With 
quantitative traits, more decisive results are obtained by selfing F2 
plants that are homozygous for the nonnal or aberrant chromo
somes and are selected either by a gene marker or on the basis of 
normal pollen. Further tests are needed to identify the F3 lines 
that have either normal or aberrant chromosomes. A statistically 
significant difference between the two types of F3 lines in the 
expression of the trait indicates linkage of one or more test genes 
with one or both of the translocation or inversion breakpoints. The 

differences are intensified in these F3 lines because, in all the plants 
of each line, the regions near the breakpoints in both homologues 
come from one parent. 

Linkage of a test gene with one translocation can involve the 
breakpoint in either of the two chromosomes. Unless the chromo
some carrying the test gene has been identified by aneuploid analy
sis, the two chromosomes must be tested, one at a time, with differ
ent translocations. When a test gene is linked with the breakpoint 
in a certain chromosome, additional translocations involving the 
same chromosome, but with breakpoints marking different seg
ments, must be used to determine on which side of the breakpoint 
the test gene is located. Another approach is to use inversion break
points as markers in the pertinent chromosome. 

13.6.1 Use Of A-A Reciprocal 
Translocations 

Most of the translocations used in cytogenetic studies on plants 
have involved exchanges between chromosomes of the normal 
complement, labeled A chromosomes to distinguish them from ac
cessory or B chromosomes (see Chapter 6, Section 6.6). The illus
tration in Fig. 13.6 gives the procedure for locating a test gene, 
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gametes 
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If Rh is located on a chromosome that is different from V-T, or 
more than 50 map units away on the same chromosome, four 
types of gamete. are produced in equal numbers: 

BG r ~ J th y-r] 

H Rh is located on !he same chromosome as Y-T, four type. 
of gametes are produced in proportions related to !he distance 
between Rhand!he breakpoint The parental types (Rh Y-T 
and th y-N) would be In excess over the recombinant types. 

The different types of pmetH that .re produced can be assayed by 
back_Ina to the rh rh/~ ~ parent. 

Fig. 13.6. The use of a reciprocal translocation between chromosomes 
6 and 7 in maize to test for the location of the gene rh (reduced height) 
versus Rh (normal height). T = the reciprocal translocation 6n 
chromosome, N = the normal 6 and 7 chromosomes. The locus for the 
alleles Y (yellow seeds) and y (white seeds) is so closely linked to the 
position of the breakpoint in chromosome 6 that yellow seeds (Y - T) 
serve as a marker for the translocation chromosomes and white seeds 
(y-N) for the normal chromosomes. The parents are homozygous for the 
genes and for the translocated or normal chromosomes. 



Rh-rh in this example, using a translocation between chromosomes 
6 and 7 in maize. It should be kept in mind that a complete study 
requires crosses involving a tester set of translocations that include 
each arm of every chromosome unless there is prior knowledge 
about the chromosome assignment of the test gene. If the Y - y gene 
pair on chromosome 6 of maize is used as a marker for each of 
the translocations, one of the translocated chromosomes must be 
6. With no crossing over between Y-y and the breakpoint, the Y 
allele remains with translocated 6 and the y allele with normal 
6 through the F 1 and backcross generations. The seeds from the 
backcross of the F 1 plants to the rh rh y-N y-N parent are separated 
into yellow and white groups, which are planted in separate rows. 
The plants from yellow seeds are heterozygous for the translocation 
(Y - T Iy-N), and those from the white seeds have the standard chro
mosomes (y-Nly-N). The way in which the Rh-rh gene pair segre
gates in the paired rows indicates whether or not it is on one of 
the translocated chromosomes. If it is on 6, all the translocations 
will give similar results if the breakpoints in 6 are at about the 
same positions in the different translocations. If it is linked with the 
breakpoint of one of the other chromosomes, only the translocations 
involving that chromosome will show evidence of linkage. 

If a gene to mark the translocation breakpoints is not available, 
the paired-row method cannot be used. Instead, a record has to be 
kept on individual plants in the backcross progenies with respect 
to the test-gene phenotype and the amount of pollen abortion. The 
data is grouped into those plants with around 50% pollen abortion, 
corresponding to the row from yellow seeds in the procedure given 
above, and those with normal pollen, corresponding to the row 
from white seeds. The linkage or independence of the test gene 
with respect to each translocation can be established. 

The use of a gene marker such as Y - y to group the translocation
bearing plants and the normal-chromosome plants is an advantage 
in studies of quantitative characters, which are usually difficult to 
classify on a single-plant basis. With close linkage of the quantita
tive gene or genes with a breakpoint, the plants within a row from 
either Y or y seeds should have similar phenotypes except for a 
few possible recombinants. It is easier to detect subtle quantitative 
differences when groups of plants rather than individual plants are 
compared. 

13.6.2 Use Of B-A Translocations 

B-A translocations (see Chapter 9, Section 9.3) provide a very 
efficient method for mapping genes. The effectiveness of these 
translocations depends on the inherent, nondisjunctive property of 
B-sister chromatids during a specific stage in the life cycle, making 
it possible to locate genes in A-chromosome segments with confi
dence. The use ofB-A translocations has been confined to maize, 
where nondisjunction of the B chromatids occurs at the division 
of the generative nucleus in the maturing pollen grain, resulting in 
one sperm cell with two B chromosomes and the other with none. 
When an A-chromosome segment bearing a dominant allele of a 
locus is attached to a B-centric segment, nondisjunction sends two 
doses of the A segment to one sperm cell and none to the other 
(Fig. 13.7). If the deficient (hypoploid) sperm unites with an egg 
bearing the recessive allele on a complete A chromosome, the F 1 

plant shows the recessive phenotype because the A segment with 
the dominant allele is missing. Thus, the B-A translocations create 
a deletion method for locating genes. The clearest results are ob
tained if the nondisjunction frequency of the B centromeres is close 
to 100%, and this frequency is influenced by the distal part of the 
B chromosome, which is attached to the centric A segment and 

Locating Genes in Diploids Using Chromosome Aberrations 197 

a. 

b. 

c. 

~ 
\5) 

first mitotic division! 

generative nucleus 

tube nucleus 

nondisjunction products 
of the second division of 
the generative nucleus 

L.. fertilize female 
gamete 

Fig. 13.7. The behavior of a B-A reciprocal translocation in a male 
gametophyte of maize. (a) The upper chromosome includes the centric 
segment (marked by a black circle) of an A chromosome and the 
acentric segment of a B chromosome (gray). The lower chromosome has 
an A acentric segment attached to a B centric segment. (b) Normal 
disjunction of both A and B centromeres during the first mitotic division 
following meiosis. (c) Nondisjunction of the B centromeres during 
mitosis in the generative nucleus results in a hypoploid sperm cell 
lacking the A segment that has been included in an extra dose in a 
hyperploid sperm cell. The tube nucleus does not divide further. 
(Adapted from Weber and Helentjaris, 1989.) 

must be present in the generative nucleus. The postmeiotic behavior 
of the B chromosomes is normal on the female side in maize. 

A set of B-A translocations involving almost all of the 20 chro
mosome arms has been developed in maize. Some of them were 
produced by irradiation-induced breaks and exchanges between A 
and B chromosomes. Others came from crosses between existing 
B-A and A-A translocations with a common A chromosome, 
which causes some pairing between the two types of translocations. 
Certain crossovers and segregations attach new segments of A chro
mosomes to the B-centric segments. 

In order to locate a gene within a defined A segment, the accu
rate locations of the breakpoints in the A components of B-A 
translocations are obtained by pachytene measurements (see Sec
tion 13.5). If a gene has already been assigned to a specific A 



198 Locating Genes in Diploids Using Chromosome Aberrations 

chromosome using trisomics, only B-A translocations involving 
segments of that A chromosome need to be used. If the A-chromo
some assignment has not been made, a set of available B-A translo
cations should be used to test as many A segments as possible. 

We can illustrate the use of B-A translocations in a study de
signed to localize a gene pair (Hmlhm) for resistance/susceptibility 
of maize to a race of the fungus Helminthosporium carbonum. The 
gene had already been assigned to chromosome I, so two B-A 
translocations, with breakpoints in opposite arms of chromosome 
I, were used to relate the Hmlhm locus to one of the breakpoints. 
Both translocation lines were resistant to infection by the fungus 
and were crossed as males with a susceptible source. The procedure 
for T B-IL, a translocation (T) with the breakpoint at about 0.12 
in the long (L) arm of chromosome 1, is shown in Fig. 13.8. The 
expected results are diagrammed for the following two assumptions 
concerning the location of Hm: (1) between the centromere and 
the breakpoint, in which case Hm stays with its own centromere 
on the translocated 1 B chromosome, or (2) distal to the breakpoint, 
so that Hm goes with the B centromere on the B 1 translocated 
chromosome. If Hm stays with 1 B, each sperm cell has one dose 
of Hm from both normal disjunction and nondisjunction of the B 

Testing for the location of Hm within chromosome 1 

hmhm 

• 
x 

.maIe 

B1 F1 seeds 
clajunc:tion endDsperm embryo 

norrnaI 1N 1N 1N 
c:hjunclon 18 B1 18 81 

~ncIIon: 

1. B1's" 
embryo 1N 1N 1N 1N 

P. B1's" 
18 18 B1 B1 

endosperm 1N 1N 1N 
18 B1 B1 18 

HmHm 

• 18. BL .18 

B segment acentric 

SS" 1L B1 

~ .... --- .. B segment centric 

male 

F1 eeed size F1 plant phenotype 

normal normal 

small norrnaI 

large ahortplants 
wi1h narrow 
leaves due " 
nisslng 
chromosome 1 
segment 

I Hm Is on 1 B, plants from embryos In both catagories under nondisjunction 
_ reslslant If Hm Is on B1, plants from embryos In catagoly 1 _ resistant 
wile_those from category 2 are susceptible. If B1 chromatids disjoin 
normally in the generative nucleus. aD the progeny plants are resistant 

Fig. 13.8. The use of a B-A reciprocal translocation to locate the gene 
pair HmIhm in a segment of chromosome 1 in maize. The normal 
chromosome 1 is symbolized by 1 N and the translocated chromosomes 
by 1 B and B I. The location of HmIhm within chromosome 1 is not 
shown, as this would not be known at the beginning of the study, but 
alternative locations in 1 B or B I and expected results are given in the 
figure. The female parent contributes two doses of the 1 N chromosome 
to the 3n endosperm. Table 13.6 lists the results of an experimental 
study to determine this linkage. 

Table 13.6. Segregations for Resistance and Susceptibility to 
Helminthosporium carbonum in Maize from a Cross of 
Susceptible Female x Resistant Male with a B-IL 
Translocation 

Normal Plant Phenotype 

Kernel Type Resistant Susceptible 

Large 160 0 
Small 481 0 

Source: Data from Roman and Ullstrup (\ 951). 

Abnormal Plant Phenotype 

Resistant 

o 
o 

Susceptible 

344 
29 

centromeres, because the 1 B chromatids disjoin in the generative 
nucleus. If this type of sperm cell participates in fertilization, the 
resulting plants carry Hm and are resistant to the pathogen. If Hm 
is transferred to the B 1 chromosome, nondisjunction sends two 
doses of the gene to one sperm cell and none to the other within 
the same pollen grain. If the hypoploid sperm cells fertilize egg 
cells to produce embryos, the plants are susceptible. Regardless of 
the location of Hm, nondisjunction results in two types of seeds 
(small and large) depending on whether the endosperm came from 
the hypoploid sperm, which lacks the distal part of IL, or the 
hyperploid sperm, which has an extra dose of the same segment. 

The results of crosses involving T B-IL are given in Table 
13.6. The data are separated by seed size and by plant appearance. 
The large seeds, giving plants with normal phenotype, came from 
normal B 1 disjunction, and the large seeds giving abnormal plants 
(shorter with narrower leaves) came from nondisjunction, with the 
hyperploid sperm contributing to the endosperm. The small seeds 
that gave rise to normal plants also came from nondisjunction, but 
the hypoploid sperm contributed to the endosperm. The unexpected 
group of29 abnormal plants from small seeds illustrates that biolog
ical experiments sometimes have surprises. Possible explanations 
are that the small seed size for this group was not due to loss of 
B 1 from the endosperm, or that the sperm cells participating in 
double fertilization were both hypoploid and came from different 
pollen grains. The larger group of susceptible, abnormal plants 
from large seeds indicates that Hm is located distal to 0.12 in the 
long arm of chromosome 1. The location in the long arm was 
confirmed by the results from using the other translocation, with 
a break in the short arm of chromosome 1 close to the centromere. 
All the progeny from this cross were resistant, indicating that Hm 
was not on the short arm attached to the B centromere. 

The small seeds, as well as the abnormal plants from large seeds, 
can be attributed to the single dose of the distal part of IL and 
indicates that there are genes in this segment for endosperm devel
opment, plant height, and leaf width. Thus, a bonus of the B-A 
translocations is the possibility of locating genes in addition to 
those for which an experiment was undertaken. 

B-A translocations are valuable tools for mapping isozyme and 
restriction fragment-length polymorphism (RFLP) loci. An exam
ple for an RFLP locus in maize is shown in Fig. 13.9. The same 
crossing procedure was used as shown in Fig. 13.8, and leaf samples 
were taken from the progeny for RFLP analysis. The results clearly 
indicate that the RFLP locus is located somewhere in the distal 
region beyond 0.70 in the long arm of chromosome 8 and was 
translocated to the centric part of the B chromosome. By analyzing 
large numbers of RFLP loci in this way, it is possible to identify 
the short and long arms of the RFLP map and to locate the centro
meres on this map. The accurate placement of the B-A transloca-
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Fig. 13.9. The use of a B-A reciprocal translocation to locate a RFLP 
locus on maize chromosome 8. The parents Mo 17 (female) and 
TB-8La (male, breakpoint at 0.70 in the long arm of chromosome 8), 
have different RFLP alleles, as shown by the different band positions 
using a Southern blot. The hypoploid F] progeny, with one dose of the 
distal part of chromosome 8 from Mo 17, have only the Mo 17 band, 
whereas the hyperploid progeny, with tbree doses of the distal part of 8, 
have the bands from both parents. These results place the RFLP locus 
on the long arm of chromosome 8 distal to the breakpoint. (From Weber 
and Helen~aris, 1989.) 

tion breakpoints makes it possible to correlate the RFLP map with 
both the physical map, based on cytology, and the genetic map, 
based On linkage studies. 

13.6.3 Use ·of Inversions 

It is more efficient to use inversions for gene locations after a 
chromosome assignment has been made using aneuploids or recip
rocal translocations, then inversions for only one chromosome are 
needed. Inversion breakpoints can mark chromosome regions that 
are devoid of translocation breakpoints or gene markers. Very short 
inversions may not produce enough sterility to be detected, but a 
gene marker, closely linked with one of the breakpoints, can serve 
the same purpose as in the translocation method. 

The procedure using inversions is the same as for translocations 
with or without a gene marker and is applicable to backcross or 
F2 progenies. We can use the same genes as in Fig. 13.6, with the 
assumptions that the Rh-rh gene pair is on chromosome 6 of maize, 
and that the Y -y marker-gene pair is closely linked with an inver
sion breakpoint. The parental cross is Rh Rh Y(lnversion) Y(Inver
sion) (homozygous inversion in chromosome 6) X rh rh y-N y-N 
(standard 6), and the FI is .backcrossed to rh rh y-N y-N. The 
yellow (Y) seeds produced on FI plants should be heterozygous 
for the inversion and the white (y) seeds, homozygous for the 
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inversion. If Rh-rh is located more than 50 map units from both 
inversion breakpoints, there will be a 1 Rh: 1 rh segregation in the 
rows from both yellow seeds and white seeds. If Rh-rh is close 
to one of the breakpoints or between the two breakpoints, it will 
show linkage with the inversion. Because most crossovers within 
or close to the breakpoints of a heterozygous inversion cause dele
tions as well as duplications of chromosome segments (see Chapter 
9, Section 9.2.1), and result in gametic abortion, the progeny con
sists almost entirely of the parental type. Thus, plants in the row 
from Y seeds are normal height (Rh), and those in the row from 
y seeds are reduced in height (rh). It is not possible, in the test 
with one inversion, to decide which of the two breakpoints is closer 
to Rh-rh, therefore tests must be made using other inversions with 
One breakpoint in about the same location as one of the breakpoints 
in the first inversion, and the second breakpoint at a different loca
tion. 

13.1 DIPLOID AML YSIS USING DELETIONS 

Deletions have been used in several diploid organisms to locate 
genes within the missing segments. The experimental procedure is 
to treat males in Drosophila or pollen in plants with a clastogenic 
agent to induce deletions in the sperm chromosomes. If the treat
ment is applied to essentially mature gametes, they can usually 
function in fertilization, and the deleted segment is lost in an early 
embryonic mitosis. The progeny may tolerate a heterozygous dele
tion in their body cells, although they often cannot transmit the 
deficient chromosome. Crosses are made between untreated fe
males, homozygous for one or more recessive, test genes, and 
treated males or pollen carrying the dominant alleles. If one or 
more FI individuals show the recessive phenotype for One or more 
genes (pseudodominance), along with an induced deletion in the 
pertinent chromosome, the gene(s) is assumed to be located within 
the missing segment. Several overlapping deletions can be tested 
to narrow the site of the pseudodominant gene(s). 

Deletion mapping has been especially efficient in Drosophila 
melanogaster, because a change in phenotype is paralleled by one 
or more missing bands in the salivary-gland chromosomes. Many 
of the dominant Notch mutations (mentioned in Chapter 20, Section 
20.1.1 and Chapter 8, Section 8.6), are due to heterozygous dele
tions in the X chromosome that have a common missing band, 
3C7. Therefore, the locus giving the normal phenotype is assumed 
to be in the vicinity of this band. Deletion mapping has been used 
in place of recombination mapping for the tiny fourth chromosome, 
which has an almost complete absence of crossing over in diploid 
females raised at standard temperatures. The use of overlapping 
deletions has made it possible to assign lethal genes to specific 
bands on the salivary chromosome 4. (See Chapter 20, Sections 
20.1.5 and 20.2.1, for gene mapping in chromosome 2 heterochro
matin using deletions.) 

In plant species with clear pachytene karyotypes such as maize 
and tomato, the F I pseudodominant effect has been associated with 
deletions. Within the pertinent chromosome, the shortest deletion 
giving the pseudodominant effect is used for the approximate loca
tion of the gene. Some deletions may be too short to be detected 
by pachytene observations; in these cases, a change in F 1 phenotype 
can be interpreted as a gene mutation. A deletion rather than a gene 
mutation is indicated by reduced gametic transmission of the defect, 
especially through the male, and failure to make the defect homozy-
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gous. If there are genes very close to the one under investigation, 
a deletion may include them and cause some additional changes 
in phenotype. In maize, loss in anthocyanin activity at the A locus 
was accompanied by reductions in chlorophyll amount and somatic 
viability. These concurrent effects were attributed to deletions that 
eliminated several loci, including A. Some very short deletions 
require molecular procedures to be detected. 

In humans, caution is needed in associating deletions with mu
tant phenotypes, which instead may be due to a transfer of the 
missing segment to another part of the genome. The disease chronic 
myelogenous leukemia (CML), which was ftrst associated with an 
apparent deletion in the long arm of chromosome 22, was later 
attributed to a reciprocal translocation between 22 and 9 (see Chap
ter 9, Section 9.5). However, several abnormal syndromes have 
been associated with deletions on speciftc chromosomes by exten
sive studies on large numbers of individuals with the same or simi
lar symptoms. An example is the cri-du-chat syndrome, which is 
caused by a deletion in the short arm of chromosome 5 (5p). The 
length of the deletion varies in different individuals, but most of 
the symptoms are due to a missing segment in region 1, band 5. 
The conclusion is that one or more genes in the missing segments 
control functions that are impaired or lacking in afflicted persons. 
Indirect evidence on human-gene locations also has been provided 
by deletion mapping. Genes that are heterozygous rather than hemi
zygous in the presence of a deletion are not located in the segment 
covered by the deletion. 
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Locating Genes in Polyploids Using 
Chromosome Aberrations 

• Aneuploid chromosome stocks in polyploids provide a very efficient procedure for assigning genes and DNA sequences to specific 
chromosomes. 

• Nullisomic lines can be scored at the DNA or phenotypic levels for the simple presence or absence of a DNA sequence or a gene. 

• Monosomic lines usually need to be crossed and the segregation patterns analyzed before a gene can be assigned to a chromosome. 

• Intervarietal-chromosome substitutions are valuable for assigning genes for quantitative traits to chromosomes. 

Aneuploids, particularly monosomics and their derivatives, are the 
most useful type of chromosome aberration for gene-location stud
ies in allopolyploid plant species, which have two doses of each 
kind of chromosome in two or more different genomes. Trisomics 
for most of the chromosomes in allopolyploids do not have the 
distinctive phenotypes that occur in diploids because of gene dupli
cation between the different genomes. Their use in assigning genes 
to chromosomes must be based on backcross or F2 segregations 
that deviate from disomic segregations, and larger progeny numbers 
are required when progenies cannot be separated phenotypieally 
into trisomic and disomic plants. Primary trisomics are valuable in 
providing tetrasomics, which come from the union of two n + 1 
gametes when the trisomics are selfed. Tetrasomics test the ability 
of two extra chromosomes to compensate for a missing (nullisomic) 
chromosome, and thereby indicate genetic relationships between 
chromosomes within or between genomes (see Chapter 10, Section 
lO.8.4; Fig. lO.l8). 

Monosomies provide an efficient method for gene-chromo
some associations in allopolyploids. In allotetraploids, they usually 
have distinctive phenotypes, so that backcross or F2 progenies can 
be grouped into monosomics and disomics, and gene segregations 
in each group can be checked. In some allotetraploid species such 
as durum wheat (Triticum turgidum), however, the monosomics 
are weak, with low fertility and low transmission of the n - 1 
gametes, so other methods must be used. In allohexaploids, most 
monosomics have phenotypes that do not differ from disomic phe
notypes because of more intergenomic gene duplication than in 
allotetraploids, but they do have attributes that give them advan
tages over the use of trisomics. At both the allotetraploid and allo
hexaploid levels, genes can be located in F 1 progenies when the 
dominant allele comes from the monosomic parent and the reces
sive allele from the disomic parent, and the recessive phenotype 

is expressed with one dose of the recessive allele (hemizygous
effective). If the crosses are made so that the F 1 monosomies have 
the dominant allele, reliable results are possible with small numbers 
of F2 plants, because any recessive phenotypes are nullisomics and 
relatively weak, and any plants identified as disomies are homozy
gous for the dominant alleles. 

Nullisomics have been obtained from monosomics, by the union 
of two n - 1 gametes, for all the chromosomes of hexaploid wheat 
(Triticum aestivum) and for some chromosomes of hexaploid oats 
(Avena sativa and Avena byzantina). Whereas the frequencies of 
nullisomics are usually low, most of them have distinctive pheno
types and can be used to locate genes by reduced dosage effects. 
Nullisomics are not available from monosomics in allotetraploids 
although tests show that n - I gametes may be transmitted through 
both egg and pollen. Lethality seems to occur in the zygotic or 
early embryonic stages. 

Another important use of allopolyploid monosomics or their 
derivatives such as monotelosomics is in the development of chro
mosome substitution lines, whereby a chromosome pair from one 
source is substituted for a homologous or homoeologous pair from 
another source. Substitutions between varieties are called intervar
ietal or intercultivaral chromosome substitutions, and those be
tween species or genera are called alien chromosome substitutions. 
Intervarietal substitution lines are particularly useful for studies of 
quantitative characters, because the data can be collected on groups 
of plants with the same genotype instead of on individual plants, 
as in F2 or backcross monosomic studies. Alien substitutions are 
a means of introducing genes for valuable traits from related species 
or genera into crop plants (see Chapter 15). 

Because autopolyploids have three or more doses of each chro
mosome, adding or subtracting single chromosomes gives aneu
ploid states that would probably not change the phenotype mark-
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edly and would give complex segregations. It is more expedient 
to derive diploids by haploidy (see Chapter 12) and to obtain triso
mics at this ploidy level for cytogenetic analyses. In alfalfa or 
lucerne (Medicago sativa), for example, natural autotetraploids 
were crossed with derived diploid lines to get autotriploids, which 
were then backcrossed with the derived diploids. Five out of eight 
possible trisomics were obtained at the diploid level by the union 
of n + 1 gametes from the triploids with n gametes from the 
diploids. Several genes were then located using crosses between 
trisomics and diploids. 

14.1 POLYPLOID ANALYSIS USING 
MONOSOMICS 

The first requirement for monosomic studies is to have available 
a set of identified monosomics for each chromosome in a species. 
When monosomics are first discovered, the identities of the mono
somic chromosomes (monosomes) are generally unknown. The 
procedure for their identification can be illustrated using the allote
traploid Nicotiana tabacum, which has genomes from two diploid 
species with 12 chromosomes in each genome (Fig. 14.1). A differ
ent approach is possible in allotetraploid cotton (Gossypium hirsu
tum), where monosomics can usually be assigned to one of the 
two component genomes, A and D, by the size of the monosome, 
because the A genome has larger chromosomes than the D genome. 
These assignments are confirmed by crossing the monosomics with 
reciprocal translocations that have identified chromosomes, then 
checking whether the translocation configurations in the monoso
mic progeny lack one chromosome. By combining the results of 

Materials for test· 

Nicotiana syfvestris, 5 genome, 2n = 2x = 24 
Nicotiana tomentosa, T genome, 2n = 2x = 24 
Nicotiana tabacum, 5 and T genomes, 2n = 4x = 48 
Nicotiana tabacum monosomics, 2n-1 = 47 

Cmss.J.: 
N. tabacum monosomic X N. sy/vestris 

Gametes: n = 24 (125 + 12T) n = 12 (5) 
n-1 = 23 (125 + 11T) 

Meiosis in F1 monosomic plants: 
35 chromosomes: 12 5 bivalents + 11 T univalents 

Gmss.2: 
N. tabacum monosomic X N. tomentosa 

Gametes: n = 24 (125 + 12T) n = 12 (T) 
n-1 = 23 (125 + 11T) 

Meiosis in F1 monosomic plants: 
35 chromosomes: 12 5 univalents + 11 T bivalents 

+ 1 T univalent 

Fig. 14.1. A procedure to assign monosomic chromosomes to one of 
the two genomes in Nicotiana tabacum (2n = 4x = 48). In the crosses 
shown, the monosomic is for a T-genome chromosome. If an S-genome 
chromosome is monosomic, the Fl meiotic configurations are reversed; 
that is, 11 bivalents + 13 univalents from the cross with N. sylvestris, 
and 12 bivalents + 11 univalents from the cross with N. tomentosa. The 
latter species was used to assign monosomics to the T genome, but 
molecular-cytogenetic studies indicate that the T genome of N. tabacum 
was derived from hybridization between two other diploid species 
related to N. tomentosa (see Chapter 10, Section 10.8.1). 

Table 14.1. Types and Frequencies of Progeny from Self-Pollinating a 
Monosomic Plant, Assuming that n - I Gametes have 
75% Transmission Through the Female and 5% 
Transmission Through the Male 

Sperm 

Eggs 95% n 5% n - I 

25%n 24% 2n 1% (2n - 1) 
Disomics Monosomics 

75% n - 1 71% (2n - 1) 4% (2n -2) 
Monosomics N ullisomics 

crosses with different translocations, the missing chromosome can 
be identified. Where DNA and/or protein markers are available 
for the species they provide an efficient means of chromosome 
identification. 

The next phase is to relate the monosomics to individual chro
mosomes. The first sets to be developed, in cotton, tobacco, and 
wheat, were assigned arbitrary numbers or letters in the order in 
which they were obtained. In wheat, after intergenomic, homoeolo
gous relationships had been resolved using nullisomic-tetrasomic 
combinations, the chromosomes were renumbered so that homoeo
logous chromosomes were given the same number followed by the 
letter of the genome to which they belonged; for example, lA, IB, 
and ID. With this knowledge, the development of chromosome
banding techniques could be used routinely to identify monosomic 
chromosomes with distinctive banding patterns. 

The success of monosomic analysis depends on the transmission 
rates of n - 1 gametes, which are much higher for eggs than for 
sperm (see Chapter 11, Section 11.6.2). Rates of transmission can 
vary for both male and female gametes depending on the species 
and the specific monosome. For illustration, we shall use represen
tative transmission rates of 25% n: 75% n - 1 through the female, 
and 95% n: 5% n - 1 through the male. Based on these transmis
sion rates, the progeny from a selfed monosomic consists of 24% 
disomics, 72% monosomics, and 4% nullisomics (Table 14.1). If 
the monosomic is crossed as female with a disomic, the progeny 
segregates 25% disomics and 75% monosomics, a reflection of the 
n and n - 1 egg frequencies, because the sperm are all n. In the 
reciprocal cross, the progeny are largely disomic because of the low 
transmission rate of n - I gametes through the male. Therefore, 
monosomics should be used as the female parent in crosses with 
disomics in order to recover a high frequency of monosomics. 

We shall outline how monosomics can be used to locate a gene 
pair, G-g, using the transmission rates shown in Table 14.1. Other 
assumptions are that G in one dose is hemizygous-effective because 
it is completely dominant over g, which is an inactive recessive 
allele and produces the same phenotype whether it is homozygous 
(gg), hemizygous (g -), or missing altogether (- -). The term 
"critical cross" refers to a cross where the pertinent gene is on 
the monosomic chromosome, whereas crosses involving all the 
other monosomics in the set are noncritical. The results vary de
pending on whether the disomic parent carries the recessive or 
dominant alleles. 

A set of identified monosomics is crossed with a disomic that 
differs from the monosomic lines at the G-g locus, and three types 
of crosses are shown in Fig. 14.2. On the left side, under critical 
crosses, the monosomic parent has the dominant allele G on the 
monosome, and the disomic parent has the recessive allele g. In 
the FI , monosomics have the recessive phenotype, disomics have 



the dominant phenotype, and the gene can be located on the mono
somic chromosome in this generation. If F2 progenies from F 1 

monosomics and disomics are grown to confinn the finding, proge
nies from the monosomics have only the recessive phenotype while 
progenies from the disomics segregate 3 G: 1 g. The F2 progenies 
from the noncritical crosses also segregate 3 G: 1 g because the 
gene is independent of the monosomic condition. On the right side 
under critical crosses, the allelic arrangement is reversed; G is with 
the disomic parent and g is with the monosomic parent. In the F I, 
both monosomics and disomics have the dominant phenotype, and 
the gene cannot be located in this generation. In the F2 from Fl 
monosomics, nullisomics are the only plants expected to show the 
recessive phenotype with the assumption that the missing locus 
gives the same phenotype as gg. If the nullisomic frequency is 
low, as we have postulated, there is no problem in distinguishing 
between critical (largely G) and noncritical (3 G: I g) ratios. The 
frequency of nullisomics from different monosomes is known to 
vary and, in a few cases, may be high enough to obscure the differ
ence between critical and noncritical segregations. The critical seg
regations may be affected by other chromosome abnonnalities. For 
example, misdivision events in the Fl monosomes may produce F2 
plants with a telochromosome or isochromosome for the arm not 
carrying the G-g locus. These plants add to the recessive group 
because the arm carrying the locus is missing. Therefore, at least 
some of the plants with the recessive phenotype in the potential 
critical progeny should be checked cytologically to confinn the 
nullisomic state. The use of F2 monosomic analysis to locate the 
gene Pm3, which gives resistance to powdery mildew, caused by 
Erisyphe graminis in hexaploid wheat is shown in Table 14.2. 
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Fig. 14.2. Procedure for assigning a hemizygous-effective gene to a 
specific chromosome using monosomics as female parents in the initial 
crosses. The symbols G-g are allelic states of a gene locus. In critical 
crosses, the monosomic chromosome carries the gene; in noncritical 
crosses, the gene is not on the monosomic chromosome. The PI 
monosomics and disomics are selfed to get the P2• The hyphens in the 
P2 frequencies indicate missing chromosomes. The gametic frequencies 
from Table 14.1 were used in this figure. 
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Table 14.2. Segregations for Seedling Reaction to Powdery Mildew in 
the P2 Progenies of PI Monosomic Plants from Crosses 
Between the 21 Monosomics in the Susceptible Variety 
"Chinese Spring" (pm3/pm3), and Disomics of a 
Resistant Source (Pm3/Pm3) 

Chromosome 
Tested Resistant Susceptible Total l (3:1) P-Value 

lA 224 IS 239 44.69 <0.001 
IB 119 40 159 0.002 0.99-0.95 
lD 51 IS 66 0.18 0.95-0.50 
2A 43 IS 58 0.02 0.95-0.50 
2B 60 16 76 0.63 0.50-0.20 
2D 62 18 80 0.27 0.95-0.50 
3A 52 19 71 0.12 0.95-0.50 
3B 48 16 64 0.00 1.00 
3D 44 19 63 0.89 0.50-0.20 
4A 78 27 105 0.03 0.95-0.50 
4B 43 20 63 1.53 0.50-0.20 
4D 54 20 74 0.16 0.95-0.50 
5A 51 21 72 0.67 0.50-0.20 
5B 56 16 72 0.30 0.95-0.50 
5D 17 8 25 0.65 0.50-0.20 
6A 69 16 85 1.73 0.20-0.10 
6B 33 7 40 1.20 0.50-0.20 
6D 65 14 79 2.23 0.20-0.10 
7A 49 12 61 0.01 0.95-0.50 
7B 38 18 56 1.52 0.50-0.20 
7D 44 18 62 0.54 0.50-0.20 
All but lA 1076 355 1431 0.03 0.95-0.50 

Note: The significant deviation from a 3 : 1 segregation for chromosome 1 A indicates 
that the gene pair Pm3lpm3 is located on that chromosome. 

Source: Data from Mcintosh and Baker (1%8). 

In self-fertilizing species such as wheat, F2 progenies are used 
more than backcrosses because of the labor involved in emasculat
ing anthers. If, however, the Fl G- monosomics from the critical 
cross on the right in Fig. 14.2 are backcrossed as females to gg 
disomics, the progenies segregate 75% g-: 25% Gg, a ratio of 3 
recessive: 1 dominant instead of 1 Gg: I gg in a noncritical cross. 
If a few plants pen progeny from critical backcrosses are checked 
cytologically, the recessive plants are monosomic and the dominant 
plants are disomic. If a reciprocal backcross is made using the F\ 
monosomics as males, 95% of the backcross progeny show the 
dominant phenotype and are disomics, and 5% are monosomies 
with the recessive phenotype. 

Other recessive genes in hexaploid wheat require two doses to 
express the recessive phenotype. These genes are called hemizy
gous-ineffective because one dose is not enough for expression. The 
dosage effect is due to the influence of modifying genes from the 
other wheat genomes, so it is likely that hemizygous-ineffective 
genes occur in allopolyploids of other species. The monosomic and 
nullisomic states of such genes give phenotypes closer to those ex
pressed by the dominant alleles. A monosomic analysis of this type of 
gene is shown in Fig. 14.3. The recessive allele virescent ( v ) (turning 
green) in two doses causes chlorophyll deficiency in the early stages 
of plant growth, but in one and zero doses, it has no or very little effect 
on chlorophyll production. The disomic parent in the critical cross 
should have the recessive alleles because one dose of the v allele is 
not detectable in the monosomic parent. Both F 1 monosomics and 
disomics show the dominant phenotype, and in the F2, the disomics 
are the only group showing the recessive phenotype. However, be
cause this F2 ratio is very close to 3 dominant: I recessive, it cannot 
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Fig. 14.3. Procedure for assigning a hemizygous-ineffective gene to a 
specific chromosome using monosomies. W or Vv = green plant, vv = 
virescent, v- or -- = green. The F, monosomics and disomics are 

selfed to get the F2• The hyphens in the F2 frequencies indicate missing 
chromosomes. The gametic frequencies from Table 14.1 were used in 
this figure. 

be distinguished from the noncritical 3 : 1 ratio. Cytological studies 
of plants with the recessive phenotype are required to show that 
all of those in the critical progeny are disomics, whereas only about 
25% of those in the noncritical progenies are disomics. 

With some characters such as a disease reaction, it is not always 
possible to determine the critical chromosome(s) from backcross 
or F2 segregations, because the expression of the character may 
not be consistently clear when individual plants are classified. In 
such cases, F3 progenies usually overcome this problem because, 
in a critical cross, the F2 disonics from FI monosomics are homozy
gous for the gene(s) controlling the trait, and all the plants within 
a F3 progeny should have a uniform phenotype. Chromosome 
counts and probability estimates are needed to confirm that a uni
form F3 progeny came from a F2 disomic derived from a critical 
cross rather than a noncritical cross. After the F3 critical progenies 
have been identified by uniformity of phenotype, a few reserve 
seeds from each pertinent F2 plant are germinated and root-tip 
chromosome counts are made. If three or four consecutive F3 seed
lings from the same F2 plant are all disomic, that F2 plant is deter
mined to be disomic because of the low probability of obtaining 
this frequency from a F2 monosomic. Furthermore, if three or four 
F3 uniform progenies from the same cross come from different F2 
disomic plants, there is confidence that a critical chromosome is 
involved, because in a noncritical cross, 75% of an F2 progeny 
segregate in F3 or are homozygous for the contrasting phenotype. 
The finding that at least two F3 seedlings from an F2 plant are 
monosomic indicates that it must be monosomic. The most likely 
explanation for a F2 monosomic plant giving a uniform F3 progeny 
is that a noncritical cross is involved, and the F2 plant is homozy
gous for the gene of interest such as GG, which is on a chromosome 
other than the monosome. 

14.2 POLYPLOID ANALYSIS USING 
NVLLISONICS 

Because nullisomics lack both homologs of a chromosome pair, 
their phenotypic effects are the result of the absence of genes, 
and contrasting alleles do not have to be present as in monosomic 

analyses. Most nullisomics have distinctive phenotypes in compari
son with disomics, and both qualitative and quantitative genes with 
distinct presence-absence effects can be located on specific chro
mosomes. The use of nullisomics is largely limited to allohexa
ploids because they do not occur in the progenies of monosomics 
from allotetraploids and have to be obtained by special manipula
tions (see Chapter 11, Section 11.2). Although nullisomics can be 
produced for some or all chromosomes depending on the species, 
they usually cannot be maintained as stable lines because of male 
or female sterility. Nevertheless, many genes have been located in 
the hexaploid wheat variety "Chinese Spring" by comparisons 
between disomics and nullisomics in the progenies of monosomics. 
For instance, nullisomics for chromosome 2A (nulli-2A) are about 
half the normal height and have fewer tillers, shorter and wider 
leaves, and larger culms. They are also delayed in maturity and 
female-sterile. These phenotypic deviations from disomics indicate 
that there are genes for height, tillering, leaf and culm size, maturity, 
and fertility somewhere on chromosome 2A. Other chromosomes 
that can be investigated through their absence have given compara
ble results. From such studies, it is evident that nullisomic analysis 
is a very effective way of assigning genes to chromosomes and 
should be used whenever possible. 

14.3 POLYPLOID ANALYSIS USING 
1E~HROMOSOMESAND 

ISOCHROMOSOMES 

The origin of telochromosomes (telos) and isochromosomes (isos) 
from centromere misdivisions of monosomes has been described 
in Chapter 11, Section 11.3.2. One arm of a chromosome pair is 
present in one dose in monotelosomics (monotelos), and in two 
doses in ditelosomics (ditelos) and monoisosomics (monoisos). 
These aneuploids can be used for direct phenotypic observations, 
in comparisons with nullisomics and disomics, to determine the 
arm locations of genes. They have the advantage over nullisomics 
in that the presence of one arm gives some of them enough vigor 
and fertility to be maintained. Monotelosomics can also be used 
in crosses to estimate the physical distance between a gene and its 
centromere. 

14.3.1 Chromosome-Arm Locations of 
Genes Based on Dosage Effects 

If genes have been assigned to an identified chromosome by 
observing the nullisomic effects, monotelos and monoisos of the 
particular chromosome can then be used to localize the genes to 
either arm. This method is effectively one-arm nullisomy, so allelic 
variation is not needed. The effect of nulli-2A on female fertility 
was mentioned in the previous section. Both a monotelosomic and a 
monoisosomic are available for the short (S) arm, and their presence 
shows that a gene or genes for fertility are located on 2AS. There 
is a dosage effect, with the monoiso having more fertility than the 
monotelo. Conversely, the monoiso for 2AL is female-sterile like 
the nullisomic, indicating that there are no fertility genes on this 
arm. If aneuploids are available for only one arm of a chromosome, 
a gene may be located on the opposite arm by inference. In the 
case of female fertility, if the aneuploids for 2AS are not available, 
the result with monoiso-2AL indicates that there must be a gene 
or genes for fertility on 2AS. Some traits may be controlled by 
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Fig. 14.4. Misdivision of a monosome during microsporogenesis in a 
F 1 monosomic plant giving a telochromosome for each arm, and the 
transmission of each telochromosome to the F2 progeny by selfing the F 1 

monosomic. Male gametes with a complete chromosome or a missing 
chromosome can also occur (not shown) to give disomics, monosomics, 
or nullisomics when combined with the pertinent female gametes. The 
gene pair G-g is assumed to be hemizygous-effective and on the long 
arm. S = short arm, L = long arm. 

genes on both arms, in which cases, one or two doses of one arm, 
but absence of the opposite arm, are indistinguishable from the 
nullisomic state. 

Occasionally, monotelosomic or monoisosomic plants occur in 
F2 progenies as a result of misdivision of the monosome during 
meiosis in the FI monosomics. In the example shown in Fig. 14.4, 
the monosome has the dominant allele G on the long arm. As a 
result of misdivision, some F2 plants are expected to have a normal 
homolog along with the telo, forming a heteromorphic bivalent 
during meiosis; these plants are called monotelodisomics. If the 
telo is for the long arm, the monotelosomics have the dominant 
phenotype G like the monotelodisomics, but if the telo is for the 
short arm, it lacks G, and the recessive phenotype of the monotelo
somics contrasts with the dominant phenotype of the monotelodi
sornics, which have one or two G [one or two Gs.]. The monoteIo
somics should be weaker plants than the monotelodisomics, which 
have a normal dose of one arm and one dose of the second arm, 
and cytological observations of somatic or meiotic dividing cells 
can confirm the presence of a telochromosome. It should be tested 
to make sure that it is derived from the monosome, because pairing 
disturbances during meiosis can cause univalent states of other 
chromosomes and the possibility of centromere misdivision. For 
the test, the monotelosomic plants lacking G in Fig. 14.4 are crossed 
with the ditelosornics, if available, for each arm of the chromosome 
that was monosomic in the F I. If observations of meiosis in the 
progenies show pairing between the new telo and one of the identi
fied telos, G is assigned to the long arm of the monosome used in 
this study. Lack of pairing indicates that the new telo was derived 
from some chromosome other than the monosome. 

14.3.2 Mapping Gene-Centromere 
Distances Using Telochromosomes 

A gene should be assigned to a chromosome, and preferably to 
a chromosome arm, before attempting to determine the distance 
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Gene on the silO(! arm of a chromosome that is also present 
on a pair of telochromosomes: 
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Fig. 14.5. The use of a ditelosomic to map the gene pair G-g to one 
arm of a chromosome, and to determine the distance between the 
centromere and the gene locus. The nonrecombination genotypes are Gg 
disomic (a) and gg monotelodisomic (d). The recombination genotypes, 
which result from a crossover between the centromeres and the G-g 
alleles in the F\ monotelodisomic, are Gg monotelodisomic (c) and gg 
disomic (b) .• The letters a, b, c, d, correspond to the observed 
frequencies in Table 14.3. 

between the gene and the centromere. Allelic variations in back
cross or F2 progenies are needed to detect recombination in this 
region and to determine how far the gene is from the centromere. 
Therefore, the gene to be tested must be on the arm represented 
by the telochromosome if crossovers are to occur between the cen
tromere and the gene locus. The expected results in the backcross 
progeny from the Fl Gg monotelodisornic are shown in Fig. 14.5 
and are listed in Table 14.3. It is important to check all the backcross 
progeny cytologically to have low standard errors for the recombi
nation values. 

Table 14.3. Expected and Observed Frequencies of Genotypes from 
Backcrossing the F\ Gg Monotelodisomic Shown in Fig. 
14.5 to a gg Disomic . 

Disomic Monotelodisomic 

Expected Observed Expected Observed 
Genotype Frequency' Frequency' Frequency' Frequency' 

Gg 0.5(1 - p) a 0.5p c 
gg 0.5p b 0.5(1 - p) d 

• p = the recombination fraction and (I - p) = the nonrecombination fraction. each 
distributed between two genotypes. The 'etters a, b, c, and d are the observed frequen
cies of particular gene combinations. The respective gene combinations are illustrated 
in Fig. 14.5 using the a, b, c, d designation. 
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When data are obtained for the four observed classes, the recom
bination frequency can be calculated from the formula 

b + c 
p =t:I 

where N is the total progeny number. The standard error of the 
recombination value is obtained from the formula 

= (p(l _ p))112 
sp N . 

Finally, the transmission rate of the telochromosome can be ob
tained from 

c + d 
N' 

If no recombinant classes are obtained, the gene may be closely 
linked with the centromere. Another cause, particularly with telos 
of short arms, is a general failure of pairing between a telo and 
the corresponding arm of the complete chromosome. Cytological 
observations to determine the frequency of asynapsis are needed 
to indicate whether this is a problem. 

An alternative procedure is to use F2 progenies from selfed FI 
monotelodisomics. Estimates of male and female transmission rates 
of the telochromosome are needed to obtain expected frequencies 
of the chromosome types and phenotypes in the F2 progenies. These 
frequencies and the observed data are used with statistical methods 
to derive a recombination value. 

Recombination values from backcross and F2 progenies involv
ing telochromosomes result from crossing over between a gene and 
its centromere, which can be regarded as a physical chromosome 
marker. Thus, a recombination value translates into a physical dis
tance between the gene and the centromere. The accuracy of this 
distance depends on the consistency of pairing between the telo 
and the complete chromosome. A considerable degree of asynapsis 
reduces the amount of recombination and makes the distance seem 
shorter than it actually is. Another factor is how accurately the 
chromosome types and phenotypes are classified, especially if a 
gene is close to its centromere and recombinant classes are rare. 
There is evidence in both cotton and wheat that even if there is 
pairing between the telo and the complete chromosome, crossing 
over is reduced near the centromeres of heteromorphic bivalents. 
In spite of these problems, gene mapping using telochromosomes 
is possible in polyploids, where the use of translocations or inver
sions is not generally feasible because of genetic duplication and 
triplication. 

14.4 POLYPLOID ANALYSIS USING 
~RV~ALCHROMOSOME 

SUBSTI11JTIOriS 

14.4.1 Development of Intervarietal 
Chromosome Substitution Lines 

Although intervarietal chromosome substitutions are especially 
suitable for locating genes governing quantitative traits, they can 
also be used for analyses of qualitative inheritance. The develop-

ment of substitution lines involves the replacement of a pair of 
chromosomes in one variety, the recipient, by the homologous pair 
from another variety, the donor (Fig. 14.6). There must be clearly 
detectable allelic differences between the recipient and donor vari
eties for the characters under study, so that individual donor chro
mosomes have the potential to produce measurable changes in the 
recipient variety. For a complete genetic analysis, substitution lines 
need to be developed for each chromosome in the complement. 

A set of monosomics and/or their derivatives such as nullisom
ics and monotelosomics, must be available in the recipient variety 
to supply n - I gametes for the crosses and backcrosses. This 
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Fig. 14.6. Diagram to show how an intervarietal chromosome 
substitution line is developed. Using hexaploid wheat as an example, the 
donor gamete comes from a disomic variety and has a complete set of 
21 chromosomes; the recipient gamete lacks one chromosome and 
comes from a monosomic or a monosomic derivative such as a 
monotelosomic. The disomic substitution line at the end of the 
backcrosses has a pair of chromosomes from the donor variety 
substituted for the homologous pair in the recipient variety. (Adapted 
from Morris and Sears, 1967.) See Fig. 14.7 for further details. 



ensures that a donor chromosome is unpaired at meiosis and, there
fore, genetically unchanged, barring mutation, in the FI and 
throughout the backcrosses. Nullisomics are an efficient type of 
aneuploid because they produce only n - I gametes if their meiotic 
behavior is regular, but, even in hexaploid wheat, only a few nulli
somic types are fertile enough to use. If fertile, they sometimes 
have a trisomic or tetrasomic condition for a homoeologous chro
mosome to compensate for the missing chromosome pair, so they 
must be checked cytologically. 

Monotelosomics and monoisosomics prevent the selection of 
monosomics with the recipient monosome, which is a possibility 
if monosomics of the recipient variety are used in the backcrosses. 
This is illustrated in Table 14.1, where selfing a monosomic gives 
the same distribution of progeny types as backcrossing a monoso
mic as male to the recipient monosomic. The monosomic progeny 
have two sources for their n gametes, the major source being the 
spenn and the minor source, the egg. Unless these two gametic 
sources can be distinguished by phenotype or chromosome mor
phology, there is a low probability that a monosomic plant chosen 
for a backcross received its monosome from the recipient parent 
through the egg cell (see the 1% group in Table 14.1). From this 
point onward, there would not be a substitution. If a recipient mono
telosomic or monoisosomic instead of a monosomic is used as the 
female parent for the backcrosses (see Fig. 14.7), the group of 
2n - 1 progeny with a very low frequency is monotelosomic or 
monoisosomic, whereas the predominant 2n - 1 group is monoso
mic for a donor monosome. These two groups can be distinguished 
by decreased vigor of the infrequent group and by the difference 
in the morphology of the unpaired chromosome at meiosis. The 
monosomics can then be selected for further backcrosses. 

If monosomics are the only aneuploids available in the recipient 
variety, they should be selfed between each backcross (see Fig. 
14.7). The disomics in the selfed progenies are homozygous for 
the donor chromosome and, when backcrossed to the recipient 
monosomic, produce only the correct monosomics. Whereas this 
adds an extra generation to each backcross cycle and prolongs the 
development of the substitution lines, it has the benefit of preserv
ing the integrity of the substitutions. After six or more backcrosses 
to the recipient parent and provided that chromosome pairing and 
crossing over have been regular, the genes on the chromosomes 
other than the monosome should come almost entirely from the 
recipient. The final step is to self the monosomics from the final 
backcross and in their progenies select the disomics, which have 
a pair of donor chromosomes with their genes in a homozygous 
state. All the other chromosomes should have mostly homozygous 
gene pairs from the recipient, and they constitute the genetic back
ground. When the disomics are selfed to increase seed supplies, 
the resulting substitution lines can be used for quantitative genetic 
studies and are known as near-isogenic lines (NILs). 

The monosomic state for any chromosome can be transferred, 
for example, from variety A to variety B by using the monosomics 
as female parents in crosses with disomics of variety B, followed 
by at least six backcrosses of the monosomic progeny as females 
to variety B to recover its genetic background. In the F 1 and each 
backcross generation, the monosomes with their genes come from 
variety B, but the cytoplasm is derived mainly from variety A. The 
crosses are made in this direction because the transmission of n -
1 gametes through the male is usually so low that a large progeny 
is required to recover one monosomic. If the transferred monoso
mics are then used as females in developing the intervarietal substi
tution lines, these lines also have cytoplasm derived mainly from 
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REC = recipient variety, DON = donor variety 

P1: Monosomic set • in REC X DON disomic 
2n-1 2n 

Desired Gametes: n-1 n 

+ F1: Select monosomics with DON monosome for backcrosses. 

Source of n-1 gametes: 

REC Nullisomics or ] 
REC Monotelosomics or 
REC Monoisosomics 

X F1 monosomics 

+ 
BC2: Select monosomic progeny and backcross to REC (n-1) gametes. 

BC3 - BCa: Repeat the procedure for B~ 
(or more) 

(2) 

BC1: REC Monosomics X 

+ 
Disomics from F1 monosomics 
selfed 

Select monosomic progeny and self to get disomics. 

BC2: REC Monosomics X Disomics 

+ 
Select monosomic progeny and self to get disomics. 

BC3 - BCa: Repeat the procedure for BC2. 
(or more) 

For both (1) and (2), select monosomics after the last backcross and self to 
get disomics. Seed increases of these disomics will constiMe the 
substitution lines; each line in the set has a different DON chromosome 
substiMed for a homologous REC chromosome in REC genetic background 
(see SectIon 14.4.1). 

• Nullisomlcs, monoteiosomics, or monoisosomics may be used if available. 

Fig. 14.7. A procedure to develop intervarietal chromosome 
substitution lines using monosomics or monosomic derivatives in the 
backcrosses. The plants used as females in the crosses and backcrosses 
are shown on the left side. For each substitution line developed, the 
aneuploids must be for the same chromosome in each generation. 

variety A. Substitutions of cytoplasm between varieties is less 
likely to have phenotypic effects than substitutions between species 
or genera (see Chapter 15), but there is a possibility of a cyto
plasmic-nuclear interaction for some genes when significant re
sults are interpreted. This situation can be avoided at either the 
beginning or end of transferring the monosomic states. For instance, 
at the beginning of the transfer, variety A monosomics can be 
crossed as males with variety B. If there are no phenotypic differ
ences between monosomics and disomics, a large seedling popula
tion must be checked to recover the low frequencies of monosomics 
from n - I male transmission. These monosomics, which have 
the cytoplasm and monosome from variety B, are then backcrossed 
as females to variety B to get a higher frequency of monosomics 
while retaining B cytoplasm. 

Monotelosomics and monoisosomics can be derived from the 
monosomics established in variety B by centromere misdivisions 
of the monosomes, or they can be transferred from a variety in 
which they are established. The transfer of monosomics or their 
derivative aneuploids from one variety to another makes it possible 



208 Locating Genes in Polyploids Using Chromosome Aberrations 

to extend the genetic backgrounds in which donor chromosomes 
are tested. It is also possible to make reciprocal substitutions be
tween two varieties with monosomic sets, whereby homologous 
chromosomes are exchanged. 

With both one-way substitutions and reciprocal substitutions, 
each substitution line should be developed in duplicate to check 
the uniformity of its genetic background. If the duplicates are grown 
and tested in the same environment, there should be no significant 
differences between them for the characters measured. If there are, 
it is likely that there is genetic heterogeneity in the nonsubstituted 
chromosomes. The substituted chromosomes in the duplicate lines 
should be identical except for rare, spontaneous mutations or heter
ozygosity in the donor variety. 

Although many substitution lines have been developed in 
hexaploid wheat (Triticum aestivum), a different approach has 
been needed in tetraploid wheat (Triticum turgidum), because 
the vigor, fertility, and n - 1 gametic transmission rates of 
tetraploid monosomics are low. Tetraploid wheat has two ge
nomes, A and B, and each chromosome in both genomes is 
homoeologous with one chromosome in the D genome of hexa
ploid wheat. A complete set of D-genome disomic substitution 
lines has been developed in a tetraploid variety using cytogenetic 
manipulations. Each of the substitution lines has an A or B 
chromosome pair replaced by the homoeologous D-genome pair. 
Most of these D(A) and D(B) substitutions provide enough 
genetic compensation that they can be maintained. These lines 
provide the means to replace single chromosomes of the recipient 
variety with homologous chromosomes from other tetraploid 
wheat varieties (see Section 14.4.3). 

14.4.2 Genetic Parameters for 
Chromosome Substitution Lines 
and Their Hybrids 

The behavior of substitution lines, or of hybrids from crosses 
between lines, may be described by three types of genetic param
eters. In explaining these types, let us label one chromosome C in 
variety I, and its homolog c in variety II, with the letters also 
referring to allelic differences between the genes on this pair of 
chromosomes. The state of the genes on all the other chromosomes 
of the substitution lines can be represented by G in variety I and 
g in variety II. With two doses of each chromosome in an allopoly
ploid, the parental varieties are CCGG and ccgg, and the reciprocal 
substitution lines are CCgg and ccGG. Variety I is the donor of 
chromosome C to the recipient variety II in the first substitution 
line, and the situation is reversed in the second line. 

Additive effects refer to the genetic differences between a donor 
chromosome and the homologous recipient chromosome such as 
the difference between CC and cc. Between-chromosome interac
tions are interactions between a donor chromosome and one or 
more nonhomologous recipient chromosomes in the substitution 
line, or between two different donor chromosomes in hybrids from 
crosses between two substitution lines. Examples of the first type 
are the interactions between CC and gg in CCgg, or between cc 
and GG in ccGG; an example of the second type is the interaction 
between C or c and D or d, another substituted chromosome, in a 
hybrid from a cross between the two substitution lines. Within
chromosome interactions refer to interactions within a locus such 
as dominant versus recessive alleles, and interactions between loci 
on the same chromosome such as recombination due to crossing 
over. 

These three parameters are not always independent of each 
other. For instance, a donor chromosome may have an additive 
effect in a substitution line, but it may also interact with the recipi
ent-background chromosomes. Although these two parameters can 
be separated in tests of one-way substitutions, the results are some
times misleading. They are most precisely separated in a reciprocal 
substitution series, where two-way tests can be conducted on ho
mologous, substituted chromosomes for additive effects and for 
interactions with the recipient-background chromosomes. The ad
ditive effects of the two genetic backgrounds can also be deter
mined. 

14.4.3 Cytogenetic Studies Using 
IntervarietaI Chromosome 
Substitution Lines 

The advantage of substitution lines for quantitative-inheritance 
studies is that, provided enough backcrosses have been made, all the 
plants within a line should have the same homozygous genotype. 
Therefore, the large amounts of seed that can be obtained for each 
substitution line are an advantage when investigating quantitative 
traits. 

A considerable amount of genetic information can be obtained 
from the substitution lines without further crosses. One-way or 
reciprocal substitutions, with duplicate lines, and their two paren
tal varieties, can be grown in statistically designed arrangements, 
with several replications and preferably several environments 
over locations and years. The data collected are analyzed statisti
cally, usually for a number of quantitative traits, to detect whether 
there are significant differences between any of the substitution 
lines and the recipient variety and whether the differences are 
in the direction of the donor variety. If duplicate lines of a 
substitution differ significantly in the same direction from the 
recipient variety, the interpretation is that there are one or more 
genes on the substituted chromosome with enough effect to be 
distinguished from their alleles on the recipient chromosome. A 
lack of significant differences between the substitution line and 
the recipient parent may be due to one of the following situations: 

1. The genes are in the same allelic state on the donor chromo
some as they are on the recipient homologous chromosome. 

2. There is an absence of genes on the donor chromosome for 
the traits involved. 

3. The genes on the donor chromosome must interact with 
genes on other donor chromosomes that are not in the sub
stitution line. 

4. Interactions between genes on the donor chromosome and 
genes in the recipient background prevent the donor genes 
from being expressed. 

If there are significant differences between duplicates for any 
substitution, heterogeneity in the genetic background is implicated, 
and it is usually difficult to decide which duplicate is giving the 
true effect. 

The value of reciprocal sets of chromosome substitution lines 
in locating genes for quantitative traits is evident in Table 14.4. 
Seventeen of the 21 wheat chromosomes have significant effects 
on I or more traits in I or both of the reciprocal sets, and 
there are inverse effects for 7 chromosomes when reciprocal 
comparisons are made. For example, when "Wichita" chromo-



Table 14.4. Significant Effects (P < 0.05) of Reciprocal Chromosome 
Substitutions Between the Wheat Varieties "Cheyenne" 
and "Wichita" 

Trait 
Negative Effect 

on Trait 
Positive Effect 

on Trait 

"Wichita" Chromosomes in "Cheyenne" Background 
Grain yield 3B 3A, 6A 
Seeds per culm None detected 3B 
Seed weight 3B 3A, SA, 6A, 2D, 3D, 4D 
Culms per sq. meter 3B None detected 
Grain test weight 6B, 7B 3A, 3B 
Plant height 3A, 6A, 3D None detected 
Anthesis date 3A, 6A, 3D None detected 

"Cheyenne" Chromosomes in "Wichita" Background 
Grain yield 3A, 6A None detected 
Seeds per culm lA, SA, 7A, 7D 2B, 3B, 1D 
Seed weight 2B, 3D, 4D 2A, 6A 
Culms per sq. meter 3A, 6A, 3B None detected 
Grain test weight 3A, 2B, 3D 7 A, 6D 
Plant height 4A, 3B 2B, 3D 
Anthesis date None detected 3D 

Note: The letters A, B, and D refer to the three genomes of hexaploid wheat. The 

study included reciprocal sets of substitution lines representing each of the 21 wheat 

chromosomes, with duplicate lines for each chromosome substitution. 

Source: Data from Berke et al. (\ 992). 

some 3A is placed in a "Cheyenne" background, it increases 
grain yield over that of the recipient variety "Cheyenne," 
whereas "Cheyenne" chromosome 3A in "Wichita" background 
decreases yield in comparison with the yield of the recipient 
variety "Wichita." 

In tetraploid wheat, the D-genome disomic substitution lines de
scribed in Section 14.4.1 can be used without further crossing to de
termine the genetic effects of missing A- or B-genome chromosomes 
(nullisomic effects) of the variety in which the lines were developed 
and of the added D-genome chromosomes. The substitution lines can 
also be crossed with a different tetraploid variety, which contributes 
to the F I plants a chromosome from the A or B genome that is homol
ogous with the missing chromosome in the substitution line (Fig. 
14.8). If there are recessive, hemizygous-effective genes on this 
chromosome, which is in the monosomic state in the F I, they should 
be detected in the phenotype if the homoeologous D-genome chro
mosome does not have an overriding effect. 

Intervarietal chromosome substitutions in tetraploid wheat are 
used to locate genes for valuable traits such as gluten proteins, 
which need to be strong to produce good quality pasta products. 
In the example shown in Fig. 14.8, the lD(1B) substitution line 
is in the genetic background of the variety "Langdon," which 
has weak gluten. The substitution of chromosome 1B from 
"Edmore," a strong-gluten variety, indicates that this chromo
some contributes in a major way to the gluten properties of 
"Edmore." This finding was made by comparing the different 
gliadin proteins, which are components of gluten and can be 
detected with polyacrylamide gel electrophoresis (see also Chap
ter 21, Section 21.2.5). 

14.4.4 Crosses Involving Substitution 
Lines 

When the substitution lines are tested for gene-chromosome 
associations, the chromosome is the unit and the genes on the 
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substituted chromosomes should all be homozygous. After an 
association has been established between a particular chromosome 
and a quantitative character, the substitution line involving that 
chromosome can be used in crosses to detect recombination and 
to estimate the number of genes controlling the character (Fig. 
14.9). The substitution line, the recipient variety in which the 
chromosome is substituted, and the F I hybrid are each crossed 
as males to the recipient variety monosomic in order to obtain 
nonrecombinant (RR and DD) or recombinant (RD and DR) 
chromosomes in monosomic progeny. As shown in Fig. 14.9, 
preliminary tests can be made on the monosomics in the progenies 
of these crosses. The amount of variation that can be attributed to 
nonrecombinant chromosomes alone is estimated by the parental 
products (PI + P2), and the amount of variation due to both 
nonrecombinant and recombinant chromosomes can be estimated 
from the F I products. Significant differences between these two 
products can be attributed to recombination. If a larger population 
of plants is needed for testing, the monosomics from the three 
types of crosses are selfed, and then disomics are selected in 
the progenies and developed into lines by seed increase. The 
disomics derived from the recipient variety (PI) and the substitu
tion line (P2) should be homozygous for the respective nonrecom
binant chromosome, whereas those derived from the FI hybrid 
are homozygous for either a nonrecombinant or recombinant 
chromosome. Significant differences between the disomic lines 
derived from the two parents and those derived from the FI 
hybrid indicate that recombination occurred in the FI hybrids 
and that at least two linked genes control the character. On the 
other hand, lack of any differences indicate that there was no 

Plan1B Illed In example: 

Ie1nIpIoId wI1eat, Langdon, 2n - 4x - 28 [A and S genomes, t" In 88Ch genome) 

I8Il8f*IId wheat, Edmore, 2n - 4x - 28 [A and S g8I1OIM8. t" In 8IId1 genomel 

10 (1 S) lAngdon, alelraplold wheat In whIch a pair of 10 chrolllOlOlIIM from 
hexaploid Wheatlubllllllte for the Langdon 1 S chromOlOl11e pair 

2n .4x - 28, 17 A- + 8 S- + lOj 

P1 ~ 10 (1 S) Langdon X Edmore 

GameR: 7[A)+8 [B) + 10 7 [A) + 8 [B) + 1S* 

F1: 7 [At + 8 [Bf + 1S*' + 10' 

Be1 - BC8 (or more): 

Croll F1 and also the bacIcaoas progeny plants that haVe 13- + 2',10 
10 (1 S) Langdon un .. the genetlc bactcground of Langdon II considered 
lOber_red. 

After 1118 last backaos&, HIt plan1B with 13- + 2', which should haVe the 
same chromosome conalltullon • 1118 F1. In their progeny, select plan1B with 
14-, which can be 7 [At + 8 [B)- + 10-, or 7 [Ar + 8 [Bt + 1S". The 
Ian« type II a lubIIItuIion line with Edmore 1 B replacing Langdon 1 S. 1\ 
can be clllllngullhed from the 10 subslllUllon by croaslng with Langdon or 
Edmore and checking melollls In the progeny. The 10 substitution glv81 
13- + 2', wher8aI the 1S* subslllutlon gives 14-. 

II1CIMS8I88d suppfles of the 1 S* subBlftullon line by sefftng. 

* The .terfsk mark11lIle Edmore 1 S chromosome, whIch IS \0 be substituted In 
Langdon background. 

Fig. 14.8. The use of a ID(1B) disomic substitution line in the 
tetraploid wheat cultivar "Langdon," to substitute chromosome IB from 
a second cultivar, "Edmore." Genome designations are inside brackets. 
Double primes denote a bivalent; a single prime denotes a univalent. 
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Recipient variety P1 

RR 
RR 

RR 
Do 

Substitution line P2 

DD 
Do 

---------J --------recipient variety monosomic for chromosome under study 
(used as female) 

select monosomic plants 

I 
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Fig. 14.9. The development of chromosome recombinant lines from 
crosses between a recipient variety (PI) and a chromosome substitution 
line (Pz) to test for the number of genes controlling a trait and their 
linkage relationships. Only the substituted chromosome and its homolog 
are shown. The nonrecombinant chromosome from the recipient variety 
is designated R, the nonrecombinant chromosome from the donor 
variety, D, and recombinant chromosomes, RD and DR. (Adapted from 
Law, 1966b.) 

recombination in the F I and that the character is controlled by 
one gene or closely linked genes. 

Gene locations can be narrowed to chromosome arms using 
the same procedure as in Fig. 14.9 except that the initial crosses 
are made between the substitution line and recipient ditelosomics 
for each arm of the pertinent chromosome. In the F I hybrids 
from crosses involving either ditelo, the complete chromosome 
pairs with a telo and crossing over is restricted to one arm. If 
the genes for the character under investigation are on the arm 
represented by the telo, there can be a difference between the 
F I products and the parental products because of crossing over 
within the arm. If there is no difference between the two groups, 
the genes are either on the opposite arm or are so close to the 
centromere in the existing arm that no crossing over occurs 
between the centromere and the genes. Results of crosses with 
the ditelo for the opposite arm help in resolving these alternative 
possibilities. 

14.5 EARLY DETECTION OF GENETIC 
DIFFERENCES BE1'WEEN DONOK AND 
RECIPIENT HOMOLOGOUS 
CHROMOSOMES 

Although the intervarietal chromosome substitution lines described 
in the previous section have great value, they take a long time and 
much labor to develop, and they test only for genes in the two 
varieties involved in their development. Several methods have 
evolved to overcome these drawbacks, and one of them, the back
cross reciprocal-monosomic method, is outlined in Fig. 14.10. It 
requires a monosomic set in only one variety to be used in crosses 
with any number of other varieties to determine the gene contents 
of their chromosomes. Because hemizygous or homozygous chro
mosomes are tested against segregating backgrounds in the early 
generations after the initial crosses, these chromosomes need to 
have noticeable genetic effects to be detected. 

The reciprocal sets of progenies can be compared in Generation 
3 (G3), where they consist of monosomics and disomics in about 
a 3: I ratio. The disomics, with the test chromosome from both 
parents, can decrease the differences between the reciprocal sets, 
but there still can be detectable differences due to the tester mono
some versus the varietal monosome. For some traits, the reduced
dosage effect due to the monosomic state of the test or varietal 
chromosome may obscure allelic differences between reciprocal 
sets. In such cases, disomics from selfing monosomics in G3 can 
be tested in G4. They are homozygous for the chromosome that 
came through the monosomic pathway from either the monosomic 
parent or from variety A (see Fig. 14.10). 

Significant differences between the reciprocal sets in G3 or later 
generations can be attributed to allelic differences for genes on the 
varietal chromosome being tested, because the genetic background, 
while not homogeneous, should have similar amounts of heterozy
gosity and homozygosity. When chromosomes with major effects 
are identified, the performance of the relevant substitution lines 
can be predicted. This information expedites the transfer of these 

G1: Tester monosomic SAt x Variety A 
2n=42 2n =41 

~ 
G2: Tester monosomic SAt X F1 monosomic SAv X Tester monosomic SAt 

~=M ~=M ~=M 

V~ 
G3: BC1 monosomic SAv BC1 monosomic SAt 

G4: 

~=~ ~=M 

-! 
BC1 disomic SA v 

2n =42 

~om! 
BC1 disomic SAt 

2n=42 

Fig. 14.10. Procedure for the backcross reciprocal-monosomic method 
to test substituted chromosomes for their effects in early generations. G 
= generation; BC = backcross; 5A' = a chromosome from the tester 
monosomic; 5A v = a chromosome from variety A. The tester 
monosomic can be crossed with as many varieties as are manageable. 
(Adapted from Snape and Law, 1980.) 



chromosomes to other varieties and the incorporation of desirable 
genes in a plant-breeding program. 

14.6 CHROMOSOME IRREGULARmES 
ASSOCIATED wrm MONOSOMICS AND 
SUBSTfI1JTION LINES 

14.6.1 Monosomic Shift 

This condition results from nonpairing or premature separation 
of two homologous chromosomes during meiosis in a monosomic 
plant. If, for example, these two chromosomes are lA and the 
monosome is lB, at metaphase I the IA chromosomes are univa
lents along with monosome lB. By chance, lB may be included 
in a telophase I nucleus, whereas the two lA chromosomes are 
excluded. The n - 1 gametes derived from this nucleus are defi
cient for lA instead of lB, and progeny plants from a union between 
n - 1 and n gametes are monosomic for lA instead of IB. 

There are several ways of checking the identity of monosomics. 
If there are distinctive phenotypic effects, which occur more fre
quently in tetraploids than in hexaploids, monosomic shift can be 
detected immediately. In the absence of phenotypic differences, 
the monosomes can be checked cytologically for morphology or 
banding pattern (see Chapter 6, Section 6.2). If they still cannot 
be identified, the monosomic plants are crossed with double ditelo
somics, which have a pair of telochromosomes for each arm of the 
designated monosome and are more vigorous than ditelosomics 
(Fig. 14.11). 

Monosomic shifts are more likely to occur in the early genera
tions of monosomic or substitution-line development, before cells 
have become adapted to the introduction of different genomes and 
possibly different cytoplasms. Although it is essential to test the 
identity of monosomics in these early stages, they should be 
checked periodically in later backcross generations, and also during 
their maintenance. In the development of substitution lines, mono
somics from the last backcross must definitely be checked before 
disomics are selected from their selfed progenies. 

14.6.2 Misdivision of Monosomes 

The telochromosomes or isochromosomes produced by centro
mere misdivisions in lagging monosomes can affect monosomic 
analyses. For instance, failure to associate a gene with a chromosome 
may be due to the absence of the arm carrying the gene, and misdivi
sion in the monosomics during the backcross program can interfere 
with the substitutions of whole chromosomes between varieties. 
Usually, monotelosomics and monoisosomics are less vigorous and 
less fertile than monosomics, so that careful observations and cyto
logical checking should avoid this problem. At least in wheat, some 
chromosomes are more prone to misdivision than others, so particu
lar attention should be given to these chromosomes. 

14.6.3 Reciprocal Translocations 

Varieties of a self-fertilizing species may differ by a reciprocal 
translocation, which is homozygous in the variety in which it oc
curs, but heterozygous in hybrids from crosses with varieties lack
ing it. The effect of such a translocation on monosomic transfers 
or the development of substitution lines using monosomics depends 
on whether one of the chromosomes involved in the translocation 
is monosomic. If it is not, the monosome and the translocation 
are transmitted independently. On the other hand, if a monosomic 
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Monosomic II for 1 B, no monosomic shift: 
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The 2n planlll give tha l81li8 configurations In both sltUalIona, namely, 
2f1' + a trivalent (1 B + 1 BI + 1 BL or varlallona as given above), so !hay 
do not detecl mol1OlOOllc ahIfI. 

Fig. 14.11. The use of a double ditelosomic to check the identity of a 
monosomic plant using hexaploid wheat (2n = 6x = 42) and 
chromosomes lA and lB as examples. lBs = a telochromosome for the 
short arm of lB; IBL = a telochromosome for the long arm of IB; 
double primes denote a bivalent; a single prime denotes a univalent. The 
two situations are based on the assumption that the monosomic should 
be chromosome lB. 

chromosome is one of those involved in the translocation, this 
relationship can be detected as a chain-of-three instead of a ring
or chain-of-four at meiosis in the F I hybrids. In the example shown 
in Fig. 14.12, variety B is disomic and homozygous for a transloca
tion and variety A has normal chromosomes but is monosomic for 
one of the chromosomes in the translocation of variety B. The 
desirable situation in the FI hybrids and the backcrosses to either 
parent is to have consistent chain-of-three formation, with the ga
metes receiving either the two translocated chromosomes (n ga
metes) or the normal chromosome (n - I gametes) (see column 
2 in Fig. 14.12). The n gametes are needed for backcrosses to 
variety A, the monosomic parent, when substituting a chromosome 
from variety B for its homolog in variety A, and the n - 1 gametes 
are needed for backcrosses to variety B to transfer the monosomic 
state from variety A. At the end of the backcross program. the 
monosomic chromosome in variety B and the substituted chromo
some in variety A are divided between two centromeres by the 
translocation, the same as in the FI diagram in Fig. 14.12. In either 
case, this chromosome carries the genes of variety B because it 
had no pairing partner in the F I and backcross generations, and the 
monosomic or substitution line involving this chromosome can be 
used in cytogenetic studies. 

There can be problems with the overlapping of a translocation 
and a monosomic state. The chain-of-three may not form consis
tently, depending on the position of the breakpoints, so that a biva-
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Fig. 14.12. Diagram showing a cross between a monosomic of variety 
A and a disomic in variety B, which has a reciprocal translocation 
involving the chromosome that is monosomic in variety A. The circles 
represent centromeres. The " + " symbol denotes F I gametes that can 
result from the different F I pairing configurations. The gray 
chromosome is monosomic in variety A and is involved in a reciprocal 
translocation with a nonhomologous chromosome (black) in variety B. 
(Adapted from Morris and Sears, 1%7). 

lent and a univalent, or even three univalents, occur in some meiotic 
cells (see Fig. 14.12). Because these variations can give gametes 
with undesirable as well as desirable chromosome constitutions, 
careful screening is needed in each generation. Another problem 
relates to the amount of pairing and subsequent crossing over be
tween the nontranslocated chromosome from variety A and its ho
mologous segments in the translocated chromosomes from variety 
B. The amount of pairing is influenced by the locations of the 
breakpoints, and, in at least some meiotic cells, there is nonpairing 
around the breakpoints, where the exchange of segments occurs 
(see Chapter 9, Section 9.3.1). Nonpairing of segments or whole 
chromosomes prevents crossing over, which is required to recover 
the genotype of variety B for the segments of the nontranslocated 
chromosomes while simultaneously incorporating the monosomic 
condition. Crossing over also is needed to recover the genotype of 
variety A while substituting the chromosome segments, separated 
by the translocation, from B into A 

14.7 GErtEDC HETEKOOErtEffY 

It is important to have uniform genetic backgrounds in monosomic 
lines or their derivatives and in intervarietal chromosome substitu
tion lines when using them for cytogenetic studies. Some genetic 

variation exists among plants within all varieties produced from 
intercrossing different parental lines and can also be present in 
cytogenetic lines. A way of reducing heterogeneity within a variety 
is to select single plants to maintain the line or use it in a cross. 
However, when narrowing the genetic scope in this way, the se
lected plants should have the genetic characteristics considered 
typical for the variety. 

The number of backcrosses needed to recover essentially all of 
the genetic background of the recipient variety can be calculated 
on a theoretical basis but may not be the same in practice because 
of chromosome irregularities, which can restrict crossing over be
tween chromosomes constituting the genetic background. It has 
been estimated that a chromosome substitution line derived from 
six backcrosses has about a 1 % probability of carrying a donor gene 
on other than the substituted chromosome. When this probability is 
extended to all the substitution lines in a set, the chances of any 
one of these lines carrying such a gene increases substantially. 

As was mentioned in describing the development of substitution 
lines, duplicate lines for each substituted chromosome are helpful 
in disclosing heterogeneity. The use of the same substitution series 
for studies of many traits may reveal heterogeneity for some traits 
but not for others. When genetic control of a trait has been associ
ated with a substituted chromosome, other approaches such as re
combinant lines or DNA sequencing can be used to substantiate 
this finding . 
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Gene Transfers by Chromosome 
Manipulations 

• Genetic variation is essential for the development of new plant varieties and animal breeds, and this can often be achieved by 
introducing chromosomes from relatively distant species by hybridization. 

• In plants, new species have been generated by the formation of amphiploids. 

• Additions or substitutions of alien chromosomes are important steps in gene transfers to a host genome. 

• Reciprocal translocations, or mutations that allow homoeologous pairing in polyploids, provide the basis for transferring foreign
chromosome segments to the host chromosomes. 

• Reliable means for identifying particular chromosome segments are essential for carrying out chromosome manipulations. 

Chromosome and gene transfers occur naturally or by manipulation 
between varieties or subspecies within a species, between species, 
or between genera. The closer the relationship between individuals 
used in crosses, the greater the likelihood of obtaining fertile hy
brids, because the chromosomes from the two parents are homolo
gous and pair at meiosis. If two crop varieties within a species are 
crossed, standard breeding procedures are used to transfer genes 
from one variety to the other. The FI hybrids are backcrossed for 
several generations to the variety receiving the genes, or they are 
advanced to the F2 and later generations by selfing or intercrossing 
plants. Selections for the desired gene effects are made in each 
generation by phenotype or by biochemical or molecular tests, de
pending on the traits. Intervarietal chromosome substitutions or 
reciprocal monosomic crosses (see Chapter 14) can be used for 
transfers of specific chromosomes with genes that would improve 
other varieties. 

The movements of whole chromosomes, or segments, with per
tinent genes into crop species from other species or genera, whether 
wild or domesticated, are called alien transfers. The genome rela
tionships between a crop species and a donor species may be close 
enough that fertile hybrids are produced. In these cases, the breed
ing procedures are the same as those outlined for intervarietal 
crosses, with the alien-gene transfers depending on normal cross
ing-over events. The cultivated tomato, Lycopersicon esculentum, 
is crossable with eight wild species in the same genus, although 
for some of the crosses the hybrid embryos have to be excised and 
grown on synthetic medium. The hybrid plants have enough vigor 
and fertility to be used in obtaining backcross or F2 progenies. 
When the relationship between a wild species or genus and a crop 
is more distant, these wide crosses require complex manipulations, 
including embryo-rescue techniques, induced polyploidy, and the 
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use of aneuploids, to achieve the goal of gene transfers. For this 
reason, most of the procedures included in this chapter are limited 
to plants. Methods that bypass the sexual route and that can be 
applied to a wide range of organisms and ploidy levels are discussed 
in Chapter 23. 

IS. I THE REASON FOR GENE TR.ANSFERS 

The need for gene transfers depends on the extant genetic variability 
in a crop, as well as the availability of wild species or genera. 
Many valuable genes residing within a crop species are easier to 
manipulate than alien genes, especially when multilocus, quantita
tive traits are involved. Furthermore, alien genes for desirable traits 
are often closely linked with genes having undesirable effects and 
if they cannot be separated by recombination, other methods such 
as translocated segments must be used. 

On the other hand, the amount of genetic diversity in domesti
cated species of plants is generally more limited than in their wild 
relatives, which have had a much longer time to evolve and adapt 
to the natural environment. The surviving genotypes among wild 
species often include genes for resistance to harsh conditions such 
as diseases and insects, heat and cold, drought, and other stresses. 
Cultivated crops have been developed by human selection of a 
relatively narrow segment of the available gene pool, so they may 
not have the genetic buffers to withstand unexpected adversities. 
Popular varieties are often planted over wide areas because of desir
able agronomic traits such as high yield or superior quality of a 
product. Their relatively limited genetic diversity makes them vul
nerable to new races of pathogens and insects, which are contin-



ually evolving in response to environmental conditions. For this 
reason, the most prevalent interspecific or intergeneric transfers 
have involved resistance to specific diseases or insects, which often 
are controlled by one to a few major genes. 

The efficiency of transfers from wild to cultivated sources can 
be increased by thorough genetic evaluations of the wild species 
in a process called prebreeding. Mer collections of these species 
have been made in their native habitats, the potentially valuable 
characters are investigated for their mode of inheritance. Attempts 
are then made to combine the genes for these characters in breeding 
lines, because they often are distributed among accessions collected 
at different times by different scientists. These prebreeding materi
als are evaluated for their adaptation to the environmental condi
tions in which the pertinent crops are grown. After these steps have 
been taken, the improved genotypes of the wild species are ready 
to be crossed with the crop genotypes. 

15.2 INI'ERSPECIf1C AND INI'ERGENERIC 
CROSSES 

When sexual reproduction is the channel for transmission of alien 
genes, the frrst step is a cross between two individuals. Interspecific 
and intergeneric crosses have been made in plants and animals, 
induding birds and insects, with varying degrees of success. Male 
sterility is more prevalent than female sterility among hybrid off
spring in both plants and animals. Reciprocal crosses are made 
when possible, because the chances for viable and fertile progeny 
may be greater in one direction than the other; in plants, phenotypic 
differences between reciprocal progenies are quite common. 

The results of wide crosses in animals can be illustrated with 
two mammalian genera. Nonviable or sterile hybrids are common 
when interspecific crosses are made within the genus Equus 
(horses, asses, and zebras), and within the genus Bos (cattle). 
Karyotypic differences between species and physiological distur
bances are thought to cause these offspring failures. The only suc
cessful Equus cross is between the domestic horse (Equus caballus, 
2n = 64) and the now rare Przewalski horse from Mongolia (Equus 
przewalski, 2n = 66). Both male and female hybrids are fertile, 
with 2n = 65 (Fig. 15.1). Depending on which species is ancestral 
to the other, the difference in chromosome number in the two spe
cies may be due to either centric fusion of two acrocentric chromo
somes (Robertsonian translocation) to give the domestic horse 
karyotype, or centric fission of metacentric chromosomes to give 
two acrocentric chromosomes (four in the somatic cells), as in the 
Pnewalski horse karyotype. 

In domestic cattle, both male and female hybrids from crosses 
between Bos taurus and Bos indicus are fertile and have been used 
to derive some important cattle breeds. The intergeneric cross be
tween Bos taurus and Bison bison (American buffalo) produces 
stenle males, but the females are fertile and have been used in 
backcrosses to both parents. The only significant difference be
tween the karyotype of Bos taurus and those of the other two 
species seems to be the centromere position in the Y chromosome. 

In plants, scientists are encouraged by the knowledge that natu
ral allopolyploids evolved from spontaneous crosses between spe
cies or genera. However, in trying to make experimental crosses, 
they have often encountered barriers before or after fertilization 
that keep species intact. In sexual hybridizations, the advantage of 
plants over animals is that various chromosome manipulations and 
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Fig. 15.1. A G-banded karyotype of a male hybrid (2n = 65) between 
the Przewalski horse (2n = 66) and the domestic horse (2n = 64). 
(From Short et aI., 1974.) The asterisk marks a metacentric chromosome 
and two small, acrocentric chromosomes. These three chromosomes 
form a trivalent during meiosis, indicating homologies among them, 
while the other chromosomes pair as bivalents. There is a 2: I separation 
of the chromosomes in the trivalent, giving n + 1 and n gametes, and 
both types produce normal·appearing offspring in crosses with the 
domestic horse. The solid line marks centromeres. 

in vitro methods can be applied to overcome some of the prefertili
zation and postfertilization barriers. 

The ease or difficulty in achieving fertilization with wide 
crosses in plants seems to be associated with physiological factors 
such as pollen-pistil incompatibilities, or mechanical factors such 
as time of flower abscission or size and shape of reproductive cells, 
rather than the degree of relationship between the parents. Lack of 
fertilization may be due to failure of pollen to germinate on a 
foreign stigma, or to restricted or blocked pollen-tube growth in 
the style, so that the tubes do not reach the embryo sac. Hormones 
can be used to prevent premature flower abscission, and boric acid 
or other substances can be applied to stigmas to increase pollen 
germination. Pollen-tube growth in the style may be stimulated by 
temperature changes or growth regulators. An incompatible reac
tion between pollen tubes and styles may be bypassed by excising 
the incompatible stylar region, or by injecting a suspension of pol
len grains into the ovary. 

Another successful approach for many incompatible interspe
cific crosses is known as the mentor effect. Pollen from one species 
may have an incompatible reaction in another species either on the 
surface of the stigma or after its tubes have penetrated the style. This 
incompatible pollen may be activated by mixing it with compatible 
pollen that has been damaged by some treatment such as ionizing 
radiation, a cycle of freezing and thawing, or methanol, so that it 
cannot participate in fertilization. The treated pollen is called men
tor pollen because it supplies substances, most likely proteins, that 
recognize the stigmatic cells, so that the incompatible pollen can 
be stimulated to germinate, and its sperm cells can participate in 
fertilization. An interspecific cross was made in the tree genus 
Populus by obtaining mentor pollen from P. deltoides (black cot
tonwood) using one of the treatments mentioned above, then mix
ing it with the incompatible pollen from P. alba (white poplar). 
Proteins extracted from the walls of P. deltoides pollen grains had 
a mentor effect on P. alba pollen. 

In vitro pollination and fertilization are useful when flowers 
drop from a plant prematurely or when the pollen tubes cannot 
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reach the ovary. Intact pistils, ovules with some of the placental 
tissue attached, and isolated ovules have all been cultured on artifi
cial media, and dusted with pollen. The success of in vitro methods 
in producing viable embryos and plants depends on a number of 
factors, including the genotypes of the parents, the culture medium, 
the female tissue used (with isolated ovules giving the most diffi
culty), and methods of collecting and applying pollen. Viable em
bryos, which in some cases developed into plants, have been ob
tained in several interspecific crosses involving the genera 
Gossypium, Melandrium, Nicotiana, Petunia, and Zea. 

A postfertilization complication in wide crosses is failure of the 
embryo, or more commonly the endosperm, to develop, but the 
frequencies vary depending on the type of cross. When hexaploid 
wheat is crossed with maize or sorghum, most of the fertilized 
ovules have only an embryo, whereas both embryo and endosperm 
develop after crosses between hexaploid wheat and pearl millet, or 
between rye and maize. In all of these crosses, elimination of the 
maize, sorghum, or pearl-millet chromosomes occurs either during 
the zygotic division, or during early divisions of the embryo, leav
ing a haploid complement of wheat or rye chromosomes. In order 
to retain a hybrid state, a way has to be found to prevent genome 
elimination. 

The breakdown of the embryo and/or endosperm is due to var
ious factors depending on the degree of relationship between the 
parental species or genera. Incompatibility between genomes from 
different sources or differences in ploidy levels can disturb harmo
nious genetical and physiological interactions involving embryo, 
endosperm, and maternal tissues. Even if an embryo has the poten
tial to develop, it is depriVed of nutrients and will eventually abort 
if the endosperm degenerates. In such situations, in vitro culture 
plays an important role in rescuing hybrid embryos. The develop
mental stage of the embryo when transferred to a synthetic medium 
depends on when the endosperm deteriorates. From fertilization.up 
to what is called the heart stage (based on its shape), the embryo 
depends on the endosperm for nutrition. If it has to be rescued 
during this critical period, the chances for success are increased if 
it is placed on the surface of normal endosperm tissue, which is 
cultured in vitro. Another method is to culture ovules, ovaries, or 
even intact flowers or spikelets (in grasses), provided that these 
tissues do not inhibit embryo development. This method avoids 
the danger of damaging the embryo by dissection, especially if it 
is very small when it is transferred. If transfer can be delayed to 
a more mature stage, the embryo is easier to culture on its own. 

One solution for prefertilization and postfertilization barriers is 
to use additional species that are more compatible with the donor of 
desirable genes than the recipient species and that serve as genetic 
bridges in the gene-transfer process. In Solanum, resistance to late 
blight (Phytophthora infestans) cannot be transferred directly from 
the diploid species S. bulbocastanum to tetraploid cultivated potato 
S. tuberosum, because of the lack of offspring. The tetraploid spe
cies S. acaule is used as a bridging species because it can be crossed 
as female with the resistant diploid species. The sterile, triploid 
hybrids can be converted by colchicine treatment to hexaploids, 
which are difficult to cross with S. solanum, so they are crossed 
with a second bridging species, diploid S. phureja. The hexaploids 
contribute 3x gametes and the diploids Ix gametes to produce tetra
ploid, triple-species hybrids. Although many pollinations need to be 
made between these triple hybrids and S. solanum, some tetraploid 
progeny can be obtained. The effort is worthwhile because some 
of these tetraploids have strong resistance to late blight, as well as 
cytological stability and female fertility. 

Another way of overcoming the failure of initial crosses is to 
double the chromosome number of one or both parental species, 
depending on their ploidy level. If both are diploids, raising one 
or both to a tetraploid state often facilitates interspecific crosses. 
If one species is diploid and the other tetraploid or hexaploid, induc
ing tetraploidy in the diploid often makes the crosses with the 
natural polyploids possible. This type of genetic bridge has been 
successful in a wide range of crop species. 

15.3 TRANSFERS AT THE GENOME LEVEL 
(AMPHIPLOIDS) 

Plant hybrids from interspecific or intergeneric crosses often are 
viable but highly sterile due to various types of incompatibilities. 
The sterility may be due to genetic incompatibility between parental 
genomes, sometimes with indirect physiological effects. If the hy
brids have at least some female fertility, several generations of 
backcrosses can be made to the parental species that is to receive 
the desirable gene or genes, with selection for higher fertility in 
the progenies. Cytological incompatibility in the hybrids is ex
pressed as little or no chromosome pairing during meiosis due to 
lack of homology between the parental genomes, or gene-controlled 
prevention of homoeologous pairing if there are some segments in 
common. A solution to this dilemma is chromosome doubling to 
produce two doses of each genome, which should restore cytologi
cal stability unless there is an inherent, unfavorable genetic or cyto
plasmic effect. 

Many naturally evolved allopolyploid plant species are basically 
amphiploids, which arose through spontaneous chromosome dou
bling in interspecific or intergeneric hybrids. When the ancestors 
of some natural amphiploids are traced, it is found that the original 
crosses were between diploid species. In some species such as 
cotton, tobacco, and durum wheat, the crops remained at the tetra
ploid level in subsequent evolution. In others such as hexaploid 
oats and wheat, crosses between the tetraploids and a third diploid 
species, followed by chromosome doubling, produced amphiploidy 
at the hexaploid level. An important factor in maintaining genome 
integrity is the absence of pairing between genomes from different 
sources. This situation occurs if there is no homology or homoeol
ogy (partial homology) between genomes, or if there are gene muta
tions that allow only homologous pairing. Homoeologous pairing 
can cause sterility because of multivalent formations, leading to 
gametes with varying chromosome numbers. Homoeologies be
tween genomes in the successful natural amphiploids have been 
accompanied by pairing-restriction genes such as the Ph gene in 
wheat (see Chapter 10, Section 10.6.3), so that only homologous 
pairing occurs. 

The conditions that produce stable, fertile natural amphiploids 
are equally important for induced amphiploids. The concept that 
the initial crosses should involve species or genera with low chro
mosome numbers has been demonstrated in perennial grasses. 
When the amphiploids are above the optimum ploidy level for the 
species or genera involved, vigor and fertility decline in further 
generations of maintenance. Some synthetic amphiploids with in
tergenomic homoeologies are restricted to homologous pairing by 
gene control and are fertile, whereas others lacking the genetic 
control have problems with unbalanced gametes and sterility. In 
the latter cases, attempts can be made to introduce a pairing-restric
tion gene into a parental species or genus by mutation or transfer 



from another source, and to test its expression in the amphiploid. 
The sterility problem can also be solved if the amphiploid has some 
type of vegetative propagation. 

The most intensively investigated amphiploids have been the 
triticales (X Triticosecale), which combine hexaploid or tetraploid 
wheat with diploid rye. These wheat-rye crosses do not meet two 
of the desired conditions mentioned above, because one of the 
parents is polyploid, and both parents as well as the amphiploids 
reproduce by seeds only. A major problem with the amphiploids 
is a high frequency of shriveled seeds. Nevertheless, the keen inter
est in creating a new crop with the desirable traits of wheat (high 
yield along with protein and baking quality) and rye (drought toler
ance, disease resistance, adaptation to poor soils, and amount of 
lysine) has stimulated a tremendous research effort in triticale 
breeding and cytogenetics. 

The triticale amphiploids are octoploids or hexaploids, depend
ing on the ploidy level of the wheat parent. Both types of amphi
ploids have cytological irregularities, including univalents at meio
sis and chromatin bridges in dividing endosperm nuclei (Fig. 15.2). 
Studies have been made not only on the amphiploids but also on 
lines derived from crosses between amphiploids at the same or 
different ploidy levels, or from crosses between triticale and wheat. 
The main cause of the cytological abnormalities seems to be the 
difference in rate of nuclear development in rye and wheat. The 
durations of meiosis and endosperm-nuclear divisions are longer 
in rye than in wheat, and this difference in division rates is thought 
to cause cytological instability. This is probably one of several 
features in the genetic background and environment that contribute 
to the abnormalities seen in triticale endosperm development; 
nevertheless, triticale varieties have been produced after extensive 
crossing and selection. 

Another amphiploid that is being used successfully in agricul-

Fig. 15.2. Chromatin bridges between different nuclear chromosome 
groups at anaphase in the coenocytic endosperm of a triticale line. (From 
Gustafson and Bennett, 1982.) Such abnormalities are believed to 
contribute to defects in the endosperm. 
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ture was derived from a cross between two diploid species, Latium 
perenne (perennial ryegrass) and Lotium multiflorum (Italian rye
grass). The rapid early growth and high nutritive quality of Italian 
ryegrass were combined with the persistency of perennial ryegrass. 
The amphidiploid has some quadrivalent configurations at meiosis, 
and the diploid hybrid from which it came has consistent bivalent 
pairing, indicating that the genomes of the two parental species are 
very similar. The amphidiploid can be propagated vegetatively, so 
any reduction in fertility due to multivalent formations is not a 
problem. 

Most induced amphiploids are, like triticale, not necessarily the 
end of the gene-transfer process. When amphiploids come from 
crosses between cultivated varieties and their wild relatives, the 
latter usually have a number of undesirable traits along with the 
desirable ones. Therefore, the amount of alien genetic material must 
be reduced, with selection for the desirable effects. 

15.4 TIlANSf'ERS OF INDIVIDUAL 
CHKOMOSONES(ADD~ONAND 

SUBSTrrUTION LINES) 

Alien-addition lines have the full chromosome complement of the 
host species or genus with the addition of a chromosome from 
another species or genus. The added chromosome can be present 
in one dose (monosomic addition) or two doses (disomic addition). 
Alien-substitution lines have a chromosome pair in the host species 
or genus replaced by a chromosome from another species or genus 
in one dose (monosomic substitution) or two doses (disomic substi
tution). The monosomic state of the added or substituted chromo
some is not as stable as the disomic state because of the irregular 
behavior of the alien univalent during meiosis. The usual sequence 
is to develop addition lines first, then use them to derive substitution 
lines. If an interspecific or intergeneric F\ hybrid has some fertility, 
the addition and substitution lines can be derived by backcrossing 
the hybrid to the host parent. If the hybrid is sterile, the amphiploid 
approach must be used. 

15.4.1 AIien·Addition Lines 

An amphiploid has the full complement of chromosomes from 
two parental species or genera, so the best way to reduce the com
plement of the one parent is to backcross the amphiploid to the 
other parent. The procedure is illustrated in Fig. 15.3 by the devel
opment of rye-chromosome additions in wheat, using the triticale 
amphiploids discussed in the last section. The occurrence of any 
of the rye chromosomes in the monosomic-addition plants is a 
random event and depends on the meiotic behavior of the rye univa
lents. However, complete sets of rye monosomic-addition lines 
have been obtained when a number of backcross-progeny plants 
are checked. It may be difficult to obtain disomic-addition plants 
if the alien chromosome reduces the ability of pollen bearing it to 
compete with pollen carrying only host chromosomes. The trans
mission rates of different alien chromosomes vary from very low 
to preferentially high, depending on their genetic composition in 
relation to the host chromosomes. 

When transmission rates of alien chromosomes are low, alterna
tive methods may increase the chances of recovering disomic-addi
tion lines. One solution is to obtain haploids with the added alien 
chromosome by culturing anthers from monosomic addition plants, 
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(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

6x wheat (female) 
(2n = 42, AABBDD) 

F 1 sterile hybrid 

x 2x rye (male) 
(2n = 14, AA) 

2n = 21 wheat (ABO) + 7 rye 

Double chromosome number with colchicine. 

Amphiploid obtained is: 
2n = 42 wheat (AABBDD) + 14 rye (AA) 

Backcross to wheat. 

Backcross progeny at meiosis I: 
21 wheat bivalents (AABBDD) + 7 rye univalents (A) 

Make further backcrosses to wheat until progeny plants with 21 
wheat bivalents and only a single rye univalent are obtained. 
These are monosomic additions. 

Self the monosomic addition plants and select progeny plants 
with 21 wheat bivalents and 1 rye bivalent (disomic additions). 

Fig. 15.3. The experimental development of alien-chromosome 
addition lines, using diploid rye as the alien species and hexaploid wheat 
as the host. The rye genome is represented by R and the three wheat 
genomes by A, B, and D. 

or by crossing these plants with Hordeum bulbosum if feasible 
(see Chapter 12, Section 12.1.2). The chromosome number of the 
haploids is then doubled with colchicine to get a disomic addition. 
Another method is to self plants with two or three alien chromo
somes added to the host complement. These can occur after the 
second backcross to wheat using the plants in Fig. 15.3(6). In prac
tice, a higher frequency of disomic additions for single rye chromo
somes is obtained from plants with two or three rye chromosomes 
than from those with only one rye chromosome. A third possibility 
is to cross the plants shown in Fig. 15.3(6) as males (assuming 
they are male-fertile) with the amphiploid indicated in Fig. 15.3(4). 
Each rye univalent has a much lower chance of being transmitted 
through the male gametes than through the female gametes, so the 
likelihood of transmitting single rather than multiple rye chromo
somes is increased. In one study, over one-third of the transmitted 
male gametes had only one rye chromosome, which was combined 
with its homolog from the amphiploid to give progeny with a diso
mic addition. The other six rye chromosomes from the amphiploid 
are in single doses in these progeny plants, and they are lost as 
univalents in a generation or two of selfing. 

Disomic additions are more stable than monosomic additions 
because the alien chromosome is present in two doses, but they 
also have a tendency for instability, with some nonpairing of the 
alien homologs in a foreign nuclear environment, and loss of the 
alien chromosome from some gametes. Male gametes with only 
host chromosomes may have a competitive edge over those with 
the alien chromosome; hence, some of the progeny from selfing 
are not disomic additions. 

The phenotypic effects of an added chromosome depend on the 
genes it carries and how they function in the host-genetic back
ground. When each of the 12 chromosomes of Oryza ofJicinalis 
are added in single doses to the complement of O. sativa (Asian 
cultivated rice), the monosomic-addition plants have distinctive 
morphological traits and resemble the primary trisomics of O. sat
iva (Fig. 15.4). Therefore, each o. ofJicinalis chromosome has at 
least some genes in common with genes on a chromosome of O. 
sativa, indicating a close genetic relationship, although pairing ho
mology is very low. Disomic additions of four Elymus trachycaulus 

chromosomes were obtained in hexaploid wheat (Fig. 15.5), and 
genes for vigor and fertility were located on an arm of one of the 
added chromosomes by comparing the effects of monotelosomic 
additions for the two arms. The telochromosomes resulted from 
misdivision of the Elymus univalent at meiosis in the monosomic
addition line. 

Addition lines are useful in dissecting the genotype of an alien 
species or genus by isolating each chromosome from all the others 
in the background of a cultivated relative. Genes for valuable traits 
such as disease resistance can be assigned to specific alien chromo
somes by testing which addition line(s) in a set conveys resistance. 
If the genes have dosage effects, there are differences between 
monosomic and disomic additions. The genetical and cytological 
effects of the added alien chromosomes help to detennine the de
gree of relationship between the parental species or genera that 
were used in developing the addition lines. 

Disomic-addition lines cannot be used as new varieties because 
of their tendency for instability and some undesirable genetic ef
fects. However, they can be used to develop alien-chromosome 
substitutions or as a step in the transfer of chromosome segments. 

15.4.2 Alien-Substitution Lines 

When an alien-chromosome pair replaces a host-chromosome 
pair, the chromosome number of the host species is not changed, 
but the complement lacks the genes on the absent host-chromosome 

Oryza sativa X Oryza officina/is 

2 3 4 

il{ 
l!4 I I 

5 6 7 8 

9 10 11 12 

Fig. 15.4. Samples of the grain of Oryza sativa, O. ojficinalis, and the 
12 monosomic-addition lines consisting of individual O. ojficinalis 
chromosomes added to the O. sativa complement. (From lena and 
Khush, 1989.) Compare the monosomic-addition lines with each other 
and with the parents for variation in grain size and awn length. 
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Fig. 15.5. Spike morphology of (a) diploid Elymus trachycaulus, (b) the hexaploid wheat 
cultivat "Chinese Spring," (c) their F I hybrid, and (d)-(j) various addition lines, 
consisting of individual E. trachycaulus chromosomes added to the wheat complement. (d), 
(g), (h), and (i) ate disomic additions involving four different E. trachycaulus 
chromosomes; (f) is a monotelosomic addition; and (e) and (j) ate ditelosomic additions. 
(From Morris et al., 1990.) 

pair. Therefore, the successful substitutions from the standpoint of 
plant vigor and fertility are those in which the substituted alien 
chromosome is homoeologous with a host chromosome, so that it 
provides similar genetic effects. 

Some alien substitutions occur spontaneously after wide crosses 
and may not be detected until some generations later, such as in 
the development of some European wheat varieties. In selecting 
for resistance to several diseases, the wheat breeders unconsciously 
retained a homoeologous rye-wheat substitution (the rye chromo
some lR pair replacing the wheat chromosome lB pair), which 
probably occurred after triticale lines were crossed with wheat in 
the 1930s. The substitution must have resulted from the presence 
of two wheat IB univalents (instead of a bivalent) and a rye lR 
univalent during meiosis I. This situation made it possible for a 
gamete to include rye lR while lacking wheat lB. The union of two 
such gametes gives plants with the normal chromosome number 
for hexaploid wheat, but with a disomic substitution and disease 
resistance from rye. 

Another example of a spontaneous substitution occurred during 
a program to transfer a dominant gene for tobacco-mosaic-virus 
resistance to tetraploid tobacco (Nicotiana tabacum) from a diploid 
species (N. glutinosa). The hexaploid amphiploid from the inter
specific cross was backcrossed to N. tabacum. After a second back
cross followed by selfing, a line was obtained with the same chro
mosome number as N. tabacum and with homozygosity for 
resistance. The substitution of a N. glutinosa chromosome pair for 
a N. tabacum chromosome pair was detected by crossing the line 
with N. tabacum and, in the progeny, noting lack of pairing between 
the N. glutinosa monosome and the N. tabacum monosome that it 
replaced. There must have been some common genes between these 
two chromosomes for the line to be maintained. 

When the chromosome homoeologies between a host species 
and an alien species are known, specific alien chromosomes can 
be substituted for the appropriate host chromosomes, provided 
identified addition lines and a set of monosomics are available in 

the host species. The procedure is shown in Fig. 15.6, using as an 
example the substitution of rye chromosome 1 R for wheat chromo
some lB. If there is enough genetic overlap between an alien
chromosome pair and the replaced host-chromosome pair, the sub
stitution line should have normal vigor. These homoeologous sub
stitution lines are more stable than addition lines in chromosome 
behavior, and therefore are fertile more consistently. In the case 
of hexaploid wheat, which has three chromosomes from different 
genomes in each of its seven homoeologous groups, an alien chro
mosome of a related species usually can substitute for any of the 
three homoeologous wheat chromosomes. 

Alien-substitution lines can have one or more distinctive traits 
determined by genes carried on the alien chromosome. The pheno
typic effects of these genes can be compared in an addition line, 
which has a complete complement of host chromosomes, and a 
substitution line, which has the same alien chromosome and lacks 

(1) Wheat monosomic 1 B (female) X rye 1 R disomic addition in wheat (male) 

At meiosis: 
The wheat monosomic 1 B line Ionns 20' + 1 S' 
The rye 1 R dlsomic addition in wheat Ionns 21' +1 R' 

(2) The pertinent gametes are: 

n-1 (lacking 1 S) from wheat mono 1 S and 
n+ 1 (21 wheet + 1 R rye) from the addition line. 

(3) Select F 1 plants with 20' + 2'. They should have 

(4) 

(5) 

20 wheat bivalents + 1 S wheat univalent + 1 R rye univalent. 

Self, or backcross (as male) to wheat monosomic 1 S. 

Select progeny with 20 wheat bivalents + 1 rye univalent (1 R) at meiosis 
monosomic substitution line) and self pollinate. The univalent can be 
identified as 1 R by its C-banding pattem, or by its genetic effects. 

Select progeny with 20 wheat bivalents + 1 R rye bivalent to fonn the 
dlsomic substHution line. Wheat 1 S is missing and has been replaced by 1 R. 

Fig. 15.6. The experimental development of an alien-chromosome 
substitution line, using rye 1 R as the alien chromosome and wheat 1 B as 
the replaced host chromosome. Single prime denotes a univalent; double 
primes denote a bivalent. 
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one pair of host chromosomes. This comparison tests the effects 
of the presence or absence of genes on the host chromosome that 
is replaced by the alien chromosome. Another important point is 
how the alien genes interact with the nuclear and cytoplasmic genes 
of the host species. If the female and male parents in the initial 
crosses are as shown in Figs. 15.3 and 15.6, the derived addition 
and substitution lines have wheat (the host species) cytoplasm. 

From a practical standpoint, alien-substitution lines are seldom 
suitable to be developed as commercial varieties because, like addi
tion lines, the alien-chromosome pair introduces a mixture of favor
able and unfavorable genes, while not replacing some of the essen
tial genes on the missing host chromosome. The commercial use of 
the spontaneous substitution lines in wheat and tobacco mentioned 
above are exceptions rather than common occurrences. However, 
the likelihood of designing a substitution line with potential use 
can be increased if the alien chromosome replaces a homoeologous 
host chromosome that bears the least important genes for plant 
functions. Alternatively, it is possible to choose a genetic back
ground that compensates for, or masks, the undesirable effects of 
genes on the alien chromosome. 

The presence of undesirable genes on substituted alien chromo
somes often requires the incorporation of alien segments rather 
than whole chromosomes into the host genotype. Alien additions 
and substitutions are intermediate steps in achieving this objective. 

15.5 TRANSFERS OF ALIEN CHROMOSOME 
ARI'IS 

There are several ways of reducing the amount of alien chromatin 
from a whole chromosome to an arm or a segment of an arm. These 
reductions are sometimes spontaneous, but their frequency can be 
increased by various methods. Alien-chromosome arms need to be 
homoeologous with the host arms they replace, otherwise too many 
host genes are missing in derived individuals. One way of initiating 
arm transfers is by spontaneous arm fusions after centromere misdi
visions during meiosis, when both an alien chromosome and a host 
chromosome are in a monosomic state. This situation results from 
crossing an alien-substitution line with the host species. In the 
presence of a pairing-restriction gene, the two monosomes do not 
pair and usually lag as univalents between the anaphase I poles 
(Fig. 15.7). Occasionally, within the same cell, both monosomes 
misdivide after chromatid separation, resulting in four separated 
arms (telochromosomes). If an arm of the host chromosome lies 
near an arm of the alien chromosome at the time of misdivision, 
they can fuse in the centromere region. When these double-monoso
mic plants are crossed with the host species, the newly synthesized 
chromosome may be transmitted by chance inclusion in a gamete, 
which unites with a gamete from the host species. During meiosis 
in the progeny from such a union, one arm of the partially alien 
chromosome can pair with the homologous arm of the host chromo
some. The alien arm remains intact because of nonpairing with the 
host arm. By seIfing the plants involved, the alien arm can be made 
homozygous to give a disomic arm substitution. A number of alien
arm substitutions in triticale X wheat progenies are thought to 
have arisen from the misdivision process. 

15.6 TRANSFERS OF ALIEN-ARM SEGMENTS 

Arm substitutions may still introduce undesirable alien genes, so 
the alternative is to find ways of transferring smaller alien seg
ments, which still include the gene or genes of interest. These 

anaphase I 

formation 01 
telochromosomes 

fusion 01 two of the 
telochromosomes 

results Ina 
translocation 

Fig. 15.7. The transfer by translocation of an alien-chromosome arm to 
a host chromosome by centromere fusion after misdivision in one 
chromatid of both the host (black) and alien (gray) monosomes during 
anaphase I of meiosis. The constrictions in the middle of the two-armed 
chromosomes and the pointed ends of the telochromosomes mark the 
centromere regions. 

transfers can be achieved by homoeologous pairing and crossing 
over between an alien chromosome and a host chromosome, or by 
translocations involving the alien chromosome. 

15.6.1 Homoeologous Pairing 

Several conditions are necessary to induce the type of homoeo
logous exchange that transfers alien segments to host chromo
somes. In the plants developed for this purpose, the alien chromo
some and a homoeologous host chromosome should be in the 
monosomic state, in order to foster an attraction between them in 
the absence of homologs. Any genes that inhibit homoeologous 
pairing should be removed, mutated to an inactive form, or sup
pressed. The Ph pairing control in hexaploid wheat has been manip
ulated in inventive ways to promote homoeologous pairing, so we 
shall use it to illustrate the methods. Lack of homoeologous pairing 
is due mainly to the strong gene Ph] on the long arm of chromo
some 5B, but there are several other genes with weaker suppressive 
effects, including a locus designated Ph2 on the short arm of 3D. 
In this discussion, keep in mind that monosomic states in hexaploid 
wheat have no effect on vigor and fertility in favorable growing 
conditions, but nullisomic states for most chromosomes have severe 
effects. 

The Ph] effect on homoeologous pairing is suppressed when 
wheat is crossed with certain related diploid species such as Triti
cum speltoides. This method was used to transfer a dominant gene, 
fr8, for resistance to stripe (yellow) rust, caused by Puccinia strii-



jormis, from chromosome 2M of Triticum comosum to the homoeo
logous wheat chromosome 20. A monosomic-addition line, with 
chromosome 2M added to the wheat complement, was crossed with 
T. speltoides. The selected hybrids had chromosome 2M, as well 
as the complete wheat and T. speltoides complements, in a single 
dose, so conditions were favorable for homoeologous pairing to 
take place. After several backcrosses to wheat, with selection of 
resistant plants in each generation, one resistant plant was obtained 
with the same chromosome number as wheat (2n = 42) and with 
bivalent pairing at meiosis. Further tests showed that this plant and 
its progeny had a chromosome consisting of the short arm of 2M, 
the proximal part of its long arm including Yr8, and part of one arm 
of the homoeologous wheat chromosome 20. Although conditions 
were suitable for the origin of this transfer by homoeologous cross
ing over, a spontaneous translocation is also a possibility, because 
another study showed that chromosome 2M was prone to break in 
the long arm. A line homozygous for this chromosome was called 
"Compair" and was stable enough to be very useful as a source 
of stripe-rust resistance in wheat-breeding programs. 

Another approach to inducing homoeologous pairing is to obtain 
a nullisomic state for chromosome 5B, which removes the PhI 
gene. This can be done by crossing monosomic 5B with an alien
substitution line, and selfing the monosomic 5B progeny, which 
are also monosomic for the alien chromosome and the homoeolo
gous host chromosome. A search is made by chromosome analyses 
in the F2 for the few 5B nullisomics that have both the alien chromo
some and the host homoeolog as monosomes. Although these nulli
somic plants are weak and male sterile due to the absence of 5B 
genes, the female gametes can be rescued by crossing with normal 
pollen. One or two added doses of the homoeologous chromosome 
50 can compensate to a large extent for the missing 5B genes, but 
this entails a cross with a nullisomic 5B-tetrasomic 50 line. As 
this procedure requires several generations of crosses and selfings 
with extensive cytological checking, it has not been widely applied. 

A third way of promoting homoeologous pairing is to induce 
mutations to inactive alleles at the Ph loci. Both X-rays and a 
mutagenic chemical, ethyl methanesulfonate (EMS), have been 
used to produce inactive mutants, designated ph. At least some of 
the mutants involve deletions of varying lengths, but all include a 
Ph locus. Suppose that instead of using Triticum speltoides to trans
fer the gene Yr8 for stripe-rust resistance (in the example discussed 
above), we use the phI mutation on chromosome 5B. We have an 
alien-substitution line available in which chromosome 2M from 
Triticum comosum is substituted for 20 of wheat. In order to replace 
PhI 5B with phI 5B in the substitution line, the substitution line 
is first made monosomic for its 5B chromosome by crossing with 
a monosomic 5B line as female (Fig. 15.8). The desired Fl plants 
are monosomic for Ph] 5B and 2M from the substitution line, and 
for 20 from the monosomic 5B line. When these triply monosomic 
plants are crossed as females with a homozygous phI line, most 
of the progeny are monosomic for ph] 5B and 20 (male transmis
sion), and some of these plants are also monosomic for 2M (female 
transmission). The presence of 2M can be detected by testing the 
plants for stripe-rust resistance, the presence of 20 and 5B by 
chromosome counts, and the presence of ph] rather than PhI by 
observing meiotic multivalent formations, which indicate homoeo
logous pairing. Thus, conditions are favorable for pairing and ex
change between 2M and 2D, both of which are in single dose. These 
plants and successive progenies are crossed with wheat, selecting in 
each generation for stripe-rust resistance, until the normal chromo-
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Fig, 15.8. An experimental application of the induced mutation phI 
(shown as ph in the figure) to allow pairing and crossing over between 
chromosome 2M from Triticum comosum and the homoeologous wheat 
chromosome 2D. The objective is to transfer to 2D the 2M segment 
carrying the gene Yr8 (shown as Yr) conferring resistance to stripe rust 
to wheat. Single primes = univalent, double primes = bivalents. 

some number for wheat is restored. Then, if only bivalent pairing 
occurs, it indicates that the pertinent 2M segment has been trans
ferred to a wheat chromosome, most probably 20. 

The choice of ph mutants on 5B or 3D depends on how much 
homoeologous pairing is desired, because the mutants on chromo
some 5B have a more widespread effect than the 3D mutants, which 
restrict pairing to closely related homoeologs. A combination of 
ph] and ph2 mutants may give a higher level of pairing than the 
phI mutant by itself. Lower levels ofhomoeologous pairing may be 
obtained by introducing extra doses of genes that promote pairing. 
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15.6.2 Transiocations 

Some alien chromosomes are unable to pair with their wheat 
homoeologs even if the Ph restriction is removed or inactivated. 
If they do pair, synapsis may be restricted to the distal regions 
of the chromosomes, so that valuable alien genes located in the 
proximal regions are not transferred to the wheat chromosomes. 
In such cases, induced translocations provide the means for 
making the transfers. Alien-addition or alien-substitution lines 
ensure that any alien transfers involve specific chromosomes 
with desirable genes. 

The methods that produce chromosome breaks with the poten
tial for translocation exchanges were described in Chapter 7, 
Section 7.4. When irradiation is used, the chromosome breaks 
often occur at random, and the reciprocal exchanges usually 
involve terminal segments. An alien segment that is transferred 
to the homoeologous arm of a host chromosome is usually able 
to compensate for the missing host segment. If it is transferred 
to a nonhomoeologous host arm and the translocated chromosome 
is made homozygous, the loss of host genes may affect plant 
development adversely. At the same time, the alien segment 
provides an extra dose of the genes that are already present on 
the homoeologous host chromosomes. Depending on the genes 
involved, the extra doses have beneficial, neutral, or deleterious 
effects. 

The ideal type of transfer involves the insertion of an alien 
segment containing the desirable genes into a host chromosome 
without loss of host genes. This requires one break in the host 
chromosome and two breaks in the alien chromosome, with the 
desirable genes between the breaks (Fig. l5.9c). The excised alien 
segment has unstable ends, which can unite with the unstable ends 
of the host chromosome at the point of breakage. If the inserted 
alien segment is quite short, it should not interfere with the 
pairing of the homologous host chromosomes, particularly if the 
chromosome with the insertion is made homozygous by selfing. 
The probability of getting this type of transfer is very low 
because of the sequence of events that has to occur (see Figs. 
15.9a and 15.9b for other transfer types). It might be worthwhile 
to search for insertions in plants regenerated from tissue culture, 
which has produced many translocations. The tissue-culture route 
would be even more productive if it promoted transfers between 
homoeologous chromosomes, but more research is needed to 
resolve this point. Even if the breaks and exchanges are random, 
the high frequency of breaks increases the chances of getting 
an insertion type of transfer. 

The first alien transfer to a crop species via an irradiation-in
duced translocation conveyed a dominant gene (Lr9) for leaf-rust 
resistance from the wild species Triticum umbellulatum to wheat. 
This study is a classic for logic and careful planning. A monosomic
addition line was used in which the alien chromosome was present 
as an isochromosome, with two doses of the arm carrying Lr9 (Fig. 
15.10). By using an isochromosome instead of a normal chromo
some, which had Lr9 on only one arm, the chances for irradiation
induced transfers of the gene were increased. In an attempt to in
crease the proportion of gametes with favorable translocations, X
rays were applied to the plants before meiosis. An intact isochromo
some, and probably the centric (nontranslocated) part of the alien 
chromosome with a wheat segment attached, behave as univalents 
and are not included in most of the nuclei by the end of meiosis. 
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Fig. 15.9. The use of induced translocations to transfer a gene for 
disease resistance (R) from an alien chromosome (gray) to a host 
chromosome (black). Because the location of R and the exchanges 
shown in (a) are in the distal regions, R is transferred without the 
deleterious genes, marked x. In (b) the deleterious genes are 
transferred with R because both R and the breakpoint are near the 
centromere in the alien chromosome. In both (a) and (b), some host 
genes are lost through transfer to the alien chromosome. The transfer 
shown in (c) requires three breaks to insert the alien segment with R 
in the host chromosome without loss of host genes. In this diagram, 
the broken ends of the alien chromosome have rejoined. (Redrawn 
from Morris and Sears, 1967.) 

The centric part of the wheat chromosome, with an alien segment 
attached, should pair with the normal wheat homolog throughout 
much of its length, so it is not lost. Provided that essential wheat 
genes are not lost with the other translocated chromosome, the 
retained, translocated chromosome can be transmitted through the 
pollen. 

Crosses were made by applying pollen from the irradiated 
plants to untreated wheat plants without the alien chromosome. 
The Lr9 gene was traced through succeeding generations by 
screening progenies for resistance to the pathogen Puccinia re
condita. Resistant plants were checked cytologically to select 
those that had an alien segment attached to a wheat chromosome 
while discarding those with an intact isochromosome. Out of 17 
different translocations with an alien segment carrying Lr9, 1 
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Fig. 15.10. The use of an induced translocation to transfer the gene 
Lr9 from the wild species Triticum umbellulatum (U genome) to 
chromosome 6B of hexaploid wheat. (Based on research by Sears, 
1956.) 

was at first thought to be an insertion as described above. 
However, further study showed that a reciprocal exchange had 
occurred between a fairly large segment of the alien chromosome 
and a terminal segment of a homoeologous wheat chromosome. 
This line was named "Transfer;" it was useful as a source of 
leaf-rust resistance until new races of the pathogen overcame 
the effectiveness of Lr9. 

Since this pioneering study, labor-saving methods have been 
devised that reduce the need for extensive cytological observa
tions while increasing the chances of obtaining alien-gene trans
fers. These include irradiation of disomic addition or substitution 
lines, which have two doses of an alien chromosome and there
fore a better chance of exchanges with a host chromosome than 
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when a single alien chromosome is present, and irradiation of 
seeds, which is more convenient than treatment of pollen or 
plants. 

15.7 METHODS FOR DBTECTlNG ALIBN 
CHROMATIN 

The detection of alien chromatin in a host background includes 
genetical, cytological, and molecular approaches. The method used 
depends on the availability of effective alien-gene markers, the 
features of alien chromosomes that set them apart from host chro
mosomes, and the adaptability of molecular techniques to the chro
mosomes under investigation. 

Desirable alien genes such as Lr9 in the preceding section can 
be used to follow an alien segment through the generations after 
an interspecific or intergeneric cross. Morphological markers are 
most useful if they have been located on specific chromosomes 
and have a distinct phenotypic effect when combined with the host 
genotype. A good example of this type of marker is a gene on rye 
chromosome 5R for pubescent peduncle (hairy neck), which shows 
clear expression in a wheat background. 

Certain biochemical markers such as isozymes, which are 
different forms of a single enzyme, are particularly useful for 
detecting alien chromatin. All organisms need many enzymes 
for a variety of functions, so each chromosome is likely to have 
one or more enzyme loci. When a genotype is heterozygous for 
one of these loci, the alleles controlling different isozymes are 
usually codominant, so that both an alien allele and a host allele 
are expressed. When crosses are made between distantly related 
species or genera, the presence in the progeny of isozymes 
from both parents confirms hybridization. Isozymes can serve 
as markers for alien chromosomes in addition or substitution 
lines and for some segmental transfers produced by crossing 
over or translocations. 

Cytological methods for detecting alien chromatin are most effi
cient if they can be applied to mitotic rather than meiotic chromo
somes. Occasionally, alien chromosomes are distinguishable from 
host chromosomes in a mitotic-metaphase spread because of size, 
arm ratio, or nucleolus-organizer constrictions. If the alien chromo
some is introduced as a telosome into a two-armed host comple
ment, it can easily be identified, but the arm would have to carry 
the desired genes. Cytological checks have been greatly facilitated 
by the development of chromosome-banding procedures (see 

Chapter 6, Section 6.2), which are used to distinguish genomes 
from different sources, or individual alien chromosomes in addition 
or substitution lines. Segmental transfers can be detected by mitotic 
banding if the segments have a different banding pattern from that 
of the host chromosomes. If the alien-segment banding is not dis
tinctive, meiotic observations on the pairing configurations can be 
combined with the use of gene markers. 

The molecular method of in situ hybridization (described in 
Chapter 19) makes it possible to identify transfers of alien 
chromosomes or segments to host species more efficiently and, 
in the case of segmental transfers, with greater precision than 
by other methods. The use of biotin rather than isotopes to label 
the DNA or RNA probes greatly reduces the time needed for 
the test and localizes the hybridization sites more accurately. 
An example of the use of biotin-labeled probes is to identify 
alien segments transferred to host chromosomes by translocations 
or crossing over. Wheat-rye lines with radiation-induced translo-
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cations and resistance to Hessian fly, Mayetiola destructor, were 
analyzed by in situ hybridization, using total-genomic rye DNA 
and two highly repetitive rye DNA sequences as probes. This 
molecular procedure made it possible to locate the translocation 
breakpoints precisely and to determine the exact sizes of the 
transferred rye segments (Fig. 15.11). The insertion of a small 
rye segment containing the gene for Hessian fly resistance into 
a wheat chromosome was also detected and is the most desirable 
type of translocation because none of the host chromatin is lost 
(see Fig. 15.11, lower panel). 
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Fig. 15.11. The application of C-banding and in situ hybridization to 
detect transfers of rye (R) chromosome segments to wheat chromosomes 
by translocation, as well as wheat-wheat transfers. Left: C-banded wheat 
chromosomes. Right: translocated wheat/rye chromosomes detected 
using, respectively, C-banding, rye total-genomic DNA, and two highly 
repetitive rye DNA sequences (pSc1l9 and pSc74), singly or combined, 
as probes. The solid horizontal lines mark the centromeres, and the 
dashed lines mark the breakpoints. The upper two rows involve a 
terminal transfer of most of 6RL to wheat 6BL or 4BL; the last row 
shows the insertion (TC) of a small segment of 6RL into wheat 4AL. 
(From Mukai et aI., 1993.) 
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16 

Organization of DNA Sequences in 
Protosomes and Chromosomes 

• The amounts of nuclear DNA vary greatly between organisms even though (80-100) X 106 base pairs of DNA are theoretically 
sufficient to define a basic set of genes necessary for eUkaryotic life-forms. 

• Under suitable experimental conditions, denatured DNA spontaneously reforms a double helix, based on A-T and G-C base pairing. 
• Repetitive DNA sequences are a major source of variation in DNA amount and contribute to modulating gene activity. 
• Many repetitive sequences are dispersed throughout the genome and were transposable or retrotransposable elements at some stage 

in their evolutionary history. 
• Some regions of DNA that affect the expression of a gene can be thousands of base pairs away from the respective gene. 

Most prokaryotic and eukaryotic life-forms have their genetic infor
mation encoded in DNA. In prokaryotes, the bulk of the genetic 
information is usually present in a very large, circular protosome, 
with lesser amounts in small, circular molecules, plasmids, which 
often encode genes for resistance to chemicals. In eukaryotes, ge
netic information is located in the nucleus, mitochondria, and chlo
roplasts. The nuclear genome is organized in linear molecules, 
which are present in chromosomes, whereas the mitochondria and 
chloroplast genomes are small circles of DNA in cytoplasmic or
ganelles. Small, plasmidlike molecules have also been found in 
some eukaryotes. 

16.1 THE VARIABLE AMOUNl' OF DNA AM> 
'DIE ABllM«iENBNr OF SEQUENCES IN 
ORGAMSMS 

In eukaryotic life-forms, the size and number of chromosomes, 
thus their nuclear DNA content, vary enormously (Fig. 16.1). For 
example, the nucleus of a single diploid cell of a wheat plant con
tains 11.2 meters (m) of DNA, corresponding to a mass of approxi
mately 36.2 picograms (pg), or 32 billion (32 X 109) nucleotide 
base pairs (bp), and arranged in 21 pairs of chromosomes. In the 
same terms, a human haploid gametic cell contains 2.1 m of DNA, 
equal to approximately 3.1 pg or 3 billion base pairs, arranged in 
a haploid complement of 22 chromosomes plus the X or Y sex 
chromosome. 

The amount of coding DNA required for eukaryotic life-forms 
is most likely in the range (80-100) X 106 bp, or (80-100) X 

103 kilobase pairs (kb), as judged by "model" organisms such as 
the plant Arabidopsis thaliana, as well as large-scale sequencing 
projects on the genes that are expressed in humans. These amounts 
often represent less than 1 % of the total amount of DNA in an 
organism, and it is evident that the DNA in the chromosomes is 
not simply a "set of genes on a string." Research has shown that 
in addition to coding DNA, one strand of which is committed to 
coding for RNA and protein products for the cell, there exist large 
tracts of noncoding DNA, which do not code for any specific prod
uct. The tracts of noncoding DNA provide the environment that 
regulates the expression and transmission of genes, and variation 
in the amount of this class of DNA is mostly responsible for the 
large differences in DNA content (C-value) among eukaryotes. The 
high content of noncoding DNA in many organisms makes it impor
tant to understand the organization of DNA sequences in the ge
nome. 

16.2 CODING AM> NONCODING DM 
SEQUENCES 

The DNA molecule is composed of two strands, each of which 
contains an array of bases held in place by sugar-phosphate 
backbones (Fig. 16.2). In the simplest instance, a gene (one of 
many thousand in an organism) may consist of an array of 
approximately 1600 bases, which include, on the average, 400 
of each of 4 bases, ~denine, 0tosine, Quanine, and Ihymine. 
In more general terms, a gene can be defined as a combination 
of DNA segments that together comprise a unit, which has an 
effect on the appearance, or phenotype, of an organism by coding 
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Fig. 16.1. Variation in DNA content of different life-fonns. The 
approximate DNA contents of the species listed are indicated by black 
bars (Sparrow and Nauman, 1976; Bennett and Smith, 1976; Lewin, 
1990). The range of DNA contents in organisms belonging to the same 
broad classification as the individual species is indicated by a box. For 
example, Triticum aestivum (wheat) has a DNA content of 16 X 109 

base pairs (bp), whereas the broad category of organisms to which wheat 
belongs-the Gramineae or grasses-have a range of DNA contents 
from 109 to 6 X 1010 bp. In converting cytologically determined DNA 
contents (usually in pg) to numbers of base pairs, 9.13 X 108 bp are 
assumed to be present in I pg of DNA. 
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Fig. 16.2. A basic representation of the DNA molecule, emphasizing 
the presence of two sugar-phosphate strands held together by hydrogen
bonding between complementary base pairs. 

for either a RNA or protein product. The genetic infonnation 
in an organism is defined by the unique order of A, C, G, and 
T bases in the linear arrays that are present in the DNA molecules. 
The order of base pairs, or base sequence, in the DNA molecule 
is the critical aspect of genetic infonnation. Considering the fact 
that organisms can have millions of base pairs, very large num
bers of different sequences, 1000-2000 bp long, are possible. 

The standard flow in the decoding of infonnation present in 
double-stranded DNA includes the transcription of single-stranded 
messenger RNA, mRNA, from one of the DNA strands, followed 
by translation of a protein from the mRNA template. The triplet 
code defines the three consecutive bases in RNA that are required 
to specify a single amino acid. It can be seen from Fig 16.3 that 
any segment of DNA can create two different RNA molecules, one 
from each strand of the duplex. Each of the RNA molecules has 
the potential for creating three different proteins depending on the 
reading frame of translation, which determines the set of triplets 
to be decoded. 

The way in which prokaryotes arrange coding and noncoding 
DNA sequences provides a framework for understanding the orga
nization of eukaryotic DNA. In the following sections, the DNA 
sequences of a virus, SV 40, and a bacterium, Escherichia coli, 
are considered, followed by a consideration of eUkaryotic DNA 
organization. 

16.3 DNA Of'THE VIRUS SV40 ENCODES 
FOR OVERLAPPING GENETIC 
INFORMADON AND CONI'AlNS REPETD1VE 
SEQUENCES 

The simian virus SV40 was one of the first life-fonns to have 
its DNA completely sequenced. The DNA is in the fonn of a 
circle, 5243 bp long, and analysis of the coding DNA indicates 
a highly efficient use of the genetic infonnation. The processes 
that decode the infonnation in the SV 40 genome exploit the 
overlapping nature of the genetic information (Fig. 16.4); this 
feature is not nonnally found in eukaryotes. Further modification 
of the decoding of the genetic infonnation into protein is achieved 
by removing parts of the transcribed RNA molecule by splicing, 
prior to translation into protein. The large T-antigen protein is 
fonned in this manner. 

Approximately 15% of the SV40 DNA is noncoding, and a 
large proportion of this is located near the origin of replication. 
Initiation of DNA synthesis requires complex structural changes 
and, for SV 40, the critical step is the binding of the large T -antigen 
protein to the origin of replication (see Fig. 16.4). The region of 
the SV40 genome containing the origin of replication is not tran
scribed and features a 27 -bp sequence, with the bases arranged in 
a special fonn of symmetry called an inverted repeat (Fig. 16.5), 
which is the core of the T -antigen binding site. In addition, several 
repetitive sequences from 9 to 56 bp in length can be identified, 
and these are nonessential for viability of the virus. The SV40 
virus, in which regions of repetitive DNA were deleted, survived 
in laboratory-mutation experiments. Repetitive and inverted-repeat 
sequences are common in the noncoding regions of eukaryotic 
DNA. 
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Fig. 16.3. The genetic code. Decoding of the infonnation in DNA can 
occur from either strand and, for each strand, in three different phases 
(top half). Triplets of bases in the nucleic-acid sequence (codons) code 
for a single amino acid, whereas different codons can code for the same 
amino acid. This is referred to as degeneracy of the genetic code, which 
results from the fact that there are only 20 or so essential amino acids 
(bottom half) while there are 64 possible codon triplets. Organisms can 
differ in their preference for certain triplets coding for a particular amino 
acid, and some triplets can have different coding capacities depending 
on their position in the sequence. For example, the AUG codon can 
denote the start of translation and also code for methionine; the UUG 
and GUG codons, which normally code for leucine and valine, 
respectively, can also initiate translation by coding for the incorporation 
of N-fonnyl-methionine; and the UGA codon, which nonnally codes for 
tennination of translation, also codes for tryptophan in mitochondria and 
mycoplasms, as well as for the incorporation of selenocysteine. (From 
Matthews and van Holde, 1990.) The single-letter code for amino acids 
is Ala (A), Arg (R), Asp (D), Asn (N), eys (C), Glu (E), Gin (Q), Gly 
(G), His (H), De (0, Leu (L), Lys (K), Met (M), Phe (F), Pro (P), Ser 
(S), Thr (T), Trp (W), Tyr (Y), and Val (V). 
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RNA processing r translation 
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Fig. 16.4. Simian virus 40 (SV40) DNA. The central circle represents 
the DNA molecule. Initiation of transcription is in the region where the 
origin of replication, Ori, is located, and the directions of transcription 
into RNA are indicated by the arrows. The messenger RNAs that are 
produced are shown as lines of three differing widths. The thinnest line 
indicates RNA that is transcribed and tenninated with a run of A 
residues (denoted as A), analogous to nonnal eukaryotic messenger 
RNA. The medium-thick line indicates the portion of the RNA molecule 
that is translated to give polypeptide molecules, which, in tum, are 
posttranslationally modified to give the final proteins. The regions of 
RNA sequences that correspond to the final proteins (VP" etc.) are 
indicated by the thickest lines. (From Fiers et al., 1978.) 

TGGGGCGGIIGIIATGGACGGAGTTAGGGGCGGGATGGGCGGAGTT 
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Fig. 16.5. The nucleotide sequence that defines the replicative origin of 
DNA in the noncoding DNA of SV40 (Fiers et al., 1978; Reddy et al., 
1978). The boxes underneath the sequence indicate repetitive sequences. 
The box enclosing some of the sequence indicates an inverted repeat or 
dyad-symmetry structure, a feature of binding sites for highly specific 
DNA-binding proteins. The sequence is defined on both sides by regions 
of the genome that are transcribed. 
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16.4 BACTERIAL DNA IS CHARACTERIZED BY 
THE OCCURRENCE Of' GROUPS Of' 
GENES UNDER A COMl'lON CONTROL 

The bacterium Escherichia coli has an extensive history of ge
netic-linkage and molecularlbiochemical studies. The amount of 
DNA present in the central nucleoid region of an E. coli cell 
has been determined both chemically and by direct observation 
of the circular protosome. Careful breakage of bacterial cells 
releases intact protosomes, which can then be prepared for exami
nation by the electron microscope. If the DNA is made radioac
tive by feeding the bacterium radioactive precursors, light micros
copy can be used to examine the image of the spread, radioactive 
DNA exposed by means of autoradiography (Fig. 16.6). Different 
types of measurements indicate that the standard E. coli genome 
contains approximately 4.2 X 106 bp (See also Fig. 24.2, Chapter 
24), with some variation among different strains (see Fig. 16.1). 

16.4.1 Tbe Operon Organization of Genes 

The entire protasome of E. coli DNA, has been sequenced. 
In this bacterium, groups of genes are usually under a common 
control and are transcribed as a single RNA molecule. Such 

Fig. 16.6. An autoradiograph of an E. coli protosome undergoing 
replication. (From Cairns, 1%3.) The DNA was extracted from bacterial 
cells that were initially labeled with 3H-thymidine, and then gently 
broken open and allowed to spread on a glass slide. The distribution of 
radioactivity was observed by covering the glass slide with a 
photographic emulsion. DNA replication is occurring at X and Y to give 
two new protosomes (A and C), each of which contains one strand of 
the original protosomal DNA (B). 
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Fig. 16.7. The lac operon of E. coli (Beckwith, 1987) and its 
expression. Positive control is based on the stimulation of transcription 
by the CAP protein, and negative control is based on repressing or 
preventing transcription. The lael gene codes for a monomer that forms 
a tetrarneric protein, which binds to the operator region, 0, 5'-upstream 
from the Z gene in the lac operon, thereby repressing transcription. X
ray crystallography has shown that the tetrarneric repressor consists of 
two dyad-symmetric dimers with the DNA-binding domain forming a 
deep V-shaped cleft in between (Friedman et al., 1995). The presence of 
an inducer such as isopropylthiogalactoside (IPTG) or ,B-galactosyl 
glycerol (Egel, 1988) prevents the binding of the repressor protein to the 
operator by binding to the protein and causing a conformation change, 
which blocks the repressor-operator recognition site. 

operons have formed a major focus for studying the control of 
gene expression; those that have been well studied include the 
lactose, tryptophan, histidine, L-arabinose, maltose, galactose, 
proline-utilization, histidine-utilization, and D-serine deaminase 
operons. Analysis of the noncoding DNA sequences, preceding 
the coding DNA of the operons, has defined the nucleotide 
sequences that are essential for regUlating the expression of the 
associated group of genes. Studies of these regions provided the 
foundations for similar studies in eukaryotic DNA. 

The lactose operon or lac operon, for example, is composed 
of three nonoveriapping genes, Z, Y, and A, preceded by a short, 
noncoding region of DNA that acts as a receptor site for a 
repressor protein (Fig. 16.7). The idea of a single repressor 
controlling a group of three closely linked genes was developed 
from studies On different classes of mutations that affected the 
induction of expression of the lac-operon genes. The repressor 
protein binds to a site on the DNA, known as the operator, 
which is located between the promoter, the site where the RNA 
polymerase binds to start transcription, and the start of the gene 
to be transcribed. The binding of the repressor protein physically 
stops the progress of RNA polymerase toward the gene. 

The positive control that determines lac-operon activity was 
revealed by genetically analyzing suppression of lac-operon in-
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Fig. 16.8. The noncoding DNA region of the lac operon. The location 
of the binding sites for the repressor, CAP, and RNA polymerase 
proteins are indicated. As in Fig. 16.5, the box encloses the inverted 
repeat or dyad-symmetry region, which is characteristic of DNA-binding 
sites for proteins with a high degree of specificity for binding to DNA. 
This inverted symmetry is evident only in the repressor-binding site. 
Transcription, when it occurs, is indicated by the arrow. The translation
stop codon UGA in the repressor messenger RNA and the translation
start codon AUG for the ,8-galactosidase protein of the lac operon are 
shown. 

ducibility by glucose, an effect known as catabolite repression. 
In this case, a site near the promoter was shown to bind a 
catabolite-activated protein, CAP, which greatly facilitates the 
binding of RNA polymerase to its promoter, in preparation for 
transcription. The sequences of noncoding DNA preceding the 
lac operon that are important in the positive and negative controls 
of transcription are shown in Fig. 16.8. The sequence that binds 
the repressor protein demonstrates the same kind of special 
symmetry that was noted in the DNA sequence at the SV40 
origin of replication, namely an inverted-repeat structure, or dyad 
symmetry (see box in Fig. 16.8). 

It is evident that clear principles underlying the positive and 
negative control of gene expression have been established from 
the study of bacterial operons. Many of these principles apply 
to the control of eUkaryotic genes, as discussed later. 

16.4.2 Transcription Attenuation 

When RNA polymerase binds to a promoter, a number of 
confonnational changes occur in the complex, as assayed by its 
contact with the DNA template. Before RNA polymerase moves 
into a productive transcription mode, it stalls at the promoter 
and produces short RNA molecules no longer than nine bases 
long. When it goes into a productive transcription mode, its 
progress along the DNA molecules is believed to be uneven 
and, in some cases, can be related to the translation of the 
messenger RNA that is being synthesized. The interaction be
tween transcription and translation has been named "transcription 
attenuatitm." Attenuation is the premature termination of tran
scription speculated to be due to the presence of a loop structure 
in newly synthesized messenger RNA (Fig. 16.9). This loop is 
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Fig. 16.9. The structure and mechanism of action of the noncoding/ 
coding DNA junction region of the tryp operon of E. coli and its effect 
on transcription attenuation (Yanofsky and Crawford, 1987; Landrick 
and Yanofsky, 1987). Prior to transcribing the tryptophan operon to give 
the mRNA that manufactures the enzymes required for tryptophan 
synthesis, RNA polymerase tends to pause during transcription of the 
leader region that immediately precedes the first gene of the tryp operon. 
This pause is postulated to lead to the formation of a 1-2 loop (top), 
which includes two repeated tryptophan-tRNA codons (UGG). At the 
same time, a ribosome attaches to the AUG intitiator codon. If 
tryptophan is in limited supply (left), the ribosome begins to move along 
the messenger RNA, disrupting the 1-2 loop but stalling at the UGG 
codons due to a limiting supply of tryptophan-tRNA. Continuing 
transcription by the RNA polymerase then synthesizes another region of 
messenger RNA that forms a 2-3 loop, which acts as an antiterminator 
and allows further transcription by the RNA polymerase. Under these 
conditions, messenger RNA continues to be formed, from which the 
enzymes for tryptophan biosynthesis are synthesized and tryptophan is 
produced. Conversely, if tryptophan is in excess with a subsequent 
overabundance of tryptophan-tRNA (right), the ribosome does not stall 
at the UOG codons, halting instead at the UGA stop codon further along 
the leader region. Under these conditions, a 3-4 loop forms in close 
juxtaposition to the UUUU tract, and together they form a signal for 
transcription termination. 

similar to the normal loop structure that precedes a set of four 
or more U bases and is recognized by a protein factor named 
rho to terminate transcription. The attenuation mode of control 
arose from a study of the effects of amino-acid analogs on the 
synthesis of the respective amino-acid biosynthetic enzymes. 
The control is thought to be a dynamic process involving both 
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transcription and translation of a region between the promoter 
site for RNA polymerase and the first gene of the operon, and 
the relative timing of these processes is critical (see Fig. 16.9). 

16.5 REPETITIVE OM SEQUENCES COMPRISE 
UP TO 2% OF TIlE E. COLI PROTOSOME 

In experiments to determine the renaturation kinetics of denatured 
DNA, the DNA from E. coli has long provided a standard for 
characterizing DNA from other organisms. The two strands of a 
DNA molecule can be separated, or denatured, and specifically 
reassociated, or renatured, to reconstitute the original base-pairing. 
The renaturation of the single strands of E. coli DNA into a double
stranded DNA molecule follows normal physical laws, in a renatu
ration curve largely typical of a bimolecular reaction (Fig. 16.10). 
This observation is expected from the presence of single copies of 
particular base sequences approximately 1000-2000 bp in length. 
The renaturation curve depends on the temperature and ionic condi
tions of the solution in which the reaction is occurring, as well as 
the size of the DNA fragments participating in the reaction. The 
renaturation reaction can be described by 

C 
Co + kCot 

where the concentration of double-stranded DNA (C), measured 
in moleslliter, present in the reaction after t seconds is dependent on 
the initial concentration of DNA (Co) and the number of different 
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Fig. 16.10. A renaturation curve of denatured DNA from E. coli. The 
proportion of DNA that renatures over time can be determined by 
measuring (a) the absorbance of the DNA in solution, (b) the differential 
binding of double-stranded DNA to hydroxyapatite, or (c) its differential 
sensitivity to enzymes that degrade single-stranded DNA. The dashed 
line indicates the symmetry of the renaturation curve and is used to 
define the halfway point for the renaturation process as calculated from 
the formula, where Co is the starting concentration of DNA, C is the 
concentration of DNA denatured at time t where t is the renaturation 
time (s), and k = a reaction constant. An approximate, but convenient, 
measure of the Cot value of a particular renaturing reaction is Cot = 
(OD2c;o12) time (in h) at the optimum temperature of Tm -25°e in 0.12 
X SSe. In this calculation, OD260 is the optical density of the DNA 
solution determined at a wavelength of 260 nm, Tm is the melting point 
of the double-stranded DNA (i.e., the temperature at which half the 
DNA strands are dissociated), and sse is the standard saline citrate. 
(From Britten et al., 1974.) 

renatured DNA 
-AGAGTCT

II III lilT/nIT/II 
-TCTCAGA-

Fig. 16.11. The renaturation of DNA strands. The diagram shows 
strands of DNA in the various stages of renaturation and emphasizes the 
reversibility of the denaturation/renaturation reaction. (From Wetmur and 
Davidson, 1968.) This model is particularly important in understanding 
the behavior of short primers in the polymerase chain reaction (PeR; see 
Chapter 19), because the DNA polymerases used in PeR operate at 
temperatures where equilibrium differences between partially formed 
hybrid partner strands are likely to be significant. 

sequences present in the DNA (complexity). The value of the rate 
constant k is proportional to the complexity, or number of base 
pairs, of the DNA sample. The relative values of k for different 
bacterial DNA samples can be readily determined by measuring 
the renaturation kinetics. The size of the E. coli genome, determined 
by independent means, can then be used to convert the k values 
into genome sizes. The measurement of initial rates of renaturation 
is important in using k values to determine genome size, because 
the rate-limiting step in renaturation is the initial contact between 
the two renaturing strands (Fig. 16.1 I). 

Curves of the type shown in Fig. 16.10 can also be obtained if 
single- and double-stranded DNA fractions are separated at various 
times in the renaturation reaction, using columns of crystalline 
calcium phosphate, hydroxyapatite, which adsorbs DNA, and solu
tions of sodium phosphate can be used to elute the DNA. A higher 
concentration of sodium phosphate is required to remove double
stranded DNA from hydroxyapatite than if the DNA is single 
stranded, and this is particularly useful in preparing large amounts 
of DNA renatured to a given Co t value. Experiments of this type 
have shown that 0.5-2% of E. coli DNA consists of sequences that 
do not follow the renaturation kinetics shown in Fig. 16.10, and 
these sequences are repetitive in nature. 

Renaturation and molecular-genetic experiments have demon
strated that the E. coli genome contains both coding and noncoding 
repetitive sequences. Coding sequences that contribute to the pres-
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Fig. 16.12. The ribosomal RNA (rm) operon of E. coli. Processing of 
the polycislronic rRNA by a specific RNA-degrading enzyme that is 
capable of recognizing specific secondary structures yields the 16S 
(small), 23S (large), and 5S RNA molecules, which then combine to 
form ribosomes. (From Reiter et al., 1990.) Some tRNA molecules are 
also released. The operon is preceded by a TATA sequence in the 
noncoding region, 30 bp before the start of transcription, and is essential 
for efficient transcription; this TAT A "box" or its equivalent is a highly 
conserved feature of transcription-initiation complexes and is also 
required by eukaryotic genes for efficient transcription [see histone 
genes (Fig. 16.23), and globin genes (Fig. 16.25). 

ence of repeated sequences include ribosomal RNA gene sequences 
(Fig. 16.12), coding for the RNA components required for the as
sembly of ribosomes, and genes coding for proteins involved in 
biosynthetic activity, or for responses to environmental changes. 
The ribosomal RNA gene operon is repeated seven times and is 
dispersed throughout the E. coli protosome. Environmental selec
tive pressure can lead to mutations in the DNA resulting from 
amplification of a small section of the protosome carrying the gene 
of interest. Resistance to the antibiotic ampicillin, for example, is 
directly proportional to the number of copies of the gene specifying 
,B-Iactamase, a secreted enzyme that degrades ampicillin. Mutants 
of E. coli with up to 40 copies of the gene as integral parts of the 
protosome have been isolated. 

Repetitive-extragenic-palindromic (REP) sequences, 36 bp 
long (Fig. 16.13), constitute another family of repetitive sequences 
that is widely distributed in the protosome. Although the REP se
quences are found in most of the bacterial operons examined, their 
function has not been established. They occur as 1-4 copies as 
either direct or inverted repeats. 

Some classes of short repetitive sequences function as target 
sites for recombination. Short, inverted-repeat sequences flanking 
a gene, for example, are required for site-specific recombination, 
which is associated with the inversion of the gene and subsequent 
change in its expression. For example, a site-specific inversion or 
phase variation, with 26-bp target sequences, is responsible for the 
expression of alternative flagellin or pili proteins in Salmonella 
aureus and E.coli. This type of rearrangement is one example of 
genetic reassortment that occurs in higher organisms either by site
specific recombination, unequal crossing over, or specialized enzy
matic reactions. 
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GG~ACGC~GCct:GC~TAG~CC 
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Fig. 16.13. The consensus-nucleotide sequence of a family of bacterial 
repetitive-extragenic-palindromic (REP) units. REP sequences display 
an inverted-repeat structure that allows a stem loop to form in a single 
strand of, for example, an RNA molecule transcribed from such a 
sequence. The sequence shown is a consensus sequence for the family of 
REP units that occur in bacteria. Where bases occur in approximately 
equal frequency, the two alternatives are shown (Gilson et al., 1984; 
Stern et aI., 1984). 

Transposable elements are also associated with repetitive se
quences, but these particular families of DNA sequences are dis
cussed in detail in Chapter 7. 

16.6 SMALL, CIR.CULAR. DNA MOLECULES 
(PLASMIDS) IN E. COLI CODE FOR 1-3 
GENES 

In natural populations of bacteria, plasmids are small, extraprotoso
mal circles of DNA that contain genes coding for enzymes or pro
teins, and conferring resistance to antibiotic or toxic metal ions. 
Some of the plasmid molecules of E. coli have been completely 
sequenced and manipulated, by molecular biologists during the 
course of constructing vectors suitable for DNA cloning. Because 
plasmids form the basis for a range of techniques used in molecular 
cytogenetics, their properties are discussed here from the standpoint 
of their use as cloning vectors. The commonly used plasmid pUC 19 
is 2686 bp in length (Fig. 16.14). 

Fig. 16.14. An overview of the plasmid pUCI9. The diagram identifies 
the two genes (,B-Iactamase and ,B-galactosidase) encoded by the 
plasmid, and the position of the poly linker region that was introduced to 
clone foreign DNA sequences. The numbers indicate nucleotide 
positions within the molecule. and 0 and P signify the operator and 
promoter regions, respectively. of the lac operon (as described in Fig. 
16.7). The directions of transcription are indicated by arrows, and the 
respective translated protein products are shown in boxes. (From 
Yanisch-Perron et al., 1985.) 
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Fig. 16.15. The nucleotide sequence of the polylinker inserted into 
pUCl9. The positions of different restriction-enzyme cleavage sites are 
indicated (bottom), as well as the transcription product from this region 
(top). The successful insertion of foreign DNA into the polylinker can 
be distinguished by chemical color reactions (see Fig. 19.18), which 
verify that the production of the enzyme ~-galactosidase has been 
disrupted owing to the insertion of foreign DNA into the gene sequence. 
(See Fig. 16.16 legend for derivations of the names of some restriction 
enzymes.) 

An important region of the plasmids inserted by molecular biol
ogists is the cloning or polylinker region (Fig. 16.15). The DNA 
sequences in the poly linker occur only once in the entire plasmid 
and are the recognition sites for the enzymes, restriction endonucle
ases, that cleave the DNA at specific recognition sites. Thousands 
of bacteria and Archaea, as well as some viruses that infect fungi, 
have been examined for enzymes that specifically cleave DNA and 
a wide range of DNA sequences, 4-8 bp in length, can be specifi
cally cleaved by particular enzymes. These enzymes are generally 
classified as restriction endonucleases and can be divided into three 
types: I, II, and III. The types I and III restriction endonucleases 
have both endonuclease and methylase activities. Although they 
bind to specific nucleotide sequences, they cleave DNA at nonspe
cific sites a certain number of nucleotide base pairs distant from 
the recognition sequence. Type II restriction endonucleases are 
composed of dimeric proteins containing identical subunits. These 
usually bind to DNA sequences with characteristic inverted-repeat 
or dyad symmetries (right-hand side), although some such as 
MboII, recognize sequences with no dyad symmetry, 5'-GAAGA. 
Other type II restriction endonucleases also cleave DNA at specific 
sites away from the recognition sequence. Restriction enzymes 
cleave the sugar-phosphate backbone of both strands of the DNA 
helix. 

As shown in Fig. 16.16, type II restriction endonucleases hy
drolyze the sugar-phosphate backbone of their respective recogni
tion sites in three different ways with respect to the relative orienta
tions of the released 3'-hydroxyl and 5'-phosphates of each strand 
of the DNA helix. The ends of the DNA molecules can be "blunt
ended," or can have 2-4 bases as a single-stranded section of DNA 
carrying either a terminal5'-phosphate (5'-overhang), or a terminal 
3' -hydroxyl (3' -overhang). For example, a plasmid cleaved with 
the restriction endonuclease BamH I, produces the 5' -overhang se
quence 5'-GATC at one end of the molecule and CTAG-5' at the 
other end of the molecule. These ends are referred to as "sticky 
ends" in that they are complementary to each other and will reform 
a double-stranded molecule, following the same principles as de
scribed earlier for the renaturation of denatured DNA. The sticky 
ends produced by cleavage of any prokaryotic or eukaryotic DNA 
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Fig. 16.16. The three different ways in which common restriction 
endonucleases cleave DNA. For simplicity, the products of the reactions 
are shown with the liberated 3'-OH and S'-phosphate groups on only the 
left end of the divided molecule; where one of the DNA strands 
protrudes with a S'-P, it is called a "S'-overhang," and in the case of a 
protruding 3'-OH DNA strand, it is called a "3'-overhang." The 
hydrolysis reaction leading to the cleavage of the sugar-phosphate 
backbone of a DNA strand is shown on the left-hand side. The names 
of the enzymes (type II in this figure) derive from the organism from 
which they were isolated: Smal from the bacterium Serratia 
marcescens; BarnHl from Bacillus amyloliquefaciens; and Pstl from the 
bacterium Providencia stuani. 

molecule with a specific restriction endonuclease are identical, and 
thus form the basis for joining different molecules together. When 
the sticky ends are held together by complementary base-pairing, 
the enzyme DNA ligase reforms the respective sugar-phosphate 
backbones of the strands of the DNA helix. The entire plasmid 
molecule, with a segment of foreign DNA now inserted into it, is 
then reintroduced into E. coli by transformation, and the bacterial 
cells carrying the plasmid are clonally propagated. Selection for 
transformed cells carrying a plasmid is conveniently carried out by 
growing them in a medium containing the antibiotic ampicillin. 
The ,B-lactamase gene on the plasmid (see Fig. 16.14) confers resis
tance to ampicillin by allowing the E. coli cells with the plasmid 
to produce the enzyme that degrades the antibiotic. Because a single 
bacterium generally receives only one plasmid molecule in the 
initial transformation, anyone colony of E. coli carries only one 
segment of foreign, cloned DNA maintained in the respective 
plasmid. 

16.7 REPETITIVE SEQUENCES ARE A MAJOR 
FEATURE IN EUKARYOTIC NUCLEAR DNA 

Repetition of DNA sequences in the eukaryotic genome is the rule 
rather than the exception. Sequences potentially coding for protein 
products, but not necessarily active in this respect, are often re
peated. In other cases, well-understood genes such as those coding 
for ribosomal RNA, histone, globin, seed-storage protein, and the 



small subunit of ribulose bisphosphate decarboxylase are repeated 
many times. In addition, regions within genes that actively code 
for protein products can also display repetition of sequence motifs 
15-30 bp long. In proteins such as elastin and collagen in animals, 
seed-storage proteins in plants, and an avirulence protein in bacte
ria, there exist repetitive sections in the final polypeptide chain. 
The function of many other repetitive sequences is not clear, but 
as molecular studies on the genomes of a wide range of organisms 
are carried out, the database of repetitive-DNA-sequence families 
that have known functions continues to grow. 

In early experiments monitoring the renaturation of denatured 
DNA, it was predicted that denatured calf-thymus DNA would 
renature at a slower rate than that of E. coli DNA (see Fig. 16.10) 
because of the increased DNA content of the eukaryotic nucleus. 
The greater content of DNA was expected to have a dilution effect 
on any single sequence in the genome because of the presence of 
an increased variety of sequences, and this would reduce the chance 
of correct partner strands finding each other. Instead, the renatu
ration turned out to be much more complex (Fig. 16.17). A signifi
cant proportion ofthe DNA renatured very rapidly and was deduced 
to be composed of repetitive DNA sequences that were present up 
to thousands of times within the genome. The presence of repetitive 
DNA raised the concentration of a particular subset of sequences, 
so that the overall renaturation kinetics failed to follow the pattern 
for a simple bimolecular reaction. The complex curve of eukaryotic 
DNA renaturation can be described by a series of simple curves 
superimposed upon each other, as shown in Fig. 16.17. Each of the 
individual curves represents a particular family of DNA sequences, 
present at their own particular concentration of Co and renaturing 
at a rate defined by Cot. 

Renaturation curves of this type are affected by the length of the 
DNA molecules used in the experiments. This effect is particularly 
evident when a solid matrix such as hydroxyapatite is used to sepa
rate single-stranded DNA from double-stranded DNA. The DNA 
in a chromosome is a single, large molecule (Fig. 16.18), and it is 
clear that if molecules of this length could be analyzed in a renatu
ration-rate experiment, anyone molecule would acquire a double
stranded region at a rate determined by its most highly repeated 
sequence family. Such molecules could be isolated on hydroxyapa
tite columns, and the sequences neighboring the repetitive-se-
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Fig. 16.17. A simplified diagrammatic version of a complex 
renaturation curve obtained when denatured eukaryotic DNA is 
renatured. Each individual down-slope one of which is highlighted as a 
dotted line is the result of a second-order reaction occurring for a given 
family of sequences within the complex renaturation reaction of a 
mixture of different sequence families. (From Britten and Kohne, 1968.) 
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quence family and present as single-stranded' 'tails" could be made 
available for study. In practical terms, it is extremely difficult to 
handle chromosome-size DNA molecules, and the usual isolation 
procedures yield double-stranded DNA approximately 50 kb long. 
Due to occasional breaks in either DNA strand, this corresponds 
to a single-strand length of 5-10 kb when the DNA is denatured. 
However, even with these shorter DNA molecules, there exists a 
length dependency for the isolation of certain sequences as single
stranded tails linked to repetitive-DNA-sequence families. 

When DNA in the double-stranded, 50-kb class is studied in 
denaturation/renaturation experiments, many repetitive-DNA-se
quence families are found to behave independently of each other. 
The implication of these results is that some families of repetitive 
DNA exist in long, tandem arrays. Several of these sequence cate
gories correspond to classical cytogenetic landmarks and are de
scribed in Chapter 20. Some repetitive-sequence classes, however, 
can only be obtained in a purified form when the DNA is broken 
down to smaller lengths of approximately 500 bp, because in longer 
DNA segments, they remain linked to a wide range of other se
quences. Repetitive sequences in this category are called dispersed 
repetitive sequences. 

16.7.1 Repetitive-Sequence Families Are 
Characterized by Episodes of 
Amplification and Deletion During 
Evolution 

During the course of evolution of modern-day species, dele
tion-amplification events within tandem arrays of repetitive se
quences can lead to a small subgroup of sequence variants dominat
ing the array in a given species. The actual mechanisms underlying 
this process include unequal crossing over between tandem arrays, 
and extra-chromosomal replication (see Chapter 20), as well as 
slippage during replication (see Chapter 18). The net result of these 
processes is that tandem arrays of sequences can show "species
specificity" because certain, relatively rare sequence variants 
within an array in one species can become major components of 
similar arrays in a closely related species. The family of DNA 
sequences that constitute the various tandem arrays are usually 
ancient in evolutionary terms, although the modulation in numbers 
of particular sequence variants can occur in a relatively short period 
of time. 

Slippage during replication can also create short, tandem arrays 
of DNA sequences that are 2-5 base pairs in length and dispersed 
throughout the genome. These tandem arrays are usually referred 
to as microsatellites (repetitive unit 2-5 bp in length) and can 
vary in length from 10 units upward; minisatellites (repetitive unit 
30-110 bp in length) often contain only 15-20 repetitive units. 
These tandem arrays of sequences provide excellent genetic mark
ers for distinguishing individuals within a species, as discussed in 
Chapter 20. 

16.7.2 Dispersed Repetitive Sequences Fall 
into Two Broad Classes' 

Repeated DNA sequences that are dispersed throughout the ge
nome are generally considered to have been transposable elements 
at some time in their evolutionary history and can represent major 
portions of chromosomal DNA. Long, interspersed elements occur 
with either long, terminal, repetitive-DNA sequences (LTRs, Fig. 
16.19) or without L TRs. Short, interspersed elements (SINEs) often 
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Fig. 16.18. An autoradiographic image of a chromosomal DNA molecule isolated from tissue-culture 
cells of Drosophila melanogaster that were labeled with 3H-thymidine and lysed gently to release the 
DNA onto a glass slide. The autoradiographic image was then photographed using dark-field light 
microscopy. (From Kavenoff and Zimm, 1973.) 

.· ... i:.·:·:·.·.:.·:·:·.·:::·:·:::::{::.:~ 

direct repeats (5 - 10bp) 

Fig. 16.19. A diagrammatic representation of the structure of a long, 
interspersed, repeat-DNA sequence. The long terminal repeats or LTRs 
are of the direct -repeat type. 

have characteristic poly-Npoly-T tracts as part of their structure 
(Fig. 16.20). 

Particularly well-characterized examples of these interspersed 
repetitive elements are the family of Ty elements of yeast and the 
Aiu sequences in humans. The structures of both families of se
quences indicate that they are capable of movement to other parts 
of the genome via an RNA intermediate, so they act as retrotranspo
sons. There are usually 30-40 copies of the Ty element in the yeast 
genome and 300,000 or more copies of the Aiu sequence in the 
human genome. These figures are representative of the copy num
ber of long, interspersed repetitive elements and SINEs, respec
tively, that are present in most eukaryotic organisms. 

The retrotransposon nature of the Ty elements in yeast has been 
demonstrated using a plasmid carrying an inserted Ty element in 
combination with a galactose-enhanced transcriptional activator. 
In the presence of galactose, transcription of the Ty element in
creases and, concomitantly, the frequency of movement of the Ty 
element also increases (Fig. 16.21). When the DNA structure of 
the initial Ty element was altered by including an intron, a special 

/ L internally repetitive sequence 

tract enriched f r AMA's 

Fig. 16.20. A summary of the structure of a short, interspersed, repeat
DNA sequence. The example shown is based on the human Alu 
sequence. 

section of DNA that is transcribed as part of a gene and later 
removed during subsequent processing of the RNA, a very striking 
result was obtained. The induction of Ty element transcription by 
galactose caused movement of the Ty element to other regions of 
the genome, but the newly integrated elements lacked the intron 
(see Fig. 16.21). This is exactly the result expected if retrotransposi
tion of the Ty element occurred via a RNA intermediate, as this 
step provides the opportunity for the intron to be eliminated from 
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I transaiption of Ty element by I 
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----... ~~ mRNA 
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processed mRNA --re-insertion into genome 
by conversion to DNA by 
reverse transcriptase 
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• transposed Ty elements in both experiments are 
the ~ but have an increased level of mutation 

• galactose induced movement of Ty 
element, assayed using genetic mai'kers, is 
deduced to occur via an RNA intermediate 

Fig. 16.21. The mechanism of movement of a Ty element via a RNA 
intermediate. Proof of this came from an experiment using an element 
that had been previously modified by the insertion of an intron. Introns 
are usually removed, or spliced, from mRNA by standard enzymatic 
processes. The observation that Ty elements that had moved to different 
parts of the genome had lost their introns was consistent with the 
scheme shown for Ty element movement (Boeke et al., 1985). The 
process of reverse transcription, first found to occur in the RNA 
retroviruses associated with certain cancers, makes a DNA copy from an 
RNA template. 



Table 16.1. Fully Sequenced Retrotransposable Elements in Plant 
Genomes 

Element Size (kb) No. of Copies Host Species 

Tal 5.2 1-3 Arabidopsis thaliana 
Tnt! 5.3 > 100 Nicotiana tabacum 
Tstl 5.1 I Solanum tuberosum 
dell 9.3 >13,000 Lilium henryi 
IFG 5.9 -10,000 Pinus Uunberriana 
Cinl 0.69 1000 Zea mays 
Bsl 3.2 1-5 Zea mays 
Cin4 >6.8 25-50 Zea mays 
del2 4.5 240,000 Lilium speciosum 

Source: Data from Smyth (1991). 

the element by standard excision processes in the cell. Interestingly, 
the movement of the Ty element causes the accumulation of muta
tions within the element, suggesting that reverse transcriptase, the 
enzyme responsible for synthesizing DNA from an RNA template 
(see Fig 16.21), is prone to introducing errors. 

The main structural evidence suggesting that the human SINEs 
called Aiu sequences are retroposonlike elements is the presence 
of a region of A residues at the 3'-end of the sequence (see Fig. 
16.20). Such regions are characteristic of many eukaryotic messen
ger RNAs and are added after transcription. Their presence in Aiu 
sequences is consistent with the involvement of an RNA intermedi
ate in processes leading to the dispersion of these sequences 
throughout the genome. 

Several dispersed sequences in plants have been described 
(Table 16.1), and their sequence structure fits into the general pat
tern of sequence organization described for the yeast and human 
elements. Not all movement of genetic material in eukaryotes oc
curs via RNA. When the movement of DNA sequences occurs, the 
mobile DNA elements are called transposable elements, which 
were first discovered in association with chromosome breakage 
events in maize, as discussed in more detail in Chapter 7. 

16.8 REPETITIVE SEQUENCES IN AND 
AROUND EUKAKYOI1C GENES 

Although eukaryotic gene expression does not usually follow the 
operon model established for prokaryotes, a striking exception is 
the multigene RNA produced as the first step in the formation of 
ribosomal RNA. Because the region containing the ribosomal RNA 
genes is particularly significant in cytogenetic studies, it is treated 
separately in Chapter 20. 

Many of the principles underlying the control of prokaryotic 
gene expression do apply to eukaryotes. The noncoding DNA near 
the eukaryotic gene contains numerous regions involved in positive 
and negative controls of gene expression. The genes coding for 
histone and hemoglobin proteins are discussed here as examples. 

16.8.1 Tbe Histone Genes 

The histone proteins are crucial for the assembly of chromo
somes and the packaging of DNA into more compact forms. The 
genes coding for histones are usually arranged in multigene fami
lies, with any single repetitive unit of the family often containing 
the genes for all five histones. Although the detailed arrangement 
of histone-gene families varies enormously between different or
ganisms, the synthesis of histones is generally coordinated with 
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the synthesis of DNA. The structure of a DNA replication-depen
dent histone-gene locus from yeast is shown in Fig. 16.22. The 
locus contains two genes, H2A and H2B, which are transcribed 
from opposite strands of the DNA double helix and therefore in 
opposite directions. The noncoding regions before the start of each 
gene, in the region between the two genes, control the increased 
transcription of the genes in the S phase of the cell cycle. The 
enzyme that transcribes the genes is RNA polymerase II, and TAT A 
is a key nucleotide sequence in the promoter region that is recog
nized by this enzyme. The TAT A sequence is part of the promoter 
region usually located approximately 30 bp before the 5'pr start 
of the gene; it is referred to as being 5' -upstream from the gene. 
Approximately 400 bp 5' -upstream from each of the histone genes 
in this locus is a 16-bp sequence, which is repeated three times 
(see Fig. 16.22). These sequences are involved in coordinating the 
transcription of the genes, starting late in G I of the cell cycle and 
reaching a peak early in the S phase. Deletion of the sequences 
results in the loss of the cell-cycle-activated transcription, thus 
implying that the repetitive sequences are part of a positive control 
mechanism. In this same region, there also exists a 19-bp sequence 
with an inverted-repeat, or dyad-symmetry, structure. When this 
sequence is deleted, continuous transcription occurs, independent 
of the cell-cycle stage, and thus implies the involvement of a nega
tive regulation of histone transcription. Not aU organisms have the 
16- and 19-bp controlling regions near the histone genes, but they 
do have other repetitive sequences whose function remains to be 
determined. 

Studies on the control of transcription of the sea-urchin H4 
histone has demonstrated that in addition to the core-promoter se
quence TATA, several sequence elements in the region 60-140 
bp, 5'-upstream from the start of the gene, exert a positive control 
function on transcription (Fig. 16.23). This region also includes a 
sequence with a negative control function. It is thus clear that the 
final transcription of histone genes by RNA polymerase II is subject 
to controls that are analogous to those described in bacteria. An 
additional level of control operating on the histone genes and other 
eukaryotic genes is the control of messenger RNA (mRNA) stabil
ity. In the S phase of the cell cycle, the half-life of histone mRNA 

central region contains sequences that 
are part of a negative control mechanism 
preventing expression of histone genes at 
times in the cell cycle other than S-phase 

rscription 5' 

B, f¥*}M%' 
3' histone H2A 

/ 
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5' transcrip/on 

three 16bp repeats, required for 
activating cell cycle-dependent 
transcription, WIth the sequence: 
5' GCGAAAAA ... GAAC 

Fig. 16.22. The structure of the yeast-histone locus carrying the gene 
sequences for H2A and H2B proteins. The products of transcription are 
shown as arrows indicating the direction of synthesis. Initiation of 
transcription occurs 50-100 bp before the start of the gene and 
tennination occurs approximately 200 bp after the end of the gene in an 
A-rich region of DNA. [The diagram is based on Osley et aI. (1986) and 
Briggs et al. (1989).] 
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Fig. 16.23. Structure of an idealized histone H4 gene. The figure 
summarizes infonnation about the control of H4 expression in sea urchin 
and mouse. The "spacer element" in the 3' region of the mRNA binds a 
small nuclear RNA (snRNA) called U7, which is important in the RNA 
processing steps. (Seiler-Tuyns and Paterson., 1987; Schrumperli, 1988; 
Tung et al., 1990; Hoffmann and Bimstiel, 1990.) 

is 30-60 min, whereas in the G2 phase, it drops to 10-15 min. 
This cell-cycle-regulated destruction of histone mRNA helps to 
coordinate histone and DNA syntheses. A DNA sequence that is 
central in this control occurs in the region 3' -downstream from the 
end of the gene (see Fig. 16.23), although the exact mechanism 
that utilizes this sequence in the control of mRNA stability is still 
under investigation. 

A DNA region near the histone genes is involved both in the 
control of gene expression and in the attachment of DNA to a 
nuclear scaffold. A number of independent lines of evidence indi
cate the existence of a protein-based scaffold within the nucleus 
that contributes to maintaining a degree of order in the folding of 
chromatin. The earliest evidence for the existence of such regions 
came from the study of the histone genes in Drosophila (Fig. 
16.24). The scaffold-attachment regions are approximately 200 bp 
long and contain repetitive elements that have DNA sequences 
related to the binding site for the DNA-binding protein topoisomer
ase IT. This protein is a prominent component of the nuclear scaf
fold, as discussed further in Chapter 17. 

16.8.2 The Hemoglobin Genes 

Another family of genes that has been significant in developing 
our understanding of the function of noncoding sequences near 
genes, code for the globin proteins that make up the various hemo
globins present in the red-blood cells in humans (see also Chapter 

H1 mRNA H3 mRNA H2A mANA .- .-5' ... 4 .... --- '. _ .. ,_.:_ ._. I 

3' _______ 

/ H4 m'Rtt H2B ~ 
1-1.Skb region 
enriched fOr 
repetitive sequences: 

A C GT.TA T ATT.AT •• G potential topoisomerase II 
binding sites (10) 

AATAAA~AAA A boxes (4 to 20) 

T boxes (4 to 20) 

Fig. 16.24. Nuclear-scaffold attachment sites in the Drosophila 
histone-gene family. The 1.0-1.5-kb region between the HI and H3 
histone genes is considered to be the point of attachment of the histone
family DNA to the nuclear scaffold. This region is particularly enriched 
for the three repetitive sequences indicated. (Gasser and Laemmli., 1987; 
Kremer and Hennig, 1990.) 

21, Section 21.2.5). Defects in the expression of one or more of 
these genes are associated with blood-cell disorders, and their study 
has a long history of research at the genetic, biochemical, and 
molecular levels. An overview of the f3-gene cluster is shown in 
Fig. 16.25. The f3-globin gene has been particularly well studied 
and the AT A sequence, 30 bp before the start of transcription, 
is typical of the core promoter required for RNA polymerase IT 
transcription of eukaryotic genes. The CCAA T sequence, located 
a further 40 bp, 5'-upstream from the ATA sequence, also defines 
a positive control region regulating gene expression. The region 
extending 60 bp, 5'-upstream from the start of transcription, con
tains sequences that define the induction of f3-globin mRNA syn
thesis in murine erythroleukemia cells stimulated to undergo eryth
ropoiesis (i.e., cell differentiation into red blood cells). 

, i i iii i I 
-20 ·10 0 10 20 30 40 50Icb 

/' 
locus control 
region (LeR), 
alSo known as 
locus activating 
region (tAR) or 
doirinaIlt control 
region (OCR) 

I JJ -globin gene 

~ II f"-';:~"""""'-1~bp 
II~I· .. ·J·= I I processing to 

III I +remove InIrons 
I mature mRNA ready 

~~tIon 
promoter intr&genic region 
region including involVed in 
sequences suppressing JJ -
required for globin exprel!sion 
~pmental unless specific 
inductiOn signals are 

present 

II 

" \ 
3'enhancer 
region 
contributing to 
JJ-globin 
expression in 
response 10 
erythropoiesis 

Fig. 16.25. Overall structure of the p-globin-gene cluster in humans. 
[Based on Van der Ploeg et aI. (1980); Wright et al. (1984); Tuan et al. 
(1985); Trudel and Constantini (1987); Townes and Behringer (1990).] 
(See also Chapter 17, Section 17.5.3). 



Interestingly, in the absence of a signal that commits a given cell 
to erythropoiesis, a region within the gene itself inhibits the tran

scription of ,B-globin. In response to developmental signals leading 
to erythropoiesis, other sequences controlling transcription are also 
found 3'-downstream from the gene. 

From the point of view of the overall arrangement of DNA se
quences within chromosomes, it is significant that the expression of 
the entire cluster of globin genes also relies on sequences located 
50-65 kb, 5' -upstream from the ,B-globin gene. Initial indications for 
such a region came from the analyses of patients suffering from a 
particular form of red blood cell disorder, 8p>-thalassemia. Bio
chemical analyses indicated that ,B-globin was not produced, al
though DNA studies indicated that the entire gene plus 5'- and 3'
controlling sequences were present. Subsequent research revealed 
that a region of repetitive DNA sequences, normally present approxi
mately 6 kb, 5'-upstream from the E-globin gene (50-65 kb, 5'-up
stream from the ,B-globin gene, see Fig 16.25), were missing in the 
8,8'-thalassemia disorder. These repetitive sequences are located in 
chromatin that changes its structure markedly in response to the pro
cess of erythropoiesis (see also Chapter 17, Fig. 17.30). The struc
tural changes are measured biochemically using the DNA-degrading 
enzyme DNAase I, as discussed in Chapter 17, Section 17.5.3, and 
are called hypersensitive sites, or HS. Although the regions upstream 
from the e-globin gene do not appear to be structurally analogous to 
the nuclear-scaffold attachment sites discussed above, they may be 
functionally analogous in defining the chromosomal domain of the 
hemoglobin family of genes. The region has been called various 

Table 16.2. Processes That Modify RNA 

Process Significance 

Processing of precursor 
RNA molecules into 
smaller RNA 
molecules by specific 
RNase enzymes 

Splicing of RNA in 
special ribonuclear 
protein structures 

Alternative splicing of 
RNA 

Self-splicing of RNA 

Capping of 5' -end of 
RNA and A-tailing of 
3' -end of RNA 

RNA editing 

A single RNA molecule provides several 
functional products. 

Specific, small nuclear RNAs can bring 
together different RNA sequences, 
which are not necessarily part of a 
single transcript, to create a new RNA 
molecule for translation into protein. 

Different proteins can be made from the 
same initial RNA molecule. 

Removal of intron sequences without the 
requirement of proteins. 

Posttranscriptional modifications 
determining the stability of messenger 
RNA. 

Alters mainly C's to U's and can change 
the amino-acid sequence of the protein 
that is translated from the modified 
RNA; discovered in plant mitochondria, 
where it may be involved in male 
sterility. 

Note: Differential stability of RNA is an important determinant in gene expression 
but is not summarized in the table. Observations on transgenic plants suggest that 
excess RNA production from an introduced gene may stimulate loss of all RNA 
produced from both the introduced gene and the normal gene resident in the host, 
leading to increased turnover of the RNA and gene silencing (de Carvalho et al., 
1992; Matzke and Matzke, 1995; Starn et aI., 1997). Although the phenomenon is 
not clearly understood, it demonstrates that interactions involving RNA are crucial 
in determining the final level of gene expression in an organism. 

Organization of DNA Sequences in Protosomes and Chromosomes 241 

names including dominant-control region (OCR), locus-activating 
region (LAR), and locus-control region (LCR). 

16.9 RNA PROCESSING IS AN Im'EGRAL 
ASPECT OF UlIDERSTAIIDING THE WAY 
DM SEQUENCES ARE ORGANIZED 

It is evident throughout this chapter that an understanding of the 
way DNA sequences are organized is difficult to separate from the 
processes that modify the RNA transcript derived from that DNA 
Table 16.2 summarizes the various RNA modification processes 
that have been discovered to date. The discovery of RNA editing 
in mitochondria and chloroplasts is relatively recent and is dis
cussed in Chapter 22 in relation to nuclear-cytoplasmic interac
tions that have important consequences for the phenotype of an 
organism. 
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Variable Structure and Folding of DNA 

• The three-dimensional, double-helix structure of DNA has numerous variations depending on the sequence of internal base pairs and 
the presence of interacting external molecules. 

• Methylation of DNA is a chemical modification of the cytosine and adenosine residues that results in changes in the control of gene 
expression and DNA imprinting. 

• Proteins interacting with DNA to control gene expression have characteristic structures and distort the double helix upon binding. 

• The folding of DNA into chromosomes involves the formation of nucleosomes, which consist of a core of four different histones 
with DNA wrapped around the outside. 

• Further folding involves the ordering of nucleosomes into fibers and chromatin domains by the formation of loops, which are attached 
at their bases to a nuclear scaffold. 

• Single chromosomes tend to form domains within the nucleus and have nuclear-membrane attachment sites. 

The DNA inside a eUkaryotic nucleus is highly compacted and 
adopts numerous variations in its three-dimensional, double-helical 
structure as a result of the different molecules that interact with it. 
The three-dimensional structures of many different forms of DNA 
have been solved by X-ray crystallography, and they provide a 
sound foundation for studying the variations in structure that can 
occur in the DNA double helix. 

17.1 THE STRUCTURE OF OM 

The DNA molecule is composed of two strands, each consisting 
of a deoxyribose sugar-phosphate backbone with purine and py
rimidine bases protruding from them. The helical structure of DNA 
provides the means for the negatively charged sugar-phosphate 
backbone to be located externally, in contact with water molecules, 
and the relatively hydrophobic bases to be stacked internally. The 
forces holding the two strands together derive from the hydrogen 
(H) bonds between the bases. The usual configuration of H bonds 
is that seen in the so-called Watson-Crick base pairing (Fig. 17.1). 
The coiling of the two sugar-phosphate backbone strands of the 
DNA molecule into a helical structure means that they cannot be 
separated unless the coil is unwound. In the classical B form of 
DNA, there are 10 base pairs per tum of the helix, and in this 
form, as well as numerous related forms, the double helix is in the 
direction of a right-handed twist (Fig. 17.2). 

17.1.1 Polarity of the Sugar-Phosphate 
Backbone Is a Key Feature of OM 

Chapter 16 described the decoding of information from the 
DNA molecule (see Fig. 16.2) and indicated that each strand had 
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either a 5'-3' or 3'-5' direction (polarity). The structural detail of 
this polarity is shown in more detail in Fig. 17.3. The polarity 
of the sugar-phosphate backbone is most easily considered as a 
consequence of the way it is formed. A nucleoside-triphosphate 
molecule, with a phosphate group attached to the 5' carbon atom 
of the deoxyribose sugar, is joined to the hydroxyl group on the 
3' carbon atom of the deoxyribose moiety of an existing oligonucle
otide. Both DNA and RNA are synthesized in this way, and the 
direction of synthesis is said to be in the 5' to 3' direction because 
the oligonucleotide, to which incoming nucleoside triphosphates 
are added, has a free 5'-phosphate or a special structure called a 
cap. In the process of the transcription of DNA into RNA, the DNA 
is "read" in the 3' to 5' direction. The main difference between 
sugar-phosphate backbones of DNA and RNA is that RNA features 
ribose sugars (OH groups at both the 2' and 3' positions of the 
sugar residue-see Fig. 17.3), and this means that the molecule 
does not form double-stranded structures, as does DNA. Although 
RNA is single stranded, it does fold to form secondary structures 
that are stabilized by H-bonding. 

17.1.2 Variation in the Structure of DNA 

The view of the DNA molecule that is usually portrayed is the B 
form (see Fig. 17.2). This form was deduced from X-ray diffraction 
studies on fibers of highly purified DNA and from biochemical 
studies on the composition of DNA from different organisms. The 
"standard" helix displays a number of characteristics such as the 
even stacking of the base pairs, as they contribute to formation of 
the helix, and both a major and a minor groove (Fig. 17.4). How-



"Watson-Crick" 
base pairing 

Fig. 17.1. Chemical structure of the base pairs that occur in DNA. A 
= adenine, T = thymine, G = guanine, C = cytosine. In the standard 
Watson-Crick base-pair configuration, there are two H bonds between 
the A and T residues and three between the G and C residues. The 
configuration is named after Watson and Crick (1953). 

10 bases 
per 
turn 

Fig. 17.2. Model of the classical B form of DNA. The arrow indicates 
a ,rigbt-handed twist. (Reproduced with permission from I. Geis: this 
model originally appeared in Dickerson, 1983). 

Variable Structure and Folding of DNA 24S 

Fig. 17.3. The 5'-3' direction of the sugar-phosphate backbone is a 
crucial feature of the biological interactions that involve DNA. The 
different directions of the backbones are particularly evident when the 
orientations of the deoxyribose sugar and 0 atom are compared in the 
two DNA strands. 

ever, the DNA in living organisms does not always adopt the • 'stan
dard" B helix structure, and in order to understand the basis for the 
numerous structural variations that have been found, the following 
parameters of the DNA molecule need to be defined: 

Helical twist (T): The orientation of one nucleotide base pair 
relative to its neighbor with respect to the helical twist of the 
DNA molecule. The value varies from 36° in the classical B 
form (Fig. 17.5) to 32.7° in the A form (Fig. 17.6). DNAs iso
lated from the genomes of most organisms have, on average, a 
helical twist of T = 34°. The value of T determines the helical 
rotation of the DNA molecule, and in the classical B form, the 
T = 36° value generates 10 base pairs per helical tum of the 
molecule. The more common value of T = 34° gives the DNA 
molecule a helical tum every 10.6 base pairs. 

Roll (R): Describes the deviation of neigbboring base pairs from 
a perfectly parallel arrangement (Fig. 17.7). In the classical B 
form of DNA, R = 0°. If the roll angle is 12°, as in the A form 
of DNA, the DNA molecule is still straight at each step in the 
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Min~ 
groove 

0.34 nm 
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Fig. 17.4. The minor and major grooves of B-form DNA. The left part of the diagram is based on the 
drawing by I. Geis (Fig. 17.2), and the arrow indicates a right-handed twist. The right part of the diagram 
is a simplified view of the DNA molecule by representing a base pair as a rectangular block, with the 
edge facing the minor groove shown in black. (Calladine and Drew, 1992; Dickerson, 1983.) 

helix, but the base pairs exhibit a 20° incline with respect to 
the helical axis. 

Slide (S): The distance by which base pairs are pulled away 
from the central axis of the helix (Fig. 17.8). In the B form of 
DNA, S = 0, whereas in the A form of DNA, S = 0.15 nm 

Fig. 17.5. The helical twist T of the DNA molecule is the degree of 
turn in the DNA helix between each base pair. The rectangular block 
superimposed underneath each base pair assists in following the 
orientation of the base pair as a unit. (From Calladine and Drew, 1992). 

(1.5 A). DNA molecules with a low roll often have a low slide, 
whereas those with a high roll often have a high slide. 

"Propeller twist" within a base pair: This is a deviation in the 
relative orientation of the two members of a base pair from a 
coplanar arrangement (Fig. 17.9). This modified conformation 
is thought to allow improved stacking of bases in certain situa
tions. "Propeller twist" tends to be more pronounced in A.T 
pairs than in G.C pairs. 

The parameters defined above serve as a basis for considering 
the mobility in the conformation of the DNA, within the constraints 
imposed by the sugar-phosphate backbone, when it interacts with 
other molecules. The extremes among the range of conformations 
of the DNA molecule are displayed by the A and B forms discussed 
above, as well as the Z form (Fig. 17.10); the key features of 
these conformations are summarized in Table 17.1. The particular 
conformation favored by a DNA molecule depends on the environ
ment and the range of molecules interacting with it. The final struc
ture adopted by the DNA helix is also dependent on the sequence 
of base pairs within the molecule; therefore, DNA should not be 
envisaged as a stiff and rigid structure. 

17.1.3 Curvature of DM Can Result from a 
Particular Sequence of Base Pairs 

A DNA sequence containing a run of adenines in one strand 
and thymidines in the complementary strand, dA.dT, has T = 36° 
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Fig. 17.6. The A form of DNA. This structure is characteristic of the shape of DNA molecules at lower 
humidities of approximately 75%. The left part of the diagram is based on a drawing by I. Geis (used with 
permission), and the right part of the diagram illustrates a simplified view of the DNA molecule by 
representing a base pair as a rectangular block, with the edge facing the minor groove shown in black. (From 
Calladine and Drew, 1992.) 

Fig. 17.7. The roll function R between consecutive base pairs. The 
rectangular block superimposed on each base pair assists in following 
the orientation of the base pair as a unit. (From Calladine and Drew, 
1992.) 

Fig. 17.8. The slide function S indicating the degree of slippage 
between consecutive base pairs. The rectangular block superimposed 
beneath each base pair assists in following the orientation of the base 
pair as a unit. (From Calladine and Drew, 1992.) The upper base pair 
has moved to the left relative to the lower base pair, and its original 
position is indicated by the rightmost rectangular block. 
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H-bond to adjacent AT base paW 

" 

, 
H-bond to adjacent AT base pair 

Fig. 17.9. The "propeller twist" within an A.T nucleotide pair as 
induced by an adjacent A.T base pair. Blocks are placed underneath the 
individual base pairs to illustrate the twist of one base pair relative to 
the other (Dickerson, 1983; Aymami et aI., 1989; Drew et aI., 1990). 

and thus a helical repeat of 10.0 base pairs. This is significantly 
less than the 10.6 base pairs for mixed-sequence DNA. When the 
A. T pairs take on a "propeller twist," H bonds in the major groove 
connect the nitrogen atom, attached to carbon #6 of each adenine, 
to the oxygen atom, attached to carbon #4 of the partner thymine, 
as well as the thymine in the base pair below (Fig. 17.11). The 
between-base pair H-bonding of dA.dT means that the occurrence 

Table 17.1. Characteristics of Some DNA Conformations 

Variable B Form A Form ZForm 

Helical twist <n 36° 32.7° 4So/W 
Base pairslhelical turn 10 11 12 
Distance between bp 0.34 nm 0.26 nm 0.57 nm 
Helix direction Right hand Right hand Left hand 

of three consecutive A or T residues in a strand of DNA, once 
every helical repeat, causes the DNA to adopt a curved rather than 
a straight helix (Fig. 17.12). As the packaging of DNA into chromo
somes and the processes of transcription inevitably involve some 
sort of folding, the natural tendency of certain DNA sequences to 
curve is a significant consideration. The structural modifications 
in DNA that result from the presence of three consecutive A or T 
residues, once every helical repeat in DNA, are generally consid
ered to have significant effects on the activity of regulatory se
quences in the noncoding DNA near a gene. 

11.2 STRUCTURAL MODIFICATION OF DM BY 
METHYLATION 

DNA methylation occurs in prokaryotic and eukaryotic organisms. 
The methylation of both adenine and cytosine residues (Fig. 17.13) 
has been observed and is an important variable in gene expression 
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Fig. 17.10. The Z form of DNA. The left part of the diagram is based on a drawing by I. Geis (used with 
permission); the arrow indicates a left-handed twist. The right part of the diagram illustrates a simplified 
view of the DNA molecule by representing a base pair as a rectangular block with the edge facing the minor 
groove shown in black. (From Calladine and Drew, 1992.) 
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Fig. 17.11. Hydrogen-bonding between consecutive base pairs in special sequences of DNA such as 
d(AAAAAA).d(1Trl'1T), where only A.T base pairs are present with A's in one strand and T's in the other. 
The propeller-twist conformation of the successive A.T base pair (see Fig. 17.9) makes it feasible that 
interbase pair H bonds can form (indicated by long dashed lines), resulting in a more rigid structure 
(Dickerson, 1983; Aymami et aI., 1989: Drew et aI., 1990). The simplified view of the structure on the right 
uses blocks to represent individual bases. 

from a particular DNA region. Methyl transferases methylate DNA 
using S-adenosylmethionine as a source of the methyl group. In 
E. coli, GATC sequences are the sites of action of an adenine-meth
ylating enzyme, Dam methylase (Dam). The importance of this 
type of methylation has been demonstrated in studies of the move
ment of the Tn group of transposable elements, which are DNA 
sequences capable of movement from one region of the genome 
to another by virtue of the enzymatic action of transposase (see 
Chapter 7, Section 7.5.1), as well as other host functions involved 
in DNA synthesis and repair. The Tn elements encode a transposase 
gene, which needs to be transcribed and translated so that move
ment of a Tn element can be catalyzed by transposase. Using struc
tural studies of DNA to monitor its methylation status, and muta
tions that remove the Dam methylase activity from the host, it has 
been shown that methylation of GA TC sequences in the promoter 
region of the transposase gene significantly reduces its transcrip
tion. The resulting reduced production of transposase-protein mole
cules means that movement of the transposable element is inhibited. 
Similar observations apply to the transposable elements character
ized in maize (Ac, Spm, and Mu). 

Methylation of DNA at cytosine residues is carried out in the 
sequences CG and CNG (where N can be either C, G, A or T) and 
is particularly prominent in plants, although it does occur in other 
organisms. This modification of DNA can be reduced by the incor
poration of 5-azacytosine during replicative cycles of the cell, be
cause the 5-azacytosine moieties incorporated into DNA cannot be 
methylated by the normal methyltransferase enzymes. The presence 
of 5-azacytosine during developmental stages of an organism can-

also directly inhibit the methylation process. Demethylation of ge
nomic DNA, induced by 5-azacytosine, causes the transcription of 
a number of different genes; a well-characterized example is the 
analysis of the GUS gene (see Chapter J9, Fig. 19.19) expression 
in tobacco tissue-culture cells. Methylation was correlated with 
inactivity, and demethy1ation, induced by 5-azacytosine, was suffi
cient to activate expression. 

In the replication of DNA and subsequent mitotic divisions, the 
pattern of methylation is usually transmitted with high fidelity to 
daughter cells and is associated with the phenomenon of genomic 
imprinting, which controls the particular pattern of gene expression 
depending on whether it is derived from the maternal or paternal 
parent. Abnormal methylation patterns in certain regions of the 
genome can arise as a result of mutation, and they have been associ
ated with specific diseases in humans; for example, increased meth
ylation at the fragile X site is associated with mental retardation (see 
Chapter 7, Section 7.4.5). In fungi, the induction of methylation of 
repeated gene regions (methylation induced premeiotically or 
MIP), leading to reversible gene silencing, has been well studied. 
The phenomenon was first demonstrated by the transformation of 
Ascobolus with a 5.7-kb duplication of a DNA segment carrying 
a met2+ gene (introduced from a plasmid with the met2+ wild
type allele). The met2+ gene was recovered by homologous recom
bination with the equivalent region of the recipient strain, which 
had a mutant met2- allele (required methionine for growth). The 
duplication was present in the haploid nuclei of the vegetative 
growth stage, and expression of the met2 + allele provided the basis 
for selection of the transformants. After sexual reproduction, the 
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met2 + allele was not expressed in 90% of the progeny even though 
DNA analyses demonstrated that it was still present, and its lack 
of expression was correlated with increased levels of cytosine meth
ylation. Subsequent selection for revertants to the met2 + phenotype 
was correlated with reduced levels of cytosine methylation. It has 
been speculated that the MIP phenomenon is closely related to 
repeat-induced-point-mutation (RIP), which results in relatively 
high levels of mutations in repetitive DNA sequences. The in
creased levels of mutation are thought to be due to deamination of 
5 methyl cytosine (see Chapter 22, Fig. 22.11). Both phenomena 
are speculated to involve the transient association of identical or 
near-identical sequences to form structures that are substrates for 
enzymes causing the respective DNA changes. 

Step-wise changes in 
curvature by a change in 
R between a limited 
number of base pairs 

Gradual change in 
curvature by small 
changes in R between 
many base pairs 

Fig. 17.12. A diagram of a curved DNA molecule produced by 
representing base pairs as rectangular blocks with the edges facing the 
minor groove shown in black. (From Calladine and Drew, 1992; 
drawing kindly provided by Dr. c.R. Calladine.) The left panel indicates 
curvature resulting from stepwise changes in roll, R, affecting only a 
limited number of base pairs; the right panel shows a similar curvature 
achieved by small changes in R between all base pairs. The degree to 
which a particular segment of DNA is inherently curved depends on its 
sequence: for example, d(GGCCNAAAAN)., where N is any nucleotide 
and the subscript n indicates the number of repeats, will undergo 
curvature when several repeats occur in tandem. Because the bending of 
DNA occurs when proteins bind to DNA, the inherent curvature of a 
DNA sequence can have significant consequences for the control of 
gene expression (Collis et aI., 1989). The curvature may decrease the 
affinity of DNA-binding proteins if the attachment of these proteins 
causes a distortion or change in DNA conformation that opposes the 
inherent curvature of DNA. For example, the TATA-binding protein 
causes a distortion of the DNA molecule in the position at which it 
binds to the molecule (see Section 17.4.4); similarly, the site-specific 
recombinase *- resolvase causes a sharp bend of 60° in the DNA toward 
the major groove upon binding (Yang and Steitz, 1995). 

methylase 
enzyme 

methylase 
enzyme 

Fig. 17.13. The mode of action of methylation of bases in DNA. 
Methylation is a structural modification of DNA that occurs after 
replication and has important implications in the control of gene 
expression (Shen and Maniatis, 1980; Matzke and Matzke, 1991; Pfeifer 
et aI., 1990; Takahashi et al., 1994). The enzymatic methylation of 
cytosine (C) or adenine (A) involves deformation of the local helix 
structure, and the rate at which this occurs is suggested to be affected by 
the G + C environment (Bestor et al., 1992). Plants have particularly 
high levels of methylation, with as much as 82 % of the C residues in 
CG sequences within DNA being affected (Wagner and Capesius, 1981; 
Gruenbaum et aI., 1981). Mutants that reduce methylation display a 
number of developmental defects (Kakutani et al., 1995). 

17.3 Im'ERACTlON OF SMALL MOLECULES 
WlTHDM 

17.3.1 Water 

The importance of determining the nature of the interaction 
between DNA and water stems from the fact that water comprises 
70-90% of most forms of life and is the continuous phase common 
to all living organisms. The DNA molecule has many sites at which 
water molecules can interact through H-bonding. As a result, the 
wide range of molecules that interact with DNA in living systems 
also need to interact with the ordered networks of water molecules 
that are present in the major and minor grooves of the DNA helix. 

The sites on DNA that interact with water include the oxygen 
atoms of the sugar-phosphate backbone as well as functional 
groups, on the bases, where oxygen and nitrogen atoms protrude 
into the major and minor grooves. X-ray diffraction techniques 
have been used to study crystals of the A and B forms of DNA, 
from 4 to 12 bp in length. These studies have shown that DNA 
helices are coated with a layer of strongly bound water one mole
cule deep. 

In one B form of DNA that has been analyzed, a chain of water 
molecules zigzags along the minor groove to form a "spine of 
hydration." In the major groove, most functional groups are hy
drated, and the water molecules form discontinuous clusters with 
interstrand and intrastrand links. The DNA-associated water struc
tures, however, vary according to the conformation and sequence 
of the DNA segment because other B-form oligonucleotides, as 
well as A forms of DNA, do not show the "spine of hydration" 
in the minor groove. 



17.3.2 Spermine, Ions, and Atoms 

Relatively little information is available on the positions occu
pied by a range of other small molecules such as spermine or the 
ions Ag+, Mg2+, and Hi+, within the DNA helix. This lack of 
information results from variation in the positions of these moieties 
in different molecules of crystallized DNA. The positions of plati
num atoms (used as anticancer agents) in the major groove have 
been determined because their positions in the DNA helix are 
stable. 

One example of where it was possible to position a spermine 
molecule within the DNA helix is shown in Fig. 17.14. Spermine 

ionic link to the 
phosphate group 00 
of base pair #2 00 

Spermine: 3 
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is important in stabilizing the chromatin structure in nuclei, and it 
is seen to span the major groove, with ionic links to the oxygen 
atoms of the phosphate groups in the sugar-phosphate backbone. 
Hydrogen-bonding between spermine and the base pairs in the 
DNA helix, either directly or via water molecules, also occurs. 

17.3.3 Dye and Antibiotic Molecules 

When dyes and antibiotics bind to the double-stranded DNA 
molecule, their properties are usually changed with respect to their 
interaction with light. This has been exploited in cytological work 
where dyes and antibiotics, in this context called fluorochromes, 

o ~H.(CH3)3.NH2 

~CH2)4 
NH.(CHa)3.NH2 

4 
: ionic link to the 

,..---_ ........ -"T"""-..., 0 phosphate group 
of base pair #4 

5 
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12 
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Fig. 17.14. The position of a spermine molecule in DNA (Drew and Dickerson, 
1981). Spermine is a biologically important cation, which can neutralize the highly 
negatively charged sugar-phosphate backbone of each strand of the DNA helix, and 
induce conformational changes in the DNA (Feuerstein et aI., 1989). 
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Fig. 17.15. A selection of fluorochromes that interact with DNA. The 
central three planar rings present in many of the molecules usually are 

intercalated between consecutive base pairs and distort the helix as they 

bind to the DNA molecule. 

are commonly used to detect DNA. Fluorochromes show a charac
teristic fluorescence after they are bound to DNA and irradiated 
with light of particular wavelengths. The structures of a selection 
of fluorochromes are shown in Fig. 17.15. It is evident that they 
often share the feature of a planar set of rings. which can fit into 
the hydrophobic environment between the base pairs of the double 
helix. Not all fluorochromes are intercalated between the base pairs; 
some such as Hoechst dye #33258 simply bind intimately into the 
minor groove. The traditional stain used to detect DNA. namely 
Feulgen or Schiff's reagent, normally reacts chemically with acid
hydrolyzed DNA to form a purple compound. 

Because many RNA molecules have secondary structures. most 

likely consisting of A-form-related helices. the fluorochromes used 
to detect DNA can also detect RNA. although the wavelengths of 
the incident light used to illuminate the target. as well as the emitted 
light. differ from those used to detect DNA. 

A number of complexes between small DNA molecules and 
anticancer drugs or antibiotics have been crystallized to determine 
their molecular structure. The work provides an insight into the 
variety of structures adopted by DNA in complexing with larger 
molecules and has indicated how peptide moieties interact with the 
DNA helix. Extreme distortion of the DNA helix is seen in the 
crystal structure of the anticancer drug triostin-A. bound to a small 
DNA molecule with the sequence GCGTACGC (Fig 17.16). In 
this figure. two triostin-A molecules are bound to the DNA and. 
as a result. the two chains are only loosely intertwined rather than 
forming a normal helical structure. The peptide portion of the tri
ostin-A molecule interacts intimately with the bases of DNA while 
the two planar rings are intercalated between the base pairs. The 

Fig. 17.16. Triostin-A binding to a DNA molecule. The structure of 
the antibiotic is shown in Fig. 17.15. The intercalation of the two sets of 
planar rings/molecule severely distorts the DNA helix (Quigley et al., 
1986), resulting in some unusual base pairing, called Hoogsteen pairing 
(Fig. 17.17). 



"Hoogsteen" 
base pairing 

Fig. 17.17. Hoogsteen H-bonding between base pairs. The Hoogsteen 
base-pair configuration (Hoogsteen, 1959), where two H bonds occur 
between both the A and T, and the G and C residues (Portugal 1989), 
causes severe deformation of the DNA helix. 

configumtion of the base-pairing is such that Hoogsteen base-pair
ing (Fig. 17.17) is observed mther than the usual Watson-Crick 
base-pairing. 

Molecules and ions that form complexes with DNA change the 
buoyant density of DNA in cesium salts. Because antibiotics such 
as actinomycin-D and netropsin, as well as the fluorochromes listed 
in Fig. 17.15, do not bind randomly to DNA, the extent of change 
in buoyant density is dependent on the sequence chamcteristics of 
the DNA. This sequence-dependent change was widely used to 
purify tandem arrays of sequences, as well as histone and ribosomal 
RNA genes, before DNA cloning technology was developed. 

17.4 PROTEm MOLECULES INTBKACT WITH 
DNA TO DETERMmE ITS FOLDmG Am> 
'l'RANSCRIPTIOri PROPERTIES 

Using X-ray diffraction, the classical examples of specific 
DNA-protein complexes that have been studied involve bacterial 
proteins such as the restriction endonuclease EcoRl, binding to a 
small DNA molecule with the base sequence GAATIC (Fig. 
17.18). A wide range of proteins that intemct with DNA have been 
studied at the biochemical level to determine the amino acids that 
interact with DNA. These studies, along with X-my diffraction 
analyses, have defined domains or modules of protein that are im
portant in forming a DNA-protein complex. Although the amino 
acids in DNA-binding domains may vary between different pro
teins, the three-dimensional geometry remains constant and forms 
the basis for defining modules of structure that are used to chamc
terize proteins binding to DNA. 

17.4.1 Helix-Turn-Helix Modules 

The prokaryotic proteins involved in highly specific interactions 
with DNA often show a characteristic geometry in their structure 
called helix-tum-helix. The domain of the helix-turn-helix protein 
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that interacts with the DNA contains two a-helices, sepamted by 
a ,B-tum, with one of the a-helices being responsible for the highly 
specific intemction. The a-helix that interacts specifically with the 
DNA does so in the major groove. The DNA sequence to which 
the protein binds can sometimes have an inverted-repeat structure, 
in which case the respective protein usually binds as a dimer. 

17.4.2 Zn Finger Modules 

One of the more extensively studied eukaryotic protein-DNA 
complexes is the binding of transcription factor IlIA (TFIIIA) to 
the DNA coding for 5S ribosomal RNA. The 5SrRNA is stored in 
cytoplasm in two forms of ribonucleo/protein particles (RNPs); one 
is a 7S RNP with the RNA complexed with TFlIIA and the other 
is a 42S RNP with the RNA complexed with transfer RNA (tRNA) 
and two nonribosomal proteins. The entire sequence of the 5SrRNA 
gene plus adjoining, noncoding DNA (5SDNA) has been deter
mined for many plants and animals, and the 5SrRNA genes were 
among the first to be physically localized to specific sites in the 
chromosomal complement of the frog Xenopus laevis. The entire 
sequence of the gene coding for X. laevis TFlIlA has also been 
determined. 

Detailed in vitro studies of the transcription of the 120-bp 
5SrRNA molecule from the 5SDNA template revealed that at least 
three proteins, TFlIIA, TFIlm, and TFlIlC, are necessary to form 
the transcription-initiation complex, which includes the enzyme 
RNA polymerase, in preparation for efficient transcription. RNA 
polymerase III is responsible for transcribing 5SDNA. 

The cloning of a complementary DNA or cDNA copy of the 
messenger RNA for X. laevis TFlIIA provided the starting material 
for the production of modified TFlIIA proteins. Deletions in the 
TFlIIA cDNA were created biochemically, and the modified cDNA 

Fig. 17.18. The X-ray crystallographic structure (low resolution) of a 
restriction endonuclease (EcoRl) bound to DNA containing the site 
GAA TIC that is usually cut by the enzyme; the grey DNA molecule is 
enclosed by the endonuclease. The structures of endonucleases bound to 
their DNA-binding sites have been determined for Eco RI (McClarin et 
al., 1986; Kim et al., 1990), EcoRY (Winkler et a!., 1990), BamHl 
(Newman et a!., 1995), and Pvu II (Cheng et al., 1994). Other DNA! 
protein complexes studied at this level of resolution include A 434 
repressor binding to its respective operator, CAP protein binding to 
promoter DNA sequences, DNA gyrase binding to DNA, and cer 
recombinase binding to its recognition sequence. 
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was then transcribed and translated in cell-free extracts to provide 
new TFIllA proteins. By studying the properties of these modified 
proteins in transcription assays, a large proportion of the protein, 
including the region near the N-terminus, was found to comprise 
the DNA-binding domain. This domain consists of 9 segments, 
with each segment including approximately 30 amino acids and a 
zinc ion, so that each segment is referred to as a Zn finger (Fig. 
17.19). The Zn-finger structure is a common feature to several 

C-terminal 

eukaryotic DNA-binding proteins so far studied, in contrast to the 
helix-turn-helix structure, which is more common among the pro
karyotic DNA-binding proteins. 

The positioning of cysteine and histidine amino-acid pairs to 
fonn a site of interaction with the Zn ion is the dominating feature 
of Zn fingers. Substitution of histidine by asparagine leads to struc
tural disruption of the Zn finger and allows the function of individ
ual Zn fingers in TFIllA to be examined. From mutational analyses 

Transcription factor iliA 
(TFIIIA) 

Internal control region 

20 kd portion of TFIIIA that 
is critical for DNA binding 

Fig. 17.19. The transcription factor rnA (TFIIIA)-5SDNA complex, showing the interaction of Zn fingers with the DNA sequences at the so-<:alled 
internal-control region. [Based on Smith et aI. (1984); Brown et aI. (1985); Miller et aI. (1985); Tyler (1987); Sharp and Garcia (1988); Churchill 
et aI. (1990); Keller et aI. (1990); Kim et aI. (1990); Pavletich and Pabo (1991); Sands and Bogenhagen (1991).] The Zn fingers are numbered from 
I to 9 starting from the N-tenninal. Mutational studies in which the Zn-finger domains of the C-terrninal region are disrupted reduce the activity of 
TFIIIA in stimulating transcription, indicating that Zn fingers are probably required for higher-order interactions in establishing the transcription 
complex. Disruption of anyone of the six Zn fingers in the N-terrninal region (marked in the diagram as the portion critical for DNA binding) 
reduces DNA binding but does not alter its ability to stimulate transcription (Vrana et aI., 1988; Del Rio and Setzer, 1993; Hansen et aI., 1993). Two 
important functions of TFIIIA, together with another factor TFIIIC, are the positioning of the TFIIffi protein, which acts as a transcription-initiation 
factor (Kassavetis et aI., 1990; Paule, 1991), and the prevention of nonspecific repression by the packaging of DNA into nucleosomes (Stuokel et aI., 
1995). The inset shows details of a Zn finger. The protein structure is depicted using a standard ribbon type of presentation, with the Zn atom shown 
as a gray sphere. The amino acids considered particularly significant for this structure include phenylalanine (F53), tyrosine (Y 42), leucine (L59), 
two cysteines (C49, C44), and two histidines (H62. H66) (Luisi, 1995). 



of this type, it is clear that each of the nine Zn fingers is important 
in the efficient DNA binding/stimulation of transcription of TFIllA, 
and that the binding is cooperative. For example, the binding of 
finger 4 is a prerequisite for fingers 5-9 to bind. Only Zn fingers 
7-9, however, are critical for the assembly of the other components 
into the final transcriptional complex. The TFIllA protein is a good 
model for a feature of transcription factors that appears to be wide
spread, namely that the DNA-binding domain is separate from the 
domain involved in actually stimulating transcription. In the case 
of TFIllA, structural disruption of Zn fingers 1-6 affects only the 
ability of the protein to bind to the internal-control sequence, 
whereas structural disruption of Zn fingers 7-9 results in the loss 
of transcription stimulatory activity. The latter region is therefore 
involved in higher-order interactions and also binds to the internal
control DNA sequence. 

17.4.3 Leucine-Zipper Modules 

Some eukaryotic DNA-binding proteins contain a leucine-zip
per structure (Fig. 17.20), considered to be a major point of interac
tion between these proteins, which are often comprised of two 
subunits. The dimeric form of the proteins is reflected in the in
verted-repeat structure of the DNA sequences with which they in
teract. An important consequence of the dimeric nature of these 
proteins is that a wide range of heterodimeric molecules can be 
formed from a limited pool of different protein subunits, interacting 
via a common leucine-zipper module in their structures. In addition, 
identical protein subunits can combine to form homodimers. As 
the various protein subunits can have different DNA-sequence
binding specificities, dimeric DNA-binding proteins can clearly 
provide for a great deal of variability in the type of DNA sequence 
that is bound. The DNA-binding sites for these proteins are in
volved in the formation of transcription-initiation complexes of 
genes, so variations in the relative concentration of the different 
interacting protein subunits would be expected to vary the control 
over the expression of certain genes. The mechanism by which this 
differential control is thought to operate is that the range of DNA
binding proteins compete for involvement, as transcription cofac
tors, in the formation of specific transcription-initiation complexes. 
In this way, the efficiency of transcription by a RNA polymerase 
of a particular gene can be modulated as part of the cascade of 
differential gene activity leading to cell differentiation. The block
age of the binding of specific transcriptional activators is also an 
important determinant in defining the final suite of genes expressed 
in a particular cell type; this blockage may be due to nucIeosome 
formation (discussed later in this chapter) or the presence of specific 
repressor-type molecules. 

17.4.4 Distortion of the DM Helix by TATA
Box Binding Protein 

Most genes that code for proteins in eukaryotes are transcribed 
by the enzyme RNA polymerase II. The way in which this enzyme 
forms a transcription-initiation complex with other protein factors 
is analogous to what was described for the RNA polymerase ill
initiation complex formed to synthesize 55 RNA (see Section 
17.4.2). One of the first steps in the formation of the RNA polymer
ase II transcription-initiation complex is the binding of a transcrip
tion factor lID, TF lID, to a recognition sequence approximately 
30 bp, 5'-upstream from the start of a gene. The recognition se
quence is TATA, which is extremely widespread in eukaryotes as 

"antiparaJler 
arrangement 
of "zipper* 
region 

"paraJleF' 
arrangement 
of "zipper* 
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Fig. 17.20. The leucine-zipper module that characterizes eukaryotic 
dimeric DNA-binding proteins and that is the site of interaction between 
the dimeric protein subunits. The leucine-zipper module, the helix-tum
helix (see Section 17.4.1), and Zn-finger motifs are evolutionally 
conserved features of DNA-binding proteins that are becoming widely 
recognized (KIug and Rhodes, 1987; Lee et ai., 1989; Struhl, 1989; 
Jones, 1990; Harrison and Aggarwal, 1990; McKnight, 1991). 

a signal to form RNA polymerase II transcription-initiation com
plexes. The subunit of TFIID that is responsible for binding to the 
TATA box is the evolutionally highly conserved TATA-box 
binding protein or TBP. The X-ray diffraction analysis of this pro
tein demonstrates a severe distortion of the DNA helix, which re
sults from the protein interacting in the minor groove and forcing 
the helix into an 80° bend, or kink (see Fig. 17.12). The kink is 
produced by large roll angles (R) induced between base pairs of 
the DNA helix. 
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Fig.17.21. Electron-microscopic evidence for the nucleosome structure of chromatin in a chromosome. 
Analysis of figures such as this indicate that chromatin is composed of chromosomal DNA complexed with 
protein to form arrays of beadlike structures, arranged in large loops attached to a matrix, as is clearly 
evident in the photograph (Weith and Traut, 1980; photograph kindly supplied by Dr. W. Traut). The bar 
represents 1 JLI1I. 

11.5 FOLDING OF DNA INTO CHKOMA1m: 
THE NUCLEOSOME 

In the early 1970s, biochemical studies and electron microscopy 
indicated that DNA in the chromatin of eukaryotic nuclei was 
folded into regular units. Biochemical evidence for these units came 
from investigating a problem of DNA degradation during the incu
bation of isolated nuclei to assay DNA polymerase activity, an 
enzyme required for the replication and repair of DNA. When DNA 
was isolated from nuclei after incubation in the assay and analyzed 
using electrophoretic procedures, it was evident that degradation 
of the DNA was occurring in discrete steps of approximately 200 
base pairs (see Chapter 2, Fig. 2.10). The investigators suggested 
that this reflected the presence of a regular folding of DNA. moder
ated by proteins, and resulting in a high relative sensitivity of the 
DNA helix to DNA-degrading enzymes, DNases. Electron-micro
scopic studies also provided evidence for a primary folding of DNA 
into beadlike structures which are visible after gentle disruption of 
chromosomes (Fig. 17.21), and which are units of approximately 
200 base pairs around a core of histone proteins. The combination 
of a histone core and associated DNA comprises the nucleosome. 

11.5.1 Histone Proteins 

The intimacy of histone-DNA interactions is reflected by the 
fact that histone synthesis is closely coordinated with the replication 
of DNA in the S phase of the cell cycle (see Chapter 18). There 
are five main types of histones, of which H2A, H2B, H3, and H4 

form the core of the nucleosome, and HI binds to the nucleosome
linker regions. Minor structural variants of HI and the other his
tones can be distinguished. The importance of histones in the basic 
arrangement of chromosomes is reflected by their evolutionally 
highly conserved amino-acid sequences. The primary amino-acid 
sequences, taken together with physical studies, indicate that the 
H2A, H2B, H3, and H4 histones have two domains. The N-terminal 
portion of the histone polypeptide, near the terminal NH2 group, 
is composed of an excess of positively charged amino acids, partic
ularly lysine and arginine, forming a distinctive hydrophilic' 'tail," 
which reacts readily with water. The C-terminal portion of the 
polypeptide, near the terminal COOH group, is composed largely 
of uncharged amino acids, which react poorly with water and are 
hydrophobic. These hydrophobic domains form a variety of second
ary structures. Although the amino-acid sequences of both domains 
are highly conserved in evolution, only the C-terminal domain is 
critical for the formation of the nucleosome, as discussed below. 
Within the nucleosome, the four histone molecules form two pairs, 
H3-H4 and H2A-H2B, Which, in tum, make up a complex, com
prised of (H3-H4h plus (H2A-H2Bh, forming the protein core 
of the nucleosome (Fig. 17.22). The (H3-H4h tetramer is more 
stable than the (H2A-H2Bh tetramer. The histones interact with 
the minor groove in DNA and with each other via their hydrophobic 
C-terminal portions. The hydrophilic tails are free to interact with 
the negatively charged portions of other proteins, as well as the 
sugar-phosphate backbones of nearby DNA molecules. 

The dispensable nature of the N-terminal region of the histones 
for nucleosome formation has been inferred from genetic studies 



in yeast. In these experiments, the two normal chromosomal copies 
of the histone gene under study (H4) were inactivated, and the 
cells were rescued by introducing the respective histone gene on 
a plasmid. When this plasmid-histone gene had parts of the N
terminal domain missing or modified, the yeast cells were still 
viable. Interestingly, deletions in the N-terminal domain of H4 can 
also activate the silent mating loci of yeast, thus emphasizing that 
the biology of chromosome structure and its alteration is still an 
area of intense research. The silent mating loci contain sequences 
that can interact, by a process called conversion, with genes encod
ing mating and sporulation functions to facilitate a change in the 
mating type of a yeast cell. These silent mating loci, and genes 
placed near them, are usually completely repressed with respect to 
transcriptional activity. Similar deletions in the other three histones 
do not have these effects. 

DNA folds around the histone core to form a left-handed 
superhelix of almost two turns (see Fig. 17.22), and this folding 
involves a major distortion of the DNA helix. The curvature of the 

H2A 
(second moleCule Is 
located In equlvolent 
posUlon,polred with 
H28, on the other 
side of the nucleosome) 

FIX. 17.12. The structure of a nucleosome as determined by X-ray 
crystallography. The upper panel is a diagrammatic interpretation of 
nucJeosome structure. The lower panel shows the electron-density map 
(O.7-nm resolution) of ·the H3 histone dimers and the respective DNA 
segment, to indicate in more detail the protein-DNA contacts. (From 
Richmondet aI., 1984). In assembling a nucleosome, an (H3-H4h 
tetramer is the ,first to 'bind to the DNA, followed by two H2A-H2B 
dimers, and, finally, by HI proteins (not shown) (Wolffe, 1994). The 
incorporation of DNA sequences into nucleosomes acts as a general 
negative control on gene elltpression (Han and Grunstein, 1988; 
Hirschhornet al., 1992; Felsenfeld, 1992; Roth et aI., 1992). 
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Fig. 17.23. The DNase sensitivity of DNA as a function of its folding 
around the nucleosome and exposure of active sites for nuclease access, 
The diagram indicates that the conformation of the DNA determines the 
relative sensitivity of sites in the sugar-phosphate backbone to nucleases 
such as micrococcal nuclease, DNase I and II. Analysis of the DNA 
products resulting from limited action by these enzymes indicates the 
parts of the DNA double helix that face. outward, away from the parts 
that interact with the nucleosomal protein (Drew and Travers, 1985). 
The protection of DNA from digestion by nucleases is a key technique 
in determining the positions where proteins bind to the DNA. 

DNA helix means that the sugar-phosphate backbone on the out
side of the curve, at particular points, is relatively more exposed 
and therefore more susceptible to cleavage by an enzyme such as 
DNase I (Fig. 17.23). Experiments with DNase I have accurately 
described the winding of the DNA helix and, in combination with 
X-ray studies, have provided data to elucidate the structural details 

of nucleosomes. Regions of chromatin that are particularly sensitive 
to DNase I are referred to as hypersensitive sites (HS). 

A fifth histone, HI, is also involved in the nucleosome complex, 
but not as part of the core particle. The HI class of histone is 
generally considered to bind to the DNA between nucleosomes 
(Fig. 17.24), and it is possible that the DNA molecule may continue 
to coil around this protein. The H I histone and a specialized H5 
form specific to avian erythrocytes are speculated to be involved 
in the arrangement of nucleosomes into larger complexes (Fig. 
17.25), as part of the process for compacting the eukaryotic DNA 
into chromosomes and repressing transcription. Higher forms of 
coiling are implied to occur in order to pack the long strands of 
DNA into nuclei . Cytological evidence for coiling in mitotic chro-
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linker DNA (relatively more 
sensitive to degradation) 

Fig. 17.24. A diagrammatic representation of the linker DNA between 
nucleosomes. The positioning of nucleosomes leaves some DNA that is 

not directly bound to histones, called linker DNA. This unbound DNA is 
more sensitive to cleavage by enzymes such as DNase I and it is also a 
region of the genome that is more accessible to specific binding by 
proteins that control levels of DNA methylation, the formation of 
transcription complexes, chromatin conformation, and initiation of DNA 
replication. Although the positioning of nucleosomes on the DNA is 
generally considered to be random, the presence of DNA-binding 
proteins attached to specific sites on the DNA can result in an array of 
nucleosomes that are arranged at specific locations near this binding site 
(Kornberg and Stryer, 1988; Thoma and Zatchej, 1988; Hayes et aI., 
1990). 

mosomes was obtained in the late 19608 by preparing chromosomes 
in relatively low-salt solutions (Fig. 17.26) and is consistent with 
a model of several levels of coiling, or spiraling, to pack DNA 
strands. 

17.5.2 Nonhistone Proteins Are Also 
Important in the Organization of 
DM into Chromosomes 

Proteins that are intimately associated with chromatin, and thus 
not readily lost when chromatin is isolated for biochemical studies, 
are extremely heterogeneous in nature. The nuclear proteins not 
defined as histones are called nonhistone proteins, and those that 
are intimately associated with the chromatin complex, at some stage 
in the cell cycle, include the proteins involved in the fonnation of 
selected transcription-initiation and transcription-tennination com
plexes and DNA replication. The phosphorylation of nuclear pro
teins, including histones, by protein kinases is critical in inducing 
confonnational changes in the chromatin. The modification of non
histones and histones by the addition of acetyl, methyl, and ADP
ribosyl groups (Fig. 17.27) also requires the presence of specific 
enzymes. One class of nonhistone proteins that are reproducible 
components of the nuclear chromatin is the so-called high-mobility 
group, HMG. Two proteins in particular, HMG 14 and .HMG 17, 
have been highly purified from calf thymus and, in biochemical 
experiments, have a high binding affinity for nucleosomes. HMG 
proteins act to disrupt the compaction of DNA induced by the 
histones and may therefore be involved in the derepression of chro-

matin for transcription in vivo; the HMG I(Y) protein has been 
implicated in the assembly of transcription-initiation complexes. 
The abundance of the HMG class of protein has also led to the 
suggestion that they may function to facilitate the fonnation of 
nucleosomes by bending DNA in preparation for folding into the 
compact nucleosome structure. 

Another group of nonhistone proteins that were initially charac
terized by their enzymatic activity but were later shown to be signif
icant components of chromatin at certain stages in the cell cycle 
are the DNA topoisomerases. Their enzymatic activities are charac
terized by their ability to alter the overall shape, or topology, of 
DNA. Topoisomerase II is particularly important in untangling 
newly replicated DNA molecules, and temperature-sensitive muta
tions in yeast have demonstrated that topoisomerase II is vital for 
life. It also is a major component of the protein "scaffold," or 
nuclear matrix, to which defined sections of the DNA molecule 
attach in vivo. Immunostaining with antibodies to topoisomerase 
II has demonstrated that this protein is a major component of the 
axial core of mitotic chromosomes. The location of topoisomerase 
II is not, however, limited to the central chromosome axis, and at 

nucleosome linker DNA nucleosomal DNA 

Fig. 17.25. The solenoid arrangement of nucleosomes. The solenoid 
has a left-hand helical tum and the vertical distance between 
nucleosomes is I JO A (Widom and Klug, 1985). The HI histone that 
binds to the linker DNA is one of the main proteins involved in forming 
this higher-order folding of chromatin (Z1atanova and van Holde, 1992). 
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Fig. 17.26. The spiral structure of chromosomes. Human chromosomes arranged in a standard-karyotype 
format (Ohnuki, 1968) after preparation for analysis under relatively low-salt conditions. White blood cells 
stimulated to divide (see Chapter 6) were resuspended in a 4: 1:2:2 mixture of KCI (0.055 M), KSCN (0.062 
M), NaN03 (0.055 M), and CH3COONa (0.055 M), at room temperature for 90-120 min, before preparing 
slide preparations for microscopic examination. This particular mixture of salts uncoiled the chromosomes 
sufficiently to display the spiral structure. The drawing reproduces the interpretation of the cytological 
observations in Ohnuki (1968). 

interphase, this molecule has been shown to occupy well-defined 
regions of the nucleus. 

The eukaryotic topoisomerase I cleaves one of the DNA strands 
and binds to the 3' -phosphate via a tyrosine residue. The complex 
then rotates to release torsional stress (see Fig. 17.31) and reforms 
the sugar-phosphate backbone upon removal of the topoisomerase 
I protein. Topoisomerase II cleaves both strands in a staggered 
manner (Fig. 17.28), with both 5'-ends becoming covalently bound 

to the protein. Rotation of the complex, or untangling of double
stranded DNA molecules, is followed by the reassembly of the 
sugar-phosphate backbone and removal of the protein. Repetitive 
DNA-sequence motifs in the noncoding regions near genes have 
been shown to have sequence similarities to the natural binding 
site of topoisomerase II. These regions are considered to be central 
in the overall folding of DNA in the nucleus and, as discussed in 
Chapter 16, in modulating the activity of groups of genes. 
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Fig. 17.27. The chemical modifications that can occur to histones. 
These modifications are not unique to histones and are widely utilized in 
other cellular processes to modify the properties and activity of proteins 
(Hayaishi and Veda, 1977; Finley et aI., 1989; Hill et aI., 1991; Loidl, 
1994). 

17.5.3 Chromatin Domains 

The chromatin domain consists of loops of the 30-nm fiber 
attached to a nuclear scaffold (Fig. 17.29). The classical studies 

on lampbrush chromosomes (see Chapter 2, Fig. 2.9) demonstrated 

loops varying in size from 3 to 300 kb of DNA and had a major 

influence on the concept that chromatin domains are important in 

the control of gene activity. Detailed biochemical studies on the 

hemoglobin locus have resulted in attractive models that argue for 
the importance of changing chromatin domains in the develop

mental timing of gene expression. One model, illustrated in Fig. 
17.30, argues that when critical-control regions, HSl, HS2, HS3, 

or HS4, are physically close to the promoter of a particular hemo-

globin gene, the respective gene is activated for transcription. The 

HS regions have the biochemical characteristic of hypersensitivity 

to DNase digestion as a result of a structural modification to the 
chromatin that leads to a reduced level of protection of the respec

tive DNA against DNase; normally, this protection is provided 
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Fig. 17.28. A molecular pathway showing the mode of action of 
cleavage of DNA by topoisomerase II and the resolution of interlocked 
double helices. The diagram is based on the work of Wang (1985) and 
Huang et aI. (1992). This activity is considered a crucial feature of 
topoisomerase II as an integral chromosome-scaffold protein, because 
chromosome pairing and separation, as well as protein binding to DNA 
and transcription, are expected to continually introduce strains that need 
to be relieved within the chromatin complex. DNA topoisomerase II 
undergoes cell-cycle-dependent alterations in amount and stability, with 
much of the protein being degraded upon cessation of mitosis. These 
changes are consistent with this protein being a major structural 
component of condensed chromosomes (Boy de la Tour and Laemmli, 
1988; Heck et a1., 1988; Kiis and Laemmli, 1992). 



Chromatin domain 
I I 

region 

Fig. 17.29. A diagrammatic representation of the chromatin domain. 
Although the nuclear scaffold is shown as a network of fibers, the 
detailed structure is unclear because many cytological techniques use 
acid fixatives that can cause major changes to biological structures (Hill 
et aI., 1991). The diagram is based on cytological observations of 
chromosome structure in spermatozoa (Ward et aI., 1989; Zalensky et 
aI., 1995), lampbrush chromosomes (Gall and Callan, 1962), electron
microscopic observations on spread chromosomes (see Fig. 17.21), and 
biochemical studies on the existence of scaffold-attachment sites (Gasser 
and Laemrnli, 1986; Slatter et aI., 1991; van Oriel et aI., 1991). A 
functional definition of a chromatin domain is that it corresponds to a 
region that can be moved to any place in the genome without showing 
any effect on gene expression (Kellum and Schedl, 1991). The 
expression of genes introduced into a genome by transformation 
techniques (see Chapter 23) is sensitive to where they "land" within the 
genome, and the definition implies that there exists a clear limit to the 
DNA sequences that can affect gene expression. Furthermore, the 
definition implies that the sequences affecting gene expression lie within 
the loops illustrated and that specialized structures may exist at the base 
of the loops to insulste the genes within the loop from the influence of 
sequences elsewhere in the genome. The expression of some genes such 
as the rRNA gene unit (see Chapter 20, Section 20.2) is not affected by 
their position within the genome (Karpen et aI., 1989). 
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Fig. 17.30. The hypothetical long-range interactions in the chromatin 
complex that modify specific globin genes (E, G"y, A"y, t/lf3, 8, and (3) at 
particular stages of development. The principle is that by suitable 
folding of the chromatin domain, specific locus-control regions 
(HSI-HS4) are spatially relocated to positions immediately adjacent to 
the promoters of certain globin genes, resulting in transcription of the 
respective genes (Townes and Behringer, 1990). The three-dimensional 
folding of the chromatin is argued to be an important variable in the 
control of gene expression (Forrester et aI., 1987; Shih et aI., 1990; Watt 
et aI., 1990; Talbot and Grosveld, 1991 ; Vyas et aI., 1992; Reitman et 
aI., 1993; Wijgerde et aI., 1995). The production of transgenic mice 
carrying the entire 70-kb region of the globin complex confmns that 
most of the control sequences are resident in this DNA segment, 
although additional regulatory sequences may exist outside this region 
(Gourdon et aI., 1994). The type of long-range interactions suggested for 
the activation of specific globin genes is also considered important for 
the control of bacteriophage A transcription (Hochschild and Ptashne, 
1988). 
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by intimate association between DNA and nucleosomes. The HS 
regions are defined as "open" chromatin configurations and are 
associated with gene activity. At different stages in development, 
the model in Fig. 17.30 postulates that different "active" chromatin 
domains are formed and, as a result, different hemoglobin genes 
are transcribed. The HS regions are part of the locus-control region 
(LCR; see Chapter 16, Fig. 16.25) and although details of the model 
will evolve as more data accumulates, it provides a focus for the 
concept that dynamic, long-range interactions occur in chromatin 
to modify gene expression. 

11.6 STRUCTURAL CHANGES IN CHROMATIN 
DURING GErm EXPRESSION 

The intimate DNA-protein complexes formed in order to initiate 
efficient transcription can conflict with, or be enhanced by, the 
folding of the DNA molecule into nucleosomes and chromatin fi
bers. The formation of a transcription-initiation complex, and sub
sequent transcription, involve changes in conformation of the DNA 
molecule and present special challenges at a conceptual level. 

The following terms are used to describe the topology of a DNA 
molecule: 

Superhelix: Derived from a straight double helix by curvature 
of the helix and a change in the T (helical twist) value between 
successive base pairs. The wrapping of DNA about a histone 
core to form a nucleosome is an example of a superhelix, and 
its curvature can be calculated from the average R value between 
base pairs. A DNA superhelix, comprising 145 bp around a 
histone core, contains 1.8 left-handed turns and results in an 
average deflection of the double-helical axis by 47° for each 
tum. 

Supercoil: The change in shape of a helical DNA when its ends 
are fixed and a part of the helix undergoes local unwinding or 
increased winding (i.e., a local change in the T value). The 
local unwinding may result from transcription of the DNA (Fig. 
17.31), and occurs because torsional stresses in the DNA mole
cule need to be dispersed. 

The right-hand helix of the DNA molecule is considered to have 
positive winding, and the supercoil that forms to compensate for 
the unwinding of the helix is said to be negative. Conversely, an 
increase in winding of the helix induces a positive supercoil. The 
induction of supercoiling is a reflection of torsional stress, produced 
by a process such as transcription (see Fig. 17.31) or replication, 
and proteins with topoisomerase activity release this stress by tran
siently cleaving the DNA molecule and then rejoining it. In eukary
otes, the cleavage of DNA by topoisomerase II has been argued 
to occur in nucleosomal linker regions and unfolded chromatin, 
close to the AT -rich regions that characterize topoisomerase ll
binding sites. 

The folding of DNA, particularly the noncoding DNA preceding 
a gene, into a nucleosome structure can be considered a general 
negative control of the initiation of transcription. In addition to 
repression by nucleosome formation, however, examples of spe
cific repressions analogous to those found in operon-transcription 
control in prokaryotes can also be found in eukaryotes (for example: 
see control of histone synthesis in Chapter 16, Section 16.8). 

Specific derepression, or positive control, of the DNA region 

supercoiling of a 
DNA molecule 
(confined at its 
ends) alter binding 
of RNA polymerase 
and the movement 
of this molecule 
along the DNA 
template 

negative supercoil 
in DNA template 

positive supercoil 
in DNA template 

Fig. 17.31. Changes in DNA topology after distortion in one part of a 
constrained DNA helix. The example shows the binding and progressive 
movement of RNA polymerase along a DNA double helix that is fixed 
at both ends. This DNA transcription involves a local unwinding of the 
DNA helix as the polymerase progresses from left to right, resulting in 
an induced torsion that can be relieved only by the formation of a 
positive supercoil in front and a negative supercoil behind the point of 
attachment (Liu and Wang, 1987; Drlica, 1990). Similar problems arise 
when any protein binds to a DNA helix that is constrained by 
attachment to a larger structure such as a nuclear scaffold. The potential 
of a particular DNA sequence to take up the Z-DNA conformation (with 
a left-handed instead of a right-handed helical turn; see Fig. 17.10) 
could also relieve some of the stress that leads to negative supercoiling 
(Hill, 1990). 

involved in forming the transcription-initiation complex is required 
for transcription of a gene to proceed. There are at least two ways 
(not mutually exclusive) in which this positive control can occur. 
It is possible that one of several proteins, essential for the transcrip
tion-initiation complex, becomes stably bound to its particular 
DNA-recognition site and excludes histone binding. The protein 
would have to remain in position even during DNA replication. 
Initiation of transcription can then take place when the other re
quired proteins become available. A variation on this all-or-none 
competition between histones and transcription-initiation complex 
factors is the possibility that they can both occupy the same DNA 
segment. Some transcription-initiation complex factors have been 
shown to bind nucleosomes and it is thus possible that in some 
instances the his tones are an intimate part of the transcription
initiation complex. 

Another way of resolving the competition between histone bind
ing and specific activator-protein or repressor-protein binding to 



DNA is for part of the transcription-initiation complex to fonn 
after DNA replication, before the nucleosome structure has time 
to establish itself. This dynamic competition between nucleosome 
fonnation and specific DNA-binding proteins may be particularly 
important early in the process of establishing differential gene 
expression in development. Although a relatively small number of 
transcription factors establish the complex patterns of gene expres
sion in eukaryotes, the required variation is likely provided by the 
combination of these transcription factors acting as specific DNA
binding proteins and also inducing structural changes in the DNA, 
bringing together other proteins bound to particular sites. 

Once transcription starts, the nucleosomes do not inhibit RNA 
polymerase movement, and major structural changes can occur in 
the chromatin, as highlighted by the fonnation of puffs in polytene 
chromosomes (Fig. 17.32). Polytene puffs are classical cytogenetic 
landmarks (see also Chapter 2, Fig. 2.7). 

Changes in 

chromatin 

structure 

in time. 

Fig. 17.32. The development of chromosome puffs in Drosophila. The 
puffs that occur in polytene chromosomes are not only cytogenetic 
landmarks but also reflect the major changes in chromatin structure that 
occur when a gene is transcribed (Semeshin et al., 1985, Ashbumer, 
1990). 
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Fig. 17.33. Mitotic chromosomes from a root-tip cell nucleus of a bean 
plant showing a pair of homologous chromosomes apparently 
undergoing mitotic crossing over (arrow). (Photograph kindly supplied 
by Dr. B. Friebe.) The close association of homologous chromosomes in 
metaphase preparations from some organisms reflects a degree of order 
regarding the distribution of chromosomes within a nucleus. The 
biological consequences of disruption of the relationships between 
chromosomal DNA sequences in the nucleus are significant in 
phenomena such as position-effect variegation and homology-dependent 
gene silencing (see Chapter 9, Section 9.4.1 and Table 16.2, Chapter 16 
respectively). 

17.7 FOLDING OF DM·PROTEIN COMPLEXES 
ON A BROADER SCALE 1NII1IIN THE 
JNreRPHASE rlUCLEUS 

In addition to the chromatin domains previously discussed, it is 
clear that chromosome domains also exist within the eukaryotic 
nucleus. Some of the earliest studies in cytology suggested that 
chromosomes occupy distinct domains within the nucleus. One 
manifestation of this is that homologous chromosome pairs can be 
intimately associated in mitotic nuclei (see also Chapter 4, Fig. 
4.6) and may even undergo what is referred to as somatic crossing 
over (Fig. 17.33). Recent studies, using the technique of in situ 
hybridization, have demonstrated that when chromosomes decon
dense after mitosis, they do not intermingle but, instead, retain 
clear divisions between individual chromosomes (Fig. 17.34) and 
between groups of chromosomes. In human sperm nuclei, the cen
tromeres form a cluster (or chromocenter), and the ends of anyone 
chromosome are located near each other at the nuclear membrane. 
Attachment of specific chromosome regions to sites embedded in 
the nuclear lamina may contribute toward the maintenance of these 
domains. In vitro studies with cell-free extracts from Xenopus eggs 
have shown that the pool of soluble proteins present in these ex
tracts can fold introduced DNA into chromatin, after which four 
different types of nuclear-lamina proteins, in the size range 60-70 
kd, are assembled onto the chromatin. Finally, nuclear-membrane 
proteins are added in a process that does not require ATP to provide 
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Fig. 17.34. Chromosome and chromatin domains within a nucleus. The diagram (upper) 
indicates the attachment of a chromosome to the nuclear lamina within a specific 
chromosomal domain, and the attachment of chromatin loops to the nuclear scaffold in 
chromatin domains. The diagram is based on Appels (1989), Hilliker and Appels (1989), 
Leitch et al. (1990), van Oriel et at. (1991), Broccoli and Cooke (1994), and Zalensky et at. 
(1995). Evidence for such arrays has been obtained using in situ hybridization technology (see 
Chapter 19) in which chromosome-specific DNA probes are hybridized to nuclear preparations 
to determine the location of the respective chromosome among all of the others present in the 
nucleus. The fluorescent probe can then be detected using confocal microscopy (see Chapter 
3, Section 3.1.5) to determine the position of the labeled chromosome in the nucleus. As an 
example, the photograph (lower) shows the distribution of DNA sequences that are specific to 
the X and Y chromosomes (shown in the lower left of the photograph) of a rodent (Microtus). 
It is evident that in the nucleus (at the top of the photograph), these chromosomes (marked by 
arrows) remain in distinct regions (Modi, 1993). In the case of crosses between different 
species, it is also common for the chromosomes derived from each species to remain clustered 
together within the hybrid nucleus. 



the energy for the assembly, but may, instead, derive energy from 
the dephosphorylation of proteins involved in the process. The strict 
order of events leading to the formation of nuclei in the cell-free 
extracts suggests that chromosome-attachment sites may be of criti
cal importance in the re-formation of nuclei after mitosis. 

In special cases such as in the somatic cells of Drosophila, 
homologous chromosomes can associate and lead to two chromo
somes forming a common domain. The heterochromatic regions 
of nonhomologous chromosomes can form aggregates or chro
mocenters, which also alter the nature of chromosome domains. 
Nucleoli, the sites of ribosomal RNA synthesis in eukaryotic nuclei, 
are major cytological features of interphase nuclei, and nucleoli 
from different chromosomes can fuse and thus also modify particu
lar chromosome domains. The molecular description of specific 
cytological features of chromosomes such as euchromatic bands 
in polytene chromosomes, heterochromatin, and nucleoli are 
treated in detail in Chapter 20. They are mentioned here in the 
context of the broad organization and folding of DNA within a 
nucleus, because evidence is accumulating that in certain situations, 
these aspects may be important in gene expression. Chromosome 
domains as such do not appear to be of major importance to viability 
and fertility, as judged from experiments carried out in Drosophila, 
but more subtle changes in gene expression do occur as a result 
of changes in these domains, as is discussed further in Chapter 20. 
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Replication of Protosomes and 
Chromosomes 

• The replication of DNA is semiconservative, involving a single origin of replication in prokaryotes and multiple origins of replication 
in eukaryotes. 

• Synthesis of new DNA occurs by copying an existing template through the addition of 5'-nucleoside monophosphate units to the 
3'OH moiety of a primer sequence. 

• Many proteins are involved in the replication process, and the enzymatic activities are the same in prokaryotes and eukaryotes. 

• The high fidelity of DNA replication is the result of several different postreplicative editing activities that remove errors. 

• Any single DNA segment is usually replicated only once per cell cycle, and the assembly of chromatin after DNA replication in 
eukaryotes is a critical period for competition between transcription-control factors and histones. 

• Developmentally regulated deviations from the "once only per cell cycle" rule for DNA replication can lead to amplification of 
regions of the genome. 

Chromosomes usually replicate in the S phase of the eukaryotic 
cell cycle, when DNA and histone syntheses occur to provide the 
components required for the assembly of new chromosomes. Al
though many features of chromosome replication are still not under
stood, much has been learned about the complex processes that 
underlie it by a combination of molecular and cytogenetic experi
ments. The DNA component of chromosomes is replicated by using 
a preexisting parental DNA strand as a template for the synthesis of 
an identical but complementary DNA strand. Each parental strand 
becomes incorporated into a new, and separate, DNA double helix 
in a process referred to as serniconservative replication. The basic 
protein components of chromosomes, histones, are assembled onto 
newly formed DNA from a pool that includes both newly synthe
sized histones and histones displaced from DNA during the course 
of replication. The replication of the protein component of chromo
somes is therefore not serniconservative. 

18.1 SEMICONSEKVATIVE DM REPLICATION 

Shortly after the publication of the structure of the DNA molecule, 
the serniconservative nature of DNA replication in both prokaryotes 
and eukaryotes was proven experimentally. Serniconservative rep
lication of DNA has important genetical consequences, because it 
is a simple mechanism for ensuring that accurate copies of DNA 
are passed from parent to progeny. At the biochemical level, the 
process clarified experimental predictions that were important to 
confirm before the concept was generally accepted. For example, 
semiconservative replication predicts that a radioactive, or other
wise physically marked, precursor for DNA synthesis is incorpo-
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rated into the newly synthesized DNA and that after one round of 
replication, both DNA molecules will be labeled. After a second 
round of replication in the absence of labeled substrate, two of the 
four DNA molecules will be labeled, and two will be unlabeled. 
Alternatively, a second round of replication in the presence of la
beled substrate results in two DNA molecules with both strands 
labeled and two with only one strand labeled. 

18.1.1 Protosomes 

The early experiments on DNA replication in protosomes used 
15N-Nl4CI to produce DNA, in living bacteria, that was distin
guishable from normal DNA in equilibrium cesium-chloride gra
dients (Fig. IS.!). In this way, inhibitors, radioactivity, or other 
agents that may have induced artifacts were avoided. The data 
indicated that hybrid 15NJ14N_labeled DNA molecules were pro
duced in Escherichia coli grown on medium containing 15N-NH4CI 
and then transferred to medium containing 14N_N~CI. The produc
tion of hybrid molecules was expected from semi conservative. but 
not from conservative, replication of the DNA molecule, as illus
trated in Fig. IS.1. 

18.1.2 Chromosomes 

The classical experiments to monitor DNA replication in eu
karyotes used 3H-thymidine as a precursor for DNA by adding it to 
a medium in which Vicia/aba root-tip cells were actively dividing. 
Technically, the experiments relied on the following knowledge: 

1. 3H-thymidine is a specific probe for DNA synthesis but not 
for RNA or protein synthesis. 
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Fig. 18.1. Proof of the semiconservative nature of DNA replication in 
prokaryotes. In these experiments, designed to investigate the nature of 
DNA replication in bacteria (Meselson and Stahl, 1958), 'SN-Nl4Cl was 
used to produce radioactively labeled DNA. This DNA could be 
distinguished from normal DNA because of the fact that the 
incorporation of ISN-labeled bases increased its buoyant density in 
equilibrium cesium-chloride gradients. Semi conservative replication 
predicted that after one cycle of replication, one strand of every DNA 
helix would be newly synthesized, resulting in double-stranded DNA 
molecules, all of which had hybrid densities, as was detected. In 
contrast, conservative replication, where both strands of a double helix 
would be newly synthesized, would have yielded one double-stranded 
DNA molecule of high density (,sN) and one of low density (14N). A 
second cycle of replication in the presence of '4N then produces DNA 
products that easily distinguish between semiconservative and 
conservative replications. 

2. The low energy of the f3 particles emitted from decaying 
3H atoms results in a short path length, allowing the point 
of detection of the radioactivity to be related to the actual 
position of the source of the radioactivity. 

3. The drug colchicine inhibits cell division but not the process 
of chromosome duplication. 

4. Covering chromosome preparations with a thin layer of 
photographic emulsion allows the radioactivity to be de
tected and relates the positions of silver grains in the emul
sion to the physical shape of the chromosomes. 

The results of these experiments are illustrated in Fig. 18.2. The 
distribution of radioactivity in the first and second mitotic divisions, 
following the addition of 3H-thymidine, can be satisfactorily ex
plained by semiconservative replication of DNA and the existence 
of a single DNA molecule extending the full length of the chroma
tid. In the second mitotic division after the administration of 3H_ 
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thymidine, most chromosomes showed only a single chromatid 
labeled with radioactivity. 

A complication in these experiments was that occasionally 
blocks of radioactivity appeared in otherwise unlabeled chromatids. 
This phenomenon, which is due to sister-chromatid exchange, was 
studied in greater detail in later experiments, labeling with 5-
bromo-2'-deoxyuridine (BrdU), instead of 3H-thymidine because 

first cycle of 
replication in 
presence of 

~ymidl"" (-l 

~ond cycle of 
replication in 
absence of 

3H-thymidine 

labeled chromatid 

centromere 

unlabeled chromatid 

• 

Fig. 18.2. Semiconservative DNA replication in eukaryotes. (From 
Taylor et al., 1957.) Following the addition of 3H-thymidine to plant 
root tips in which the cells were actively dividing, chromosomes that 
were undergoing first and second mitotic divisions became radioactively 
labeled. The root-tip cells that were of most interest were those that 
were in G I at the time of incubation with the 3H-thymidine. These cells 
produced chromosomes with both chromatids labeled (top half). After an 
ensuing second cycle of replication in the absence of 3H-thymidine, 
these cells produced chromosomes with one chromatid labeled and one 
not (bottom half and also shown in photograph). The distribution of 
radioactivity in the chromosomes provided the proof for semicon
servative replication in eukaryotes. Colchicine (see Chapter 4, Fig. 4.9) 
was used to block cell division (but not DNA synthesis), so that cells in 
the second cycle of replication were clearly identifiable because they 
had double the chromosome number. 
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Fig. IS.3. Sister-chromatid exchanges in Secale africanum (Friebe 
1980) in at least 8 out of 14 mitotic chromosomes after labeling and 
incubation with 5-bromo-2'-deoxyuridine (BrdU). In such experiments, it 
was found that if the chromosomes that had incorporated BrdU were 
subsequently stained with a fluorescent dye (Hoechst 33258), exposed to 
light, and then stained with Giemsa, they showed a staining intensity 
that depended on the level of incorporation of BrdU (Wolff and Perry, 
1974). The darkly staining chromatids contain DNA with only one of 
the two chains of the helix containing BrdU, whereas the lightly staining 
chromatids have DNA with both strands containing BrdU. 

of the higher resolution afforded by the BrdU technique (Fig. 18.3). 
In these experiments, the BrdU is present in two mitotic divisions 

and, as a result, creates DNA molecules that have one or both 

strands of the DNA helix labeled with BrdU. The two types of 
DNA molecules are readily distinguished by staining with a fluores

cent dye because of the different quenching levels of the emitted 
light. This difference can be further accentuated by Giemsa stain
ing. The data obtained in these experiments demonstrated that re
ciprocal exchanges of sections of chromatids can occur. Although 
sister-chromatid exchanges (SCEs) are, in part, induced by the in

corporation of unusual bases into DNA during an experiment, the 
phenomenon is not entirely an artifact induced by the repair re
sponses of the cell. This can be proven by cytogenetic experiments 
in the absence of any labeling procedures. Ring chromosomes occur 
naturally in both plant and animal cells, and when sister-chromatid 
exchange occurs in these chromosomes, a dicentric chromosome 
is formed (Fig. 18.4). The finding of such dicentric chromosomes 
in dividing cells that carried ring chromosomes is evidence that 
sister-chromatid exchange can occur in the absence of any chemical 

stress. 

18.2 OM SYNTHESIS IN PKOKARYOTES 

The DNA sequences where DNA replication is initiated are origins 

of replication (ori) and have been identified in some organisms. The 

origins of replication are characterized by the presence of repetitive 
sequences (Fig. 18.5; see also Chapter 20 Fig. 20.5). 

18.2.1 Tbe Proteins Involved 

There is usually only a single origin of replication in a proto
some, and DNA replication proceeds bidirectionally from this point 
(Fig. 18.6). Specific proteins recognize origins of replication and, 
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Fig. IS.4. Mechanism for the formation of dicentric chromosomes 
from ring chromosomes. When sister-chromatid exchange occurs 
between replicating ring chromosomes, a double-sized dicentric 
chromosome is formed (McClintock, 1940). Labeling experiments (see 
Fig. 18.3) have confirmed McClintock's analysis. More recent 
experiments have also demonstrated that the experimental labeling of 
chromosomes with BrdU and 3H-thymidine actually increases the 
frequency of sister-chromatid exchange (Peacock, 1979). 

~----~.~~.--~.~ . .--
13-mers 9-mers ::=:----..... 

1 ~ ~ D U ~ 

~TCT-TTTATTT---GATCT-TT-TATT--GATCTCTTATTAG 
3' CTAGT-AAATAAA---c:TAGA-AA-ATAA--cTAGAGAATAATC 

'-----...... ' ,-' ---_ .... 
eon ... ..,. sequence for • part of the bac:t8riaI origin 
of replication 

Fig. IS.S. The structure of a bacterial origin of replication. The 
illustrated consensus sequence is highly conserved among bacteria 
including the marine bacterium Vibrio harveyi (Zyskind et aI., 1983; 
McMacken et aI., 1987; Diffley and Stillman, 1990). Bacterial origins of 
replication are characterized by the presence of simple repetitive 
sequences, and the protein DnaA (see Table 18.1) binds to DNA with 
these sequences. The timing of initiation is thought to be dependent on 
the concentration of a form of the DnaA protein to which A TP has been 
bound (Donachie, 1993). 
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Origin of replication 

Fig. 18.6. The bidirectional replication of protosomal DNA from a single origin of 
replication. This was clearly demonstrated by cleaving the molecules at a single restriction
endonuclease site (top part of figure), and then examining replicating molecules by 
electron microscopy (left-hand side, lower part of figure; Fareed et al., 1972). In the lower 
right part of the figure, it can be seen how the asymmetric position of the origin of 
replication (vertical dotted line) relative to the restriction site allows the unambiguous 
orientation of the DNA molecules and thus demonstrates that the progression of the 
replicating DNA is toward both ends of the molecule. 

in conjunction with other proteins, cause the changes in helical 
structure that allow the replication machinery access to the base 
pairs. The replication of the Escherichia coli protosome requires 
the unfolding of DNA, unwinding of the DNA helix, protection of 
the single strands of DNA, fidelity of DNA synthesis, a progressive 
and high rate of movement of the replication fork, and coordination 
of the synthesis from both DNA strands. Under ideal conditions 
of growth, the entire protosome in E. coli is replicated in 20 min; 
therefore, it can be calculated that DNA synthesis must proceed at 
the rate of approximately 200,000 bp/min. The various proteins 
involved in these steps are summarized in Table 18.1. 

It has been noted earlier (Chapter 17, Section 17.1.1) that the 
sugar-phosphate backbone of the DNA helix has a clear polarity. 
The synthesis of the sugar-phosphate backbone can occur only in 
one direction, namely the 5' -phosphate of the incoming nucleoside 
triphosphate is added to the 3' -OH moiety of the oligonucleotide 
that is in the process of being extended. This oligonucleotide is 
therefore said to grow in the 5' to 3' direction, as it is the 3'-end 

that is constantly being increased in length. The template strand 
with the sugar-phosphate backbone in the 3'-5' polarity is called 
the leading strand, because it provides the basis for a relatively 
uncomplicated synthesis of the new DNA strand in the complemen
tary 5' to 3' direction. 

The parental DNA strand with a 5'-3' polarity is called the 
lagging strand and cannot be simply copied in the same manner 
as the leading strand. This would require the 3' -OH of the incoming 
nucleoside triphosphate to be added to the 5' -phosphate of the 
growing oligonucleotide; the enzymes available for this mode of 
DNA replication do not exist. The result is that the lagging strand 
is copied in a discontinuous manner, with the actual synthesis oc
curring in the normal 5' -3' manner, but in a direction that is oppo
site to the overall direction of movement of the replication fork 
(Fig. 18.7). The enzyme machinery copying the lagging strand 
periodically translocates forward, in the direction of the replication 
fork, to begin copying the segment of parental DNA exposed by 
the moving replication fork. This process of replicating the lagging 
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Table 18.1. Proteins in DNA Synthesis 

Protein Primary Function 

DnaA 
DnaB, DnaC 
Helicase 
HU 

Initiation of Replication 
Recognizes and binds to ori (origins of replication). 
Form an aggregate with the DnaA-ori complex. 
Responsible for unwinding the DNA helix near the ori-protein complex. 
Histone-like protein binds to DNA-protein complex at ori. This protein is active as a heterodimer and binds to the 

minor groove to induce bending of DNA. 
Single-strand-binding protein 

(SSB) 
Binds to the single-stranded DNA resulting from helicase activity in order to block reassociation of strands into a duplex. 

Primase Synthesizes RNA primers at ori in preparation for DNA replication. 

DNA Chain Elongation 
DNA polymerase m 

(holoenzyme) 
An aggregate of at least seven proteins that binds to the initiation complex to replicate the leading strand continuously 

and the lagging strand discontinuously. The copying of the lagging strand is in the form of a series of short DNA 
sequences, or Okazaki fragments, which are subsequently joined together by DNA ligase. The role of the enzyme 
complex is to catalyze the formation of phosphodiester bonds between 3'-OH termini and the 5'-P of incoming 
nucleoside triphosphates that are complementary to the template base. One of the protein subunits of DNA polymerase 
III (subunit E) is responsible for the 3'-5' proofreading exonuclease activity. The helicase and primase activites in 
the initiation complex, on the lagging strand, are believed to migrate ahead of the DNA polymerase m complex on 
the leading strand (see Fig. 18.7). 

DNA gyrase (topoisomerase 
II type activity) 

Act~ as a swivel during DNA replication to separate the highly intertwined parental strands of DNA. The a-subunit 
carries out the nicking-closing activity to facilitate untanglement of strands, whereas the ,B-subunit provides the 
ATPase activity. DNA gyrase can also induce supercoiling of DNA, which is considered to be of importance in the 
formation of the initiation complex. 

DNA polymerase I Removes RNA primers (5'-3' exonuclease activity) and fills in gaps. Also has a proofreading function by degrading 
and resynthesizing newly formed DNA. 

DNA ligase Seals the breaks in the sugar-phosphate backbone and joins Okazaki fragments. 

Termination of DNA Replication 
dnaT Terminates DNA replication. DNA gyrase activity is required for the final resolution of the DNA strands. 

DNA strand requires repeated initiation of DNA synthesis, hence 
the continued requirement for primase, to produce RNA primer 
in the replicating-fork complex. The initial series of small DNA 
fragments that are synthesized from the lagging DNA strand are 
called Okazaki fragments. Coordination of leading- and lagging
strand syntheses is considered to depend on interactions between 
the helicase and primase proteins, and the DNA polymerase III 
subunits involved in leading-strand and lagging-strand syntheses. 

18.2.2 Fidelity of Replication 

The DNA polymerase III-protein complex carrying out the rep
lication of DNA has a certain probability of making errors, because 
the selection of bases complementary to the template strand, during 
the process of DNA synthesis, is a complicated procedure. The 
physical differences between the various possible pairs of bases 
are extremely small, and the overall accuracy of DNA replication 
most likely depends on the following three steps: 

1. G.C and A.T base pairs are selected on the basis of small 
differences in geometry and thermal stability that differen
tiate them from the other possible combinations of base 
pairs. In the presence of the correct G.C and A.T base pairs, 
the DNA polymerase is thought to undergo a conforma
tional change that facilitates the formation of a new phos
phodiester bond. 

2. Editing, or proofreading, of the newly synthesized DNA 
by enzymes that can degrade DNA in the 3'-5' direction 
(3'-5' exonuclease activity), followed by resynthesis of the 

DNA strand, can remove errors that occurred during the 
initial replication (see Fig. 18.7). 

3. Post-replicative editing, or DNA repair, can remove base 
mismatches formed during replication, as well as bases 
damaged by the action of ultraviolet (UV) light or chemi
cals. This activity is part of a complex series of activities, 
called the SOS response, that come into play when a dam
aged base causes a block in DNA replication. These repair 
activities are discussed in detail in Chapter 7, Section 7.2.3. 

The large differences in spontaneous mutation rates between 
different organisms most likely reflect differences in the efficiency 
of protein machinery involved in DNA proofreading and post-repli
cative editing (Table 18.2). 

18.3 DNA REPLICATlOrllrl CHROMOSOMES 

The overall process of DNA replication in eukaryotes is considered 
to be similar to that of the well-characterized E.coli DNA replica
tion described above. Although distinct differences such as the 
occurrence of multiple origins of replication exist, the enzymology 
of DNA replication in eukaryotes includes the same activities that 
have been studied in E. coli. 

18.3.1 Origins of Replication 

Eukaryotes are characterized by multiple origins of replication 
in the chromosomes. Although the initiation of DNA replication 
is not understood in as much detail as in prokaryotes, it is closely 



bidirectional synthesis 

Fig. 18.7. The bidirectional replication of DNA at a replication fork. 
The diagram (based on McMacken et al., 1987; Brarnbill and Kornberg, 
1988) summarizes the directions of chain growth (top) and the enzymes 
involved in DNA synthesis (bottom). Numerous challenges are overcome 
during the replication of DNA, including the release of torsion in the 
helix (see Fig. 17.31), the coupling of replication to other metabolic 
processes in the cell (Schmidt and Migeon, 1990; Rivier and Rine, 
1992), I. •• d the attainment of an extremely low error rate (Echols and 
Goodman, 1991) while still maintaining a high level of efficiency 
(Debyser et al., 1994). 

tied to the cell cycle. The cyclin/cdc complexes, fonned during G 1 
and S phases (see Chapter 4, Section 4.2.1, and Fig. 4.18) to deter
mine the phosphorylation/dephosphorylation events controlling the 
progression of cells through the cell cycle, also have a major control 
over DNA replication. The protein Cdc6, for example, has been 
implicated in yeast as a key factor, interacting with the origin of 
replication complex, to determine the frequency of initiation of 
DNA replication. The human DNA a-polymerase is also phosphor
ylated in a cell-cycle-dependent manner, with hyperphosphoryla
tion occurring in mitosis. The replication of virus SV40 DNA in 
mammalian cells is particularly well characterized and utilizes the 
host-replication machinery. An essential protein required for initia
tion of SV40 DNA replication is T-antigen, encoded by SV40, and 

Table 18.2. Mutation Frequency per Base Pair per Replication 

Reversion 
Qf3RNA DNA Frequency in 
Primed Replication in E. coli Mutation 
RNA T4 and A Tryptophan Frequency in 

Synthesis Bacteriophages Gene Drosophila 

10-3_10- 4 10-8 5 X 10- 10 5 X 10- 11 

Source: Data taken from 1. Langridge (199\). 
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• scaffold attachment 
• transcription factor binding 

Fig. 18.8. Autonomously replicating sequences (ARS elements) from 
yeast. These DNA sequences provide sites for the initiation of DNA 
synthesis and contain a common A.T-rich, 12-bp DNA sequence in the A 
domain (Diffley and Stillman, 1990, Heintz et al., 1992). The B domain is 
not highly conserved in sequence but is involved in a range of other 
activities such as the interaction between the initiation of DNA replication 
and transcription (Rivier and Rine, 1992; Liu and Alberts, 1995). 

deoxynucleoside 
triphosphates + biotin-dUTP 

sites of DNA replication 
(= sites of biotin-dUTP 
incorporation) detected 
by fluorescein-streptavidin 
binding to biotin 

~ serial ' sections' 
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~z • 

Fig. 18.9. The detection of multiple DNA-initiation sites in eukaryotic 
cells. The initiation sites can be demonstrated cytologically by providing 
cells with biotin-dUTP (for structure, see Fig. 19.4, Chapter 19) for a 
brief time (top), and then assaying the sites of incorporation with 
fluorescein-streptavidin, which binds very tightly to the biotin, giving a 
complex that can be observed with fluorescence microscopy. Optical 
sectioning using the confocal microscope (bottom) allows individual 
sites to be mapped in three dimensions relative to other landmarks in the 
nucleus. (Modified from Mills et ai., \989.) The different overall rates of 
DNA replication in different tissues and in different parts of the genome 
are generally due to variation in the frequency of DNA replication 
initiation rather than variation in the inherent rate of DNA replication. 
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this protein must be activated by phosphorylation at its threonine 
124 by the host's p34cdc2• Phosphorylation of the serine 120 and 
123 residues in the T-antigen can, however, inhibit its activity. 

DNA sequences that provide sites for the initiation of DNA 
synthesis have been isolated from yeast and named autonomously 
replicating sequences or ARS elements. These ARS elements con
tain a common A.T-rich, 12-bp DNA sequence (Fig. 18.8), and they 
provide an avenue for unraveling the details of DNA replication in 
eukaryotes by isolating proteins that bind to these sequences. The 
A.T-rich sequence, or A domain, is flanked by a region, the B 
domain, that varies between different origins of replication even 
though it is required for the initiation of replication. The B domain 
is thought to have multiple functions, including binding to nuclear
skeleton proteins (see Fig. 18.11) and transcription-activating fac
tors. The latter function relates the involvement of transcription
activating factors to the temporal coordination of both replication 
and transcription during the cell cycle; in an extreme case, regions 
of chromosomes that are poorly transcribed (called heterochroma
tin, see Chapter 20, Section 20.1) are replicated late in the S phase. 
In eukaryotes, DNA synthesis is bidirectional, and the multiple 
points of initiation can be demonstrated cytologically by providing 
cells with BrdU for brief periods, then assaying the sites of incorpo
ration with fluorescently labeled antibodies to BrdU (Fig. 18.9). 
The DNA replication machinery accepts the BrdU 5'-triphosphate 
that is formed in the cell, as an alternative to thymidine 5'-triphos
phate. Multiple sites can be seen and their pattern of distribution 
depends on the particular stage of the S phase that is labeled. Inde
pendent experiments, which have measured the rate of DNA syn
thesis in eukaryotic nuclei and the time taken to replicate the entire 
genome, predict that many more replication forks than the ones 
visualized cytologically must exist. This discrepancy suggests that 
cytological observations are not differentiating clustered regions 
of DNA undergoing replication. Experiments in which replicating 
DNA has been observed after the incorporation of a pulse of 3H_ 
thymidine, followed by autoradiography of the isolated DNA, also 
indicate that origins of replication are close together (Fig. 18.10). 

Table 18.3. Proteins in Eukaryotic DNA Replication 

Protein Location 

Fig. 18.10. The bidirectional nature of DNA replication in plant 
chromosomes. Root-tip cells of cereal rye were given a pulse of 3H_ 
thymidine, followed by a short period of growth in unlabeled thymidine. 
The nuclei were then gently lysed on to glass slides and 
autoradiographed (Hubennan and Riggs, 1968). In the photograph (from 
Francis and Bennett, 1982). the labeled, dark strands are regions of 
DNA that incorporated 3H-thymidine. These are commonly separated by 
shorter, unlabeled regions of DNA that subsequently replicated in the 
presence of unlabeled thymidine. The origins of replication are 
interpreted to be in the positions indicated by the arrows. The bar 
indicates 25 ",m. 

Function Chromosome 

a-DNA polymerase 
180 kDa protein DNA polymerase activity plus 3'-5' exonuclease proofreading Short arm of human X 

(Xp21.3-Xp22.1) 
70 kDa protein 
49 kDa protein 
58 kDa protein 

f3-DNA polymerase 
40 kDa protein (335 amino acids) 

y-DNA polymerase 
144 kDa protein 

B-DNA polymerase 
125 kDa protein 
E-DNA polymerase group of proteins 
132-200 kDa 

Proliferating cell nuclear antigen 
(PCNA or cycJin) 
32 kDa protein 

Replication factor A (RF-A) 

Replication factor C (RF-C) 
Helicase Topoisomerase II 

RNA primase 
RNA primase 

DNA repair 

Replication of mitochondrial DNA 

Leading-strand DNA synthesis 

Not yet defined 

Binds to replication complex to coordinate DNA replication 
to cell cycle 

Single-strand-binding (SSB) protein required for the initiation 
of DNA replication 

Required to facilitate lagging-strand synthesis 
Unwinding of DNA helix and disentanglement of DNA 

strands 

On mouse #9 
On mouse #1 

On human #8 



18.3.2 Proteins Involved in Chromosomal 
DNA Replication 

The autonomously replicating sequences, ARSs, consist of A 
and B elements (see Fig. 18.8) and it is these DNA sequence ele
ments that are recognized, and bound, by the origin-recognition 
complex (ORC). The ORC complex is comprised of at least six 
protein subunits, some of which include the proteins of a DNA 
polymerase and the single-strand-binding (SSB) protein. Following 
the formation of the ORC, DNA replication proceeds using the 
proteins listed in Table 18.3. Studies to date have shown that eukar
yotic DNA synthesis requires an SSB protein, similar to the pro
karyotic DNA replication requirement for SSB (see Table 18.1); 
in eukaryotes, this protein is subject to control by phosphorylation. 
The eukaryotic SSB is also referred to as replication factor-A (RF
A; Table 18.3). The completion of eukaryotic DNA replication is 
closely tied to the synthesis of histones, which may be analogous 
to the involvement of the HU protein in prokaryotic DNA synthesis. 

The replication of certain DNA sequences such as long arrays 

G2phase 

Fig. 18.11. The involvement of a nucleoskeleton in DNA replication. 
The existence of some type of DNA-protein-nucleoskeleton attachment 
to help stabilize the replicating chromosomal DNA is generally accepted, 
even though it may only be transient. (Based on Cook, 1991.) 
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DNA replication fork region 
where old nucleosome 
slrUCtUrelt dilltUpted and 
new nucleosomell are 
assembled. 

pool of prlHlxisting 
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" ,-, 
Fig. 18.12. A mechanism for the reconstitution of chromatin from 
freshly replicated DNA and histones. The histone addition does not 
distinguish between "old" histone molecules, released prior to DNA 
replication, and newly synthesized histone molecules. The H31H4 
histone pairs form a pool of tetramers, (H31H4h (center) and the H2A 
and H2B histone proteins pair to form a pool of dimers (lower), both of 
which combine with the newly synthesized DNA molecules (upper). 
(Based on Dilworth and Dingwall, 1988.) 

of tandemly repetitive sequences late in the S phase after other 
sequences have been replicated, may result from a low frequency 
of origin-of-replication sites in these regions of the genome. In 
addition, because a nucleoskeleton is involved in the replication 
process, with its own properties becoming modified as the cell 
progresses through the S phase, it may influence the timing of 
replication of certain classes of DNA sequences. 

It is significant that any single DNA segment is replicated only 
once per cell cycle and, although the mechanism for differentiating 
newly synthesized DNA from unreplicated DNA is not understood, 
the involvement of other proteins such as those of the nucleoskele
ton may be important. The existence of some type of DNA-pro
tein-nucleoskeleton attachment is generally accepted, even though 
it may only be a transient one, and its involvement in DNA replica
tion is illustrated in Fig. 18.11. In special, developmentally regu
lated situations, the "once only per cell cycle" rule for replication 
of genomic DNA is broken and can lead to amplification of defined 
regions of the genome. Examples of DNA amplification are dis
cussed in Section 18.4. 

18.3.3 Tbe Assembly of Newly Formed 
Chromosomes 

As newly synthesized DNA is formed, it is complexed with 
either newly synthesized or preexisting histone molecules. The pool 
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of preexisting histones is augmented by both the replicative and 
transcriptional processes, as both can cause some displacement of 
histones from the DNA. In dividing cells, the pool of free histones 
is extremely small because of the demand to form nucleosomes 
with newly synthesized DNA. The association of histones with 
newly made DNA molecules is illustrated in Fig. 18.12. It seems 
likely that other protein factors are involved in the assembly of 
the final nucleosomal complex, but their exact role remains to be 
determined. One such protein, nucleoplasmin, has been character
ized biochemically and is required for in vitro experiments, in 
which the DNA-histone complex is reconstituted from its individ
ual components. The assembly of chromatin from newly synthe
sized DNA is most likely a critical period for establishing new 
DNA-protein interactions that are important for determining gene 
expression during development of an organism. As discussed in 
Chapter 17, Section 17.5.1, nucleosome assembly generally re
presses gene activity. The postreplicative period of chromatin as
sembly provides an opportunity for DNA-binding proteins involved 
in controlling gene expression, to compete with nucleosome assem
bly for binding to critical regions of DNA. 

18.3.4 The Synthesis of Histones in the S 
Phase of the Cell Cycle 

The bulk of the histone H3, H4, H2A, and H2B molecules are 
synthesized during the S phase but are not the result of any single 
controlling step. The various means by which the increased synthe
sis is attained are summarized in Table 18.4. The replication-depen
dent histones are formed in the cytoplasm, using mRNA that does 
not have poly-A at its 3'-end (except for fungi and ciliates), and 
are rapidly transported to the nucleus. The genes coding for these 
his tones are characterized by the absence of introns and the pres
ence of a sequence in the 3'-downstream region that can adopt a 
highly conserved hairpin structure when transcribed into RNA (see 

Chapter 16, Fig. 16.23). This stem-loop structure is a critical signal 
in determining the stability of the messenger RNA in relation to 
the cell cycle. 

Table 18.4. Control of Histone Synthesis in Relation to the Cell Cycle 

Controls 

Transcriptional 

Post-transcriptional 
Processing of histone 

mRNA 

Stability of histone mRNA 

Translation of histone 
mRNA 

Effect of excess histones 

Action 

The complex array of genes 
interacts with control regions 5'
upstream to create both positive 
and negative controls on 
transcription. 

A precursor RNA is processed by 
enzymes that use a small nuclear 
RNA molecule as a cofactor for 
specific cleavage. 

A hairpin in the 3'-downstream 
region of the mRNA binds a 
protein factor that controls 
stability of the mRNA. 

The process of translation initiates 
degradation of the mRNA through 
removal of the hairpin. 

Via a feedback mechanism-the 
presence of excess histone 
preferentially stimulates histone 
mRNA degradation. 
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resis1ance 

pUK421 

, 

DNA segment 
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yeast autonomously 
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Fig. 18.13. The plasmid pUK421 containing a cloned yeast H4 gene 
sequence. The significance of the presence of H4 in chromatin has been 
investigated by deleting the yeast genes that code for H4 protein and 
then reintroducing the protein in a plasmid carrying an H4 gene. The 
expression of the plasmid-encoded H4 gene is under the control of a 
GALl promoter, so that the H4 gene is activated in galactose-containing 
medium and repressed in glucose-containing medium. This makes it 
possible to switch H4 synthesis on or off as required (Kim et al., 1988). 

The genetic manipulation of histone synthesis in yeast cells has 
provided a basis for relating histone synthesis to the physiology of 
the entire cell. Although yeast normally contains two unlinked cop
ies of the H4 histone gene, strains have been developed that replace 
these genes with the marker genes HIS3 (histidine-requiring) and 
LEU2 (leucine-requiring). The H4 protein is then supplied by a 
plasmid carrying an H4 gene (Fig. 18.13). As it is possible to 
synchronize yeast cells at the G 1 phase of the mitotic cycle, glucose 
repression can be used to inhibit H4 synthesis and demonstrate, 
using flow cytophotometry, that H4 depletion leads to an accumula
tion of cells in the G2 phase (Fig. 18.14). The association of H4 
depletion with lethality was determined by testing the ability of 
cells to recover from H4 depletion when plated on galactose-con
taining medium. By relating the recovery ability of the population 
of cells to the time spent in the H4-depleted state, the period leading 
to lethality is shown to occur when nucleosomes are assembled on 
newly replicated DNA in the S phase. Direct assays for nucleosome 
structure in chromatin, under conditions of no H4-histone synthesis, 
indicate that a general loss of nucleosomes occurs and can lead to 
unusually high levels of expression of certain loci that are normally 
repressed. 

18.3.5 Synthesis of Histones can Occur 
OUtside the Limits of the S Pbase 

The range of histone molecules that are synthesized at a time 
when no DNA replication is occurring include minor sequence 
variants of HI, H2A, and H2B. A tissue-specific histone found in 
avian erythrocytes, HS, is in the HI class of histone and is also 
made at low levels outside the S phase of the cell cycle. These 
histones replace chromosomally bound histones, which are de
graded during chromatin structural changes that accompany tran
scriptional processes. 
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Fig. 18.14. The effects of glucose repression on yeast containing the 
pUK421 plasmid. It is possible to synchronize yeast cells at the G I 
phase of the mitotic cycle, and glucose repression can then be used to 
inhibit H4 synthesis by the plasmid (see Fig. 18.13). Using flow 
cytometry, Kim et al. (1988) demonstrated that H4 depletion leads to an 
accumulation of cells in the G2 phase. 

18.4 DNA SYm'HES1S OUTSIDE THE NORMAL 
CELL CYCLE IS LIMIfED TO SPECIF1C 
REGIONS OF THE GENOME 

Developmentally regulated deviations from the "once only per cell 
cycle" rule for the replication of genomic DNA lead to amplifica
tion of regions containing certain genes or, on a larger scale, to 
the overreplication of large sections of the genome, giving rise to 
polytene chromosomes. 

The amplification in Drosophila embryos of the genes coding for 
chorion proteins on chromosome 3 (at position 660) and the X chromo
some (at position 7F) bas been well studied. The tandemly arranged 
genes encode eggshell structural proteins and are amplified by frequent 
initiation of DNA replication and relatively slow fork movement in the 
chromosome region carrying the gene array, plus at least 50 kb of 
flanking DNA (Fig. 18.15). Sequences located upstream from the 
chorion gene cluster, cis-acting elements [named amplification<ontrol 
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elements (ACEs)] and amplification enhancers (AERs), control the level 
of amplification. The origins of replication responsible for the amplifica
tion of the chorion-gene domain on chromosOtne 3, containing four 
tandemly arranged chorion genes, are localized to a small region within 
the domain and resemble the yeast autonomously replicating sequences 
(ARSs) in being A.T-rich. 

Amplification of specific regions of the genome has also been 
demonstrated by selection pressure for a gene conferring drug resis
tance to mammalian cells in tissue culture. The region amplified 
is usually larger than the average replicon in mammalian cells (100 
kb) and can be several thousand kilobases in length. The most 
thoroughly studied example of this phenomenon is the amplifica
tion of the dihydrofolate reductase (DHFR) gene in response to 
selection pressure by growing cells in the presence of methotrexate. 
The replication origin involved has amplification-promoting activ
ity. The amplification results in the formation of homogeneously 
staining regions (HSRs), and further biochemical studies are re
quired to elaborate the factors that define the amplified region of 
the genome. 

The formation of episomes, 200-600 kb, and of very small 
chromosomes, called double minutes (DMs), have also been corre
lated with DNA amplification in tissue-culture cells and tumors 
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Fig. 18.15. The "onion-skin" model for the localized amplification of 
DNA. The model postulates a large increase in the amplification of 
DNA replication within a region of newly replicated DNA and creates a 
structure that resembles the layers in an onion, hence the name of the 
model Several rounds of extra initiation events lead to the local 
amplification of specific DNA sequences. This mechanism is believed to 
account for the amplification of chorion genes in Drosophila (Delidakis 
and Kafatos, 1989; Heck and Spradling, 1990; Wintersberger, 1994). 
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Fig. 18.16. The extrachromosomal amplification of specific DNA sequences. This 
mechanism has been postulated to account for the large increases in number of 
ribosomal RNA genes that have been demonstrated in the oocytes of many organisms 
(Kubrakiewicz and Billinsky, 1995). Not only does this mechanism account for 
recombination between episomic circles, it is also postulated to account for the 
occurrence of double-minute chromosomes that arise in response to exposure to drugs 
(reviewed in Wintersberger, 1994). 

(Fig. 18.16). The actual mechanism of DNA amplification in these 
situations is different from the processes characterized for the 
chorion-gene cluster in that numerous cell cycles are required be
fore the amplification is evident. It is possible that bridge-break:
age-fusion cycles, initiated by sister-chromatid exchange (SCE) 
(see Chapter 7, Section 7.3), are the primary causes for DNA ampli
fication and associated formations of episomes and double-minute 
chromosomes. The SCEs may be induced by drugs that are used 
in selection experiments. 

The formation of the macronucleus in Tetrahymena spp. and 
other ciliated protozoa also involves a developmentally controlled 
amplification of DNA, without accompanying nuclear or cell divi
sion. The development of the macronucleus, which is characteristic 
of somatic tissues, involves the excision of DNA segments, the 
addition of telomere sequences, joining of two segments to form 
a palindrome, and replicative amplification. The DNA segments 
that undergo replicative amplification have a single origin of repli
cation and appear to function as minichromosomes. 
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Exploring Chromosomes by In Situ 
Biochemical Reactions 

• Reactions carried out on chromosomes in situ involve a primary reaction that defines the specificity of the reaction, and a secondary 
reaction that provides the means for detecting the product of the primary reaction. 

• The chemicals used in the preparation of chromosomes can determine the specificity of the primary reaction. 

• Antibodies that detect specific features of chromosomes often provide the basis for a primary reaction. 

• The hybridization of a nucleic-acid probe to its complementary sequence in chromosomal DNA is widely used in primary reactions 
to determine the sequence organization in chromosomal DNA. 

• The polymerase chain reaction (PCR) provides a highly sensitive primary reaction for characterizing chromosome structure. 

• Secondary reactions utilize enzymes that cause the precipitation of a dye at the site of the primary reaction, or bind a fluorescent
labeled antibody to a component of the primary reaction. 

Procedures for staining biological materials provide the means for 
enhancing contrast and facilitating microscopic observations. Spec
ificity in the staining reaction has the advantage of allowing contrast 
to be enhanced only in those structures that are of interest to the 
observer. Molecular biology has greatly expanded the number of 
procedures available to observe specific DNA sequences and pro
teins associated with chromatin. The analysis of chromosome struc
ture by in situ reactions generally involves at least two steps, and in 
this chapter the principles underlying these reactions are discussed. 

19.1 PRINCIPLES UNDERLYING 
IN SITU REACTIONS 

Most in situ reactions have a primary and a secondary step (Fig. 
19.1), and the interpretation of data from such reactions requires 
the limitations of each step to be taken into consideration. A key 
variable in the development of in situ reactions to assay the compo
nents of chromosomes is the preparation of cytological materials 
for study. The chemical fixation of tissues can have drastic effects 
on the interpretation of the data obtained. 

19.1.1 Preparation of Tissues for Study 

The common procedure for preparing tissues for chromosomal 
observations is to fix cells in an ethanoVacetic acid mix (ratio 3: I), 
followed by 45% acetic acid. Although this procedure is still com-

monly used, a classical example of the problems associated with 
the interpretation of cytological observations on material prepared 
in this way is the demonstration of Z-DNA in salivary-gland chro
mosomes in the early 1980s. The Z-DNA conformation is quite 
different from the right-handed B-DNA type (see Chapter 17, Fig. 
17.10), so in order to determine whether this type of conformation 
exists in vivo, antibodies that specifically assay Z-DNA and distin
guish it from the usual right-handed B-DNA, were allowed to bind 
to polytene chromosomes from Drosophila melanogaster salivary 
glands. The experiments demonstrated unambiguous reaction of 
the antibody to polytene chromosomes and suggested that Z-DNA 
is widespread within the insect genome. However, subsequent stud
ies using chromosomes isolated under physiological conditions, 
without acidic fixatives, proved that only after treatment with 45% 
acetic acid was the Z-DNA antibody binding observed (Fig. 19.2). 
Furthermore, the binding was evident first in the interband region 
and then, after longer exposure to 45% acetic acid, more generally 
distributed. The treatment of the acetic-acid-modified chromo
somal DNA with topoisomerase I removed Z-DNA antibody bind
ing and suggested that the Z-DNA conformation was the result of 
torsional stress induced in the DNA molecule after removal of the 
his tones by the acid. 

Although the results described above indicate that DNA is a 
dynamic molecule and is capable of switching to unusual conforma
tions, the major impact of the studies has been to emphasize the 
caution that needs to be exercised in interpreting cytological infor
mation. 

285 
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Fig. 19.1. A summary diagram to explain the two basic steps in the in 
situ detection of specific chromosomal DNA sequences or protein 
components. (Based on Holt and O'SuJlivan, 1958.) 

19.1.2. Specificity in the Primary Reaction 

Antibody probes interact specifically with either the nucleic
acid or the protein components of chromosomes and provide a 
common source of molecules for the primary in situ reaction. The 
nature of antibody interactions with chromosomal antigens is com
plex and involves H-bonding, ionic attractions, and hydrophobic 
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Fig. 19.2. Polytene chromosomes of Drosophila melanogaster isolated 
by microdissection and fixed in formaldehyde rather than traditional 
acetic/ethanol fixatives. (From Hill and Stollar, 1983.) The top panel 
shows the phase-contrast image (3A and 3E refer to salivary-gland 
chromosome bands); the panel below it shows the fluorescent image 
after staining with an antibody specific for Z-DNA. The absence of a 
staining reaction contrasts with the increased staining observed after 
treatment of the chromosome preparation with 45% acetic acid (two 
lower panels). Clearly, the formation of Z-DNA and its appearance 
using a Z-DNA antibody-binding reaction results from the way in which 
the chromosomes were prepared. Even so, it is believed that this reflects 
the potential of certain sequences to adopt the Z-DNA configuration, in 
order to release torsional stress created in the molecule during the course 
of processes such as transcription (Hill, 1991). 

binding domain 

-ooc C()()" 

effector domain 

Fig. 19.3. Diagrammatic representation of an immunoglobulin 
molecule, which comprises heavy (H) and light (L) chains, held together 
by sulfur bonds, with both chains containing constant (CH and CL) and 
variable (VH and VL) regions. The H chain distinguishes the five main 
classes of immunoglobulin, namely IgM, IgD, IgG, 19E, IgA. The L 
chains occur in two types called k and J. The hinge region in the H 
chain defines the two basic domains, referred to as the binding and 
effector domains. 

interactions. Many cytological-detection procedures are based on 
the unique attributes of immunoglobulin molecules that result from 
their normal biological functions in animals, where the binding 
domains are responsible for the specific interaction with an antigen 
(Fig. 19.3). The effector domains provide the point of interaction 
with the cells responsible for destroying the antigen and also pro
vide the signals for distributing the antibodies to specific parts of 
the body. When the immunoglobulin molecules are used in cytoge
netics, the binding domain is directed against an antigen such as 
digoxigenin, which can be incorporated into DNA via a nucleoside 
triphosphate, or against a specific protein that has been purified 
from cells. Naturally occurring antibodies against nuclear compo
nents in the serum of patients suffering from diseases such as rheu
matoid arthritis and lupus erythematosus also provide valuable 
probes for chromosomal and nuclear structures. 

The direct binding of DNA and RNA probes to complementary 
DNA sequences in chromosome preparations, referred to as in situ 
hybridization, has been widely used. The specificity of binding 
derives directly from the base-pairing that occurs when comple
mentary strands interact via H-bonding (see Chapter 16, Fig. 
16.11). 

19.1.3. The Secondary or "Capture" 
Reaction to Detect the Results 
of the Primary Reaction 

The purpose of the secondary reaction is to enhance the contrast, 
for microscopical observation, of the molecules used in the primary 
in situ reaction. Generally, this involves one or more of the fol
lowing: 

1. Detection of the radioactivity, or fluorescence, that may 
have been introduced as an integral part of the molecule in 
the primary step. 



2. An enzymatic reaction, which targets the molecule involved 
in the primary step and results in the deposition of a dye. 

3. An antibody-binding reaction, which detects some feature 
of the molecule used in the primary reaction. 

The radioactive labeling of the molecule used in a primary in 
situ reaction usually utilizes 3H. The secondary reaction used to 
detect this radioactivity is the deposition of silver grains in a photo
graphic emulsion overlaying the chromosome preparation. The 
short path length of a weak source of radioactivity such as 3R, 

means that the silver grains are deposited close to the origin of the 
emission, and this allows the location of the primary molecule to 
be determined relative to microscopical features of chromosomes. 
Other isotopes such as 125 I and 35 S, have been used in in situ 
reactions, but they suffer from the fact that the f3 emissions are 
more energetic than those from 3H, so their point of origin is more 
difficult to ascertain. 

The labeling of the molecule used in the primary reaction with 
an entity that is capable of fluorescing is more versatile than radio
active labeling, because a range of colors can be distinguished in 
a single preparation. The secondary reaction in detecting fluores
cently labeled probes involves absorption of relatively short-wave
length light by the probe and reemission of this energy as light of 
a characteristic wavelength in the visible range. Absorption of light 
energy by the fluorescent probe can lead to its breakdown, referred 
to as photobleaching, and reduces the efficiency with which the 
probe can be observed. In addition, molecules located adjacent to 
the probe may absorb the energy reemitted by it, effectively 
quenching the fluorescence and preventing the observation of the 
probe location in the chromosome or nucleus preparation. 

A typical set of secondary reactions, nonradioactive techniques, 
is illustrated for the detection of nucleic acid or antibody probes 
labeled with biotin (Fig. 19.4). The following series of reactions 
result in the deposition of dye at the location of the original probe: 

Binding of streptavidin. Streptavidin is a glycoprotein composed 
of four subunits, each with a binding site for biotin, and forms 
a complex with biotin that is essentially irreversible. 

Binding of biotinylated alkaline phosphatase complex. The 
spare binding sites on the streptavidin protein are utilized. 

Detection of alkaline phosphatase. The cytochemical detection 
of enzyme activity has been particularly well studied. Ideally, 
the substrate for the enzyme should be converted to a "stain 
precursor" form in a single step, then converted rapidly to an 
insoluble form by a "capture" reaction to minimize diffusion 
from the original site of enzyme activity. For example, alkaline 
phosphatase will hydrolyze a colorless indoxyl-based substrate 
to liberate indoxyl molecules, which can subsequently be oxi
dized, in a capture reaction, to an insoluble indigoid dye (Fig. 
19.5). The colored indigoid dye is then observed microscopi
cally. 

The binding of labeled antibodies to specific sites on the mole
culeused in the primary in situ reaction is also a common basis 
for secondary reactions, leading to its detection in the microscopic 
preparation. An example using the digoxigenin molecule is illus
trated in Fig. 19,6. The antibodies used in these procedures often 
have the effe.ctor domain removed to produce immunoglobulins 
called Fab fragments (see Fig. 19.3). The immunoglobulins used 
in the analysis of chromosomes have enzymes such as alkaline 
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Fig. 19.4. Steps in the detection of a biotin-labeled probe localized in 
situ to chromosome preparations. Left: the chemical structure of the 
probe. Right: the secondary reactions to detect the biotin in the probe 
make use of the very specific interaction between biotin and 
streptavidin, as well as the ability of alkaline phosphatase to initiate the 
formation of a colored precipitate (see Fig. 19.5). The use of 
nonradioactively labeled probes provided a major step in high-resolution, 
in situ-hybridization reactions to locate DNA sequences in specific 
regions of chromosomes (Manuelidis et aI., 1982). The temperature at 
which the hybridization is carried out is usually l5-25°C below the Tm 
or melting point of the DNA duplex. A guide to the Tm of a DNA 
duplex can be obtained from the following formula Tm = 81.5 + 
16.6(log S) + O.41(GC) - O.72(F) - I(M) - 500IL. where S is the 
molar-salt concentration, GC is the % GC base content of the sequence, 
F is the % formamide. M is the % mismatch, and L is the length of the 
probe in nucleotides. The use of formamide in hybridizations lowers the 
temperature at which reactions need to be carried out. 

phosphatase, or moieties such as colloidal gold, or a fluorescent 
dye, bound to them in order to detect their position in the cell by 
in situ reactions. Fluorescent molecules attached to immunoglobu
lins for the purpose of detection include rhodamine isothiocyanate, 
Texas red, fluorescein isothiocyanate (FlTC), and phycoerythrin. 
The binding of these molecules to immunoglobulins can affect their 
binding to the antigen. Chemical reactions that bind proteins to 
immunoglobulins use either gluteraldehyde or a more complex bi
functional reagent such as 3-maleimidobensoyl-N-hydroxysuccini
mide ester (Fig. 19.7). Where loss of antigen binding occurs, alter
nate empirical procedures have to be devised for labeling the 
immunoglobulin. 

The binding of colloidal gold to immunoglobulins allows them 
to be observed in the electron microscope. The technique has pro-
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Fig. 19.5. The chemistry of formation of an insoluble dye complex. 
(From Holt and Sadler, 1958.) In this instance, the indoxyl-based 
substrate is bound to a phosphate moiety, and alkaline phosphatase is the 
enzyme acting on the substrate, resulting in the formation of an 
insoluble dye. The original substrate can be attached to a variety of 
chemical entities and thus can be used to assay a range of enzyme 
activities (see Fig. 19.18). 

vided high-resolution mapping of the positions of, for example, 
nuclear proteins such as RNA polymerase, within the nucleus, as 
well as the path of DNA in the synaptonemal complex found in 
the pachytene stage of meiosis (Fig. 19.8). COlloidal-gold particles 
can be fractionated into uniform-size classes, which are distinguish
able under the electron microscope and thus allow double-labeling 
experiments. 

19.2 SOURCES OF RADIOACTIVE 
AND NONRADIOACTIVE DNA 
AND RNA PROBES 

The ability to hybridize well-defined, labeled DNA and RNA mole
cules to chromosome preparations, following the same principles 
of DNA renaturation described in Chapter 16, Sections 16.5 and 
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Fig. 19.6. Steps in the detection of a digoxigenin-Iabeled probe 
localized in situ to chromosome prepatations. The chemical structure of 
the probe is shown on the left. The secondary reaction (right) uses an 
antibody labeled with either alkaline phosphatase, as shown in the 
diagram, or a fluorescent dye to locate the position of the digoxigenin
labeled probe (Boeringher Mannheim 1994 Biochemicals Catalog). 

Fig. 19.7. A chemical agent (3-maleimidobenzoyl-N
hydroxysuccinimide) used to cross-link proteins and its method of 
interaction with gluteraldehyde. It has been found that the cross-linked 
positions within proteins are unable to be controlled, so that active sites 
may be damaged by the chemical reactions that link, for example, 
alkaline phosphatase to an antibody. In such cases, alternative cross
linking agents and reaction conditions are needed. 



Fig. 19.8. A specific DNA-binding antibody (from a mouse) bound to 
a preparation of a synaptonemal complex from pachytene cells. The 
position of the mouse anti-DNA antibody was located using a secondary 
reaction with a goat antimouse antibody, labeled with colloidal gold to 
facilitate observation under the electron microscope (Vazquez Nin et al., 
1993). The arrows with tails indicate colloidal gold particles; arrows 
without tails indicate unlabeled regions of the synaptonemal complex. 

16.7, has enabled specific nucleic-acid sequences to be localized 
within the nucleus and cytoplasm. Radioactive labeling using 3R_ 
2' deoxythymidine 5'-triphosphate (for DNA) or 3R-uridine 5'
triphosphate (for RNA), with the E.coli enzymes DNA and RNA 
polymerase, respectively, were used in early in situ hybridization 
experiments to localize repetitive DNA sequences within chromo
somes (Fig. 19.9). Direct radiolabeling of nucleic acid with 1251 

was also important in localizing DNA sequences complementary to 
RNA molecules such as 55, 5.85,185, and 265 RNA, the structural 
components of ribosomes. 

The different classes of DNA probes for in situ hybridization are 
based on the range of sequence classes found within the genomes of 
eukaryotes (see Chapter 16). In addition to specific gene sequences, 
the following range of repetitive sequences have been utilized as 
probes to characterize chromosomes: 

I. Tandemly repeated sequences that hybridize to chromo
somes and give a "banding" pattern to distinguish different 
chromosomes 
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2. Telomeric repeats hybridizing to the ends of chromosomes 

3. Chromosome-specific, tandemly repeated, sequences that 
hybridize at or near the centromere 

4. Tandemly repeated genes such as ribosomal and 5S DNA 
sequences, to provide for the identification of classical land
marks such as the nucleolus-organizer region (see Chapter 
20) 

5. Dispersed repetitive sequences that are limited to a single 
chromosome, or subset of chromosomes, and allow the 
"painting" of whole chromosomes. 

The combination of probes that have different fluorescent colors 
(discussed below) allows a high-resolution analysis of whole chro
mosomes for diagnostic or mapping purposes and has been termed 
"whole-chromosome hybridization." 

19.2.1. In Situ Hybridization 
with fluorescently Labeled 
DNA (FISH) 

Techniques for the nonradioactive labeling of nucleic acids (see 

Figs. 19.4 and 19.6) have expanded in situ hybridization to allow 
the use of the confocal microscope and the associated computer
image-enhancement technology (see Chapter 3). The advantage of 

Fig. 19.9. Mitotic chromosomes from the grasshopper, Caledia 
captiva, subjected to in situ hybridization with a 3H-Iabeled, repetitive
sequence probe. The chromosomal locations of the repeated DNA 
sequences were determined by covering the preparation with a film of 
photographic emulsion and, after a few days in the dark, 
photographically developing the slide to detect the deposition of silver 
grains resulting from the exposure to radioactivity. Consequently, in this 
detection system. the primary reaction is the annealing of the radioactive 
RNA probe, enzymatically synthesized from a cloned DNA sequence, to 
denatured. single-stranded chromosomal DNA. The secondary reaction is 
the photographic-detection system. Denaturation of the chromosomal 
DNA in situ can be carried out by heating (the usual technique), acid 
denaturation, or enzymatically (van Dekken et ai., 1988). (Photograph 
kindly provided by D. Shaw and N. Contreras). 
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the confocal microscope is that it can be used to optically' 'section" 
nuclear preparations to locate complementary DNA sequences in 
a three-dimensional configuration (Fig. 19.10). 

A particularly valuable aspect of alternate methods of labeling 
nucleic acids is the possibility of double- (or multi-) labeling experi
ments, where two or more different sequences can be observed 
simultaneously in the same nucleus or chromosome preparation. 
The highly sensitive nature of fluorescent-detection techniques, as 
well as the possibility of amplifying the signal (Fig. 19.11), makes 
the detection of single-gene sequences possible. To detect a specific 
gene, the DNA probe often comprises a DNA segment 15-20 kb 
long, combined with a large excess of genomic DNA to block any 
hybridization due to repetitive-sequence families that may neighbor 
the gene of interest. 

19.2.2. In Si tu Hybridization to OM Fibers 
(FIBER-fiSH) 

An extension of the FISH technique to DNA fibers, rather than 
mitotic or meiotic chromosomes, has provided an increase in reso
lution for mapping DNA sequences relative to each other at the 
1-500-kb level: to map two sequences relative to each other in 
mitotic chromosomes, they need to be separated by at least 1 Mb 
(1000 kb). 

Fibers of DNA or chromatin can be prepared by lysis of nuclei 
on a glass slide and then allowing the lysate to spread over the 
surface of the slide. The standard FISH technique, using two or 
more DNA probes labeled with different fluorochromes, can then 

Fig. 19.10. The detection of chromosomal telomeres using in situ 
hybridization. In this nucleus of a tomato cell, 28 telomeres are labeled 
and all are arranged around the nuclear periphery except for one 
adjacent to the nucleolus (arrowhead). Some are arranged in pairs 
(arrows). Bar = 2 J.U1l. The probes used to detect telomeric sequences 
comprise either sequences isolated from genomic DNA or synthetic 
DNA segments manufactured to match consensus sequences (Rawlins et 
al., 1991; Schwarzacher and Heslop-Harrison, 1992; Mukai et al., 1993). 
The significant improvement in the use of fluorescently labeled probes is 
that several probes labeled with different colors can be used in a single 
reaction (Leitch et al., 1991; Mukai et aI., 1993). Commonly used colors 
include fluorescein (yellow-green), hydroxycoumarin (blue), and 
resorufin (red). Mixtures of labeled precursors can also be incorporated 
into a single probe to produce a new color (Smith et al., 1992). The 
fluorescent molecule is generally incorporated into the probe by its 
attachment to dUTP (see Fig. 19.4) or digoxigenin (see Fig. 19.6). 

prim lIlY reaction 

enzyme r86pollliible 
for convening B 
colorl86a sub6tra. 
II a colored compound 

secondary reactions 

Fig. 19.11. A diagrammatic representation of a primary reaction and its 
amplification by a secondary reaction, designed to enhance observation 
of the primary site of attachment. In this case, the primary reaction is 
the binding of an antigen-specific antibody from, for example, a rabbit, 
to the site of interest that contains the original antigen. The secondary 
reaction then involves the binding of biotinylated antirabbit antibody 
from, for example, a mouse, to the product of the primary reaction. The 
subsequent binding of streptavidin to biotin then provides the basis for 
the further binding of a biotinylated enzyme such as alkaline 
phosphatase, to carry out the color reaction for visual detection of the 
complex. (Modified from Skerritt and Appels, 1995.) There are 
numerous variations on the scheme shown and, although it is possible to 
use streptavidin in further rounds of amplification using an intermediate 
molecule with two biotin groups (Lichter et al., 1990; Dominguez
Steglich et al., 1992), this is not usually successful because nonspecific 
adsorption effects come into play, and the background fluorescence 
becomes too great. If DIG-labeled probes are used (see Fig. 19.6), a 
fluorescein-labeled sheep anti-DIG antibody is used to carry out the flTSt 
phase in the secondary-detection step. Amplification of the signal is 
achieved by the addition of fluorescein-labeled rabbit antibody directed 
against the heavy chain of sheep antibodies (Kallionierni et al., 1992). 
An amplification procedure based on peroxidase-mediated deposition of 
biotin- or fluorochrome-tyramides has also been described (Raap et al., 
1995). In this case, the first layer of the secondary reaction is an 
immunoglobulin or streptavidin molecule conjugated to peroxidase 
enzyme, which subsequently reacts with biotin- or fluorochrome
tyramides to deposit biotin or fluorochrome molecules near the site of 
attachment of the enzyme. In the case of biotin, the deposited molecules 
are then detected by incubation with fluorochrome-labeled streptavidin; 
in the case of fluorochrome-tyramides, by immediate-fluorescence 
microscopy. 

be applied to such a preparation to provide information on the 
relative positioning of the DNA sequences assayed by the respec
tive probes. In Fig. 9.12, fibers from Arabidopsis nuclei are illus
trated after probing with cosmid clones derived from chromosome 
4 to reveal the chromatin strands that contain the sequences in these 
clones; the cosmid is a cloning vector-based bacteriophage lambda 
and capable of accepting DNA segments approximately 50 kb long. 
When multiple colors are displayed, the fibers provide the basis 
for the unambiguous ordering of different sequences along their 
length. 

19.3 IN SITU REACTIONS TO MODIFY 
ACCESSmLE REGIONS OF OM 

The enzymes that modify DNA such as DNA methylases and DNA 
terminal transferase can be used in in situ reactions to add distinc
tive groups to regions of DNA that are exposed. An example is 



Fig. 19.12. The detection of DNA or chromatin fibers using the fiber
FISH technique. The nuclei from Arabidopsis tissue were lysed, using a 
buffer containing EDTA and SDS, and spread on a glass slide, then 
hybridized with DNA probes to assay sequences that derive from 
chromosome 4 (Franz et aI., 1996). The technique is used to position 
DNA sequences relative to each other by hybridizing two or more 
probes labeled with different fluorochromes, to the same preparation; the 
source of the DNA to which the probes are hybridized can be either 
lysed nuclei or DNA preparations from bacterial/yeast cloning vectors 
carrying large segments of eukaryotic genomic DNA (Heiskanen et aI., 
1996; Franz et aI., 1996). (Photo courtesy of l.H. de long.) 

shown in Fig. 19.13 where bromo-deoxyuridine, BrdU, is added 
to the exposed 3' -OH ends of DNA molecules in a tissue section 
prepared for electron microscopy. The BrdU is then detected using 
an anti-BrdU antibody labeled with colloidal gold. 

19.4 IN SITU BIOCHEMICAL REACfIONS 
FOR ASSAYING SPECIf1C 
ENZYME ACTIVI'I1ES 

Specific enzymes such as isozymes and RNA polymerase can be 
assayed in cells after they have been fixed for microscopic examina
tion. Numerous enzyme activities can be assayed using the same 
principles described for alkaline phosphatase. Changes in the struc
ture of chromatin often provide the basis for renewed gene expres
sion, and the ability to assay RNA polymerase directly on cells that 
have been fixed can provide a useful localization of the potential for 
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transcriptional activity. Early studies used 3H-Iabeled nucleoside 
triphosphates to detect RNA polymerase activity (Fig. 19.14). The 
use of digoxigenin or biotin-labeled nucleoside triphosphates allow 
fluorescent antibodies to detect sites of RNA polymerase activity 
and may provide greater levels of sensitivity. 

One of the most exciting applications of the knowledge about 
DNA replication is the development of the polymerase chain reac
tion (PeR), which can amplify regions of the genome without prior 
cloning. The PeR reaction, first described in 1985, has revolution
ized the way in which molecular biology is carried out. The proce
dure enables small amounts of specific DNA, which may be mixed 
with large amounts of contaminating DNA, to be amplified approx
imately a million-fold. 

Polymerase chain reaction is an in vitro procedure for the enzy
matic synthesis of DNA, using two oligonucleotide primers that 
hybridize to opposite strands of the parental DNA template and 
flank the region of interest (Fig. 19.15). A repetitive series of cycles 
involving template denaturation, primer annealing, and the exten
sion of the annealed primers by DNA polymerase results in the 
exponential accumulation of a specific fragment whose termini are 
defined by the 5' -ends of the primers. The amplification is dramatic 

3"OH 3'OH 

'Clliroona~in strands 

l Section through 
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Fig. 19.13. The detection of DNA strands in the nucleus using thin 
sections and electron microscopy. Although the primary reaction (i.e., 
the labeling of the 3'-hydroxy ends of the cut DNA with BrdU-labeled 
terminal deoxynucleotidyl transferase) is highly specialized (Thiry, 
1992), it is used to illustrate the wide variety of chemical reactions that 
can be used to target specific entities in cytological preparations. 
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because the extension products of one cycle serve as templates for 
the following reactions, and thus the number of target copies, for 
the reaction, double at every cycle. After 20 cycles of PCR, a 
million-fold (22<) amplification of a particular DNA sequence is 
achieved. The key factor in the widespread use of PCR was the 
introduction, in 1986, of the thermostable DNA polymerase (Taq 
polymerase) from Thermus aquaticus. The commercial supply of 
the enzyme meant that the reaction components (template, primers, 
Taq polymerase, nucleoside triphosphates, and buffer) could all be 
mixed and subjected to temperature cycling. The kinetics of this 
reaction can be monitored directly if small amounts of the DNA
binding dye, ethidium bromide, are included in the reaction mix 
(Fig. 19.16). The reaction is not exponential over the entire range 
of cycles, as expected from the above theoretical calculation, pre
sumably because some Taq polymerase activity is lost in each heat
ing cycle of the amplification reaction. However, the amplification 
reaction is still occurring after 50 cycles and, as expected, is depen
dent on the number of starting-template DNA molecules. 

The direct impact of PCR on cytogenetic studies of chromo
somes is that the reaction can be carried out in situ on metaphase 
chromosomes immobilized for microscopic observation. This al
lows an extremely wide range of sequences to be physically mapped 
on chromosomes. In this procedure, short oligonucleotides are hy
bridized to their complementary sites in chromosomes and nuclei. 
This method provides suitable substrates for the enzyme Taq poly
merase to synthesize a complementary sequence in situ, which can 
be labeled and detected as discussed above (Fig. 19.17). The advan
tage of this technique is that a long segment (1000 nucIeotides 
or longer) of labeled DNA is synthesized at the place where the 
oligonucleotides are localized; therefore, the procedure has the po
tential for being more sensitive than the use of externally added 
probes. The single-strand length of externally added probes is usu-

• 

Fig. 19.14. The detection of endogenous RNA polymerase activity in a 
cultured mammalian (HeLa) cell, which was fixed for microscopic 
observation before incubation with 3H-nucJeoside triphosphates. RNA 
polymerase enzymes then incorporated the labeled triphosphates into 
acid-insoluble molecules (Le., RNA). The incorporated radioactivity was 
detected by covering the preparation with a thin film of emulsion and 
detecting the deposition of silver grains resulting from the exposure to 
radioactivity. (From Moore and Ringertz, 1973.) 
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Fig. 19.15. A diagrammatic representation of the polymerase chain 
reaction (PeR). The introduction of a thermostable DNA polymerase to 
carry out the PeR (Saiki et aI., 1988) was a major advancement in this 
technology. The actual temperature used to anneal the primers to the 
DNA template is also crucial in determining the specificity and 
reproducibility of the final product. This is because in the early stages of 
the PeR, the reannealing conditions that are optimal for the formation of 
DNA-DNA hybrids with minimum base-pair mismatch (see Chapter 16, 
Fig. 16.11) vary from sequence to sequence (Don et al., 1991). 

ally not greater than 200 nucleotides, and this limits the amount of 
label that can be deposited at a complementary site in the chromatin. 

19.5 TKADmONAL STAINS 

Traditional stains for chromatin include acetocarmine, aceto-orc
ein, and eosin. These molecules provide contrast mainly to chromo
somes and nuclei, because the planar rings characteristic of many 
DNA-binding antibiotics are present (Fig. 19.18). These planar 
rings form stable complexes with the DNA that is present in chro
matin. Another traditional staining procedure for chromosomes, 
Feulgen, uses the dye basic fuchsin and derives its specificity for 
DNA as a result of a chemical reaction with the deoxyribose sugar 
of the sugar-phosphate backbone after acid hydrolysis of the DNA. 
Current developments in fluorescence microscopy have led to the 
extensive use of DAPI (see Chapter 17, Fig. 17.15) to observe 
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Fig. 19.16. A quantitative comparison of the number of PeR copies 
produced from differing numbers of initial templates, and the number of 
cycles needed to produce these final amounts. Continuous monitoring of 
the polymerase chain reaction by (a) measuring the increase in 
fluorescence resulting from the binding of ethidium bromide to the 
newly synthesized DNA, as shown in this figure, or (b) the use of 
radioactive precursors (Ferre et al., 1994), provides a dramatic 
demonstration of the principle presented in Fig. 19.14. 

chromatin, because the stable complexes that DAPI forms with 
DNA display a characteristic fluorescence after illumination with 
light of an appropriate wavelength. Table 19.1 lists examples of 
molecules that can be applied as stains or as contrast techniques, 
including some that are used in electron microscopy. 

19.6 THE CONCEPT OF REPORTER 
MOLECULES AND GENES 

Although many studies on chromosomes use fixed material, those 
on living material usually provide critical confirmation of observa
tions from fixed material. Molecules labeled in some specific way 
can be incorporated into living cells and, after a certain time, they 
"report" on their positions within cells and chromatin when the 
cells are fixed for microscopic examination. For example, the incor
poration of 3H-thymidine into DNA, in vivo, was important in the 
analysis of eukaryotic DNA replication and chromosome structure 
(see Chapter 18, Section 18.1.2, and Fig. 18.2). The microinjection 
of 3H-1abeled histones into Xenopus oocytes demonstrated the 

Taq polymerase synthesizes a copy 
of the region of the chromosomal DNA 

/
det&rmlned by the position of hybridization 
of the primer t---) .---... 

Fig. 19.17. Application of the PeR principle to the in situ detection of 
chromosomal DNA sequences. The technology needed to use PeR for 
the in situ detection of the chromosomal location of genes is still in its 
infancy. Even so, it is potentially an important technique for the precise 
detection and location of nonrepetitive DNA sequences (Koch et aI., 
1991; Hofler, 1993; Long et al., 1993; Gosden and Lawson, 1994; Xie 
and Troyer. 1996). 
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Fig. 19.18. Structures of a range of molecules commonly used for 
staining chromosomes. With the exception of basic fuchsin. many of the 
dyes traditionally used to stain chromosomes contain the coplanar-ring 
structure that is known to intercalate into the DNA double helix. These 
coplanar ring structures characterize many antibiotics and ethidium 
bromide, used in the analysis of isolated DNA (see Chapter 17. Fig 
17.15). 

Table 19.1. Commonly Used Chromosome Stains or Contrasting 
Techniques 

Stain or Contrasting Technique 

Carmine. orcein. Leishman stain. 
Giemsa stain, Feulgen stain 

Quinacrine. Chromomycin, DAPI, 
Hoechst 33258 

Sulfaflavine, Naphthol yellow 

Cytochrome C (protein) plus 
shadowing with carbon 

Application 

Standard detection of DNA in 
chromosomes and nuclei 

Fluorescent staining of DNA in 
chromosomes and nuclei 

Detection of his tones and other 
nuclear proteins 

Observation of nucleic acids by 
electron microscopy 
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Fig. 19.19. The detection of reporter genes. Transcription of the 
reporter gene gives an enzyme, GUS, capable of hydrolyzing an indigo
based substrate (the R- indicates a complex part of the indigo molecule), 
resulting in a localized deposition of dye at the site of activity of the 
gene product. 

rapid migration of these histones into the nucleus, thus suggesting 
that they could not exist in a free state in the cytoplasm. Fluorescent 
dyes have been linked to molecules introduced into cells, so that 
the positions of the molecules in the cells, after fixation, could be 
monitored by confocal-fluorescence microscopy. 

Transformations of plants and animals have provided the means 
for introducing genes of a specific design (reporter genes) into 
living cells (Fig. 19.19). Reporter genes are generally used for 
monitoring the tissue-specific expression of genes, as modulated 
by control sequences 5'-upstream or 3'-downstream from the gene, 
but it is clear that they can also report on their environment in the 
chromosome. If, for example, a reporter gene is located near a 
nucleoskeleton attachment point, it may not have the same level 
of activity as when it is located further away. 
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20 

Molecular Analysis of Chromosomal 
Landmarks 

• Euchromatin contains a relatively high density of actively transcribed genes, which can be observed cytologically in the bands of 
polytene chromosomes. 

• Heterochromatin has a condensed appearance cytologically and contains a low density of transcribed genes in an environment 
dominated by the presence of long, tandem arrays of DNA sequences. 

• The nucleolus-organizer region, or secondary constriction, defines the location of tandem arrays of ribosomal RNA genes. 

• The centromere, or primary constriction, is usually a well-defined region of the chromosome, to which microtubules attach during 
cell division. 

• Telomeres define the ends of the chromosomes and often consist of short arrays of tandemly repeated sequences, added postreplicatively 
to the DNA. 

The chromosomes observed using light or electron microscopy are 
images resulting from the interaction of the biological structure, 
composed mainly of DNA and protein, with dye molecules or other 
agents. From observations of mitotic and meiotic chromosomes, 
cytogeneticists have distinguished a number of features such as 
centromeres, heterochromatin, nucleolus-organizer regions, and te
lomeres as "landmarks" for recognizing specific chromosomal 
segments. Advances in molecular biology have greatly expanded 
the number and availability of probes that interact with different 
regions of the chromosomes to reveal new details about their struc
ture and function. Certain features of chromosomes, including the 
classical "landmarks" mentioned above, are now understood at 
the molecular level and are discussed in this chapter. 

20.1 HETEROCHROMATIN MID EUCHROMATIN 

The basic structure of the mitotic chromosome is comprised of two 
types of chromatin: heterochromatin and euchromatin. Heterochro
matin is the term used to describe those portions of chromosomes 
that at interphase or prophase of the cell cycle are almost always 
darkly stained because they are highly condensed. Such constitutive 
heterochromatic regions occur at different locations in different 
chromosomes depending on the organism under study. They can 
occur near centromeres, in blocks within chromosome arms, or at 
the ends of chromosomes. The other kind of heterochromatin, called 
facultative, is associated with the inactivation of all or parts of the 
sex chromosomes (as discussed in Chapter 6, Section 6.5). Genetic 
and molecular studies have shown that heterochromatic regions con-
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sist of extremely long, tandem arrays of repetitive DNA sequences, 
which confer specific physical properties that are sufficiently ob
vious to be distinguished by the light microscope. Euchromatin, on 
the other hand, corresponds to the more lightly staining parts of chro
mosomes. It has been found that euchromatin generally contains 
shorter arrays oftandemly repeated DNA sequences, a variety of dis
persed, repetitive DNA sequences, and, most significantly, a large 
majority of the genes present in an organism. 

20.1.1 Tbe Nature of Euchromatin 

One view of chromatin is provided by the larval salivary-gland 
chromosomes of Drosophila melanogaster. These polytene chro
mosomes are held together at a common chromocenter, which in
cludes the major heterochromatic regions of the Drosophila ge
nome. The polytene chromosomes (Fig. 20.1) show characteristic 
patterns of bands of chromosomes separated by fainter-staining 
interbands, which are now able to be associated with the actual 
physical locations of genes. The cloning of more than 80% of the 
Drosophila genome in a variety of cloning vectors (see Fig. 20.1) 
has made large tracts of Drosophila DNA available for detailed 
studies of exact locations of gene sequences and associated control 
regions, relative to the bandlinterband structure observed in the 
polytene chromosomes. For example, the Notch locus, which codes 
for a product that suppresses neurogenesis during early embryogen
esis, is located on the X chromosome of D. melanogaster at position 
3C7. Over 100 kb of DNA containing the Notch locus have been 
cloned and characterized (Fig. 20.2), so that this locus provides a 
good model to determine the relationship between DNA sequences 
defining the gene product and the cytologically identified 3C7 band 
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Fig.20.1. A composite diagram of the end of the X chromosome (sections 1-5) from a salivary gland of 
Drosophila melanogaster, aligned with the original map produced by Bridges (Lindsley and Grell, 1968). 
The entire X chromosome is divided into 20 sections, each comprised of 6 blocks (A-F). The bands and 
interbands within each block are then numbered for precise identification. For example, the seventh band in 
section 3C, 3C7, contains the Notch locus (see Fig. 20.3). The entire Drosophila genome is encompassed 
within 102 approximately equal sections (Lindsley et al., 1972). The horizontal lines beneath the diagram 
indicate the approximate locations of those parts of the genome that have been cloned in either yeast 
artificial chromosomes (Ajioka et al., 1991; Cai et al., 1994), or cosmids (Kafatos et al., 1991; Madueno et. 
al. , 1995). Much of the Drosophila genome (90 %) has been cloned, and this collection of DNA segments 
provides the basis for the complete sequencing of the genome. 
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Fig. 20.2. A physical and genetic map of the Notch locus of D. melanogaster, relating DNA 
probes to the mRNA transcript of the gene at position 3C7 in polytene chromosomes. The Notch 
gene produces a transcript, about 37 kb in length, which includes nine exons (hatched) ranging in 
length from 130 to 7250 bp. After the removal of these exons from the RNA transcript, the final 
mRNA is about 10.5 kb in length and codes for a polypeptide product of 2703 amino acids. The 
probe Arh2.9 codes for a DNA sequence prior to the start of transcription of the gene, and the 
probe Ah1.6 codes for the start of transcription and the beginning of the gene sequence. (Modified 
from Rykowski et aI., 1988.) 

Fig. 20.3. Dissection of the Notch locus at position 3C7 of D. melanogaster using 
fluorescence in situ hybridization (FISH) and computer enhancement. Upper. The region 
being analyzed is shown diagrammatically using Bridges' map (see Fig. 20.1). Lower: the 
use of FISH to physically locate the positions on the chromosomes of the fluorescently 
labeled probes Arh2.9 (left) and Ah1.6 (right) (see Fig. 20.2). Arh2.9 is located within the 
3C6 band and the interband between 3C6 and 3C7 (left) and Ah1.6 is located within the 
3C7 locus (right), allowing the physical DNA map to be related to the cytological map. 
Multiple colors were originally used in order to observe the hybridization signal and the 
chromatin bands simultaneously. (From Rykowski et aI., 1988.) 
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associated with the Notch locus. Using the high-resolution capabili
ties of fluorescence microscopy and computer-enhancement tech
nology. DNA probes from this region have been physically located 
in polytene chromosomes by in situ hybridization. Studies of chro
mosome regions that were stretched during their preparation al
lowed the locations of DNA sequences to be precisely established 
with respect to the band and interband regions. It was found that 
sequences involved in controlling the time and level of expression 
of the gene were located in the interband region between 3C6 and 
3C7 (Fig. 20.3). whereas the actual gene sequences were entirely 
within the darldy stained band region of 3C7. Based on the cytologi
cal lengths of the band and interband regions. molecular mapping 
suggests that the level of condensation of DNA is 5 to 20 times 
greater in the bands than in the interbands. Approximately 100-175 
bp of DNA are compacted per nanometer (nm) of a chromosome 
band. compared to a compaction level of2.8 bp/nm for naked DNA. 
20 bp/nm for a to-nm nucleosome fiber. and 110-220 bp/nm for 
a 30-nm chromatin fiber (See also section 17.5. Chapter 17). 

Fig. 20.4. The use of in situ hybridization to detect rye chromatin in a 
wheat background. The radioactively labeled 3H-RNA probe was 
prepared from heterochromatic DNA sequences isolated from cereal rye 
(Secale cereale) (Appels et aI., 1978). This DNA contains well-defined 
families of tandemly arranged sequences located in rye heterochromatin 
(Appels 1982). The arrows indicate an entire rye chromosome, 2R (left), 
in which heterochromatic DNA sequences at the end of both arms are 
labeled, and a second chromosome (right) in which only the end of the 
long arm is labeled. The latter chromosome was found to be the result 
of a centromeric translocation between chromosomes 2R of rye and 2B 
of wheat. combining the long arm of 2R (2RL) with the short arm of 2B 
(2BS) (May and Appels, 1980). Whereas most of the heterochromatin is 
located at the ends of the rye chromosomes, distinctively labeled bands 
do appear elsewhere, enabling all seven pairs of homologous rye 
chromosomes to be identified (Appels, 1982). 
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Fig. 20.5. The distribution of a- and ,B-heterochrornatin in Drosophila 
chromosomes. The ratios of the chromatin components differ markedly 
between salivary-gland polytene chromosomes (top photograph) and 
normal mitotic chromosomes (lower diagram). The chromocenter (in the 
photograph), with which all of the centromeres are associated, shows the 
cytogenetic distribution of a- and ,B-heterochromatin (From Gall et aI., 
1971; see also Pardue and Hennig, 1990), indicating that 
heterochromatin often occupies regions of the genome with unusual 
characteristics such as under-replication in polytene tissue. In other 
organisms, heterochromatic regions of the genome are completely 
eliminated from cells undergoing embryogenesis (Beerman, 1977; 
Muller et al., 1982). 

20.1.2 The Highly Condensed Nature 
of Heterochromatin 

The concept that heterochromatin is more condensed at certain 
stages in the cell cycle suggests a higher density of chromatin per 
unit length of chromosome. This, in turn, is a direct result of a 
higher density of DNA compaction within the chromatin. a deduc
tion that is confirmed in organisms such as rye (Secale), which 
shows pronounced heterochromatic blocks in mitotic prophase 
chromosomes using only phase-contrast microscopy. The use of 
Feulgen staining. which is specific for DNA, demonstrates that 
these blocks of heterochromatin contain a greater density of DNA 
than euchromatin. In fully condensed mitotic chromosomes. the 
differential condensation of heterochromatin relative to euchroma
tin is no longer obvious, and special techniques such as C-banding 
or in situ hybridization, are required to reveal the heterochromatin 
(Fig. 20.4; see also Chapter 6, Section 6.2, and Chapter 19). 

In insect salivary glands, the "condensed" nature ofheterochro
matin results from an absence of the DNA endoreduplication; in 
the euchromatin. the endoreduplication process leads to the forma
tion of polytene chromosomes. The lack of endoreduplication and 
the observed late replication of heterochromatin generally appear 
to result from an unusual DNA-sequence structure within the het
erochromatin. This is most clearly seen in the chromocenter, where 
the centromeres of the polytene chromosomes of D. melanogaster 
are attached. The bulk of the heterochromatin in the chromocenter 
is normally found in fairly large blocks on either side of the centro
meres of mitotic and meiotic chromosome arms (Fig. 20.5). At 
the junction between heterochromatin of the chromocenter and the 
endoreduplicated chromosome arms, a further class of heterochro
matin. ,B-heterochromatin. has been defined. The DNA of ~-hetero-



chromatin contains expressed genes, some DNA-sequence families 
in common with the telomeric regions, other sequences found at 
many sites throughout the euchromatin, and some transposable ele
ments. Molecular studies on the locus suppressor of forked bristles, 
su(j). suggest that it is located in ,B-heterochromatin at, or very 
near, the al,B-heterochromatin boundary and is at least 80% poly
tenized. The heterochromatin between the centromere and ,B-het
erochromatin is called a-heterochromatin (see Fig. 20.5). 

20.1.3 The DNA Sequences 
of Heterochromatin 

Heterochromatic DNA is dominated by the presence of long 
arrays of tandemly repeated sequences. Some chemicals interact 
with DNA in a sequence-specific manner (see Chapter 6), and 
many of these act as stains that reflect the characteristic DNA
sequence composition of heterochromatin. In prophase chromo
somes of Drosophila, the entire Y chromosome, almost one-half 
of the X chromosome, most of chromosome 4, and the regions 
surrounding the centromeres of chromosomes 2 and 3 are made up 
largely of heterochromatin. The substructure of the heterochromatic 
Y chromosome has been investigated in detail using fluorescent 
dyes such as Hoechst 33258 (Fig. 20.6) and quinacrine (see Chapter 
17, Fig. 17.15). The bands produced by Hoechst 33258 can be 
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Fig. 20.6. A diagrammatic representation of the Y chromosome of D. 
melanogaster after staining with Hoechst 33258. The chromosome can 
be divided into defined regions depending on the degree of fluorescence 
and the presence of constrictions. FiUed segments indicate bright 
fluorescence, hatched segments represent dull fluorescence, and open 
segments indicare no fluorescence. The lines on the right indicate the 
maximum physical sizes of the Id and ks fertility factors located on this 
chromosome (Bonaccorsi ,et aI., 1988). Although the classical literature 
(Williamson, 1976) indicates five fertility factors on the long arm of the 
Y chromosome, k14 has not been mapped in detailed cytogenetic 
analyses of the type summarized in the figure. 
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Fig. 20.7. The separation of mouse satellite DNA from genomic DNA 
by centrifugation in a CsCI density gradient. Differences in the density 
of satellite DNA can be natural and dependent on contrasting differences 
in nucleotide content, or they can be artificially induced by the addition 
of intercalating actinomycin-D or silver (Ag +) ions. In mouse, the main 
band comprises about 92% of the total DNA with a G: C content of 42% 
and a buoyant density of 1.701 g/cm3• The satellite contains about 8% of 
the total DNA and, because it has a G:C content of only 30%, it has the 
distinct buoyant density of 1.690 g/cm3. 

clearly seen in Fig. 20.6 and reflect the distribution of blocks of 
simple-sequence DNA in the Y chromosome. Other sequences such 
as long, tandem arrays of AGAAG and AGAGAAG do not bind 
to the dye, and the regions where these sequences occur appear as 
nonstaining gaps along the chromosome. The fluorescent dye 
thereby distinguishes regions within heterochromatin that can be 
used to provide cytological markers. The presence or absence of 
these markers in chromosomally engineered genetic stocks of Dro
sophila have been used to locate fertility genes within the Y chro
mosome (see Fig. 20.6). 

The discovery of a characteristic DNA-sequence structure in 
heterochromatin predates the cloning of DNA sequences in bacte
ria. The technique of cesium-chloride (CsCI) density-gradient cen
trifugation provided the methodology for the purification of what 
were originally called satellite-DNA sequences. One of the first 
sequences isolated in this way was an AT polymer from crab DNA. 
The nucleotide base-pair composition of this polymer meant that 
it had a significantly different density from the bulk of the genomic 
DNA. Similarly, the isolation of mouse satellite DNA using CsCI 
density centrifugation (Fig. 20.7) was an important step in the study 
of heterochromatin, because it was one of the first sequences to 
be used for in situ hybridization experiments. The chromosomal 
location on mouse satellite DNA was found to correspond to re
gions of centromeric heterochromatin (Fig. 20.8). Subsequent DNA 
sequencing studies showed that the heterochromatic DNA of the 
mouse consisted of a simple repetitive sequence containing tracts 
of AT base pairs (Fig. 20.9). The repetitive nature of heterochro
matic DNA sequences ensures that they renature relatively rapidly, 
and this characteristic can be used to isolate and purify these se
quences (see also Chapter 16). Furthermore, if a restriction-endo
nuclease site is located in one of the units of the repetitive array, 
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Fig. 20.8. The in situ hybridization (ISH) of mouse (Mus musculus) 
mitotic chromosomes with 3H-labeled RNA satellite sequences. The 
satellite DNA was isolated by ultracentrifugation (see Fig. 20.7) and 
transcribed using E.coli RNA polymerase and 3H-labeled ribonucleotide 
triphosphates. The experiment was one of the first to demonstrate a 
close physical relationship between the highly repeated satellite DNA 
sequences and the centromeres of mouse chromosomes. (From Pardue 
and Gall, 1970.) 

it is often located in all the units. This means that the occurrence 
of the restriction-enzyme sites at identical distances apart results, 
after digestion, in the characteristic production of large numbers 
of DNA fragments of identical length. If occasional units in the 
array do not have the restriction-endonuclease site, some DNA 
fragments are twice the length of the basic unit. Fragments three, 
four, and so on, times the size of the basic unit can also occur and 
thus create a characteristic ladder of DNA fragments. 

Not all families of heterochromatic DNA sequences can be iso
lated by physical methods such as density-gradient centrifugation, 
and it was not until cloning technology was developed that the full 
range of heterochromatic sequences could be studied. It has since 
been found that DNA-sequence families in heterochromatin can 
comprise units varying in length from 5 bp to 400 bp, arranged in 
long, tandem arrays. The cloning of these sequences provides the 
basis for assaying the presence of heterochromatin by in situ hybrid
ization (see Chapter 19). 

20.1.4 Some Chromosomal Proteins 
Are More Prominent 
in Heterochromatin 

Although the unique cytological and biological properties of 
heterochromatin may be totally dependent on the composition of its 

Fig. 20.10. Immunofluorescence staining of the six pairs of Drosophila 
virilis polytene chromosomes using the protein HPl. The chromocenter 
is heavily labeled as are a few loci on the chromosome arms. 
Chromosome puffs are unstained. Phase contrast (upper) and fluorescent 
(lower) images of the same chromosome spread are shown and the sixth 
chromosome is indicated. (From Tharappel et aI., 1989; bar = 40 IJ.m). 
The HPI protein contains a domain called the chromobox, which is 
evolutionally conserved and characteristic of the proteins involved in the 
repression of gene activity in large chromatin domains within the 
nucleus (Singh et al., 1991). However, the chromobox is not present in 
all of the proteins involved in the modulation of chromatin structure 
(Reuter et aI., 1990). 
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Fig. 20.9. The basic 232-bp repeat sequence of the DNA present in mouse-satellite heterochromatin. This repeat is itself comprised of two subrepeats, 
each about 116 bp in length. In total, there are 148 A:T base pairs and 84 G:C base pairs, giving a ratio of 0.638:0.362, and this differs from the ratio 
predicted from buoyant-density analyses (see Fig. 20.7) because of the effects of the actual sequence on buoyant density. 



unusual DNA sequences, the involvement of certain chromosomal 
proteins is also a possibility. An investigation of Drosophila sali
vary-gland chromosomes has revealed a high concentration of a 
single protein, heterochromatin-associated protein No. I (HPl) in 
,B-heterochromatin (Fig. 20.10). Immunofluorescent staining has 
demonstrated that HPI is also distributed throughout the smallest 
chromosome and at the ends of chromosomes. Interestingly, the 
HPI gene is allelic to the genetic locus Suppressor of position
effect variegation [Su(var)2-5J, which modifies the ability of het
erochromatin to partially inactivate nearby genes. Position-effect 
variegation occurs when heterochromatic sequences are transposed 
to novel sites adjacent to euchromatic genes (see Chapter 9). The 
degree of suppression of these genes by heterochromatin reflects 
the spread of chromatin condensation into neighboring euchroma
tin. A second protein, the product of the Su(var)3-7 locus, is in
volved in the modification of position-effect variegation and, there
fore, may also contribute to the structure of heterochromatin. 

20.1.5 Heterochromatin Contains Genes 
at a Lower Frequency 
Tban Euchromatin 

Detailed genetic and cytogenetic analyses of the chromosomes 
of D. melanogaster have revealed the presence of some gene loci 
within regions of heterochromatin. These analyses require a distin
guishable relationship between the cytological appearance of a 
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chromosome and its genetic map. Chromosomal deletions remov
ing large blocks of heterochromatin from near the centromeres have 
no noticeable effect on the phenotype and thus, for many years, 
heterochromatin was thought not to contain any distinct genes; 
this led to the concept of the genetic inertness of heterochromatin. 
However, a number of ethyl methanesulfonate (EMS)-induced le
thal mutations have since been located in the heterochromatin of 
chromosome 2 of Drosophila, indicating that this heterochromatin 
must contain unique-sequence genes essential for life (Fig. 20.11). 
Assuming that EMS-induced mutation analysis is able to detect the 
majority of the genetic loci in the heterochromatin of chromosome 
2, the frequency of genetic loci per unit length of heterochromatin 
is estimated to be 1 % of that found in euchromatin. 

To some extent, this analysis of chromosome 2 heterochromatin 
is similar to the analysis of fertility factors located on the Y chromo
some of D. melanogaster (see Fig. 20.6). The best estimates of the 
minimum and maximum sizes of chromosome regions encompass
ing the kl and ks fertility factors include segments of chromatin 
known to have a high content of simple repetitive sequences. There
fore, at least some of these fertility factors must be located in 
regions where the heterochromatic repeat sequences are also highly 
clustered. 

Not all genes in heterochromatin are of the unique-sequence 
category. The Responder (Rsp) element is thought to be composed 
of tandem arrays of sequences that contribute to a phenotype of D. 
melanogaster, known as the Segregation Distorter, which involves 
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Fig. 20.11. A genetic analysis of the heterochromatin that surrounds the centromere of 
chromosome 2 of D. melanogaster. A mitotic chromosome spread (top photograph) of 
the translocation line MS2-10 shows the lack of a and f3 heterochromatin from near the 
centromere of the 2R arm. The lower photograph shows a section of the right arm of the 
polytene chromosome 2 pair and the direct attachment of 2R euchromatin to the 
chromocenter (right) without the presence of 2R a or f3 heterochromatin. A 
diagrammatic representation of the genes that are present in the heterochromatin of 
chromosome 2 and analyzed using deletions such as MS2-10 is also shown (bottom; 
Hilliker et aI., 1980). As an example, the locus 1 (2R)A' indicates a gene located in the 
heterochromatin of the right arm of chromosome 2. 
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Fig. 20.12. The various genes associated with the Segregation Distorter 
(SD) phenotype and their locations on chromosome 2 of Drosophila 
meiarwgaster. (Adapted from Palopoli et aI., 1994.) The presence of the 
SD phenotype leads to the preferential recovery of sperm with 
chromosome 2 carrying the Segregation distorter (Sd ) locus and the 
loss of sperm with a homologous chromosome 2 carrying the so-called 
sensitive allele of Responder (Rsp). The Enhancer of Sd, E(Sd), is a 
third locus on chromosome 2 that interacts with Sd and Rsp (Brittnacher 
and Ganetsky, 1989; Lyttle, 1989). The Rsp locus is composed of a 120-
bp sequence tandemly repeated from 25 to 3000 times, depending on the 
source of the locus analyzed (Wu et aI., 1988). 

spenniogenesis, with selective survival of particular genotypes of 
sperm. The controlling genetic complex is comprised of three 
tightly linked loci surrounding the centromere of chromosome 2 
(Fig. 20.12). The Segregation distorter (Sd) locus is located in the 
euchromatin of chromosome arm 2L near the centromere, where 
it produces a factor that is essential for strong distortion. Sperm 
carrying chromosome 2 with the Sd locus are preferentially re
covered in the presence of the so-called sensitive allele of Rsp, 
as described below. The locus Enhancer of Segregation distorter 
[E(Sd)] is also located near the centromere in 2L, but in the ~
heterochromatin, and this locus strengthens the degree of distortion. 
The Rsp locus, which is the target for the actions of both Sd and 
E(Sd), is located near the centromere, embedded in the heterochro
matin of 2R. It has been shown that Rsp is closely associated with a 
Hoechst 33258 staining band, h39 (Fig. 20.13). Quantitative effects 
related to the degree of sensitivity of Rsp to Sd are correlated with 
the physical size of the h39 band, and with the number of copies 
of a specific A-T-rich, 240-bp sequence located in the 2R hetero
chromatin. The Rsp-240 bp sequence has been isolated and cloned 
from a Responder-sensitive genotype (RspS), in which it exists in 
tandem arrays at least 30 units long with as many as 2000-2800 
units per genome; these are not necessarily in a single, tandem 
array. Responder-insensitive genotypes (RSpi) do not interact with 
the Segregation Distorter phenotype and have very few Rsp-240 
bp sequences, perhaps as low as 25 copies. A working hypothesis, 
therefore, is that Sd (on one chromosome 2 homolog) produces a 
product that binds to the Rsp-240 sequences (on the other chromo
some 2 homolog), resulting in defective chromatin-folding and dys
function of sperm carrying the chromosome 2 with the Rsp-sensi-
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Fig. 20.13. A cytological map of the heterochromatin surrounding the 
centromere (C) of chromosome 2 of Drosophila melanogaster after 
staining with Hoechst 33258. Fourteen distinct regions can be 
delineated. The degree of staining of the various regions corresponds to 
the amount of Hoechst 33258 bound to the DNA. The visual intensity of 
region h39 (shown as 39) appears to be directly associated with the 
number of repeat sequences present in the Rsp locus (see Fig. 20.12), 
which contributes to of the Segregation Distorter phenotype (Dimitri, 
1991). 

tive locus. With fewer Rsp-240 sequences, the Sd-Rsp interaction 
becomes less significant in sperm development. 

Ribosomal RNA genes are discussed in more detail later on; 
they are located in the heterochromatin of Drosophila X and Y 
chromosomes, where they are usually found as tandem repeats of 
about 200 copies. These loci correspond to the genetic locus first 
identified as bobbed (bb). Analogous to the existence of various 
Rsp loci, it has been found that variations in the severity of the 
phenotype expressed by allelic variants of the bobbed locus are 
directly correlated to the number of rRNA genes present, and 
changes in number can be induced by deletions (as discussed in 
Section 20.2.1). 

20.1.6 Unusual Biological Properties 
of Heterochromatin 

The preceding sections have described a number of unusual 
properties associated with heterochromatin and these are summa
rized in Table 20.1. The wide diversity of effects suggest that the 
presence of long tracts of repetitive DNA sequences can have a 
variety of pleiotropic effects. Rather than being essential for life, 
many regions of heterochromatin seem to be involved in quantita
tive interactions within the genome that lead to adjustments in the 
overall phenotype of the organism. Consequently, heterochromatin 
differs from euchromatin in two major ways: 

1. The very long tracts of tandemly repeated DNA sequences 
that are common in heterochromatin are almost lacking in 
euchromatin. Many of the quantitative-genetic effects asso
ciated with heterochromatin are caused by variations in the 
lengths of tandem arrays of sequences within the hetero
chromatin. 

2. The density of genetic loci/unit length of DNA is much 
lower in heterochromatin than in euchromatin. This is pre
sumably a result of the presence of long tracts of repetitive
sequence DNA. 

20.2 mE NUCLEOLUS Am> RIBOSOMAL-MA 
GENES 

The structure called the nucleolus has been studied since the 1890s. 
At that time, there were contrasting views on the origin and function 
of the nucleolus, ranging from its derivation from chromatin by 
direct transformation of nuclear substance, to the converse view, 
which suggested that it was of extranuclear origin and not a secre
tion or excretion of the nucleus. Current views on the structure and 
function of this chromosomal landmark account for both of the 
above viewpoints as a result of the combination of microscopic 
studies and biochemical research. 

20.2.1 Identification of the Genes Involved 
in Forming the Nucleolus 

Cytological studies have demonstrated that the nucleolus con
tains a high content of RNA molecules. In addition, when radioac
tive precursors of RNA such as 3H-uridine are administered to 
cells, the nucleolus is always strongly labeled. Ribosomal RNA 
(rRNA) is also a major constituent of the cytoplasm and provides 
a crucial component of the protein synthetic processes. These and 
other observations indicate that the nucleolus is the site of synthesis 



Table 20.1. Summary of the Biological Properties Associated with 
Heterochromatin 

Property 

1. Condensed, darker 
staining than 
euchromatin 

2. Late-replicating 

3. Position-effect 
variegation 

4. Pairing sites 

5. Rescue of abnormal 
oocyte 

6. Target for segregation
distorter genes 

7. Low gene density 

Description 

Most clearly seen in mitotic-prophase 
chromosomes of most plants and 
animals; results from a higher 
concentration of DNA per unit length 
of chromosome. 

In most eukaryotes, heterochromatin is 
replicated later in the S phase than the 
bulk of the genome; in the salivary
gland polytene chromosomes of 
insects such as Drosophila, no 
endoreplication of heterochromatic 
DNA occurs. 

An alteration in the activity of a gene 
due to a change in its position within 
the genome relative to the position of 
heterochromatin (see Chapter 9, 
Section 9.4.1). 

Meiotic pairing between nonhomologous 
chromosomes can occur owing to the 
presence of common-homologous 
DNA sequences within the 
heterochromatin of different 
chromosomes and can influence 
segregation. 

A region of Drosophila X-chromosome 
heterochromatin that interacts with the 
locus abnormal oocyte (abo) to reduce 
the severity of its effect. 

A region of Drosophila 2R 
heterochromatin, Rsp, that interacts 
with the Sd and E(Sd) genes to cause 
dysfunction of sperm carrying these 
loci. 

A more or less universal property of 
heterochromatin, making large blocks 
of it inessential for life. Gene low
copy number and repetitive 
transcribed genes can, however, be 
present, as well as arrays of repetitive 
DNA sequences, which provide target 
sites for the products of euchromatic 
genes. 

and processing of ribosomal RNA in preparation for transmission 
through nuclear membranes into the cytoplasm. Formal proof of 
this proposal was obtained when physical studies of the nucleolus 
were combined with cytogenetic studies. 

In the early 196Os, a technique was developed to target cytologi
cally identifiable sites in the cell with a microbeam of ultraviolet 
light. When this method was used to partially destroy the nucleolus, 
there was a concomitant loss of RNA synthetic activity and a great 
reduction in the amount of cytoplasmic RNA, particularly rRNA. 
This result argued for a central role of the nucleolus in rRNA 
synthesis. By the mid-1960s, the technique of RNA-DNA hybridi
zation (described in Chapter 19, Section 19.2) could be used to 
analyze the DNA of Xenopus and Drosophila mutants that con
tained differing numbers of nucleolus-organizer regions (NORs). 
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These NORs are cytologically distinct regions of chromosomes, 
usually seen as constrictions separating a chromosome satellite 
from the rest of a chromosome arm in mitotic cells, and must be 
present for a nucleolus to be formed. The anucleolate mutation of 
Xenopus, for example, produces tadpoles that can survive up to the 
tail-bud stage yet synthesize no rRNA, drawing on the large pool 
of maternal rRNA laid down in the original oocyte. The progeny 
from crosses between heterozygous individuals carrying one dose 
of the anucleolate mutant segregated in the expected ratio of 1 
individual homozygous for anucleolate (no NORs), 2 heterozy
gotes, with I homologous chromosome having a NOR and the other 
homolog without it, and 1 homozygote, with 2 NOR-containing 
chromosomes. Using RNA-DNA hybridization, it was then dem
onstrated that the number of rRNA genes in the genomic DNA 
from the three types of F2 individuals was directly correlated with 
the number of NORs that were present in the three genotypes. 

The bobbed (bb) mutation in D. melanogaster results in flies 
with shorter bristles than wild-type flies, and abnormal coloring of 
the abdomen (Fig. 20.14). Chromosome-mapping studies suggested 
that the mutant gene coincided with the NOR at the centromere 
end of the X chromosome. Hybrids between stocks containing a 
pair of inversions, In( 1 )sc4 and In( 1 )scB, allowed the number of 
NORs in an individual fly to be varied (see Fig 20.14). RNA-DNA 
hybridization measurements of the rRNA gene contents in the geno
mic DNA of progeny carrying recombinant chromosomes indicated 
that the number of rRNA genes present was proportional to the 
number of NORs present. Studies on the DNA from flies with 
different bobbed mutations also showed that the degree of severity 
of the bobbed phenotype was a direct result of deletions differing 
in length and involving rRNA genes in the nucleolus-organizer 
regions. Direct confirmation of the location of rRNA genes within 
the Nor locus, and within the nucleolus, has been obtained for many 
organisms using in situ hybridization, as shown for wheat in Fig. 
20.15. 

In metaphase chromosomes, the NOR appears as a stretched 
region, or secondary constriction, and in favorable preparations, 
the rRNA genes can be assayed in the DNA present in the stretched 
region, as well as in the chromosome region distal to this region. 
Most models of rRNA gene organization include active and inactive 
states of the gene complex, and these may well be reflected in the 
appearance of rRNA genes in the stretched and more condensed 
regions, respectively, of the metaphase chromosomes. 

20.2.2 The Nature of Ribosomal-RNA Genes 

When DNA is centrifuged at high speed in salts such as CsCl, 
not only are major bands of genomic DNA with particular buoyant 
densities present (see Fig. 20.7), but smaller "satellite" bands can 
also be distinguished. In many cases, the isolation of satellite-DNA 
sequences can be enhanced by the addition of ions, such as Ag + , 

or by antibiotic molecules that bind to specific DNA sequences. 
When aliquots of Xenopus DNA from actinomycin-D/CsCl gra
dients were assayed for the presence of rRNA genes, a single satel
lite peak containing all of the rRNA genes was identified. This can 
only occur if the rRNA genes are clustered together to form large 
regions of DNA with a characteristic base-pair composition and 
buoyant density. Xenopus genes were the first to be isolated in this 
way and provided the starting material for the first molecular clon
ing of eukaryotic DNA in bacteria. It has since been found that all 
eukaryotes have tandem arrays of rRNA genes, in which a single 
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Fig. 20.14. A drawing of an extreme bobbed (bb) female of Drosophila melanogaster (upper) showing 
shortened bristles, uneven abdominal color markings, and other abnormalities of the lateral abdomen 
(Lindsley and Grell, 1968; drawing by E.M. Wallace). This fly can be compared with wild-type illustrated in 
Chapter 24, Section 24. I I, with normal markings on the abdomen. The changes are caused by a severe 
reduction in the number of rRNA genes present in the nucleolus-organizer region of the X chromosome. The 
number of these genes can be varied by exploiting the wide range of bobbed mutations, or by intercrossing 
flies with inversion chromosomes (illustrated in lower figure) such as In( I )sc4 and In( 1 )scB. If at least partial 
pairing of the two inverted chromosomes occurs in the F 1 hybrid, a crossover can give the recombinant 
chromosome (bottom), which lacks the segment with the rDNA genes. 

rDNA unit consists of the following rRNA genes (Fig. 20.16) sepa
rated by varying lengths of intervening spacer-DNA sequences: 

1. lBS or small rRNA gene: Codes for an RNA molecule vary
ing in size from 1487 bp in the fungus Anacystis nidulans 
to 1869 bp in Rattus norvegicus. This molecule is the major 
RNA component of the small subunit of ribosomes. 

2. S.BS rRNA gene: Codes for an RNA molecule of about 
150-200 bp in length. This molecule is commonly H
bonded to the large rRNA component in the large subunit 
of ribosomes. 

3. 26S or large rRNA gene: Codes for an RNA molecule rang
ing in size from 2876 bp in Anacystis to 4718 bp in Rattus. 
This molecule is the major RNA component of the large 
ribosome subunit. In protozoans, dipteran insects, and some 

bacteria, an extra processing step occurs to cleave this mole
cule near the middle of the gene sequence. 

In addition to these rRNA genes, a further gene sequence codes 
for a 5S RNA molecule of about 120 bp in length. This gene is 
part of the rDNA repetitive unit only in some lower eukaryotes 
and in bacteria. In multicelled eukaryotes, the repetitive arrays of 5S 
DNA units are found at loci distinct from the nucleolus-organizer 
regions (Fig. 20.17). The 120-bp 5S RNA molecule is located in 
the small subunit of the ribosomes. 

All of the rRNA gene sequences are separated from one another 
by varying lengths of intervening-spacer-DNA segments. The 
major intervening spacer separates the 3'-end of the 26S rRNA 
gene from the 5' -end of the 18S rRNA gene. Although this sequence 
is not transcribed, giving it the name nontranscribed spacer (NTS), 
it is of great importance for the regulation of transcription of the 
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Fig. 20.15. The in situ hybridization of ribosomal rONA spacer probe 
to the nucleolus-organizer regions of hexaploid wheat, Triticum 
aestivum. In cereals, the nucleolar-organizer regions or highly repeated 
rRNA gene regions can be designated as either Nor or Rm. The two 
major Nor loci of hexaploid wheat, Nor-Bl and Nor-B2, are located on 
the IB and 6B pairs of sateIlited chromosomes, respectively (May and 
Appels, 1987, 1992). Minor sites are located on chromosomes 50, lA, 
SA, and 70 (Mukai et al., 1991; Jiang and Gill, 1994). 

actual rRNA genes. The sequence structure of the rDNA repeating 
unit displays many of the characteristics typical of all eUkaryotic 
genes, as follows: 

(a) The start of transcription-a DNA sequence closely re
lated to the sequence TATAGTAGGG that has been iden-

S.8S rRNA gene 

transcription by 
RNA polymerase I 

Fig. 20.16. A diagrammatic representation of a typical ribosomal-DNA 
repeat unit. The repeated sequences contain an 18S, a 5.8S, and a major 
26S rRNA gene, and are separated from their neighbors by a stretch of 
nontranscribed, intervening-spacer DNA, itself composed of varying 
numbers of short sub-repeat DNA sequences. Promoters, enhancers, and 
terminators of transcription are present in the nontranscribed, 
intervening-spacer DNA and are indicated as enhancer-type repetitive
DNA sequences (Appels and Honeycutt, 1985; Firek et aI., 1989; 
Pikaard et al., 1989; Kulkens et al., 1991; Smid et al., 1992). 
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Fig. 20.17. A comparison of rRNA gene sequences from a range of 
organisms to show the evolutionary similarity of rRNA gene 
arrangement and transcription. Repetitive-sequence regions are marked 
by black dots (e) (Appels and Honeycutt, 1985). 5S rRNA genes are 
found in association with other rRNA genes only in prokaryotes and 
some unicellular eukaryotes. 

tified in several plants and animals,S' -upstream of the 18S 
gene transcript. 

(b) A 5' -upstream spacer region-a region, prior to the start 
of transcription, characterized by the presence of repetitive 
sequences that function as promoters/enhancers of tran
scription by RNA polymerase I. Between organisms, these 
repetitive sequences range in length from 100 to 300 bp 
and vary both in the number present and in their nucleotide 
sequences, which provide an important source of evolu
tionary variation in the rDNA unit. 

(c) The 3'-downstream spacer region-contains transcrip
tion-termination signals that usually include a TTT motif. 
They exist in the spacer downstream from the 3' -end of 
the large, 26S gene sequence. In some situations of high 
levels of transcriptional activity, transcription can continue 
through these termination signals, resulting in transcrip
tion of some of the spacer region. In such an event, a 
further termination signal, 5'-upstream from the transcrip
tion-promoter region, ensures that termination occurs be
fore further transcription is initiated. 

(d) The gene sequences-in contrast to the intervening"spacer 
DNA, the actual rRNA gene sequences are highly con
served during evolution. In particular, the small and large 
genes contain sections that are recognizable from bacteria 
and Archaea to eukaryotic plants and animals. As was 
described in Chapter I, these sequences have been used 
to delineate phylogenetic relationships in all of these or
ganisms. 

20.2.3 Ribosomal-RNA Synthesis 

Electron microscopy has produced images of the ribosomal 
genes in the process of transcription (see Chapter 2, Fig. 2.8), 
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Fig. 20.18. The steps involved in producing individual ribosomal 
RNAs from the basic mRNA transcript. The elaboration of the 
processing used pulse-labeling experiments (Gerbi et aI .• 1990; Savino 
and Gerbi. 1991) to give an accurate estimation of the different-length 
fragments found to be present within a defined time frame. The major 
enzyme involved in this processing is RNase P. 

confirming biochemical evidence that one large precursor RNA 
molecule is synthesized. This molecule is subsequently processed 
(Fig. 20.18) to generate the three individual rRNA molecules that 
bind to ribosomal proteins to eventually form ribosomes. Synthesis 
of rRNA uses an RNA polymerase. together with numerous protein 
cofactors, and proceeds from the start of transcription to the termi
nator. The enzyme that produces the precursor RNA is RNA poly
merase I. which consists of 8 subunits in the rat and 13 subunits 
in yeast. The largest subunit binds to zinc in a domain that is 
common to analogous subunits of RNA polymerases II and ill. 
RNA polymerase II produces messenger RNAs required for the 
synthesis of proteins, and RNA polymerase ill produces small RNA 
molecules such as 5S RNA and transfer RNAs. Although signifi
cant amino-add-sequence homology exists between the large sub
units of RNA polymerases I, II, and III, and the p'-subunit of the 
RNA polymerase found in Escherichia coli, RNA polymerase I 
alone is insensitive to a-amanitin. a toxic bicyclic octapeptide iso
lated from the mushroom Amanita. The second largest subunits of 
RNA polymerases I, II, and ill share amino-add-sequence homol
ogy with the {3-subunit of the E. coli enzyme. On the basis of 
comparison with the E. coli RNA polymerase, it is likely that the 
two largest subunits of RNA polymerases I, n, and 1lI are the 
major catalytic components of these enzymes. Three-dimensional 
reconstructions from electron micrographs of crystals of these 
major catalytic components show a characteristic thumblike projec
tion, defining a channel that could hold a DNA molecule; it is 
suggested that the conformation of this projection forms the basis 
for promoter recognition. 

A number of other proteins are involved in building the tran
scription-initiation complex that allows RNA polymerase I to start 
transcription. The protein factor SLl and the upstream binding 
factor (UBF1) from human HeLa cells have been especially well 
characterized. The two factors act in concert to form a productive 
transcription-initiation complex, with UBFI binding to a DNA se
quence located 107 bp upstream from the transcription-start site. 
In cell-free systems, where both mouse and human rDNA are pres
ent, the SL I factor of humans induces human-specific transcription. 
Even so, SLl does not interact directly with the human rDNA 
promoter region, but combines with UBFI to form human-specific 
transcription-initiation complexes. The detailed relationships be
tween DNA sequences in the transcription-control region and the 
proteins binding to them are the subject of extensive research. 

Production of the final RNA molecules that are used in ribosome 
biosynthesis requires processing (see Fig. 20.18), and an analysis 

of this process in the ciliated protozoan Tetrahymena led to the 
elucidation of the biochemistry of self-cleavage of RNA (Fig. 
20.19). The RNA component of the rRNA-processing enzyme com
plex of Tetrahymena was the first well-characterized example of 
an RNA molecule acting as an enzyme or ribozyme, and the details 
of this reaction (see Fig. 20.19) provided a stimulus to the discovery 
of similar reactions in plant-virus RNAs. Studies of the ribozyme 
activity of RNA molecules led directly to the design of synthetic 
RNA molecules that are capable of cleaving other RNA molecules 
at specific sequences (Fig. 20.20). 

20.2.4 The structure of the Nucleolus 

Electron-microscopic studies of the nucleolus have defined 
three distinguishable regions (Fig. 20.21): a fibrillar center (FC), 
a dense fibrillar component (DFC). and a granular component (GC). 
Ribosomal RNA is synthesized near the junction between the FC 
and the DFC, and as the rRNA matures and binds with ribonuclear 
proteins. it gradually moves into the GC. The resulting ribonucleo
protein particles (RNPs) transport the rRNA from the nucleolus to 
the cytoplasm. However, the proteins involved in the production 
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Fig. 20.19. The self-cleavage of RNA in Tetrahymena by RNA acting 
as an enzyme. (Modified from Cech. 1987.) The process is facilitated by 
the presence of particular base-pair combinations at the 5'- and 3' -ends 
of the RNA segment destined to be deleted. The enzymatic activity of 
RNA is also referred to as ribozyme activity and has been observed in a 
variety of different organisms (Cech. 1986). The 3'OH residues (e.g .• 
GOH) are shown when they are relevant to the chemical reaction. 
Similarly the 5'-phosphate groups are shown (e.g .• pU). 
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Fig. 20.20. The mode of action of ribozymes and the exploitation of 
ribozyme activity. By manufacturing ribozyme-mRNA sequences (c) 
that are specific to a target mRNA molecule (a), the respective mRNA 
can be destroyed (b) and prevented from providing a template for the 
production of its normal end product (d). In this way, the expression of 
specific genes can be blocked (Haseloff and Gerlach, 1988). 

of RNPs are themselves synthesized in the cytoplasm, and they 
need to migrate into the nucleolus to combine with the rRNA mole
cules. 

In addition to RNA polymerase I, other nucleolar-protein genes 
have also been sequenced and characterized. These include nucleo
lin, fibrillarin, single-strand-binding protein (SSB 1), topoisomerase 
I, N0381B23 protein, the protein p67 produced by the NSRI gene 
of yeast, transcription factor UBF, TAT A-binding protein and asso
ciated factors that comprise transcription factor SLl, and glycine
arginine-rich protein (GARl). As determined by immunolabeling, 
most of these proteins are located within the dense fibrillar compo
nent of the nucleolus. Nucleolin is particularly well characterized 
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Fig. 20.21. A diagrammatic representation of nucleolar structure at the 
electron-microscopic level. The nucleolus provides the physical 
environment in which ribosomal RNA is produced and bound to 
nucleoproteins for processing and subsequent transportation into the 
cytoplasm (based on Sommerville, 1985; Nigg, 1988). The proposed 
organization is supported by in situ hybridization studies at the electron
microscopic level (Thiry and Thiry-Blaise, 1991; Wachtler et al., 1992). 
It is possible that the RNA polymerase 1 molecules (e), shown in the 
process of transcribing the gene regions, may be attached to a nucleolar 
skeleton structure (Weipoltshammer et al, 1996) which permeates the 
entire region illustrated (including the fibrillar center). 
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as a highly conserved protein and has been identified in humans, 
Xenopus, rat, Chinese hamster, and onions. Another protein in 
yeast, encoded by the NOP 1 gene, is functionally equivalent to 
the fibrillarin of vertebrates and is required for many steps in the 
maturation of ribosomal RNA in the nucleolus, therefore loss of 
NOP 1 function is lethal. A temperature-sensitive mutation in the 
NOP! gene has been used to uncover mutations in other genes that 
can rescue the cells at the nonpermissive temperature and thus 
identify new genes coding for proteins that interact with the NOPI 
protein. 

The precise function of many of the proteins in the nucleolus 
is still unclear, although they are considered to be important in 
both the synthesis and processing of rRNA, as well as in providing 
a structural function in the dense fibrillar component. Many are 
phosphorylated and most (with the exception of topoisomerase I) 
share a characteristic glycine/arginine-rich domain, which provides 
a highly flexible {Hype tum in the protein. However, the actual 
position of the glycine/arginine-rich domain differs in all of the 
nucleolar proteins, so that its functional significance is unclear. 

20.2.5 Nucleolus-Organizer-Region 
Suppression 

One of the classical observations of cytogenetics, the phenome
non of suppression of nucleolus-organizer regions, can now be 
understood in terms of the synthesis of rRNA. Typically, in the 
F 1 hybrids of interspecific crosses, the secondary constriction and 
nucleolus-organizer region of one of the parents is suppressed and 
unable to be observed. In effect, the NORs of one species are 
dominant over those of another when the two species are combined 
in a hybrid. It has been demonstrated that the rONA from the parent 
with the suppressed NOR is not transcribed. At the molecular level, 
the spacer region is an essential component in determining the 
efficient loading of RNA polymerase I onto the promoter for tran
scription initiation. It is subsequently possible that in an F I hybrid 
between species, one of the nucleolus-organizer regions has rONA 
sequences that are consistently less efficient than the other NOR 
in competing for available RNA polymerase I or other transcription 
factors. An alternative suggestion is that the suppression may be 
a reflection of competition between rONA regions for a physical 
site within the nucleolus where rRNA transcription can occur. Fail
ure to compete effectively at such a stage may commit a particular 
array of rRNA units to inactivity regardless of the level of RNA 
polymerase I or any other transcription factor. Research continues 
in an attempt to elucidate this interesting phenomenon. 

20.2.6 Ribosomal-RNA Gene Loci 
and Meiotic-Chromosome 
Pairing Sites 

The analysis of meiotic-chromosome pairing between the het
erochromatic regions of the X and Y chromosomes of Drosophila 
indicates that the rONA regions are the sites of the initial pairing 
interaction. Information to suggest this possibility was initially ob
tained by analyzing the behavior of modified X and Y chromo
somes, which had been carefully characterized for the presence of 
different types of rDNA sequences located in the heterochromatic 
regions of these two chromosomes. Striking confirmation was 
achieved when a single rONA unit was introduced into an X chro
mosome from which rDNA genes had previously been deleted and 
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Fig. 20.22. The methodology involved in proving that in Drosophila 
melanogaster. ribosomal RNA functions as a meiotic pairing site 
between the X and Y chromosomes. The rosy gene provides a marker to 
indicate the successful introduction and transformation of the rDNA unit 
(McKee and Karpen, 1990; McKee et aI., 1992). The introduction of the 
intervening-spacer unit, with its repetitive-sequence domains, was found 
to be crucial to the X - Y pairing process. 

which had shown no pairing with the Y chromosome. X-Y pairing 
was recovered, albeit at a reduced efficiency (Fig. 20.22). 

20.2.1 Ribosomal-RNA Gene Loci 
and Fragile Sites 

In Neurospora, the usual NOR contains from 100 to 200 rDNA 
units and occupies a terminal site on chromosome V. The analysis 
of translocations involving the ends of chromosome V has shown 
that chromosome breakage within the NOR is common; this obser
vation has led to the supposition that in some cases, the NOR can 
act as a fragile site within a chromosome. Fragile sites not related 
to the NOR are discussed in Chapter 7, Section 7.4.5. It is also of 
interest that when NORs break, they are immediately capped with 
the Neurospora telomeric sequences (ITAGGG) in order to main
tain stability. Furthermore, in organisms such as Giardia Lamblia 
(see Chapter I, Fig. I.3 for a description of this organism), the 
rDNA units are located directly adjacent to the telomeres of two 
chromosomes; in many other organisms, the NORs and rRNA 
genes are often subtelomeric. The location of rDNA units at or near 
telomeres has been speculated to reflect breakage of chromosomes, 
during the course of evolution of the organism, within the rDNA 
array and capping of the broken ends with telomeric sequences. 

20.2.8 Amplification of rDNA 
Gene Sequences 

In D. melanogaster, the phenomenon of rDNA amplification 
was discovered by careful measurement of the rDNA content of 
bobbed males and their progenies. This finding resulted from a 
breeding experiment involving several generations of flies in 
which, in succeeding generations, the chromosomes from rDNA
deficient males gradually increased their numbers of rDNA units, 
so that the original bobbed phenotype was eventually corrected by 
an increase in the number of rRNA units. Although cytogenetic 
evidence suggests that unequal sister-chromatid exchange could be 
involved in this magnification phenomenon (Fig 20.23), how a 
deficiency of rRNA genes can trigger the unequal sister-chromatid 
exchange leading to magnification is unclear. 

Unequal sister-chromatid and intrachromatid exchanges have 
occurred between tandem arrays of rDNA genes in yeast and Neu
rospora, and they almost certainly contribute to the observed quan
titative variations in the numbers of these genes in the nucleolus 
organizers of other organisms. In allelic variants of the Nor loci 
of wheat and barley, for example, the number of rDNA units at a 
single locus can vary from a few hundred to several thousand. New 
alleles that show large quantitative variations in number of rDNA 
units can, in principle, be formed by unequal crossing over between 
arrays of same-length rRNA variants or by crossing over between 
arrays of differing-length variants. 

array of rONA unlls double strands of DNA 

illlllili // 7 ]sister 
" II " II I chromatids 

I asynvnebical alignment of the tarrays of rONA units 

111111 VI : 
A.IIIIII 

~recombination followed by the 
~ndwof~~sy~~sgametes 
with different lengths of rONA arrays 

111111111111111 
III 

Fig. 20.23. Unequal crossing over as a mechanism for the 
amplification of rDNA units within a Nor locus. In Drosophila 
melanogaster. the phenomenon of amplification occurs when individuals 
are deficient in rDNA genes due to the presence of bobbed mutations 
(see Fig. 20.14). The deficiency in rRNA is thought to physically stress 
the organism, resulting in increased levels of nicks in replicating 
genomic DNA and an increase in the frequency of sister-chromatid 
exchange (SCE). With an increased frequency of SCEs, there is an 
increased probability of unequal alignment between the Nor loci, leading 
to greater numbers of rDNA units at one of the loci resulting from the 
exchange (Endow and Atwood, 1988). The reciprocal product of the 
unequal exchange, with reduced numbers of rDNA units, will tend to be 
lost because cells with these chromosomes will not be viable. In fungi, 
plants, and animals, fluctuations in the number of rDNA units at a given 
Nor locus occur readily, mainly as a result of meiotic sister-chromatid 
exchange (Petes, 1980) and premeiotic, intrachromatid exchange (Butler 
and Metzenberg, 1990). 



20.3 THE CENTROMERE 

By the start of the twentieth century, observations on cell division 
in cells with large nuclei suggested that a fiber network became 
attached to the constricted regions of chromosomes and pulled the 
chromosomes to their respective destinations. The primary con
striction, to which the fibers attached themselves, became known 
as the centromere, a significant region of the chromosome with 
rather poorly defined boundaries. 

The centromere is the site at which electron-microscopic studies 
have differentiated the kinetochore. In this chapter, the kinetochore 
is treated as a highly specialized structure, composed of an array 
of proteins and other macromolecules that are intimately associated 
with DNA sequences within the centromere (see also Chapter 4, 
Section 4.1.2, and Fig. 4.10). Centromeric proteins have been as
sayed using either autoantibodies isolated from the serum of hu
mans suffering from rheumatic diseases or monoclonal antibodies 
produced against chromosome-scaffold proteins. The antibodies 
provide probes for specific centromeric proteins (CENPs) located 
very close to the kinetochore. These proteins include a 17 kDa 
histone-like protein, CENP-A, which has proven to be centromere 
and probably kinetochore-specific; an SO-kDa protein, CENP-B, 
found within the central domain and spatially associated with tu
bulin molecules; a 140-kDa protein, CENP-C, of uncharacterized 
function; a 50-kDa protein, CENP-D, which is specific to the kinet
ochore itself; and another 140-kDa protein, INCENP or inner-cen
tromere protein (Fig. 20.24). When the respective antibodies are 
used to stain mitotic chromosomes from the rat kangaroo and 
Chinese hamster, the CENP-A, B, C, and D proteins are closely 
associated with the kinetochore plates and adjacent chromatin. The 

Fig. 20.24. A diagrammatic representation of the mammalian 
centromere and kinetochore, showing the three major domains (in the 
upper chromatid) and the diagnostic antigens used to detect proteins 
within the different domains (in the lower chromatid). The primary 
source of antibodies with which to assay these protein antigens comes 
from people suffering from autoimmune diseases. Although the 
antibody-staining data is consistent in the rat kangaroo and Chinese 
hamster, caution must be exercised in generalizing the structure to other 
organisms, because the antibodies show a less-defined activity when 
used to stain human chromosomes (Earnshaw et al., 1989; Cai and 
Davis, 1990; Palmer et al., 1990; Pluta et al., 1990; Vallee, 1990; 
Zinkowski et al., 1991). 
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location of INCENP suggests that it may be a chromosome-scaffold 
protein that is important in holding the replicated centromeric DNA 
together until mitotic anaphase is initiated. 

20.3.1 The KInetochore 

The kinetochore (see Fig. 20.24; see also Chapter 4, Section 
4.1.2, and Fig. 4.10) is a platelike structure to which the microtu
buIes of the spindle become attached. A central role for the kineto
chore in both mitosis and meiosis derives from its interaction with 
the tubulin-protein subunits, which constitute the spindle microtu
buIes. A variety of studies, including the micromanipulation of 
chromosomes, have suggested that the kinetochore is the site for 
the assembly and disassembly of microtubules. It is also the site 
of attachment for preexisting microtubules, which become stabi
lized by their attachment. Currently, a model suggesting that the 
kinetochore is the site of an ATP-driven "motor" activelyassem
bling and disassembling microtubules is being intensively tested. 
Proteins such as dynein have been localized near the kinetochore 
and shown to be active in such processes. The model could provide 
an explanation for the movement of chromosomes during anaphase, 
because active disassembly of the microtubule at the kinetochore 
would shorten the tubule and move the kinetochore, and thus the 
chromosome, toward the pole of the cell. It is also possible that 
the kinetochore "motor" may simply move along the microtubules 
in a poleward direction. However, this movement would require 
an indicator for the direction of movement, a complication that is 
not required in the disassembly model. 

20.3.2 DNA Sequences at or near 
the Centromeres of Mammalian 
Chromosomes 

Mention has been made of the existence of tandem arrays of 
repetitive sequences in eukaryotic genomic DNA (see Fig 20.9). 
An intriguing observation is that selected sets of DNA families in 
this category are located near the centromeres. Research has shown 
that human centromeric heterochromatin also contains sets of sim
ple, repetitive-sequence DNA. These sequence families, satellites 
I to N, comprise 2-5% of the genome and contain tandem arrays 
of short DNA units « 100 bp), consisting of variant forms of the 
sequence GGAA T. These sequences are located at, or very close 
to, the centromeres of chromosomes I, 9, and 16, as well as the 
Y chromosome. 

a-Satellite DNA is another sequence family found at the centro
meres of humans and mice and is of particular interest because it 
appears to interact with one of the CENP proteins. This family 
consists of tandem arrays of a 171-bp unit and can make up as 
much as 5% of the total DNA. Although the amount of a-satellite 
DNA varies widely among different chromosomes, as is typical 
for analogous sequences in plants and other animals, not all of the 
alphoid family of centromeric sequences are variable. The sequence 
pS2H, for example, a human-derived centromeric sequence, labels 
the centromeres of all human chromosomes to a similar extent. It 
also hybridizes to all of the chromosomal centromeres of gorilla, 
chimpanzee, and orangutan, all primates that are closely related 
evolutionally to humans. pS2H hybridizes to a 170/340-bp mul
timeric sequence present at the centromeres of these chromosomes. 

A subset of a-satellite sequences has been found to contain the 
nucleotide sequence 5'CTTCGTTGGAAACGGGA3' in a CENP
B box, which is the binding site for the centromeric protein CENP-
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Fig. 20.25. The use of chromosome walking to isolate centromeric 
DNA (tEN 3) sequences from chromosome 3 of Saccharomyces 
cerevisiae, between the genes LEU2 and CDCIO. The chromosome-walk 
technology relies on the use of a relatively short, single-copy DNA 
sequence, located at the boundary of one A clone, as a probe to screen 
and detect newh clones with the identical sequence. In the new A clones, 
the sequence is located internally rather than at the boundary (by 
chance), and a new sequence from the new boundary allows the next
neighboring sequence to be isolated. Note that the actual direction of the 
chromosome walk cannot be controlled, and its determination relies on 
additional evidence from gene-mapping studies. In the isolation of the 
CEN3 DNA sequence, cloned sequences that were thought to carry the 
centromere sequence were tested for their ability to direct the correct 
segregation of the plasmid in which they were cloned during mitosis 
(Blackburn and Szostak, 1984). 

B, and suggests the potential for formation of a DNA-protein com
plex in vivo. This is consistent with the finding that both the a

satellite DNA and CENP-B proteins are distributed, in situ, in the 
same regions of the chromatin complex that are associated with 
the kinetochore. Unfortunately, the significance of CENP-B for the 
interactions that lead to the attachment of microtubules and the 
subsequent movement of chromosomes is unknown. 

20.3.3 DNA. Sequences 
from the Centromeres 
of Yeast Chromosomes 

The first centromere to be physically isolated came from an 
experiment where chromosome-walking was used to clone the 
DNA spanning the distance between the LEU2 and CDCIO genes 
of Saccharomyces cerevisiae (Fig. 20.25). Because these two genes 
are located on opposite sides of the centromere of chromosome 3, 
the intervening 25-kb region must contain the centromere. The 
identification of the precise centromere-DNA sequences was 

20nm 
microtubule 

Fig. 20.27. A diagrammatic representation of the attachment of 
microtubules to centromeric DNA (based on Clarke, 1990; Vallee, 1990; 
see also Chapter 4. Section 4.1.2). 

achieved by subcloning DNA segments into plasmids and observ
ing their mitotic stability in actively dividing yeast cells. Plasmids 

carrying centromere sequences are normally transmitted, along 
with other chromosomes, in mitotic divisions, whereas plasmids 

lacking these sequences are rapidly lost due to nondisjunction. 

Plasmids containing two centromeres are generally unstable and 

deletion of one centromere often occurs. 

After the centromeric DNA sequence of chromosome 3 had 

been identified, it was found to be characterized by an 88-bp region, 
of which 82 of the base pairs (93%) were A or T. Other centromeres 

have since been cloned, using similar chromosome-walking experi
ments, and some of these sequences, as well as an overall-consensus 
sequence derived from 10 of the 16 possible yeast-chromosome 
centromeres, are shown in Fig. 20.26. Within a total length of 120 
bp, the Aff-rich core region of the centromeres, centromere DNA 
element II (CDE II), is consistently flanked by an eight-nucleotide 
consensus sequence, CDE I, and a 25-bp, bilateral consensus se

quence, CDE III. Mutation studies have shown that the highly con
served sequence CDE III is essential for mitotic-centromere func
tion, in contrast to CDE I and CDE II where mutations impair, but 
do not abolish, centromere function. The 120-bp region is contained 
within a relatively nuclease-resistant, chromatin-core particle, 
which may contain CENP-B-type proteins that interact with tubulin 
protein (Fig. 20.27), as well as other proteins of the centromere 
region (see Fig. 20.24). 

In comparison, the centromeres of the fission yeast Schizosac
charomyces pombe are strikingly different (Fig. 20.28). This organ-

.. kln&lDcI1ore ~ 

CEN 3 ATAAGTCACATCi4TG4TAmG4TTTTATTATAmTTAAAAAAAGTAAAAAATAAAAAGTTTAmTTAAAAAATAAAAmAAAATATTACiTCiTTT1TGAmCCCiAM ••••••• 
CEN" AAAGCiTCACATGCT ....................................... 82bp,93Io\T .................................... TGAmCCGAAA ••••••• 
CEN 6 •••• AlCACGfGCTAT ..................................... ~,~T .................................... TGATTACCGAAA ...... . 
CEN 11 ATAAGTCACATGAT ....................................... 89bp,~T .................................... TGTTTTCCGAAA ...... . 
CafSENSUS .... ulCACuTCi ...................................... (78-8Ebp,>9C!IJCA+T) .......................... TCiTTT1TQfTTTCCCiAAANNNNUA 
~ I I 

Regi. aI CDE I CDE II CDE III 

Fig. 20.26. Nucleotide sequences of the kinetochore regions of the centromeres of chromosomes 3, 4, 6, and I I of yeast (S. cerevisiae). The consensus 
sequence shows essential, conserved nucleotides. Region I (CDE I) consists of 8 essential nucleotides; region II (CDE II) is a very AT-rich region of 
78-86 bp with no conserved sequences: the highly conserved sequences of region ill (CDE ill) show two short arrays of nucleotides with bilateral 
symmetry (Blackburn and Szostak. 1984; Clarke, 1990). The region III sequences are present in human centromere-associated sequences (Grady et aI., 
1992), whereas the AT-rich nature of region II is also observed in centromere-associated sequences from Arabidopsis thaliana (Richards et aI., 1991). 
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cen3 110 kb 

Fig. 20.28. A diagrammatic representation of the DNA-sequence arrays that surround the 
three centromeres (cenI, cenl, and cen3) of the fission yeast, Schizosaccharomyces pombe. 
The arrows represent DNA sequences, and related DNA sequences are indicated by the same 
shade of color. A number of tRNA genes are also located within the white arrows (Clarke, 
1990; Murakami et al., 1991). 

ism has only three chromosomes, and the centromeres are much 
larger than those of S. cerevisiae. The centromere regions contain 
repetitive DNA sequences, as can be illustrated for cenJ, which is 
approximately 110 kb in length and is largely composed of 15 6.6-
kb repeat units, each of which is divided into subunits. Figure 20.28 
shows 13 pairs of sequences (light- and dark-colored arrows) plus 
2 sequences (white arrows) flanking a point of approximate symme
try. Functional assays for centromeric activity, in which the centro
meres are subcloned into plasmids, indicate that the entire region 
is required for centromere function. 

Organisms with diffuse centromeres were described in Chapter 
4, Section 4.1.1. Although such diffuse centromeres have not been 
analyzed in sufficient detail to provide DNA-sequence information, 
it has been speculated that a dispersed-repetitive family of DNA 
sequences may have evolved that contains the AT -rich sequences 
characteristic of yeast centromeres. The dispersion of these se
quences throughout the chromosomes could result in multiple cen
tromeres. 

20.4 TIlE 'mLOMERES 

Early cytogenetic experiments found that when the ends of chromo
somes were broken off, the broken ends were either unstable, result
ing in the degradation of the remaining chromatin by nucleases, 
or they joined with the broken ends of other chromosomes. These 
results suggested that the ends or telomeres of chromosomes were 
special entities that were essential for maintaining the stability of 
eukaryotic chromosomes. The later discovery of the chemical struc
ture of DNA and its mode of replication implied a need for a special 
structure to be present at the ends of the linear DNA chromosomal 
molecules to prevent their progressive reduction in length at each 
replication cycle. 

20.4.1 The Requirement of Primers for DNA 
Synthesis Creates Problems 
in the Replication 
of Linear Molecules 

Even though prokaryotic DNA is usually circular, whereas euk
aryotic DNA is most often linear, the basic molecular features of 

DNA replication in both are much the same. In particular, all known 
template-dependent DNA polymerases require a short, double
stranded template or primer for the initiation of 5'-3' strand synthe
sis (see Chapter 18, section 18.2.1). The initiation of DNA replica
tion from a DNA single-stranded template usually involves a short, 
single-stranded RNA molecule hybridizing to the origin of replica
tion. In the linear eukaryotic chromosomes, there are many origins 
of replication, and all the internal primer molecules are replaced 
by the DNA-repair activity associated with the replicative process. 
Because the DNA-repair activities also synthesize DNA in the 5' -3' 
direction, it is evident that the terminal end of the 3' -ended parental 
DNA strand will remain unreplicated. This problem does not arise 
with circular DNA molecules. There are several solutions for linear 
molecules as follows: 

I. The ends of linear molecules can be temporarily joined 
together so that the replication process from an adjoining 
molecule can continue into the telomeric region. This pro
cess occurs in the replication of the linear DNA molecule 
of bacteriophage T7. 

2. A specific protein can be bound covalently to the end of a 
linear molecule and can function as the primer for DNA
synthesis initiation. This is observed with mammalian ade
novirus, where the 5'-terminal phosphate is covalently 
linked to a serine-amino acid of a 55-kDa Ad-binding pro
tein. This also occurs in the replication of bacteriophage 
4>29 and in polio-virus RNA. 

3. A noncoding DNA can be added post-replicatively, in a 
reaction that does not use a DNA template. In this way, a 
primer molecule can initiate DNA synthesis from the added, 
noncoding DNA to ensure faithful replication of the main 
DNA molecule. Evidence for this type of modification at 
the end of a DNA molecule was first obtained from a study 
of DNA replication in protozoan organisms. 

20.4.2 The DNA of Telomeres 
in the Ciliated Protozoan 
Tetrahymena therrnophila 

Tetrahymena is a unicellular protozoan with two different types 
of nuclei, one large macronucleus and a smaller micronucleus, 
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Fig. 20.29. Structure of the telomeric DNA of TetrahymelUJ 
thermophila (top) and the mechanism of synthesis of the G-rich strand 
of the telomere by the enzyme telomerase (1-4). Synthesis of the 
telomere involves (I) pairing between the complementary nucleotides of 
the telomere and telomerase, (2) elongation of the telomere by simple 
polymerization, and (3) translocation of the newly elongated 3' -end 
(Blackburn, 1991b). The macronucleus of T. thermophila (see Chapter 
24, Section 24.9 for a description of the organism) contains the DNA of 
the gerrnline nucleus in a fragmented and amplified form, with each 
"rninichromosome" capped by tandem arrays of short repetitive 
sequences, which also are typical of eUkaryotic telomeric sequences (see 
Table 20.2). These sequences are a crucial structural feature of genomic 
DNA to ensure faithful replication of the entire genome. Telomerase, 
which is responsible for producing these telomeric sequences, is a dimer 
(CoIlins et al., 1995), with a mode of action in Tetrahymena that is 
probably typical of other eukaryotes (Blackburn and Szostak, 1984; 
Cheng et al., 1989; Biessmann et al., 1990; Brown et aI., 1990; 
Blackburn, 1991a; Moysis, 1991; Romero and Blackburn, 1991). The 
active site of telomerase contains the 5'-CAACCCCAA primer and this 
is used by the enzyme to carry out steps 1-4 as indicated in the 
diagram. 

5' 
I 
CCCCAAAACCCCAAAACCCCNNNN------

GGGGT'ITI'GGGGTITl'GGGGT'ITI'GGGG'ITl'TGGGGNNNN-----
I 
3' 

Fig. 20.30. The DNA sequence of the chromosomal telomeres of the 
ciliated protowan Oxytricha nova. The ends of the DNA strands, 
including the 16 exposed nucleotides of the 3'-end, are tightly bound to 
a protein heterodimer, the telomere-binding protein (Raghurarnan et aI., 
1989). The secondary structure adopted by single-stranded, G.T-rich 
DNA may be a distinguishing feature recognized by the protein and 
provides a model for the binding of telomeres to the nuclear matrix of 
eukaryotes (Raghuraman and Cech, 1989; Moens and Pearlman, 1990; 
Blackburn, 1991a; de Lange, 1992). 

which has the diploid content of DNA and is, in effect, the germline 
of the organism. The macronucleus is the product of a micronuclear 
division, and during vegetative development of the cell, its DNA 
is cleaved at specific sites and the linear molecules are amplified 
to varying degrees. Most important, the linear molecules of the 
macronucleus have new ends added to them, to heal the broken 
ends. Studies on the telomerase enzyme responsible for the healing 
of broken ends have provided a model for the generation of chromo
somal telomeres in eukaryotes (Fig. 20.29). The repetitive DNA 
sequences, added postreplicatively to the ends of the chromosomes 
by the telomerase activity, leave a 3'-tail, as shown in Fig. 20.30 
for the protozoan Oxyticha nova. 

20.4.3 Telomeres in other Organisms 

Several observations indicate that the information gained from 
the study of the telomeres of protozoans may be of broader signifi
cance. The nature of DNA sequences that have been located at, or 
very near, the telomeres of a range of organisms are shown in Table 
20.2. All of these sequences have the same general formula and 
are basically comprised of tandem repeats of the consensus se
quence (C or G)I_s(T or A)I_4. Biochemical and cytogenetic stud
ies are used to argue for a terminal location of nucleotide sequences. 
Biochemical proof utilizes the degradation of terminal DNA se
quences by the exonuclease enzyme Bal 31, which results in the 
preferential loss of DNA fragments that are located at the telomeres 
with increased exposure time to the enzyme. Cytogenetic proof 
includes in situ localization of (C or G)I_s(T or A)1-4-type se
quences to the telomeres (Fig. 20.31). 

The telomeric sequences of human chromosomes were identi
fied by their ability to provide stable ends for synthetic yeast chro
mosomes. The widespread occurrence of telomeric-nucleotide se
quences, similar to those of protozoans, suggests that telomerase 
activity of the type shown in Fig. 20.30 may be widespread. Direct 
evidence for the presence of telomerase activity in yeast has been 
established; evidence for humans and Xenopus still needs to be 
obtained. Even so, human-telomeric sequences were cloned by uti
lizing the fact that they functioned as telomeres in yeast-synthetic 
chromosomes, as did the Tetrahymena sequences indicated in Table 
20.2. It is therefore interesting that when Tetrahymena telomeres, 
attached to synthetic chromosomes, were re-examined after propa
gation in yeast, they had been converted to typical yeast-telomeric 
sequences. This observation is consistent with the ability of a te
lomerase enzyme of yeast to add its own characteristic telomeres 
to suitable DNA templates. 

Other more complex repetitive-sequence families are also 10-



cated near the telomeres and, therefore, in the tenninal regions of 
chromosomes. In the family Triticeae, for example, a DNA se
quence with an approximate 350-bp repeat unit is widely distributed 
in the tenninal regions of chromosomes. Other plants such as onion, 
maize, and tomato have been shown to have repetitive-DNA-se
quence families in these tenninal positions. In Saccharomyces, a 
6.7 -kb sequence is present in one to four copies in the terminal 
regions of most chromosomes, and this sequence has been shown 
to undergo crossing over during meiosis-a natural cause for the 
difference in the number of copies of the sequence at a given loca
tion. The nematode Ascaris has at least two types of tandemly 
repeated-sequence families in the tenninal regions of germline 
chromosomes. 

In Drosophila, so-called He-T sequences occur at the te
lomeres. Interestingly, the He-T' s are a complex family of repeti
tive sequences, which appear at the newly acquired telomeres of 
ring chromosomes when these have spontaneously reconverted to 
a linear form. The He-T family of sequences contains retrotranspo
sons (see Chapter 7, Fig. 7.19) called HeT-A elements, approxi
mately 6 kb in length, and represents another means of adding 
telomeric sequences to the ends of chromosomes. In this case, trans
position of a DNA molecule to the susceptible end of a chromosome 
replaces the addition of noncoding DNA by telomerase activity. 

20.4.5 The Attacbment of Telomeres 
to Nuclear Membranes 
and Proteins 

Based on a number of lines of investigation, it is probable that 
the ends of chromosomes are usually attached to either the nuclear 
envelope or the inner nuclear membrane. Classical cytological ex-

Table 20.2, Telomeric DNA Sequences Identified from the Ends of 
Chromosomes; These Repeats from the G-Rich Strand Are 
Based on a GI_8(T/A)I-4 Plan 

Organisms 

Ciliated protozoans 
Tetrahymena, Glaucoma 
Paramecium 
Oxytricha. Stylonychia. Euplotes 

Kinetoplastid protozoans 
Trypanosoma, Leptomonas, Leishmannia, Crithidia 

Coccidial protozoans 
Plasmodium 

Slime molds 
Physarum, Didymium 
Dictyostelium 

Yeasts 
Saccharomyces 
Schizosaccharomyces 

Fungi 
Neurospora 

Algae 
Chlamydomonas 

Plant 
Arabidopsis 
Triticum 

Mammal 
Homo 

Source: Adapted from Blackburn (199la), 

Telomeric DNA 
Sequences 

GGGGTT 
GGG(G/T)TT 
GGGGTTTT 

AGGGTT 

AGGGTTT 

AGGGTT 

TTTTAGGG 

AGGGTTT 
AGGGTTT 

AGGGTT 
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Fig, 20.31. The in situ localization of immunofluorescent-labeled 
human telomeric-DNA sequences on human chromosomes (From Fantes 
and Cook, 1991); the chromosome spread shown is not a complete 
karyotype, Hybridization studies of this type-as well as molecular 
analyses of DNA-have demonstrated that telomeric-DNA sequences 
can also have interstitial locations within the chromosomes, and it has 
been suggested that in some organisms, these are, or act as, sites for the 
integration of foreign DNA (Katinka and Bourgain, 1992). 

periments have demonstrated that the ends of prophase chromo
somes commonly occupy a peripheral position at one end of the 
nucleus in a Rabl configuration, named after the scientist who first 
observed the phenomenon. Three-dimensional reconstructions of 
the positions of polytene chromosomes in the salivary-gland nuclei 
of Drosophila have shown that the ends of these chromosomes are 
positioned at the nuclear membrane. Similarly, meiotic chromo
some spreads of a wide range of organisms often show attachment 
of the chromosome ends to nuclear membranes. However, the nu
clear proteins that interact with the telomeric DNA sequences have 
not been analyzed in any detail. Presumably, one of these proteins 
is the telomerase enzyme and its interactions are relatively well 
characterized. Another protein that specifically binds to telomeric
chromosome sequences has been identified in the ciliated protozoan 
Oxytricha. It has been suggested that competition between a te
lomere-binding protein and the telomerase that binds to the telo
meric sequences controls the length of the telomeric sequences 
added by telomerase. Furthermore, in several organisms including 
humans, telomeric TT AGGG repeated sequences are attached to 
the nuclear matrix, and this combination could be important in 
positioning the complete-chromatin complex within the nucleus, 
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21 

Genetic and Molecular Mapping 
of Chromosomes 

• Genetic maps include a wide range of markers involving morphological traits, chromosome landmarks, disease-resistance genes, 
biochemical defects, enzyme and protein characters, and different classes of DNA sequences. 

• Following the assignment of markers to chromosomes using chromosome aberrations, a genetic map is constructed by analyzing the 
progeny from crosses between distinguishable individuals and estimating recombination frequencies between the genetic loci. 

• Codominant markers are ideal for genetic mapping because the coupling or repulsion linkage phase of markers with dominant and 
recessive alleles becomes an additional variable. 

• Physical and genetic maps are colinear with respect to gene order, but major distortions occur in apparent distances between loci 
due to uneven levels of crossing over in different parts of the genome. 

• Bulked F2 segregant analyses and interval mapping can be used to analyze quantitative-trait loci (QTLs). 

• Genetic maps provide bases for human genetic counseling, and for plant and animal breeding programs. 

Using a combination of morphological, pathological, biochemical, 
chromosomal, and molecular markers, rapid advances are being 
made in both plants and animals to determine the precise locations 
of genes on chromosomes. These advances ensure that the diagno
sis of genetic defects, the recognition of resistance and susceptibil
ity to disease, and the presence or absence of any genetic character 
can be made reliably by assaying for markers closely linked to the 
gene controlling that character. The more closely a marker is linked 
to a gene locus, the less likely that the marker and the gene will 
be separated from each other by recombination. At the molecular 
level, chromosome walking (see Chapter 20, Fig. 20.25) allows a 
cloned genomic DNA fragment, acting as a marker for a particular 
gene, to be used to clone neighboring DNA sequences in order to 
explore that region of the chromosome in more detail. Provided 
the original gene of interest can be recognized at the DNA level, 
this type of DNA exploration can lead to its isolation. 

21.1 AN OVERVIEW OF MAPPING IN PLANTS, 
ANIl'IALS, AND ftJI'IIGI 

The initial definition of a gene relates to a unit of inheritance that 
affects a specific feature of the phenotype of an organism. If the 
unit of inheritance has a distinct or qualitative effect on the pheno
type and is simply inherited, it is defined as a single gene, and 
different forms of this gene are described as alleles. The distinction 
between quantitative and qualitative effects on phenotype is based 
primarily on the magnitude of the effect of allelic substitution at 
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the locus controlling the phenotypic trait. If the ratio between the 
effect of the substitution and the total observed variation is small, 
the trait is generally regarded as quantitative. Conversely, if the 
effect of the allelic substitution is large with respect to the total 
phenotypic variation, the trait is characterized as qualitative. In both 
cases, it is possible to use genetic markers to further characterize the 
respective traits. 

Different organisms have particular advantages for the analysis 
of chromosomes at the molecular/genetic marker level. An organ
ism such as the puffer-fish (Fugu sp.), for example, may be of 
particular interest because it has one of the smallest genomes known 
among vertebrates (400 Mb with 90% unique sequences). A low 
amount of DNA, however, is only one of many considerations in 
using a particular organism for studies, and factors such as ease of 
handling, the available genetic database, and economic significance 
need to be considered. 

21.1.1 Studies in Animals 

Since the early 19OOs, insects and, in particular, the fruit fly 
Drosophila melanogaster, have been intensively studied. The ad
vantages of Drosophila populations for genetic and cytogenetic 
analyses are that they can be kept in small areas, are simply fed, 
have a rapid reproduction time, and show easily distinguishable 
genetic differences. The presence of polytene chromosomes in the 
salivary glands also is a major advantage in that introduced and 
deleted chromatin can be related to the presence and absence of 
genes and their effects. The nematode Caenorhabditis elegans has 



special relevance to developmental genetics, because aspects of 
cell patterning are well defined. 

Among mammals, the mouse genome has been a valuable model 
for human genetics because so many features of mouse chromo
somes such as gene order, structure, and function are common to 
humans. Agricultural animals such as pigs, and beef and dairy 
cattle, have been analyzed at the molecular-genetic level primarily 
because of their economic importance. Mammals vary little in their 
chromosome numbers and genome sizes, and the genetic map of 
one organism can often indicate the positions of genes in another 
organism, an effect described as synteny. The applications of re
search on related organisms to human molecular/cytogenetic stud
ies are important in medicine and have provided a major stimulus 
for the analysis of the human genome by the Human Genome Map
ping Organization (HUGO). 

21.1.2 studies in Plants 

The dicotyledon Arabidopsis thaliana is a plant with a small 
genome (approximately 100 Mb), a short generation time, and an 
ease of culture, which readily allows transformation and selection 
experiments. Genetic mapping, cloning, and sequencing of the ge
nome are well advanced, and this organism now provides a source 
of genes for introduction into other plants. The economically im
portant crop-species tomato (Lycopersicon esculentum) and potato 
(Solanum tuberosum) are also widely studied and have extensive 
genetic databases. 

Among monocotyledons, maize, rice, and wheat are targets for 
genome-mapping projects. Rice (Oryza sativa), in particular, be
cause of its small genome and economic importance in the Tropics, 
is developing into a model organism, with the concept of synteny 
providing a link between the various genome-mapping studies in 
grasses. Wheat (Triticum aesticum), a more temperate crop, is the 
model system for polyploid-genetics research. 

21.1.3 Studies in Yeast 

Efforts to determine the complete DNA sequences of entire 
genomes provide the basis for the ultimate structural analysis of 
chromosomes. Yeast (Saccharomyces cerevisiae ) was the first euk
aryotic organism in which not only was the complete sequence 
of a eukaryotic chromosome determined (in 1993), but the entire 
genome of 16 chromosomes was completely sequenced by 1996. 

21.2 GENETIC MARKERS 

A wide range of markers are used to make chromosome maps 
depicting the locations of genes on chromosomes. These markers 
include the following: 

(a) Morphological markers causing changes in the phenotype 
of the organism 

(b) Physiological markers affecting the growth habit of the 
plant or animal 

(c) Genes conferring resistance or susceptibility to certain dis
eases 

(d) Biochemical-genetic markers resulting from either the 
modification of the polypeptide protein and enzyme prod-
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ucts of gene action, or detectable changes in the products 
produced by these pathways 

(e) Changes in chromosome structure or banding patterns 

(f) Molecular markers utilizing specific DNA sequences to 
recognize identical or closely related DNA sequences 
within the chromosome 

21.2.1 Morphological Markers 

The phenotype of an organism describes its usual morphological 
appearance. In general terms, the external appearance of an organ
ism is determined by the combination of the genotype and the 
effects of the environment upon that genotype. Although the envi
ronment can alter the way in which particular genes are expressed, 
leading to many of the individual differences between discrete indi
viduals within a population, a normal phenotype is usually readily 
defined and is referred to as the wild or standard type for that 
organism. Deviations from wild type can then be recognized and 
classified as allelic variants caused by mutation. 

The recognition of some morphological differences as simply 
inherited genetic traits is exemplified in Mendel's classic work 
with the garden pea. One of the crosses used by Mendel in formulat
ing his laws of inheritance was between round- and wrinkled
seeded peas. When plants with these phenotypes were intercrossed, 
Mendel found that the Fl plants were all round-seeded, and these 
seeds produced F2 plants with three-quarters round and one-quarter 
wrinkled seeds. Accordingly, round seed is the dominant allele and 
wrinkled seed the recessive allele. These seed phenotypes have 
been characterized at a molecular level. The seed wrinkling is the 
result of a high level of sugar in the developing seed and an associ
ated increase in water accumulation in the embryonic cotyledons. 
As the seed matures and dries out, the cotyledons shrink and the 
external seed coat wrinkles. The high sugar levels are the result of 
a reduction in overall starch synthesis, caused by the absence of 
one of the starch-branching enzymes (SBE-I). The reduced level 
of the branched form of starch, amylopectin, resulting from this 
enzymatic defect causes a decrease in the amount of starch that 
can accumulate in the seed (Fig. 21. I). Because the absence of 
SBE-I leads to the wrinkled-seed phenotype, the round- (normal) 
seed phenotype is dominant, because a hemizygous gene dosage 
of SBE- I can produce sufficient amounts of normal starch to over
come the wrinkled-seed phenotype. 

Genes are not always readily categorized as dominant or reces
sive. They may show incomplete dominance, as in the plant Antir
rhinum (snapdragon), where particular cultivars with a red-flow
ered phenotype can be crossed with a white-flowered cultivar to 
produce Fl plants that are pink-flowered. The F2 progenies segre
gate in the ratio of 1 red:2 pink: I white. In this case, the hemizy
gous red-flower gene is unable to produce enough red pigment to 
compensate for the loss of its partner. 

Some morphological characters are not simply or monogeni
cally inherited but require a combination of two or more genes in 
digenic or polygenic reactions for expression. The importance of 
knowing the number of genes involved in the production of poly
genically controlled characters lies in the fact that genes with a 
major effect on a morphological character can be identified as a first 
step in dissecting and understanding that character. The analysis of 
complex characters and quantitative-trait loci (QTL), within the 
framework of a genetic map comprised of simply inherited markers, 
is discussed in Section 21.4.9. 
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Fig. 21.1. The biosynthetic pathway that produces starch (see Morell et 
aI., 1995). In a plant such as Mendel's garden pea, the loss of one of the 
branching enzymes results in a defect in starch synthesis, leading to 
reduced starch production in the seed and accumulation of sugar levels. 
The pathway for starch synthesis starts when glucose sugar is 
phosphorylated to give glucose-I-phosphate, which then provides a 
substrate for the enzyme adenosine diphosphate glucose 
pyrophosphorylase (ADGP phosphorylase). The ADP-glucose moieties 
are made into linear polymers of 1,4 a-glucan, which form the basis of 
the starch molecule. The continued formation of linear chains by starch 
synthase results in amylose. For efficient packaging into the starch 
granule and more extensive accumulation of starch in the seed, the linear 
molecule is disrupted by branching enzymes, followed by further 
elongation of the branches, to form amylopectin. 

21.2.2 Chromosomal Landmarks 

The discovery of chemical procedures that preferentially stain 
certain regions of chromosomes to give visible banding patterns 
was a significant step in the development of cytogenetic maps. 
Chromosome bands are physical landmarks that distinguish differ
ing chromosome segments, and regions of DNA that have been 
shown to carry a particular gene can be correlated with the presence 
or absence of particular bands, and thus placed into the context of 
a physical map of the chromosome. Furthermore, the banding pat
terns themselves are often polymorphic in their appearance, so that 
even within a homologous pair of chromosomes, there can be quan
titative differences in the widths and amounts of different bands, 
and particular bands may be missing completely. Such polymor
phism means that bands that stain differentially can also be used 
as simple genetic markers. C bands, in particular, are often poly
morphic and can be used as markers in a genetic cross in the same 
way as any other marker. The schematic representation in Fig. 21 .2 
illustrates the appearance of Fl progeny and how crossovers in 
certain regions could provide the information to estimate genetic 
linkage between chromosome bands. The relationship between 
chromosome banding and genetic defects has been pursued to its 
utmost in humans, where genetic linkage maps are now commonly 
placed in the context of the physical map of the chromosome. 

21.2.3. Disease Resistance 
and Susceptibility 

Organisms are usually resistant to most diseases and susceptible 
to comparatively few. Conversely, most disease-causing organ
isms, parasites, or pathogens have a limited range of hosts. 
Host-pathogen interactions involve a balance between the two or
ganisms to ensure the mutual survival of both. In plants, disease-

resistance genes that confer an ability to withstand attack from 
particular pathogens or their races are extensively used as genetic 
markers. If these genes are absent, the plants are susceptible. Spe
cific genes conferring resistance to infection by viral, bacterial, 
fungal, nematode, and insect pathogens can be found by screening 
plants for their reaction to infection by the particular pathogen or 
one of its races. In a large number of cases, genes for disease 
resistance or susceptibility in the host have been shown to have 
corresponding genes for avirulence or virulence in the pathogen. 
The interaction between host and pathogen is thus governed by the 
"gene for gene" hypothesis (Fig. 21.3). Mutations to virulence in 
the pathogen often result from loss of function, whereas mutations 
to resistance in the host most likely require a new function and 
thus do not occur as readily. 

Several plant disease-resistance genes have been cloned. In the 
case of resistance to infection by Pseudomonas syringae in tomato, 
the gene proved to be a protein kinase and likely represents only 
one step in a longer pathway that leads to resistance. The genes 
conferring resistance to Cladosporiumfulvum in tomato, Pseudom
onas syringae in Arabidopsis, and Melampsora lini (rust) in flax 
do not appear to be protein kinases. Although their functions are 
not clear, it is interesting that they share a characteristic leucine
rich domain often found in proteins that interact with membranes. 

21.2.4 Biochemical Defects 
Many gene mutations leading to morphological and physiologi

cal changes in the individual are related to defects in biochemical 
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Fig. 21.2. Chromosome C bands can reveal consistent differences 
between individual, homologous chromosomes within a population and 
can, consequently, be used as genetic markers. The diagram indicates the 
variation observed in two different Hordeum vulgare (barley) cultivars 
and in the FI hybrid with respect to each chromosome in their mitotic 
karyotypes, indicated from 1 to 7, with the male chromosomes showing 
grey bands. In crosses between the two cultivars, the polymorphic bands 
(for example, on chromosomes 3, 4 and 5) provide markers for 
recombination (Linde-Laursen, 1978). 
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phenylalanine and tyrosine, into 4-maleylacetoacetic acid, a further 
breakdown product (Fig. 21.4). Consequently, homogentisic acid 
is excreted in the urine, which turns black on exposure to air. There 
also is a buildup of homogentisic acid in cartilage, causing arthritis. 
Thus, a distinct, phenotypic character is linked to a biochemical 
defect resulting from loss of function of the gene that normally 
produces homogentisic acid oxidase. A number of other physiologi
cal defects caused by similar gene mutations have been recognized 
in this and related pathways (see Fig. 21.4). 

21.2.5 Enzymes and Other Protein Markers 

Fig. 21.3. A diagram demonstrating the interactions between genotypes 
of a pathogen and its host. The balance between virulence and 
susceptibility can lead to a pseudo-3 susceptible: 1 resistant ratio, where 
resistance requires both the resistance allele (R) of the plant host in 
combination with the avirulence (Avr) allele of the pathogen (top left). 
All other host/parasite combinations result in susceptibility. 

The genetic code, as read from messenger-RNA molecules, pro
duces a range of polypeptides with either a structural or storage 
function, or a catalytic function. The polypeptides with enzymic 
functions are involved in a wide range of metabolic activities, some 
of which can be readily detected using appropriate substrates to 
produce colored end products (see Chapter 19, Fig. 19.4). The 
technique makes use of the fact that the activity of many enzymes 
can be measured after a crude cell extract is placed in a suitable 
support medium, and electrophoresis is used to separate the compo
nents. The support medium commonly consists of a gel of starch, 
acrylamide, or agarose, which is inert to the electric field. The 
component proteins in the extract are separated relative to each 
other by passage through the gel matrix, under the influence of the 
applied electrical field. In this electrophoretic process, different 
polypeptides move toward the anode (positive terminal) at rates 
that are determined by the net negative charge on the molecule and 
by its size or molecular weight. The final positions of different 
polypeptides in the gel are determined by color reactions, where a 
dye is deposited at the site of enzyme action (see Chapter 19, 
Section 19.1), or by the use of biological stains that bind to the 
proteins themselves. Generally, a band of activity or staining corre
sponds to a single-polypeptide gene product. Polypeptides with the 
same or similar enzymatic activities can also occur and are de-

pathways. Alkaptonuria is a good example in humans. This rela
tively rare disease is inherited in a Mendelian fashion, as an autoso
mal recessive character, and results from loss of function of a gene. 
The biochemical lesion is the result of an inability to convert homo
gentisic acid (or alkapton), a breakdown product of the amino acids 
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Fig. 21.4. Human metabolic pathways involving the amino acid phenylalanine and some of its derivatives. 
The absence of or defects in the enzymes controlling the various pathways lead to the disease symptoms and 
syndromes associated with those specific defects (bold). 
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scribed as isozymes. Allelic variants of isozymes and proteins are 
discerned by changes in mobility of the polypeptides, caused by 
differences in the amino-acid composition, which, in turn, cause a 
change in the net charge, a change in molecular weight, or a change 
in the isoelectric point of the molecule. If two parents have allelic 
protein or isozyme variants, the FI heterozygotes commonly show 
the presence of both bands, and the F2 progenies show a 1: 2 : 1 
segregation. A simple interpretation can sometimes be obscured 
because enzymes and proteins are often composed of more than 
one polypeptide chain, so that in heterozygous individuals, new 
proteins, absent in both parents, are present due to a combination 
of different subunits (Fig. 21.5). 

In certain tissues such as the red blood cells of animals and the 
seed endosperm of plants, enough of a single protein for a group 
of proteins is present to allow it or them to be observed with a 
general stain without the need to assay activity. Variation in the 
major protein component of human red blood cells, for example, 
causes the disorder thalassemia. Figure 21.6 shows a range of elec
trophoretic variants of hemoglobin and the thalassemias associated 
with them. The defective hemoglobins result from point mutations 
in the globin genes, as well as reduction in the synthesis of one or 
more pairs of globin chains. The molecular-biological analysis of 
globin genes is well advanced (see Chapter 16, Fig. 16.25 and 
Chapter 17, Fig. 17.30), and reduced synthesis has been shown to 
result from a wide range of alterations such as deletions of up
stream-control regions, gene deletions/duplications, gene fusions, 
inversions, promoter mutations, defective-messenger-RNA splic
ing, polyA-signai mutations, mutations affecting initiation of trans
lation, introduction of termination codons, and mutations affecting 
the stability of the final protein product. 

A major thalassemia, sickle-cell anemia, is maintained in human 
populations because heterozygous individuals have increased toler
ance to the parasite Plasmodiumfalciparum, which causes malaria. 
This interaction is a good example of a secondary pleiotropic effect 
resulting from a single genetic change. In biological interactions 
of this type, the frequency of the heterozygous state for thalassemia 
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Fig. 21.5. Alcohol dehydrogenase isozyme variation in a segregating 
progeny from a cross within the grass Hordeum spontaneum, with 
respective homozygotes (FF for faster-moving, or SS for slower-moving) 
and heterozygotes (FS) indicated. The FS progeny plants show a new 
band (second from bottom) because the enzymes are usually active as 
dimers and in the FS individuals, new combinations of heterodimers can 
form with new, heterologous mobilities. (From Brown, 1980.) 
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Fig. 21.6. Electrophoretic variants of human-hemoglobin proteins. 
Colored proteins such as hemoglobin can be observed directly both 
during and after gel electrophoresis; the band indicated as carbonic 
anhydrase identifies a protein that is abundant in red blood cells and the 
letters identify standard hemoglobin electrophoretic variants. 
Quantitative differences in the amounts of the individual hemoglobins 
present, and in the electrophoretic variability between different 
hemoglobin molecules, can be correlated with various thalassemia 
disorders of the blood. [Photograph kindly supplied by Woden Valley 
Hospital (Canberra, ACT, Australia).] 

increases in human populations exposed to malaria until the inci
dence of heterozygotes is balanced by the loss of homozygotes 
from the population. This is known as a balanced polymorphism, 
but such a balance does not hold true for all defects affecting eryth
rocytes. 

Variations in the proteins that make up wheat endosperm can 
have significant effects on the bread-making quality of the flour. 
The nature of the glutenin and gliadin genes that code for a large 
proportion of the flour proteins has been extensively studied using 
gel electrophoresis (Fig. 21.7). Environmental as well as genetic 
factors affect the levels of glutenin and gliadin subunits, and assess
ing their presence and inheritance is an important part of wheat
breeding programs. 

Isozymes and proteins have been used extensively as genetic 
markers, and they have the following properties: They are codorni
nant; they generally have 2-10 allelesllocus; they provide 5-40 
marker loci originating from low-copy regions of the genome; and 
they can be efficiently applied to a genetic study. The main disad
vantage is the relatively low level of polymorphism at loci identi
fied by isozymes and proteins. 

21.2.6 DM Markers 

The ability to clone specific DNA sequences from the vast array 
present in the genome has opened up the possibility of assaying 
any section of the genome for a genetic map. Furthennore, the 
cloned sequences can be used in in situ hybridization experiments 
to relate a sequence to a specific location on a chromosome. The 
principle underlying the use of DNA markers in genetic analyses 
is that several different ways are available to discover differences in 
DNA sequences between individuals. If these differences represent 
alternatives at a single position in the genome, they define alleles 
in the same way as the products of wild-type and mutant genes 
define alleles of these genes. The advantage of studies at the DNA 
level is that any DNA sequence can be the source of allelic differ
ences between individuals without necessarily knowing the product 
for which it codes, or even whether it actually codes for a product. 



Fig. 21.7. The electrophoretic separation of seed-storage proteins of 
plants. The gel detects the presence or absence of different gluten 
proteins in extracts from individual seeds of an F J wheat hybrid, with 
each column derived from a single seed. The separated proteins were 
stained with Coomassie blue dye. (Photograph kindly supplied by Dr. R. 
Gupta.) 

Restriction fragment-length polymorphisms (RFLPs) are as
sayed when genomic DNA is digested with a restriction endonucle
ase, and the resulting fragments are separated by gel electrophore
sis, transferred to a nylon-based membrane by blotting techniques, 
and hybridized to a labeled DNA sequence. The labeling of the 
DNA sequences is carried out using either radioactive or non-radio
active procedures. The RFLPs revealed by the DNA probe may 
result either from mutations in one or both of the restriction-endo
nuclease sites that define the DNA fragments assayed by the probe, 
or from deletions and insertions of DNA between the sites (Fig. 
21.8). In genetic analyses, low-copy RFLP markers are defined as 
codominant because, in segregating progenies, both parental and 
heterozygous genotypes are clearly scored (Table 21.1). 

The polymerase chain reaction (PCR), described in Chapter 19, 
Section 19.4, also provides a means to assay DNA variation be
tween individuals by making millions of copies of specific regions 
oCthe genome. The PCR-based DNA markers utilize short oligonu
cleotide sequences, 10-25 bases long, to prime DNA amplification 
reactions at the specific sites in the genome where DNA sequences 
complementary to the primer sequences are present. The polymor
phisms detected by PCR result from insertions and deletions be
tween the primer-binding sites and from mutations of the actual 
primer-binding sites. Although it should be possible to observe 
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different-sized fragments in amplification products in different in
dividuals, it is more usual to find that fragments are amplified in 
one individual but not in another. Amplification of a specific band 
is prevented by either a mutation in the primer-binding site or a 
particularly large insertion [I ()() kilobase pairs (kb) or more] be
tween the primer sites. When individuals are typed for polymor
phisms based on PCR products, the presence or absence of a spe
cific DNA fragment is scored after the electrophoretic separation 
of fragments (Fig. 21.9). In a genetic-mapping study, this means 
that the PCR-based DNA marker acts as a dominant, because indi
viduals heterozygous for the allele corresponding to the amplified 
fragment are indistinguishable from homozygous-dominant indi
viduals (see also Table 21.1). The following sources of the primers 
for PCR determine the region of the genome to be assayed for 
genetic variation: 

1. The primers can be based on DNA sequences present at 
either ends of a gene that is well characterized and has a 
known function. Different alleles of the gene can be mea
sured by PCR if an adequate DNA sequence database is 
available for designing the primers (e.g., Fig. 21.10a). 

2. Primers can flank a region of DNA containing a simple, 
tandem array of bases such as CACACACACACACACA. 
This is an example of a microsatellite sequence formed by 
repetition of a simple dinucleotide sequence. Microsatellite 
sequences are prone to changes in the number of repetitive 
units in the array due to errors in replication of sequences 
of this type (see Chapter 18). The PCR products primed 
from specific genomic sequences flanking microsatellites 
fall into the class of probes referred to as sequence-tag sites 
(STSs), and they have a high probability of showing 
length polymorphisms useful for genetic studies (e.g .. Fig. 
21.10b). Although primers for assaying microsatellites re
quire extensive sequencing work on genomic DNA clones, 
once developed, they are extremely efficient for a range of 
applications, including genotype identification, germplasm 
evaluation, and genetic mapping. 

3. Sets of primers, 10 base pairs (bp) in length, with each 
primer consisting of a random, decamer nucleotide se
quence, have been used to assay variation in anonymous 
regions of the genome. The random-amplified-polymorphic 
DNA (RAPD) fragments often derive from repetitive fami
lies of DNA within the genome and, when used one at a 
time, commonly give multiple bands that show differences 
between individuals. RAPDs have been used in genetic 

Table 21.1. Comparisons Among DNA Markers Used in Genetic 
Studies 

Marker-Type Definition of Transfer in 
Difference" Expression Alleles Crosses 

Low-copy RFLP Codominant Unambiguous Unambiguous 
Multicopy RFLP Dominant Ambiguous Ambiguous 
RAPD Domimmt Ambiguous Ambiguous 
STS Codominant Unambiguous Unambiguous 
AFLP Codominant Unambiguous Unambiguous 

• RFLP-restriction fragment-length polymorphism; RAPD-random-amplified
polymorphic DNA; STS-sequence-target sites; AFLP-amplified fragment length 
polymorphism. 

Source: Modified from Hulbert (1993). 
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Fig. 21.8. RFLPs in an F2 wheat progeny. The analysis assayed DNA samples from the leaves of 16 individual F2 plants. The genomic DNA was 
digested with the restriction endonuclease EcoRV, and electrophoresed to separate the DNA fragments of different lengths; each lane is the analysis of 
DNA from a single F2 individual. The electrophoretically separated DNA fragments were then transferred to a membrane and labeled using hybridization 
with a radioactively labeled DNA probe complementary to the RFLP sequences (Eastwood et al., 1994). Parental-type and heterozygous genotypes are 
indicated. As the markers are clearly distinguishable in both the homozygous and heterozygous states, they are codominant. In the individuals shown, the 
type I allele is present in 5 lanes, both alleles are present in 8 lanes, and the type 2 allele is present in 3 lanes; when 50 individuals are assayed in this 
way, their segregation ratio does not deviate significantly from I : 2: I. (Photograph kindly supplied by Dr. E.S. Lagudah) 

studies but create difficulty in defining equivalent regions 
of the genome in different crosses. This difficulty can be 
overcome by cloning and sequencing useful polymorphic 
RAPD products and designing specific primers to assay 
STSs associated with these sequences. 

4. Primers of known sequence can be ligated to genomic DNA 
cleaved by restriction endonucleases such as Pst (see Fig. 
16.16, Chapter 16), as part of a procedure for assaying 
AFLPs (amplified fragment length polymorphisms, Table 
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Fig. 21.9. The use of PCR to assay for segregating loci. In the cross 
illustrated, the PCR assay yields plus (bright bands)/minus (faint bands) 
reactions in five F2 plants. Because a plus does not distinguish between 
a homozygote and a heterozygote, this infers that the loci assayed by 
PCR are often dominant. (Photograph kindly supplied by Dr. B.S. 
Lagudah) 

21.1). The AFLP procedure is sensitive and reproducible 
for assaying variation in genomic DNA. 

21.3 CHROMOSOME ABERRADONS PROVIDE 
A f1RST STEP FOR GENE MAPPING 

In order to localize genes on chromosomes, it is necessary to be 
able to identify specific chromosomes and to have a range of chro
mosome aberrations available. This situation exists in plant species 
such as maize, tomato, wheat, and barley, and in Drosophila, mice, 
and humans. The steps in gene mapping include the following: 

1. The use of sets of trisomics in diploids, or monosomics, 
usually in polyploids, to associate genes with chromosomes 
as units. The advantage of using aneuploids at this stage is 
that the backcross and F2 segregations of a gene located 
anywhere on a trisomic or monosomic chromosome deviate 
from disomic segregations if appropriate genotypes are 
used in the parental crosses (see Chapter 13, Sections 13.1, 
13.2, and 13.4; Chapter 14, Section 14.1). 

2. The use of telotrisomics in diploids or monotelosomics in 
polyploids to localize genes to chromosome arms. After 
the chromosome carrying a gene has been identified, teloch
romosomes for one or both arms of that chromosome are 
used to narrow the location of the gene to one arm by 
means of backcross or F2 ratios that deviate from a disomic 
segregation for one arm, but not for the other (see Chapter 
13, Section 13.3; Chapter 14, Section 14.3). 

3. The use of chromosome structural aberrations such as inver
sions or reciprocal translocations, with breakpoints in the 
chromosome arms bearing the genes under study. If a long 
arm is involved, it is desirable to use a paracentric inversion 
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Fig. 21.10. The use of a single primer to identify individuals with single-base differences between alleles or 
satellite sequences of different lengths. (a) Assaying a single-base difference in a certain gene that is 
segregating in a population of individuals (homozygotes for a given allele indicated as individual I or 2) in a 
plus (top) and minus (bottom) reaction. The mismatch at the 3'-end of the primer in individual 2 means that 
the DNA polymerase used in the PCR cannot make a product; (b) Hypervariable region such as a 
microsatellite, consisting of a tandem array of dinucleotide or trinucleotide sequences. The sequences 
flanking the microsatellite provide the basis for PCR primers that can differentiate between individuals I and 
2 based on the length of the segment that is amplified. 

with the two breakpoints quite far apart, or two transloca
tions that each have one breakpoint in the pertinent arm 
but with considerable distance between the breakpoints. 
Thus, linkage of a gene with one of the breakpoints is more 
likely to be detected (see Chapter 13, Sections 13.5 and 
13.6). 

21.4 DATA COLLECTION AND LINKAGE 
ANALYSIS 

When genes or DNA sequences are assayed either directly by DNA 
studies or indirectly using the markers (other than DNA sequences) 
as described in Section 21.2, a genetic linkage map can be estab
lished. Mapping procedures are then used to determine whether 
the genes segregate independently of each other in the progeny of 
genetic crosses, family trees, or cell hybrids created in tissue cul
ture. If genes do not segregate independently, they are usually lo
cated on the same chromosome and separable from each other only 
by the process of crossing over at meiosis or by some type of 
chromosomal aberration. When two genes are very close to each 
other on the same chromosome, the chance of a crossover event 
separating them is less than when they are far apart. The frequency 
of genetic recombination can thus be used as a scale to define 
genetic distance. However, crossing over is not uniform along the 
length of a chromosome and can also vary depending on the number 
of individuals involved in the measurement. Thus, genetic distances 
are best considei-ed as statistical summaries of the relationships 
between a set of genes rather than fixed physical distances separat
ing the genes. 

21.4.1 The Principles Underlying 
Linkage Analysis 

The principles under/ying genetic mapping are best considered 
in the test-cross situation, where the FI individual from a cross is 
backcrossed to the parent carrying the recessive alleles of the genes 
under study. The example shown in Fig. 21.11 is the classical 
mapping of mutant genes for eye color, body color, and wing mor
phology on the X chromosome of Drosophila melanogaster. All 
recessive loci in the backcross I progeny can be scored unambigu
ously and recombinants are clearly identifiable in both male and 
female progeny because the Y chromosome does not have these 
loci. It is evident, from the data shown, that recombination is more 
frequent between m and y (or w) than between y and w. Further
more, the recombination between y and m is slightly larger than 
that between wand m, and this allows the following genetic map 
of the loci to be postulated: 

Genes: yw m 

Chromosome loci: II 
Recombination freq.: O.oI 0.33 

In more abstract terms, the basis of genetic-linkage studies is the 
recombination fraction (p), where 

(i) the probability, or frequency, of an odd number of cross
overs between two loci = p. 

(ii) If there are r recombinants among N offspring from a 
cross, then p = rlN. 
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Fig. 21.11. Some of the data used to provide a basis for the linear 
order of three loci on the X chromosome of Drosophila melanogaster 
(adapted from Sturtevant, 1913). The data demonstrate that double 
crossovers are fewer than expected based on the observed frequency of 
single-crossover events. The dominant alleles are designated as +, also 
used to designate the wild type. The mutant alleles are y = yellow, w 
= white eyes, m = miniature wings. 

(iii) The number of offspring showing no recombination 
1 - p. 

(iv) The standard error can then be calculated as 

(v) If one considers three closely linked loci, G, H, and J, in 
that order on the same chromosome, then 

PGJ = PGH + PH) 

(vi) For loci that are unlinked (Le., on different chromosomes, 
or far enough apart on the same chromosome to have 
equal numbers of recombinants and nonrecombinants), P 
= 0.5. 

21.4.2 The Analysis of Family 
and F2 Progenies 

In the analysis of family data, or segregating F2 progenies, the 
information available for creating a genetic map is inherently in
complete, because even when all alleles involved are distinguisha
ble or codominant, it is not possible to assess all recombinants 
unambiguously. For example, two loci (G and H), located on the 
same chromosome, may each have two alleles that are homozygous 
in the two individuals involved in the cross (i.e., GGHH and gghh). 
In the segregating F2 progeny, double heterozygotes with the paren
tal combination of chromosomes (GHlgh) cannot be distinguished 
from double heterozygotes with recombinant chromosomes (Gh/ 

Table 21.2. Expected F2 Segregations after Selfmg F, GH/gh Hybrids 
Involving Codominant Loci 

Gametes (0) 

Nonrecombinant Recombinant 

Gametes (S?) GH gh Gh gH 

Nonrecombinant 
GH GH/GH GHigh GHiGh GH/gH 
gh gh/GH gh/gh &!!lQl! gh/gH 

Recombinant 
Gh Gh/GH Gh/gh Gh/Gh GblgH 
gH gH/GH gHigh gHlGh gHigH 

Note: In using F2 data to obtain recombination values. the nonrecombinant genotype 
GH/gh (underlined) cannot be distinguished from the recombinant genotype Gh/gH 
(bold). 

gH) (Table 21.2), and this creates uncertainty in the analysis. The 
problem can be overcome by analyzing backcross progenies, in 
which a F I hybrid is backcrossed to the recessive parent (gghh) and 
the BC1F1 progeny assayed for recombinant gametes transmitted 
through either female or male gametes (see Fig. 21.11 where the 
transmission is via FI female gametes). In practice, however, it is 
not always practical to do this. Furthermore, the analysis of F2 
segregating progenies has the advantage that both female and male 
gametes of F I individuals are considered. 

In calculating the genetic distance between G and H, the two 
classes of progeny GH/gh and Gh/gH, (see Table 21.2), do not 
contribute information to the analysis and are not used. Subse
quently, 

(i) The frequency of the two types of parental, or nonrecom
binant, gametes = (l - P )12. 

(ii) The frequency of the two types of recombinant gametes 
= p12. 

(iii) The frequency of progeny with chromosomes of the pa
rental type = [(1 - P )12f, 

(iv) The frequency of progeny with anyone combination of 
a parental chromosome and a recombinant chromosome 
= [(1 - P )/2] (p12). 

(v) The frequency of progeny with two recombinant chromo
somes = (pl2l 

Therefore, in an experiment where two codominant markers, G 
(or g) and H (or h) are scored, the numbers of progeny in each of 
the recombinant classes can be used to calculate p, and a final 
estimate of recombination frequency is derived by averaging the 
estimates of p. If the value of pis 0.5 for a given pair of loci, they 
are said to be unlinked, and if the value is less than 0.3, it is 
likely that they are linked, although this conclusion depends on the 
statistical error estimated for the measurement. 

Chiasma or chromosome interference is the effect of one cross
over on the probability that a second crossover will occur in a 
nearby segment of the same chromosome. The amount of interfer
ence is obtained by dividing the observed frequency of double 
crossovers by the expected frequency assuming no interference 
(product of the single crossovers in the two regions; see Fig 
21.11 for example). The value obtained is called the coefficient of 
coincidence, which can range from 0 (complete interference) to I 
(no interference) or greater than I (negative interference). Values 



above 0 and below 1 indicate varying amounts of interference. 
Coincidence and interference are inversely related, and interference 
= I - coincidence. 

Although computer programs are available to calculate genetic 
distances between recombining loci, it is important to understand 
the underlying principles so that the limitations of the data analyzed 
are clear. In human genetics, appropriate crosses for measuring p 
directly are not always available, and the statistical procedure of 
maximum likelihood provides the basis for an estimate of this pa
rameter and whether the genes for the respective characters are 
linked. The mathematical treatment, namely maximum likelihood, 
takes into account the uncertainty in distinguishing double hetero
zygotes GH/gh (parental) and Gh/gH (recombinant). 

21.4.3 The LOD Score 

The likelihood function L(p) is the probability of obtaining a 
sample of individuals similar to that observed experimentally in a 
distribution defined by p. The likelihood for a complex distribution 
is the product of the likelihoods of the component parts, and in 
this case, the log likelihood is a more convenient measure because 
the separate log likelihoods can be added together. Furthermore, 
L(p) is a relative measure and can be multiplied by a constant if 
necessary. Any constant can also be added to 10gtoL(p). Originally, 
the 10gtoL(p) score for a pair of loci was defined as LOD (= log 
odds) and was standardized to 0 when p = 0.5. It is currently the 
convention to define the LOD score for a pair of loci as the logto 
of the ratio of likelihoods when the loci are taken at their maximum
likelihood recombination, to when the loci are taken to be unlinked. 
An example of the calculation of LOD values in crosses is illus
trated in Fig. 21.12. A value of 3.0 for the LOD score is generally 
taken as proof of linkage, since this indicates that linkage of the 
loci is 1000 X more likely than nonlinkage. Although in terms of 
a statistic such as ¥ (chi-square) this corresponds to a significance 
level of 0.0002, there remains a chance that two unlinked loci will 
appear linked. This problem accentuates the need to test many 
progeny in constructing a genetic map and to consider genetic link
ages only as statistical summaries of the relationships between a 
set of genes. 

21.4.4 Bayes' Theorem 

Previous observations on the markers involved in a genetic
linkage determination can influence the interpretation of the linkage 
data. Bayes' theorem formalizes this by defining the probability 
(P) of a hypothesis (e.g., linkage), based on prior knowledge and 
additional evidence in the form of new data. Before any new obser
vations are added, an opinion about the value of p can be repre
sented by a prior distribution, P(p). Following new observations 
in a set of S observations with a likelihood of L(p), the later distri
bution is then defined by Bayes' theorem: 

P(p S) = kP(p )L(p) 

The constant k is introduced to normalize the posterior probabil
ity to I for aU possible values of p. 

21.4.5 The Influence of Linkage Pbase 
on Gene Mapping 

A particular region in the chromosome can be defined by mark
ers that are either dominant, co-dominant, or recessive, and that 
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Using single markers 
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SOcM 

+ 
0.5 
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ratio of odds 
(linked/unlinked) 

0.9/0.5 
0.1/0.5 

0.9 log 9/S = + 0.13 ] contribution 
0.1 log 1/5 = - 0.35 to LOD 

- 0.22 score 

19 meiOses (Le. individuals from a given cross) 
would be required to prove linkage to a LOD score 
of 3 (19 x 0.16 == 3.04). 

14 meioses would be required to prove lack of 
linkage to a LOD score of 3 ( 14 x 0.22 = 3.08). 

Fig. 21.12. Calculation of a LOD score for the simple situation of two 
loci linked by a genetic distance of to centimorgans (cM). The LOD 
score is always considered relative to loci that are unlinked and, by 
definition, separated by at least 50 cM (either on different chromosomes, 
or far apart on the same chromosome). 

are present in a coupling or repulsion phase. The coupling phase 
exists for marker loci when the dominant alleles enter a cross on 
one homologue and the recessive alleles on the other homologue. 
In the repulsion phase, there is a mixture of dominant and recessive 
alleles on each homologue. In a genetic analysis involving F2 segre
gants or family data, co-dominant markers are ideal, since heterozy
gous individuals can be identified and the phase status is not rele
vant. Often, however, the markers can be either dominant or 
recessive, and in these situations the coupling or repulsion phase 
of the markers becomes significant. Figure 21.13 illustrates inter
vals A-I, defined by dominant and recessive markers in either the 
coupling or repulsion phase, and separated by 20% recombination 
units or centiMorgans (eM). Computer simulations show that in 
small populations of 50 to 100 individuals, genetic distances in the 
range of 0 to 20 cM can be difficult to distinguish when using 
dominant markers in repulsion (see Fig. 21.13, intervals C, E, F, 
G, H, I). The definition of these intervals is also affected by their 

• • • 0-0 .0. 0 • 

Fig. 21.13. In any specific cross, the actual linkage phase of the loci 
becomes important when one allele is dominant over the other. The 
phase can be either in coupling, where adjacent alleles on one strand of 
the DNA are both dominant or both recessive, or in repulsion, where 
successive alleles are either dominant or recessive. The black and white 
squares represent dominant versus recessive alleles of loci, and the 
letters represent the intervals between the loci. 
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Table 21.3a. Determination of Linkage in Coupling 

Parental Cross GGHH X gghh 
Fl Gametes (0) 

Nonrecombinant Recombinant 

F 1 Gametes ('?) GH gh Gh gH 

Nonrecombinant 
GH GH/GH GH/gh GH/Gh GH/gH 
gh gh/GH ghlgh ghlGh ghlgH 

Recombinant 
Gh Gh/GH Gh/gh Gh/Gh Gh/gH 
gH gH/GH gHlgh gH/Gh gHlgH 

Note: When the dominant markers are in coupling as indicated, the genotypes that 

are bold are distinguishable phenotypically from parental types because one locus is 
homozygous recessive. In this case, they contribute to the recombination frequency 
between the two genetic loci. 

environment, and in an extreme case such as interval C, which is 
neighbored by sequences of dominant markers in coupling phase, 
a maximum-likelihood estimate is 0 % recombination, whereas the 
true distance is 20%. The estimates for intervals E, F, G, H, and 
I are less ambiguous, although the I interval still creates a problem 
because of the absence of flanking markers on one side. Best esti
mates of genetic distances are obtained for intervals A, B, and D. 

The cross illustrated in Section 21.4.2 can now be re-examined 
in the situation where G and H are dominant to g and h, respectively, 
and in a coupling or repulsion configuration (Table 21.3a and b). 

21.4.6 Mapping Functions 

Although p is related to the physical distance (x) between loci, 
not all crossovers between two loci are detected, because double 
crossovers can give what are apparently parental-type chromo
somes. Only odd numbers of crossovers result in an exchange of 
alleles, and as the genes that are being mapped move further apart, 
the crossover frequency is lower than expected because of the oc
currence of undetected double or even higher numbers of cross
overs. Mathematically, this underestimation of p can be corrected 
using a mapping function, and the common equation is the Haldane 
function: 

Table 21.3b. Determination of Linkage in Repulsion 

F 1 Gametes ('?) 

Nonrecombinant 
Gh 
gH 

Recombinant 
GH 
gh 

Parental Cross: GGhh x ggHH 
Fl Gametes (0) 

Nonrecombinant Recombinant 

Gh gH GH gh 

Gh/Gh Gh/gH GhlGH Gh/gh 
gH/Gh gH/gH gH/GH gH/gh 

GH/Gh GH/gH GH/GH GH/gh 
gh/Gh gh/gH gh/GH gh/gh 

Note: Only the gh/gh recombinant progeny are distinguishable phenotypically from 
the parental types and this is therefore a very inefficient way of measuring recombina
tion. For example, if the loci are one map unit apart, the gh/gh class occurs, on average, 
once in every 40,000 progeny. The statistical error for estimating frequencies for rare 
events of this type is very high. 

where e is the exponential function. The relationship between p 
and x is further complicated by the lack of uniform crossing over 
along the length of the chromosome, and by the fact that crossovers 
do not occur close together because of chiasma interference (see 
Fig. 21.11). Although little is known about interference in plants, 
in animals the phenomenon was measured using the distribution 
of cytologically observed chiasmata. These factors complicate the 
use of mapping functions based on mathematical principles alone, 
and necessitate functions that are based on empirical observations. 
These include the Kosambi function, in which 

4x = In(l + 2p) - In(1 - 2p) 

where In is a natural log function; and also the Ludwig function: 

2p = sin 2x 

While the Kosambi function is the most widely used mapping func
tion, major distortions in the genetic map, relative to the physical 
map, are still evident even when this function is used. 

21.4.7 Multipoint Mapping 

Well before the advent of suitable computer programs designed 
to implement multipoint procedures for genetic-linkage studies, 
three-point mapping, using three gene loci, was commonly used to 
develop genetic-linkage maps. When using the multipoint-mapping 
procedure to determine the order of five loci such as G, H, I, J, 
and K, the two loci showing the least recombination (e.g., G and 
H), based on two- or three-point tests, are taken as a starting point, 
and a third marker is introduced to determine one of two possible 
maps (Le., G-H-J, or H-G-J, ignoring the orientation relative to 
the centromere). The fourth marker is then introduced and six possi
ble maps are examined. Finally, the fifth marker is studied to deter
mine the most likely gene order from among 30 possible maps. 
The map that best fits the pattern of recombination for the five loci 
is accepted as the most likely map. 

In multipoint mapping with computers, the pattern of recombi
nation between all possible combinations of the five loci is exam
ined, equal to 5!/2 or 60 maps, and a log-likelihood measure is 
assigned to each possible map. The absolute value of the log likeli
hood for a map of five loci is usually very small, because it is a 
statement defining the likelihood of any given meiosis providing 
recombination events that exactly fit the respective map. The rela
tive value of log likelihoods between alternate maps is generally 
a more meaningful measure, and can be used to select the map 
most likely to account for the data provided by a range of meiotic 
events. 

21.4.8 Interval Mapping 

In three-point crosses, interval mapping (also referred to as 
marker-bracket mapping) improves the estimation of the probabil
ity that a test locus H is linked to marker loci G and J (Fig. 21.14) 
by considering only offspring in which G and J have not re
combined. This allows the chromosome segment defined by G and 
J to be considered as a single, physically large marker, and estab
lishes the linkage of H based on the chance of a double crossover 
within the G-J interval. No matter where H falls within the G-J 
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Fig. 21.14. Diagrams summarizing the alternate positions of H relative 
to a pair of markers, G and J, as used to define an interval for mapping 
purposes. 

interval, linkage will be established, thus the procedure is simplified 
to looking for evidence of either presence or absence of tight link
age of H to the G-J interval. The rapid advances in producing 
detailed genetic maps using DNA markers means that a sufficient 
number of intervals can be defined to allow the genetic dissection 
of more complex characters. In the field of human genetics, the 
interval-mapping approach provides a means for analyzing the 
often limited database that is available. 

21.4.9 Quantitative Trait Loci (QTLs) 

The combination of extensive genetic maps and interval map
ping facilitates the genetic dissection of factors responsible for 
quantitative changes in a phenotypic trait (see also Chapter 14, 
Section 14.4.3). If environmental influences on the phenotype can 
be controlled, quatitative differences are usually determined by 
allelic substitutions at many loci, which are referred to as quantita
tive trait loci (Q1Ls). It is important to recognize that the inherit
ance of quantitative characters is dependent on contributing genes 
that are subject to the same laws of transmission, and that have the 
same general properties, as genes for qualitative traits. Genetic 
markers can be used to recognize the regions of chromosomes that 
are involved with quantitative characters and to analyze populations 
that are segregating for these traits. The relative importance of the 
respective chromosome regions containing the different loci can 
then be established. 

The distribution of a quantitative trait in two populations of 
individuals (A and B), and in the F 1 progeny from a cross between 
two A and B individuals, is illustrated in Fig. 21.15. The terms 
used to describe the observations on the populations include: 

pA, plJ, pEl = means of the variation in the popUlations; 
o'lA, a2B, UlF. = variances of each population; 

Genetic and Molecular Mapping of Chromosomes 329 

D = (pA - ~B), the phenotypic difference between popula
tions A and B; 

k = number of effective factors (QTLs) in a cross contributing 
to the quantitative trait. 

If QTLs have equal magnitude, are unlinked, and all alleles for the 
high phenotype contribute to increasing the phenotype, while all 
alleles for the low phenotype contribute to decreasing the pheno
type, then: 

DIk = the effect of each QTL; 

11k = variance due to each QTL. 

Although the above assumptions do not generally hold in nature, 
they provide a basic set of definitions for computer-based analyses 
to determine linkage between genetic markers and QTLs. 

The linkage between genetic markers and QTLs can be deter
mined by maximum-likelihood or regression methods. In analyzing 
QTLs, the individuals in a segregating popUlation showing the ex
treme phenotypes, i.e., those with alleles of greatest magnitude, 
are the most informative, and the study can be simplified by deter
mining the genotypes only of these selected individuals, a process 
of selective genotyping. In a normal, segregating population, prog
eny more than 1 standard deviation from the mean comprise ap
proximately 33% of the total popUlation, but can contribute approx
imately 81 % of the total linkage information. An initial statistical 

population A population 8 

~A ~B 

F 1 population 

Fig. 21.15. The analysis of quantitative traits. A hybrid population of 
segregating individuals (bottom) does not give clear parental (top) or 
heterozygous types, but rather a distribution of values. The diagram 
summarizes the terms used (see text) to describe the distribution of a 
quantitative trait (Lander and Botstein, 1989). Multiple genes or 
quantitative trait loci (QTLs) control the output of the trait being 
measured. The search for marker genes that bracket the QTLs (Thoday, 
1961) can provide the basis for genetic mapping, using interval mapping 
combined with maximum-likehood statistical procedures (Lander and 
Botstein, 1989) or regression analyses (Haley and Knott, 1992) to 
establish linkage of flanking markers with a QTL. 
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test can be applied to the subpopulations to identify markers that 
are associated with the differentiating phenotypic trait. In a more
detailed analysis, the ideal situation is where a complete genetic 
map, with markers spaced every 10 cM, is available to dissect the 
quantitative trait and determine the number and regional locations 
of the genes that influence the character. The LOD score (see Sec-
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Fig. 21.16. Principle of the bulked F2 method for uncovering DNA 
sequences linked to a selected locus. The bulked samples are screened 
for randomly amplified polymorphic DNA sequences (RAPDs) using 
PeR primed by random lO-bp primers. Any DNA products that 
differentiate the bulked DNA samples have a high probability of being 
linked to the target characteristic for each of the bulked samples. The 
procedure has proven to be a successful way of obtaining DNA markers 
that are close to the chromosome region carrying a trait of interest 
(Arnheim et aI., 1985; Giovannoni et aI., 1991; Michelmore et aI., 1991; 
Eastwood et aI., 1994; Tanksley et aI., 1995). A prefractionation of the 
bulked DNA samples to remove repetitive sequences present in the 
genome (see Chapter 16) can provide a useful enhancement of the 
method, in that the characteristic sequences are commonly of low copy 
number that can then be isolated and used as probes in further studies 
(Eastwood et aI., 1994). The prefractionation technique helps to reveal 
polymorphisms that may otherwise be hidden by the background created 
by the repetitive DNA sequences. The preparation of new, bulked DNA 
samples, based on the segregation of DNA markers isolated in the initial 
screen, provides a mechanism for saturating the genome region of 
interest with DNA markers. Selective enrichment of DNA linked to the 
target character, known as representational-difference analysis, has been 
described by Lisitsyn et aI. (1993) and provides a valuable additional 
approach for analyzing phenotypic traits of specific interest to breeders. 

tion 21.4.3) for the analysis gives a guide for the probability that 
the association between a QTL and a genetic-map interval arises 
by chance. The threshold, often set at LOD = 2-3, is affected by 
the number of linkage groups, and the extent and length of the 
genetic map. Complex phenotypes such as blood-pressure regula
tion, manic depression, and schizophrenia have been analyzed ge
netically by treating them as QTLs. While studies of this type 
contribute significantly to understanding a QTL, it is equally impor
tant to recognize that an accurate phenotypic definition of a QTL 
is essential for a genetic understanding of it. 

21.4.10 Bulked Segregant Analysis 

The procedure of bulked-segregant analysis, in which individu
als in a segregating popUlation that share a particular QTI.. or other 
genetic trait are bulked together, is a powerful approach for detect
ing new DNA markers linked to the trait (Fig. 21.16). The principle 
underlying bulked-segregant analysis was first developed to detect 
RFLP markers significantly associated with loci controlling human 
diseases. The procedure is most successful if it is first established 
that the individuals to be bulked are homozygous for the major 
genes that determine the QTL or the complex trait being investi
gated. The main difficulty to be overcome is that the expression 
of a complex trait can be affected by the environmental conditions 
under which the organism is maintained. In plants, it is often con
venient to separate the genetic and environmental effects on the 
QTI.. phenotype by examining F3 and F 4 progenies in order to estab
lish, retrospectively, the precise genotype of the original F2 individ
uals. 

21.5 THE PRACTICAL ASPECTS 
OF GENE MAPPING 

Organisms such as Drosophila, maize, barley, and tomato have a 
number of advantages for gene mapping. The primary advantage 
is that they are diploids, with relatively low chromosome numbers 
and easily identifiable chromosomes. Each species has a large num
ber of identified spontaneous and induced mutations, which affect 
different phases of the life cycle; these are commonly maintained 
at specific germ-plasm centers. In plants, germ-plasm centers are 
now in operation for almost all agricultural crops. Even if individual 
mutants are not maintained at all of the locations, the centers are 
increasingly important for maintaining the genetic diversity of the 
original populations from which different crops have been devel
oped. 

21.5.1 Polymorphism Analysis 
and Selection of Parents 

The most important consideration, when selecting parents in a 
genetic study, is that they should carry qualitatively different alleles 
for loci to be mapped. For this reason, hybrids between primitive 
landraces of plants (or animals) and modem crop cultivars (or 
highly developed, pedigreed animals) can be expected to produce 
F\ and F2 progenies with considerably higher degrees of heterozy
gosity than crossbreds between already improved plants and ani
mals. In addition, the parents should be free of obvious chromo
somal structural changes, cross easily, and produce fertile progeny. 
A survey of the gene pool in a species (or related species if required) 
is generally carried out to select suitable and interesting parents. 



21.5.2 Backcross and F2 Progenies 

Genetic mapping using F2 segregating progenies is efficient 
from the viewpoint of the numbers of indi viduals required for study, 
but, as mentioned earlier, these progenies have the disadvantage 
that certain recombinant classes cannot be distinguished. Conse
quently, F3 progeny testing must be carried out so that all of the 
F2 individuals can be classified genotypically. If, on the other hand, 
the FI hybrid is backcrossed to the recessive parent, none of the 
recombinants are concealed in the progeny. In the development of 
a backcross (BCI) population for mapping, it is desirable to obtain 
approximately 100 progeny for study. The advantage of the BCl 
method is the comparative ease of obtaining a linear map of the 
markers. The disadvantage is that it is less efficient than a com
pletely classified F2 progeny, because recombination is sampled in 
only 50% of the gametes. 

21.5.3 Recombinant-Inbred Lines, Single
Seed Descent, and Doubled 
Haploids 

The main advantage of recombinant-inbred lines (Fig. 21.17), 
in which plants with particular combinations of alleles are continu
ously inbred to maintain those allelic combinations, is that they 
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Fig. 21.17. A diagrammatic representation of the production of 
recombinant·inbred populations for genetic mapping. (From Burr and 
Burr, 1991.) The final recombinant inbred lines carry chromosomes that 
have undergone additional recombination in the F2 and subsequent 
generations. 
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allow the development of true-breeding populations, which provide 
exactly the same genetic material for analyses by many different 
research groups. Other means for achieving such populations in
clude single-seed-descent procedures, in which single plants with 
the desired allelic combinations are selected in every generation. 
Doubled-haploid techniques, where freshly recombined haploid 
cells are cultured to produce homozygous dihaploid plants, are 
also important (see Chapter 12, Section 12.5). These technologies 
provide the means for cooperation among different research groups, 
and allow very extensive genetic maps to be developed quickly. 
Once these maps are established, any new gene can be precisely 
located by reason of its proximity to known markers. 

21.5.4 Recombinant Disomic 
Substitution Lines 

In polyploid plants, the unique advantage of being able to create 
maintainable monosomic lines can be exploited to produce map
ping populations for individual chromosomes. The procedure (see 

Chapter 14, Sections 14.4 and 14.5) essentially involves cloning 
individual chromosomes and recombination events, to produce 
true-breeding plants, which are suitable for the analysis of complex 
characters. 

21.5.5 Genetic Maps for Forest Trees 

The long-generation time of many economically important trees 
makes standard mapping procedures involving controlled crosses 
difficult. In conifers, haploid megagametophyte tissue is derived 
from post-meiotic, mitotic divisions of the megaspore that gives 
rise to the maternal gamete, and sufficient material is available 
from a single seed for the analysis of both isozyme and DNA 
variation. Genotyping of megaspores therefore effectively estab
lishes the distribution of alleles of a given gene or DNA sequence 
in a population of gametes from a single tree. This provides the 
necessary segregation data for the construction of a genetic map 
for heterozygous loci in the particular tree. The polymerase-chain 
reaction (PCR) technology (see Section 21.2.6) provides the key 
to carrying out analyses on the DNA recovered from haploid mega
gametophyte tissue. 

A pseudo-testcross mapping strategy has been developed for 
trees such as hardwoods, which do not have megagametophytic 
tissue available for analysis. The strategy is based on the availabil
ity of parents and FI progeny, and high levels of genetic heterozy
gosity in the parents. The application of PeR technology, combined 
with STS primers for peR (see Section 21.2.6) is crucial in assaying 
for the necessary genetic variation. The procedure analyzes the 
DNA from parents and Fl individuals with a wide range of STS 
primers, to detect the presence or absence of amplified DNA se
quences in the F I individuals that are characteristic of either parent. 
The data is then analyzed to define the segregation behavior of the 
bands of amplified sequences that are present in parent A and absent 
from parent B and, for those cases, to determine whether the ampli
fied sequence is always present in the Fl individuals (expected if 
the locus was homozygous in parent A) or whether the band is 
segregating I: I for presence/absence (expected if the locus was 
heterozygous in parent A). When all of the segregating bands of 
sequences are analyzed, the Fl population becomes the equivalent 
of a test backcross for all of the particular loci these bands represent. 
All the loci chosen in this way can then be used to generate a 
linkage map for parent A. A similar procedure can be carried out 
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for the bands of amplified sequences that are present in parent B 
and absent in parent A, to generate a separate linkage map for parent 
B. To be effective, the strategy must be based on the availability of 
large numbers of STS primers to detect heterozygous differences 
between parents, and these differences can then be used to generate 
a genetic map. The more similar the parents, the greater the number 
of STS primers required to detect diversity between the parents. 

21.5.6 Somatic·CeIl Hybrids 

In many organisms, but particularly in the larger mammals, it 
is not always possible to carry out controlled crosses or to obtain 
family histories to carry out genetic mapping. Often, however, it 
is possible to establish somatic-cell cultures and fuse these with 
established cell lines. The chemical selection of hybrid cells using 
HAT medium (Fig. 21.18) provides the basis for a different ap
proach to genetic mapping. The random losses of chromosomes 
and their segments are comparatively frequent during the early 
stages of tissue culturing or after irradiation of a cell line. C-banding 
studies on cell lines missing single chromosomes, or carrying an 
additional chromosome or chromosome segment, can correlate bio
chemical or DNA markers with the presence or absence of a particu
lar chromosome or segment and yield linkage data for the respective 
markers. It is also possible to fuse a full nucleus of one mammalian 
cell with a small part of the nucleus of another, and subsequently 
characterize the chromosomes and segments present. Using a chem
ical such as cytochalasin, the subnuclear fractions can be derived 

x 
hypoxanthine gl81ine 
DhosP/loribosyltransfarase -

(HGPRT-) I (TK+) 

=~Fne 
(-HAT) 

thymidine kinase

(m-) 

(HGPRT+) 

complementation yields hybrid cells that 
are HGPRT+ and TK+ and thus grow on 
HAT medium 

Fig. 21.18. The HAT selection procedure to isolate cell hybrids 
(Modified from Ringertz and Savage, 1976.) Aminopterin is a drug that 
blocks the main pathways for the synthesis of purines and pyrimidines, 
and cells containing this drug can only be rescued by the addition of 
thymidine and hypoxanthine because they provide substrates for minor, 
or salvage. biosynthetic pathways in the cell. AS TK- and HGPRT-cells 
lack the respective salvage pathways, they will not grow on HAT 
medium unless a hybrid is formed and complementation occurs. 

by inducing micronucIeation and fusing the resulting microcells to 
nonnal cells. When a set of markers is consistently lost or gained 
at the same time as a certain chromosome segment is lost or added, 
the markers can be assigned to the respecti ve chromosome segment. 

21.5.7 Extended Human Families 

A widely used database of families, including their histories 
and cell lines, is maintained in the Centre European pour Ie Poly
morphism Rumain (CEPH) in Paris, France. Information on three 
generations of individuals from 40 families defines the framework 
for a detailed. human-genetic map, as the DNA from the individuals 
in these families is distributed worldwide to research groups study
ing particular genes. 

21.5.8 Homozygosity Mapping 

The principle underlying this procedure is that a rare disease, 
due to a recessive gene(s), or some other recessive phenotype 
has variants of DNA markers, also rare in the population, that are 
associated with the respective genes responsible for the phenotype. 
Comprehensive DNA fingerprinting of inbred F I progeny showing 
the rare disease, or another recessive phenotype, and identifying 
the markers that are homozygous in the progeny and heterozygous 
in the parents (not showing the recessive trait) allows the DNA 
marker to be associated with the respective trait. If the trait of 
interest, or the DNA marker, is common in the popUlation, the 
chances that it is homozygous by descent are difficult to separate 
from the possibility that it is homozygous as a result of random 
events. With a rare trait, however, a DNA marker that has a low 
probability of being homozygous in the popUlation can be used to 
prove significant associations using homozygosity mapping. 

21.6 CONSTRUCTION OF CHROMOSOME MAPS 

Although large populations minimize errors in genetic mapping, 
in practical tenns, 50-60 segregating F2 individuals provide a use
ful map. In the case of test -cross and backcross progenies, recombi
nant-inbred lines, single-seed descent lines, and doubled-haploid 
lines, it is usually accepted that 80-100 individuals or lines need 
to be characterized. 

21.6.1 Computer Analysis to Produce 
a Linkage Map 

A broad selection of computer programs are presently available 
for the analysis of segregation data, and many such as MAP
MAKER are based on maximum-likelihood methods. The applica
tion of genetic mapping to the analysis of quantitative-trait loci is 
also an active area of research, which does not necessarily rely on 
maximum-likelihood methods. In these instances, models using 
regression methods have been applied and have value because of 
their relative simplicity. 

21.6.2 The Concept of a Consensus Map 

A range of genetic maps are usually generated, even for the 
members of a single species, due to variations in the amount of 
recombination in different crosses, leading to distinct differences 
in genetic distances. In addition, the presence of translocations and 



inversions can lead to possible differences in linkage groups within 
a given species. The transmission of certain chromosomes can also 
be adversely affected in crosses between divergent individuals 
within a species, or in interspecific crosses. This can lead to distor
tion in the expected segregation ratios in F2 progenies, but if the 
data from such crosses are treated with caution, the relative order 
of markers is generally unaffected. Variation, in fact, is an inherent 
feature of genetic maps. Because the establishment of a genetic map 
is usually one step in the process of understanding chromosome 
structure in more detail, a consensus or average map is often useful 
in designating a standard map for a species, based on the most 
common map determined for individuals of the species. Consensus 
maps can also be used to compare different species within a genus 
and genera within a family. 

21.7 CORRELATION OF LINKAGE MAPS 
TO PHYSICAL MAPS 

The complete nucleotide sequences of chromosomes provide clear 
end points for relating genetic maps to the physical chromosomes. 
The technology for large-scale sequencing is progressing rapidly 
through combining high through-put sequencing of random DNA 
segments and computer analysis of data; to date 7 bacterial and I 
yeast genome have been completely sequenced. In many organ
isms, however, it is not feasible to plan such a project, and alternate, 
less accurate procedures need to be adopted for relating the genetic 
and physical maps of a chromosome. 

21.7.1 Procedures for Placing the Genetic 
Map into the Context of the Physical 
Description of a Chromosome 

In yeast, many other fungi, and a wide range of other organisms 
with relatively small chromosomes, the direct linkage of molecular 
markers to chromosomes is possible. With the use of transverse
pulse-field electrophoresis (TPFE), full-length chromosomes can 
be separated in agarose gels (see Chapter 6, Fig. 6.6). After the 
DNA molecules are transferred to suitable membranes by blotting, 
they can be directly assayed with labeled probes to assign RFLP and 
other DNA markers to particular chromosomes. Using restriction 
endonucleases that recognize 8-bp or longer nucleotide sequences, 
which statistically occur much less frequently in the genome, a 
physical map for the chromosome, based on the distribution of 
restriction-endonuclease sites, can then be developed. An extension 
of the use of specific, rare, restriction-endonuclease sites to map 
long DNA segments is the use of STSs (sequence-target sites). 
STSs are defined as short, unique sequences that are readily ampli
fied by PCR, using primers that target either ends of the sequence
target site, so that the amplification products provide distinctive
size classes of DNA fragments, which can be used as markers. In 
combination with in situ hybridization techniques, STSs also pro
vide key landmarks for the process of ordering ,\ clones and yeast 
artificial-chromosome clones. In Drosophila and humans, exten
sive regions of the chromosomes have now been mapped in this 
way. 

Other methods for physically mapping chromosomes include 
banding procedures and in situ hybridization with defined se
quences. The genetic mapping of C bands, in the same population 
of individuals as that used for mapping DNA and other protein 
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markers, provides a means for inserting physical markers into a 
linkage map. The presence or absence of Nor loci can be scored 
microscopically as well as genetically, using DNA probes for the 
spacer region (Fig. 21.19). Chromosomes that have been well stud
ied at the level of C bands or by other cytological techniques can 
also be investigated by creating deletions similar to those seen in 
Fig. 21.19. The combined analysis of these modified chromosomes 
and the presence or absence of DNA markers further bridge the 
relationship between genetic and physical maps. 

In situ hybridization is a further means for placing specific DNA 
markers in a physical location on chromosomes. Whereas few or
ganisms have the advantage of easily accessible polytene chromo
somes, double-labeling techniques (discussed in Chapter 19, Sec
tion 19.1) are particularly useful in that they allow the ordering of 
markers with respect to the centromere. Detection of low-copy
number sequences using in situ hybridization technology is also 
attaining satisfactory levels of sensitivity. At present, many chro
mosome spreads are scored for the locations of the signals; then 
a statistical interpretation of the chromosomal distribution of the 
hybridization-signal data is required to tentatively locate the respec
tive sequence. 

21.7.2 'DIe Relationship 
Between Cytogenetic 
and Genetic Maps 

Cytogenetic maps are based on chromosome aberrations that 
allow genetic markers to be related to the physical description of 
the chromosome. Genetic-linkage maps are based on recombination 
"distances" between genetic markers. Although the two types of 
maps are generally collinear, as expected from the fact that every 
chromosome consists of a single DNA molecule, there is a wide 
discrepancy in the relative distances between markers in the two 
maps. Almost always, this is due to a general suppression of cross
ing over near the centromeres and an enhancement in the more 
distal regions of chromosomes. In some organisms, it appears that 
distal regions have a higher density of polymorphic genes and se
quences, which are usable in gene-mapping studies. Certain other 
regions of chromosomes are also known to be hot spots of genetic 
recombination. The nonrandom distribution of recombination along 
the length of the chromosome has important implications for chro
mosome manipulation in breeding programs. If genes of interest 
are located near the centromeres, much larger populations have to 
be analyzed to recover the desired recombinants, whereas when 
the genes are located near the ends of chromosomes, smaller popu
lations can be used. Similarly, strategies for chromosome walking 
from DNA markers closely linked to genes of significance in breed
ing will be most successful for linkages in regions of high-recombi
national activity, where the genetically linked marker is physically 
much closer to the gene of interest. 

21.7.3 The Length of Genetic Maps 

The length of a physical map of a chromosome is fixed and is 
ultimately defined at the DNA sequence level. The genetic map, 
on the other hand, is based on a complex biological phenomenon 
(crossing over) and, as pointed out earlier, represents a statistical 
summary of the relationships between genes on chromosomes. His
torically, chiasma counts in bivalents at meiosis have been used to 
estimate the maximum genetic length of a pair of homologous 
chromosomes. Thus, a bivalent with one chiasma per arm has a 
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Fig. 21.19. Chromosome deletions characterized by C-banding. An 
analysis of chromosome 1B of wheat is shown; the top panel 
demonstrates a series of chromosomes "cloned" in different wheat lines 
and carrying different-sized deletions (deletions of the short arm and of 
the long arm as well as the normal 1B chromosome are indicated). The 
deletions are considered terminal and extending to differing lengths 
along the chromosome arms. Many deletions of the short arm result in 
loss of the ribosomal RNA genes, which is readily monitored by DNA 
probes. A similar scoring of the presence or absence of other DNA and 
protein markers provides an order of markers that can be directly related 
to the genetic map of the chromosome, as shown in the lower panel. 
(From Van Deynze et al., 1995.) 

maximum genetic length of 100 cM. However, from intensive gene
mapping studies, two trends have become clear: 

1. Genetic maps are considerably longer than expected from 
chiasma frequencies. 

2. In most organisms, genetic maps are expanding as more 
DNA markers are added. 

These trends can be clearly seen in Table 21.4, where the genetic 
lengths of maize chromosomes are summarized during the course 
of studies over the past 60 years. The tendency to increasing length 
as more markers are added to the genetic map is seen in a diverse 
group of plants including Brassica spp., Hordeum vulgare, Lactuca 
sativa, Lycopersicon esculentum, Oryza sativa, Pisum sativum, and 
Solanum tuberosum. One implication is that cytologically assayed 
chiasma counts do not provide a good estimate of recombination 
in an organism. Furthermore, although errors in scoring can contrib
ute to the expansion of genetic maps, it is clear that recombination 
hot spots and gene conversion-type events are significant contribu
tors to the tendency for maps to increase in genetic length. 

21.8 WIDER APPLICATIONS 
FOR GENETIC MAPS 

A central problem in many genetic situations, including plant and 
animal breeding, and human genetic counseling, is the assessment 
of the degree of homozygosity andlor heterozygosity. In plants and 
insects, lines that are near-isogenic, or homozygous at almost all 
genetic loci, can be relatively easily developed by either self-polli
nating in the case of plants or crossing closely related animals 
(inbreeding). After several generations of continuous selection for 
the presence of the wanted traits, near 100% homozygosity is 
achieved. During this process, the number of heterozygous genes 
are diminished by half in each generation and the degree of homo
zygosity is increased by that amount. In simple mathematical terms, 
this can be expressed as (1/2)", where n equals the number of selfed 
generations (denoted by S in plants). Thus, in the Sl generation, 
(1I2»)'or 50% of the genes are expected to be heterozygous, reflect
ing the I :2: I segregation of Mendel's second law. In subsequent 
generations, this percentage continues to decrease by half giving 
25%, 12.5%,6.25%,3.125% heterozygosity, and so on. After six 
generations, about 98.5% of the genes are expected to be homozy
gous, and the lines can then be described as near-isogenic. The 
closer other genes and DNA sequences are to the selected genes, 
the more likely that they also are isogenic. In practice, as we have 
seen, recombination does not occur freely in every part of the chro
mosome, and significant sections remain parental in type. This is 
seen in breeding programs, where backcrossing and selection for 
one gene result in the retention of nearby genes in the program, 
the phenomenon of linkage drag. The use of genetic maps, particu
larly those with a large number of molecular markers, allows direct 
selection for homozygous genes. In breeding programs, an exten
sive genetic map can lead to more objective decisions in the selec
tion of parents and the early selection of desirable individuals in 
segregating populations, as discussed further in Section 21.8.2. 

21.8.1 Genetic Counseling 

In human genetics, the construction of genetic maps that include 
genes for diseases, as well as more complex characters such as 
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Table 21.4. Historical Development of Linkage Maps for Zea mays Chromosomes and Lengths of the 
Chromosomes (in cM) as Estimated from Chiasma Counts and Linkage Data 

Genetic Estimates Based on Either Chiasma Counts or Linkage Data 

Chiasma Counts 

Chromosome 1934" 

187 
2 163 
3 150 
4 148 
5 148 
6 110 
7 123 
8 123 
9 110 

10 98 

Total 1360 

A Based on the analysis of gene markers. 

b Based on the analysis of RFLP markers. 

Source: Adapted from Nilsson et a!. (1993). 

1950" 

102 
58 
92 
80 
44 
52 
50 
20 
52 
68 

618 

predisposition to heart disease and strokes, will eventually provide 
much needed data for understanding the bases of these traits. Pre
ventive measures such as appropriate life-style and/or choice of 
marriage partners can also be considered if a certain predisposition 
exists in anyone individual. In the extreme situation of a prenatal 
diagnosis indicating, for example, a homozygous state for a severe 
form of thalassemia, genetic counseling is essential to any decision 
related to termination of pregnancy made by the parents. 

21.8.2 Animal and Plant Breeding 

In an ideal situation, a breeder knows the characters that need 
to be selected, and the following efficient procedures are required 
to ensure the selection of as many desirable genes as possible: 

1. The new technologies help to minimize the number of 
crosses made by breeders, and to maximize the chances 
of obtaining new and desirable combinations of genes. The 
selection of a QTL in a breeding program, for example, is 
more efficient if a DNA or protein marker is closely linked 
to the trait. In addition, if two or more genes for a desirable 
trait are known to be closely linked from mapping studies, 
they can be reasonably expected to remain together in the 
breeding program. Conversely, a close linkage of desirable 
and undesirable genes indicates that special procedures 
are required to break the linkage. 

2. DNA or protein markers can detect the presence of desir
able genes when undesirable genes that affect the same 
or similar characters are present. In this way, it is possible 
to select for novel combinations of disease-resistance 
genes, for example. 

3. In early-generation material, or as soon as possible in a 
breeding program, breeders want to remove individuals 
with deleterious characters and select those with desirable 
genes and superior characters, thereby minimizing the ne
cessity to grow large populations of progenies. 

4. Linkage mapping can be used to locate new mutations, 

1976" 

156 
128 
121 
111 
72 
64 
96 
28 
71 
57 

904 

Linkage Data 

1990" I 990b 1993b 

161 176 238 
155 155 229 
128 167 194 
143 137 174 
87 107 235 
68 78 169 

112 112 131 
28 42 173 

138 140 132 
99 95 115 

1119 1209 1790 

either spontaneous or induced, that may arise in a breeding 
program and have potential use. 

5. Pedigree and variety identifications, using "fingerprint" 
types of DNA-sequence probes, are important in many 
areas of quality control. The forensic application of this 
technology has had a major impact in legal challenges. In 
agricultural animals, these identifications are also known 
as "hoofprints." 

6. Germplasm-diversity assessment, arising from the use of 
DNA probes, is a significant application in maintaining 
natural populations as genetic resources for future breed
ing needs. 

7. Searches are needed for DNA markers linked to genes 
controlling the development of diseases that develop 
slowly and are, therefore, hard to measure and expensive 
to test. It can be much cheaper and simpler to identify the 
presence of markers that are closely linked to the wanted 
resistance genes. 

8. Similarly, markers for genes that occur only occasionally 
in a breeding program and are thus difficult to select by 
routine testing, can provide a valuable means to maintain 
the respective genes in the breeding stock. 

9. In crosses that are not readily controlled or difficult to 
achieve, specific DNA markers can provide confirmation 
of the extent of homozygosity and heterozygosity in the 
hybrids produced by crossing programs. 

10. DNA probes for pathogens can provide the basis for their 
early detection using peR technology. 

Modem genetic maps are the culmination of a body of knowl
edge about the molecular biology of genes and other sequences in 
the genome, the biochemistry of gene action, and powerful com
puter technology. The maps provide a springboard for the detailed, 
structural characterization of specific regions of chromosomes and 
eventually entire chromosomes at the DNA-sequence level. The 
resulting nucleotide-sequence databases of a variety of plant and 



336 Genetic and Molecular Mapping of Chromosomes 

animal genomes allow the analysis of breeding popUlations by 
studying molecular variation in the genes of individuals of the 
population. Progress in projects such as Human Genome Sequenc
ing provide a molecular basis to uncover and commercially exploit 
variation in other organisms that are significant economically but 
for which genome-sequence data are not available. For example, 
at the end of 1994, it was estimated that there would be more 
than 6000 markers on the human genome, and 4000 on the mouse 
genome. The benefit of these markers is that they can then be used 
to investigate and produce genetic maps of other mammals. The 
study of synteny and the development of syntenic maps, in which 
arrays of genes and DNA sequences are conserved in their order 
on lengths of chromosomes, provide the basis for interrelating the 
genetic maps of organisms. The chromosome segments mayor 
may not be rearranged through chromosomal translocations and 
inversions. 
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Cytoplasmic DNA and Maternally Inherited 
Traits 

• Nucleo-cytoplasmic interactions are an important component in the evolution of organisms. 

• Cytoplasmic male sterility is associated with the expression of unusual mitochondrial genes. 

• Several maternally inherited human diseases are associated with lesions in mitochondrial DNA. 

The phenotype of an organism results from the interaction of the 
genotype with the environment. The genotype includes genetic in
formation contained in the nucleus, as well as protosomal DNA in 
mitochondria and chloroplasts, both of which reside in the cyto
plasm. Many products of the nuclear genes interact directly or 
indirectly with the products of mitochondrial and chloroplast genes 
to drive cell metabolism. Consequently, within a species, nuclear 
and cytoplasmic genomes co-evolve in a dynamic, yet specific, 
relationship, so that the genotype is the product of nuclear X cyto
plasmic factors. The final phenotype of the organism is modulated 
by the environment, referred to as the genotype X environment 
interaction. 

The interaction of the nuclear genome with the cytoplasmic 
genomes of the mitochondria and chloroplasts in relation to male 
sterility is an important example of how an understanding of the 
interactions between genomes has commercial implications in plant 
breeding. 

22.1 THE DNA IN l'IITOCHONDRIA 

The presence of DNA in mitochondria (mtDNA) was proven in 
the mid-1960s. It had previously been recognized that DNA had to 
be present to explain cases of non-Mendelian inheritance involving 
metabolic defects that were known to be controlled by the mito
chondria. An example is the cytoplasmic petite mutants of yeast 
that are produced when yeast cells are treated with actinomycin. 
This antibiotic intercalates with the double-stranded DNA of the 
mitochondria and blocks the biochemical pathways needed for oxi
dative phosphorylation, so that treated yeast colonies are much 
smaller than normal. Visible proof of the presence of mtDNA was 
gained from electron microscopy of mitochondria and from DNA 
staining with immunofluorescent dyes. Electron microscopy was 
also used to show that mtDNA is circular with several molecules 
per mitochondrion, although linear molecules are also believed to 

occur in the mitochondria of some fungi and plants. The actual 
similarities of these DNA molecules to bacterial protosomes has 
been discussed (Chapter I, Section 1.4) and, as in bacteria, the 
DNA molecules of mitochondria are self-replicating and are trans
mitted to new organelles during division. This division is autono
mous from normal cell division, so whether new cells are formed 
by mitosis or egg cells by meiosis, the transmission of defective 
or normal mitochondria can be a fairly random process. The com
parative sizes of the mtDNA molecules of humans, the yeast fun
gus, and a plant are shown in Fig. 22.1. 

22.1.1 Vertebrate mtDNA 

The mitochondrial DNAs from several vertebrate animals have 
now been completely sequenced. The sequences of human (Fig. 
22.2), mouse, cow, and frog mtDNA show them to be a model of 
economy and compactness. In vertebrates, the mtDNA is a circular 
molecule varying in length from 16.3 to 17.5 kb. This DNA codes 
for 2 size classes of ribosomal RNA, 22 tRNAs, required for poly
peptide synthesis within the mitochondrion, and II mRNAs, which 
specify 13 subunits of the mitochondrial respiratory complexes. 
These subunits are cytochrome oxidase-I, -II, and -III (CO I, CO 
II, CO III), two ATPase subunits (A6 and A8), cytochrome-b apo
protein (Cyt b), and seven subunits of the enzyme NADH dehydro
genase (NOl, ND2, N03, ND4, ND4L, ND5, and N06). The re
mainder of the DNA molecule is comprised of a noncoding region 
called the d-Ioop (see Fig. 22.2), which varies in size from 879 bp 
in mice to 2134 bp in the amphibian Xenopus laevis. In vertebrates, 
this region contains the replication origin of the so-called heavy 
or H-strand (OH), as well as the promoters (pH and pL) for transcrip
tion from both strands of DNA. Few, if any, nucleotides separate 
individual gene sequences, and the tRNA genes are more or less 
evenly distributed around the genome, between the mRNA and 
ribosomal RNA coding sequences. 
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Fig. 22.1. The relative sizes of mitochondrial DNA from humans, 
fungi, and plants. In evolutionary terms, the major differences in size 
between the mtDNA of plants and animals can be ascribed to two 
separate introductions of the bacterial progenitors of mitochondria into 
what eventually developed into eUkaryotic cells (see Fig. 1.2). 

The order of the mtDNA genes, their nucleotide sequences, 
and their directions of transcription are virtually identical in all 
vertebrates. Because of this, the mtDNAs of a wide range of other 
vertebrates can be mapped by comparison to a master-type mtDNA 
genome such as that in humans. 

22.1.2. Invertebrate mtDNA 

The mtDNA of invertebrates is slightly smaller than that of 
vertebrates, and from the three invertebrate mtDNAs that have been 
completely sequenced, it is plain that the DNA is almost identical 
in function to that of vertebrate DNA. Invertebrate mtDNA contains 
the same genes, the same tRNA genes, and the same rRNA genes 
as vertebrate mtDNA, but differs significantly in the distribution 

RNA transcripts 

Fig. 22.2. The structure of mitochondrial DNA from humans. The 
central circle is the DNA molecule. The outer (black) arrows indicate 
the RNA that is transcribed from the DNA in the direction indicated. 
The inner (gray) arrows show the positions of the genes in the DNA. 

of genes, the order in which they are arranged, and their nucleotide 
sequences. In particular, the tRNAs are highly clustered. At the 
macro level, these changes have been used to plot phylogenetic 
relationships within the animal kingdom. At the micro level, the 
changes in nucleotide sequences of the different genes have been, 
and are being, related to the evolution of different species. 

22.1.3. Fungal and Plant mtDNAs 

The mtDNA of fungi is generally three to five times the length 
of animal mtDNAs, and significant changes clearly differentiate 
the constituent genes and gene sequences from those previously 
discussed. The mtDNA of plants is even larger (see Fig. 22.1), and 
the complete sequencing of some molecules such as the 373-kb 
protosome in Arabidopsis tnitochondria, has been achieved. Plant 
mtDNA ranges from 200 to 2500 kb in length, much of it probably 
due to multiple copies of a basic DNA sequence that are combined 
into a single and larger genome. Within this large genome, DNA 
sequences can be inverted and, together with the occurrence of 
deletions, result in a structure that is complex to interpret at a 
molecular level. In petunia, rice, maize, and beans, the population 
of mitochondria contains two or three distinct protosomes, which 
are not simply related to each other in terms of potential recombina
tion products from a larger master molecule. These independent 
protosomes most likely are located in separate mitochondria, with 
important implications for understanding the phenomenon of cyto
plasmic male sterility. 

22.2 THE DNA OF CHLOROPLASTS 
AND PLASTIDS 

Although the evidence for chloroplast DNA, cpDNA, was derived 
from observations using DNA-binding dyes, chloroplasts are only 
one of several types of plastids in plants. These different plastids 
are all derived from a precursor pro-plastid, which is comprised 
of an outer and an inner membrane with DNA inside. In plant 
development, the effect of light on the pro-plastids leads to the 
formation of chlorophyll, as well as the internal arrangement and 
thylakoid membranes of the mature chloroplast. Etioplasts are com
monly present in seedling leaves grown in the absence of light. 
When the seedlings are transferred into light, the etioplasts become 
chloroplasts. In other tissues, the types of plastids include amylo
plasts, which contain large granules of starch, and chromoplasts, 
which are filled with colored pigments that give flowers and fruits 
their color. Usually, plastid types such as chromoplasts are derived 
directly from chloroplasts in which the chlorophyll and thylakoid 
membranes have broken down and have been replaced by invagina
tions containing other pigments such as carotenoids. 

In land plants, the cpDNA ranges in size from 120 to 160 kb. 
Three cpDNAs, from liverwort, tobacco, and rice (Fig. 22.3), have 
been completely sequenced. Many others have been partially se
quenced andlor genetically mapped, including those of petunia, 
wheat, and the unicellular alga Chlamydomonas. All cpDNAs show 
an essentially similar arrangement of gene sequences. The basic 
structure is comprised of two inverted repeats, separated by small 
and large single-copy sequences (see Fig. 22.3). Although read in 
different directions, the inverted repeats are identical in length and 
always include the four ribosomal RNA genes coding for 5S, 4.5S, 
23S, and 16S RNA found in chloroplasts. The lengths of the in-



Fig. 22.3. The structure of chloroplast DNA from rice. (From 
Hiratsuka et aI., 1989.) The central circle is the DNA molecule, with 
outer (black) arrows indicating the RNA, coding for known products, 
that is transcribed from the DNA in the direction indicated. The inner, 
grey arrows indicate the coding regions of the RNA. Not all RNA 
transcripts have been studied in sufficient detail to detennine which 
originate from their own promoters and which are processing products 
from an RNA precursor. Unidentified, open-reading frames (ORFs or 
URFs) are not indicated in the figure. 

verted-repeat regions differ between species, and in some plants, 
one of the repeats is missing. Different reading frames for decoding 
cpDNA into protein products occur throughout the genome. In total, 
cpDNA commonly contains 30-35 tRNA genes and from 50-70 
other genes, not all of which have been identified. The sequences 
suspected of coding for protein products but not directly demon
strated to do so are designated as open- or unidentified-reading 
frames (ORFs or URFs). 

In general, the overall size of the chloroplast genome is much 
more stable than that of the mitochondrial genome. Mutations are 
frequent, however, and often lead to changes in nucleotide se
quences, which can be readily assayed by molecular-biology tech
niques, including restriction fragment-length polymorphisms (see 
Chapter 21, Section 21.2.6). Changes in cpDNA provide valuable 
markers for comparing different plants. 

22.3 THE ArtAL YSIS OF CYTOPLASMIC TRAlI'S 

Cytoplasmically controlled traits may be distinguished by transfer
ring the nucleus from one species into the cytoplasm of another 
species by repeated backcrossing (as in plants), by protoplast fu
sion, or by fusion of an enucleated tissue-culture cell with the 
nucleus from another cell line (in plants and animals). The direct 
analyses of mitochondrial and chloroplast DNAs or their gene prod
ucts can also provide new information on cytoplasmically con
trolled traits. 

22.3.1 Reciprocal Interspecific Hybrids 

Nuclear/cytoplasmic specificity is most readily identified during 
the course of interspecific hybridization. In fact, it was shortly after 
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the rediscovery of Mendel's work that a number of traits were 
described with uniparental or non-Mendelian inheritance. It has 
since been realized that, with rare exceptions, chloroplasts and mi
tochondria are transmitted from one generation to the next exclu
sively through the egg. Thus, any traits associated with mitochon
dria and plastids show maternal inheritance. A common way to 
analyze cytoplasmic traits is to produce reciprocal hybrids, where 
each parent is used as a male and a female donor. The F I hybrids 
should have an identical complement of nuclear genes, so that any 
differences in their phenotypes may be ascribed to cytoplasmic 
inheritance. 

If the hybrids are interspecific, it is common for the F I progeny 
to be completely sterile. At least part of this sterility has been linked 
to cytoplasmic effects, because there is incompatibility between 
the nuclear genome from one species and the cytoplasm from the 
other species. For example, F I hybrids between the wild relatives 
of wheat, Triticum comosum (female) and T. uniaristatum (male), 
are completely male-sterile. When the FI hybrids are backcrossed 
as females to T. uniaristatum, the BCI hybrids are male sterile like 
the FI plants. However, when the FI hybrids are backcrossed as 
females to T. comosum, the BC I hybrids are male-fertile, because 
they have comosum cytoplasm and a nuclear genome that is 75% 
comosum. 

Another trait associated with nucleo-cytoplasmic interactions is 
the phenomenon of hybrid dysgenesis. This was first observed in 
Drosophila when males from certain wild strains were crossed with 
laboratory-bred females. The F2 progenies showed a high incidence 
of sterility, mutations, chromosomal aberrations such as breakage 
and nondisjunction, and aberrant genetic ratios. The progenies from 
the reciprocal crosses were normal, indicating a cytoplasmic influ
ence of certain Drosophila strains. It is now known that hybrid 
dysgenesis is due to the insertion and excision of transposable ele
ments (see Chapter 7, Section 7.5), with critical events taking place 
during meiosis in the F I hybrids. 

22.3.2 Nuelear Substitutions 
and the Genes Involved 
in ",ueleo-Cytoplasmic Interactions 

Following initial crosses between two parents, the F 1 hybrid is 
backcrossed repeatedly as female to the male parent (nuclear 
donor), thus retaining the cytoplasm from the female parent. As
suming random genetic assortment and no cytoplasmic transmis
sion through the male gametes, the female parent's nuclear contri
bution is reduced by half after each backcross while its cytoplasm 
is exclusively maintained (see Fig. 22.4). Thus, after six or more 
backcrosses to the male parent, the reconstituted nucleus of the 
resulting alloplasmic lines is, in theory, essentially the same as the 
male parent, substituted in the cytoplasm of the female parent; in 
practice, certain blocks of genes from the female parent may be 
retained as a result of unconscious selection. The alloplasmic indi
viduals often display a number of phenotypic differences affecting 
seed development, vigor, and fertility. In plants, the most notable 
trait-and usually the raison d'etre-is the phenomenon of cyto
plasmic male sterility (ems), which has been exploited to develop 
crops of immense economic value. 

In general, alloplasmic lines segregate for fertile or sterile indi
viduals. The fertility is due to the action of nuclear fertility-restora
tion (Rf) genes, which are transferred from the cytoplasmic donor. 
The nuclear donor contributes rf genes for male sterility, which 
are used to maintain the CMS (cytoplasmic male-sterile) line (Fig. 
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Fig. 22.4. The experimental substitution of the nucleus of one parent 
into the cytoplasm of another parent using sexual hybridization to 
produce near-isogenic lines. The mating of the female-parent cytoplasm 
donor with a male-parent nucleus donor is followed by repeated 
backcrosses to the male-nucleus donor for six or more generations. BC l 

to BC6 = backcross I to backcross 6. The nuclear percentage figure 
shows the expected increase in the amount of male-nuclear genes per 
generation. 

22.5). By using the Rf parent to pollinate the eMS line, hybrid 
seed and full fertility of the F) individuals are restored. 

The cytoplasm-specific Rf genes of a single species may be 
used to differentiate cytoplasms. In this method, a single Rf gene 
is substituted into different cytoplasms. Those cytoplasms that re-

A line (eMS) B line (maintainer) R line (restorer) 

~.-=------,-----

male sterile male fertile 

Fig. 22.S. The components of a hybrid-crop breeding system. The A 
line is male-sterile and is maintained by crossing with the B line 
(maintainer line) to give progeny that are male-sterile; the B line has a 
cytoplasm that is compatible with the rfl rfI genotype and thus provides 
a source of viable pollen. The hybrid seed sold to farmers is produced 
by crossing the A line with the R line (restorer line) to give fertile 
progeny (in this case, the dominant Rfl allele allows the production of 
viable pollen). In practice, hybrid-crop breeding is quite complex 
because the A, B, and R lines must be maintained separately for 
different objectives. 

spond to a specific Rf gene in a similar way-resulting in fertility 
or sterility-are assumed to be closely related. These analyses are 
valuable in plant breeding for identifying diverse sources of cyto
plasms and Rf genes, to guard against genetic uniformity of hybrid
crop plants. 

Within a taxonomic group, cytoplasmic relationships can be 
traced by the nuclear-substitution method (Fig. 22.6). The nucleus 

tester 
cytoplasm 

unknown 
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derived alloplasmlc 
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+ + 
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Fig. 22.6. Determination of the cytoplasmic donor of the tetraploid 
wheat Triticum timopheevii (AAGG). The nucleus (AG) of T. 
timopheevii was substituted into the cytoplasm of two possible diploid 
donor species, T. monococcum (A) and T. speltoides (5), by the nuclear
substitution method. The results, showing the vigor and fertility of 
alloplasmic hybrids (right), indicate that the cytoplasm of T. timopheevii 
came from T. speltoides. 



of the standard type, generally a cultivated plant, is substituted into 
tester cytoplasms, generally wild species, to produce alloplasmic 
lines. The observed differences in phenotypic traits, which must 
result from differential nucleo-cytoplasmic interactions in the var
ious alloplasmic lines, are used to classify cytoplasms. The cyto
plasmic donor of the alloplasmic lines most closely resembling the 
standard type, by inference, must be the cytoplasmic donor and 
hence also a nuclear donor of the standard type. Cytoplasmic analy
sis is particularly powerful in polyploid plants that may trace their 
origins to two or more diploid-progenitor species (see Fig. 22.6; 
Fig. 22.7). The technique has been valuable, for example, in identi
fying the diploid-progenitor species Triticum speltoides (syn. Aegi
lops speltoides) as being most closely related to the species that 
donated the cytoplasm and B-genome to polyploid wheat. 

At a more fundamental level, the nuclear-substitution method 
has given valuable information on the evolution of cytoplasmic 
genomes. Cytoplasmic evolution is quite conservative and an au
togamous species may contain a single cytoplasmic type, whereas 
the cytoplasm in allogamous species may be more variable. Each 
recognized species has its own unique cytoplasm, which differs 
from other related species. This implies that cytoplasmic differen-
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(female lineage) 
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s· .. BorG 
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I 
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Fig. 22.7. The detennination of the cytoplasmic donors of polyploid 
Triticum species as revealed by the nuclear-substitution method 
described in Fig. 22.6. The diagram illustrates the male (left column) 
and female (center column) parents of the crosses which must have led 
to the present-day tetraploid species. (Modified from Tsunewaki, 1991.) 
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interactions within a polyploid cell: 
1. between A and B genomes in the nucleus 
2. between B cytoplasm and 

- A genome products 
- B genome products 
- products from A and B genomes 

Fig. 22.S. Possible interactions within the nucleus and between the 
cytoplasm and nucleus, in a polyploid cell. These nuclear X 
cytoplasmic interactions modulate genome evolution and speciation in 
polyploid plants. 

tiation is necessary, along with nuclear genes, to establish reproduc
tive isolation barriers. Nuclear-substitution studies also indicate 
coevolution of the nuclear and cytoplasmic genomes. 

22.3.3 Nueleo-Cytoplasmic Interactions 
and Genome Evolution 

In polyploid organisms, where two distinct nuclear genomes 
are brought together in cells with maternal cytoplasm, many types 
of interactions must occur between the different nuclear genomes 
and between the cytoplasm and the nucleus (see Fig. 22.8). Thus, 
genes involved in nucleo-cytoplasmic interactions (NCI) must play 
a major role in genome evolution and speciation in polyploid organ
isms, and the following postulates are considered particularly im
portant: 

I . A new amphiploid must pass through a bottleneck of steril
ity, resulting from an adverse interaction between the male 
nuclear genome and both the nuclear and cytoplasmic ge
nomes of the female. 

2. Certain mutations or cytogenetic changes (bottleneck-chro
mosome changes) must occur in the nuclear genome (and 
probably in the cytoplasm) to restore fertility. 

3. Accelerated genic- and chromosomal-mutation rates during 
introgressive hybridization may provide the needed varia
tion for these processes. 

With respect to the first postulate, adverse interactions become 
apparent when a nucleus of one parent is substituted into the cyto
plasm of the other parent. The resulting alloplasmic plants can be 
semilethal and male-sterile. Therefore, part of the sterility and lack 
of vigor in the new amphiploid is caused by adverse interactions 
between the male-nuclear and female-cytoplasmic genomes. 

22.4 PROTOPLAST FUSION 
AM> CYTOPLASMIC MANIPULATION 

Although the nuclear-substitution method has been widely used 
for cytoplasmic analysis, its applicability beyond a closely related 
group of species is limited because of barriers to sexual hybridiza-
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Fig. 22.9. The many types of cybrids with different combinations of 
cytoplasmic organelles that may arise following protoplast fusion, 
Although the mitochondria from two species may show recombination, 
recombination between chloroplasts is rare, 

Table 22.1. Some Cybrids and the Composition of Their Cytoplasm 

Cybrid Combination 

Recipient (R) Donor (D) 

tion, Moreover, it allows unilateral substitution of cytoplasms but 
not actual mixing of two cytoplasmic types to produce novel combi
nations of chloroplasts and mitochondria. Therefore, techniques for 
the fusion of protoplasts by mechanical, chemical, or electrical 
means, followed by plant regeneration, provide versatile methods 
for creating new nucleo-cytoplasmic combinations. In most cases, 
hybrid cytoplasms segregate toward one or the other of the parental 
types within a few generations, There is evidence that mtDNAs 
may recombine prior to such segregation, In another technique, 
uniparental cytoplasm, with the nucleus removed (enucleated) or 
inactivated by irradiation, may be fused with isolated nuclei from 
the second parent to produce instant alloplasmic plants, These types 
of in vitro methods have been used to transfer cytoplasmic-male 
sterility and other traits within Nicotiana and Petunia, 

22.4.1 Cybrids Versus Somatic Hybrids 

Typically, when protoplasts from two species are induced to 
fuse, the first fusion product is a heterokaryon (Fig, 22,9), If the 
nuclei fail to fuse, they may segregate in a hybrid cytoplasmic 
background to form cybrids, A cybrid is defined as a somatic hybrid 
carrying the nucleus of one species in a hybrid or alien cytoplasm, 
with mitochondria, chloroplasts, or both, from another species, Cy
brids can be experimentally produced by irradiating protoplasts of 
the cytoplasmic donor (to inactivate the nucleus) and fusing them 
with protoplasts of the nuclear donor, treated with iodoacetamide 
(to inactivate its organelle genomes), then using appropriate condi
tions to regenerate whole plants, 

In many cases, cytoplasmic fusion is followed by fusion of the 
nuclei to form a symmetric-somatic hybrid, which is an amphidip
loid (4x) containing complete chromosome complements (2x) of 
both parents in the cytoplasm of either parent (after segregation) 
or a hybrid cytoplasm, Asymmetric-somatic hybrids contain a 
complete chromosome complement from one parent, but only a 
few chromosomes from the second parent. Asymmetric hybrids 
can be experimentally produced by fusing intact-recipient proto
plasts with irradiated donor protoplasts, 

A large number of cybrids, symmetric- and asymmetric-so
matic hybrids, involving sexually compatible and incompatible pa
rental combinations, have been produced, Selected lists are pro
vided in Tables 22.1, 22,2, and 22.3, 

22.4.2 Genetic Incompatibility in Somatic 
Hybrids and Cybrids 

Internuclear, intercytoplasmic, and nucleo-cytoplasmic incom
patibilities are commonly observed in somatic hybrids, especially 

Cytoplasmic Combinations and Plant Phenotype 
of Cybrids' 

Brassica oleracea var, X botrytis, 
cauliflower, Ogura CMS line 

B. campestris var, oleifera cv, 'Candle,' 
atrazine resistant. 

Dct + Dmt, 7 plants all male fertile, Dct + Rmt, 
12 plants, 7 male fertile, 5 male sterile, 

Brassica napus cv, X 'Regent,' CMS line B, campestris, triazine resistant. 

'ct = chloroplasts; mt = mitochondria; eMS = cytoplasmic male-sterile, 

Source: Jourdan et aI., 1989. 

Oct + Dmt, 6 plants, Rct + mt unknown, 7 
plants. Oct + Rmt, 3 plants. Oct + Omt, 1 plant 



Table 22.2. Selected List of Somatic Hybrids (Symmetric and 
Asymmetric) Produced From Protoplast Fusions Between 
Mostly Sexually Incompatible Species, and Those 
Developed into Adult Plants 

Lycopersicon esculentum 
Arabidopsis thaliana 
Nicotiana tabacum 
N. tabacum 
N. tabacum 
N. tabacum 
Citrus sinensis 
Datura innoxia 
Solanum tuberosum 

Nicotiana tabacum 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Solanum tuberosum 
Brassica campestris 
N. ripenda 
Solanum melongena 
Daucus carota 
Hyoscyamus muticus 
Poncirus trifoliata 
Physalis minima 
S. chacoense 
S. tuberosum 
S. brevidens 
S. berthaultii 
N. suaveolens 
S. tuberosum 
Atropa belladonna 
Petunia hybrida 
Salpiglossus sinuata 

those arising from distantly related species (Tables 22.2 and 22.3). 
Thus, many symmetric-somatic hybrids, which contain a complete 
chromosome complement from each parent and in theory should 
be fertile, are often cytologically unstable and sterile. Part of the 
sterility in these hybrids may be due to somaclonal variation such 
as somatic mutations, chromosome breakages, translocations, and 
duplications, which arise in tissue culture. The symmetric hybrids 
often change to asymmetric hybrids when chromosomes from one 
parent are preferentially eliminated (see Chapter 15, section 15.2). 
Some of the asymmetric hybrids may be fertile and are a more 
attractive alternative for plant-breeding purposes because of the 
sterility of many symmetric hybrids. The asymmetric hybrids are 
often produced by irradiation of protoplasts of the parent contribut
ing the cytoplasm. However, in numerous reports of asymmetric 
hybrids, many donor chromosomes were retained in spite of the 
irradiation treatment. 

Genetic incompatibility is also observed with different cyto
plasmic combinations, and between the nucleus and the cytoplasm, 
in somatic hybrids and cybrids. As a rule, mixed organelles are 
observed only rarely, and chloroplasts and mitochondria assort in
dependently (see Table 22.1; Fig. 22.9). Moreover, although mito- . 
chondria from two parents often recombine, recombination be
tween chloroplasts is rare. Although cytoplasmic-organelle 
segregation is a common phenomenon, a certain combination of 
chloroplasts and mitochondria may predominate as a result of 
nueleo-cytoplasmic compatibility. 
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The sorting of organelles in cybrids has been exploited in plant 
breeding, where two notable examples of cytoplasmic breeding 
have been achieved in Brassica (see Table 22.1) and rice. In cauli
flower, broccoli, and canola (rape), the Ogura line has provided a 
source of cytoplasmic male sterility (CMS) that is highly desirable 
because of its consistent male sterility and male-fertility restoration. 
However, at temperatures below 12°C, it exhibits paleness of 
leaves, presumably due to chloroplast/nucleus incompatibility, 
which causes a reduction in yield. Several workers were able to 
introduce different sources of herbicide-resistant chloroplasts, 
which also overcame the paleness problem. Thus, cybridization not 
only corrected a genetic defect but allowed herbicide resistance to 
be combined with a CMS trait. In rice, a valuable CMS trait was 
transferred from Indica rice to Japonica rice by cybridization (Fig. 
22.10). 

22.5 MITOCHONDRIAL GENES ASSOCIATED 
WITH CYTOPLASMIC MALE STERILITY 

Recent molecular analyses indicate that novel mitochondrial genes 
in the cytoplasm, and fertility-restoration genes (Rf/) in the nucleus, 
control expression of cytoplasmic male sterility (CMS) in maize, 
rice, Sorghum, beans, Brassica, Petunia, radish, and sugar beet,. 
The CMS phenotype in if/if plants is associated with the expression 
of unique mitochondrial genes. The CMS phenotype in RfiRf plants 
is suppressed either by transcriptional regulation or posttranscrip
tional regulation (RNA processing, messenger stability, RNA edit
ing, translation, protein stability) of unique mitochondrial genes, 
or by elimination of a subpopulation of mtDNA by the nuclear Rf 
gene. The unique mitochondrial CMS genes may arise as chimeras 
from fusion of two or more normal mitochondrial genes (as in 
maize, petunia, and sorghum), novel alterations of a duplicated 
mitochondrial gene (as in rice and bean), or a new open-reading 
frame (as in sunflower). 

22.5.1 RNA Editing 

RNA editing is important in the production of proteins by mito
chondria, and it is possible that an error in this process can lead 
to problems in fertility. Extensive DNA-sequence analysis of plant
mitochondrial DNAs has indicated that all the mitochondrial genes 
undergo posttranscription editing, with the major change being cy
tosine to uracil (Fig. 22.11). This usually alters the protein for 
which the gene codes, relative to that expected from "reading" 
the DNA sequence using the standard genetic code (see Chapter 
16, Section 16.2 and Fig. 16.3). The various messenger RNAs 
produced from the mitochondrial DNA are edited to different de-

Table 22.3. Cybrids Obtained by Interspecific- and Intergeneric-Protoplast Fusion of Specified Donor Cytoplasm with N. tabacum 

Donor of Chloroplasts Sexual Hybrid Fertility of Cybrid 

N. debneyi Yes, female Female fertile 
N. suaveolens Yes (rare) Female fertile 
Solanum tuberosum No Yes' 
Atropa bel/adanna No Yes 
Petunia hybrida No Yes 
Salpiglossis sinuata No Yes 

• Recombinant cpDNA, no cybrids with S. tuberosum cpDNA obtained. 

Source: Rose et al. (1990). 

Somatic Hybrid Regeneration 

Not attempted 
No 
Yes 
Yes 
Yes 
Yes 

Fertility of Somatic Hybrid 

Infertile 
Infertile 
Infertile 
Infertile 
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Fig. 22.10. The transfer of cytoplasmic male sterility from Indica rice 
(cultivar Nipponbare) to Japonica rice (cultivars Chinsurah Boro n and 
Taichung 65) by cybridization, resulting in a hybrid-rice crop. 
Nipponbare supplies the if] genotype but is male-fertile because its 
cytoplasm is compatible with this genotype; when the if] genotype is in 
the Chiosurah Boro n, cytoplasmic male sterility results as shown in the 
diagram. The "maintainer" cross provides the male-sterile plants that 
are crossed to the agronomically desirable Taichung 65 in the 
"restorer" cross to yield plants that provide the hybrid seed for sale to 
the farmer. 

grees, in some cases resulting in 25% of the final amino acids 
having a different protein relative to that predicted in the DNA 
sequence of the gene. The editing process is not well understood, 
but the two possible mechanisms involve either deamination of 
cytosine residues (see Fig. 22.11) or base substitutions, possibly 
involving excision/repair enzymes at the RNA level analogous to 
the processes that operate at the DNA level. 

22.5.2 New Proteins in Cytoplasmic-Male
sterile Plants 

The molecular mechanisms underlying CMS expression have 
been thoroughly investigated in several plant species, and they 

~1) --..~~ 
I 

ribose sugar 
I 

ribose sugar 

Fig. 22.11. The effect of RNA editing through the conversion of 
cytosines into uradls by deamination . 

indicate that rearrangements associated with mtDNA are responsi
ble for male sterility. The details of the mechanisms for the induc
tion of CMS, and restoration of fertility, are different in the systems 
that have been studied, as illustrated by three examples. 

The T -cytoplasm of maize plants confers male sterility as a 
result of the presence of a modified atp6 gene (T-urf J 3) that 
produces a 13-kDa protein (Fig. 22.12). The T-urf 13 gene results 
from rearrangements in mitochondrial DNA involving the 26S ribo
somal RNA genes. Insertions of new DNA into the T-urf J 3 gene, 
or deletions within this region of the mitochondrial DNA, result 
in reversion to male fertility. The location of the T-urf 13 protein 
in the mitochondrial membrane most likely contributes to a reduc
tion in the metabolic efficiency of mitochondria and results in pol
len abortion. Although this may be the basis for the mode of action 
of the T-urf 13 protein, it is not clear why the effect should be 
localized to the reproductive tissue, because most of the plant is 
not affected by the presence of the T-urf J 3 protein. A pleiotropic 
effect, associated with the presence of the T-urf J 3 protein, is sensi
tivity to a toxin produced by race T of the fungal pathogen Bipolaris 
maydis. This unexpected association created a major breeding chal
lenge because of the widespread use of T-cytoplasm in hybrid
maize production in the 1960s. This practice resulted in extensive 

T·urf 13 : 
a modified atp6 gene in the mitochondrial 
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transcription 
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region or insertion of a new DNA 
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Fig. 22.12. Structure and physiological action of the maize T-uif 13 
locus which is unique to the mitochondria of T-cytoplasm maize. T-uif 
13 is a chimeric gene with 88 codons showing homology to the 3' 
flanking region of rm26, 9 codons of unknown origin, and 18 codons 
with homology to the coding region of rm26. Rf1 = male-fertile gene; 
if1 = male-sterile gene. 
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Fig. 22.13. A molecular mechanism of eMS expression in rice. In 
addition to a normal atp6 gene, a second gene, B-atp6, uniquely present 
in eMS mitochondria, is first transcribed into a 2.0-kb RNA. In the 
presence of the Rfl gene (left), which may encode an RNA-processing 
enzyme, the 2.O-kb RNA is processed into 1.5-kb and O.45-kb RNAs. 
The processed RNA is efficiently edited and translated into the normal 
polypeptide. In the absence of the Rfl gene (right), the 2.0-kb RNA is 
neither processed nor efficiently edited and is translated into an altered 
polypeptide. A large number of altered ATP6 polypeptides may cause 
eMS by competing with normal ATP6 protein, resulting in a severe 
reduction of ATPase activity. (From Iwabuchi et aI., 1993.) 

yield losses before the association of Bipolaris maydis with the T
urf 13 protein was identified. 

In rice, CMS mitochondria contain two copies of the atp6 gene. 
One copy is normal; the other is modified in its 3' -downstream 
region to produce the B-atp6 locus. In the presence of the nuclear 
Rf1 gene, the product from the B-atp6 locus is processed normally 
to form an active ATP6 protein, whereas in an rf1 background, the 
processing is defective and an inactive ATP6 protein is formed 
(Fig. 22.13). The male-sterile state is thought to result from the 
production of a defective ATP6 protein, which competes with the 
normal ATP6 protein and reduces the efficiency of mitochondrial 
metabolism. 

In the common bean (Phaseolus vulgaris), CMS is correlated 
with the presence of a modification of the atpA gene, carried on a 
characteristic 3-kb DNA sequence that is present on a protosome 
distinct from the other mitochondrial protosomes. Spontaneous, or 
Rf-induced, reversion of the CMS phenotype to male fertility occurs 
when the protosome carrying the distinctive 3-kb sequence is lost 
from the plant. The Rfnuclear gene therefore acts by either specifi
cally inhibiting replication of the protosome associated with CMS 
or by modifying the sorting of mitochondria carrying the CMS
associated protosome during cell division. 

22.6 MITOCHONDRIAL-DNA MUTATIONS 
AND HUMAN DISEASES 

In recent years, several human diseases have been linked to lesions 
in mitochondrial DNA (Fig. 22.14). For example, Leber's neuropa
thy, a disorder characterized by loss of central vision and degenera
tion of the optic nerve, is most commonly associated with a single 
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Fig. 22.14. Some of the lesions, caused by both base substitutions and 
DNA deletions, in human mitochondrial RNA that have been implicated 
in human diseases. (See Fig. 22.2 legend for explanation of the structure 
of mitochondrial DNA.) 

nucleotide substitution in the cytochrome-b gene involved in the 
respiratory pathway. The disease also shows maternal inheritance, 
which is consistent with a causal relationship between the disease 
and a defective mitochondrial genome. 

Ophthalmoplegia is associated with paralysis of the extraocular 
muscles and correlates with deletions in a 5-kb region, including 
the genes coding for A TPase6, cytochrome oxidase III, and NADH 
dehydrogenases 3, U, 4, and 5. Other diseases such as Parkinson's 
disease, Huntington's disease, and cardiomyopathies may also be 
caused by mutations of mitochondrial genes. In general, the dis
eases that correlate with defects in mitochondrial DNA are postu
lated to occur because certain tissues are extremely sensitive to 
alterations in the levels of oxidative phosphorylation. Some dis
eases may arise in an individual without any previous family his
tory, because the change in mitochondrial DNA develops de novo. 
In some cases, it is possible that nuclear-gene mutations interact 
with mitochondrial genes to cause a disease phenotype. Because 
each cell usually contains thousands of mitochondrial genomes, 
there is a chance that a spontaneous mutation may spread through
out the population of molecules in the cell. Such a mutation could 
be manifested as a disease in the whole organism (if it occurred 
early in development) or may, during the lifetime of an organism, 
contribute to cell senescence and aging in particular tissues. 
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Engineering the Genome 

• DNA transformation has removed most of the barriers that limit the introduction of specific genes from one organism to another. 

• The use of Agrobacteria and modified Ti plasmids to transform dicotyledons, and the use of microinjection to transfect the nuclei 
of animal cells, are being superseded by particle-bombardment biolistic procedures, developed from the need to transform monocotyle
donous crops. 

• Chimeric-gene constructs combine the gene to be transformed with regulator and promoter sequences suitable for the host, in order 
to improve the stability or rate of formation of the gene product in the transformed host. 

• Through DNA transformation, certain plants and animals can be regarded as factories for the production of novel gene products. 

• Transformation by antisense genes can block the formation of product from normal sense genes, if necessary in a specific tissue; the 
insertion of multiple copies of sense genes can have the same effect. 

• Successfully transformed organisms must transmit introduced genes in a Mendelian manner. 

In eukaryotic species, individuals located in the same or different 
populations within a species can interbreed with complete fertility. 
Different individuals of a species commonly have the same chro
mosome number, allowing homologous chromosomes to pair dur
ing meiosis in intraspecific hybrids. The major differences are 
whether or not allelic forms of chromosomal genes are present that 
might result in homozygosity or heterozygosity, or in whether the 
sex chromosomes are the same or different. Cross-hybridization 
between species has been studied as a means of introducing novel 
genetic material from one species into another, and such introduc
tions may even be possible between related genera. However, the 
farther apart species or genera are in evolutionary terms, the more 
distant they are in genetic relatedness, chromosomal homology, 
and the organization of equivalent genes on their chromosomes. 
As a result, it is more difficult to introduce germplasm from one 
species or genus into another. The techniques of molecular biology 
and, in particular, DNA transformation have removed many of 
these barriers, so that the genes of one species can now be intro
duced into different genera, different families of plants or animals, 
or even into completely different kingdoms and domains. 

23.1 GENETIC ENGINEERING 

The techniques that have been developed for the artificial transfor
mation of DNA from one species into another, are commonly called 

genetic engineering. When trying to stably incorporate novel DNA 
sequences into multicellular plants and animals, however, a range 
of problems arises, including the following requirements: 

(a) A satisfactory means of introducing the foreign DNA into 
the cells of the recipient 

(b) Recognition that the DNA has been successfully intro
duced 

(c) Incorporation of these introduced DNA sequences into the 
genomic DNA of the host 

(d) Normal translation of genes on the modified DNA to pro
duce mRNA, with the excision of exons and fusion of 
introns 

(e) Production of the usual polypeptide, protein, or enzyme 
products of the introduced gene 

(f) Manufacture of the gene products in the desired cells and 
tissues of the host 

(g) Minimal disruption to the rest of the genome in the form 
of unwanted translocations and inversions 

All of these requirements have elicited an array of solutions, 
some more successful than others. In addition, the ability to trans
form plants is closely tied to the ability to regenerate plants from 
cells, calli, tissue cultures, or protoplasts. The production of 
transgenic plants of cereal-crop species is complex because the 
transformation and regeneration techniques, especially protoplast 
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culture, are still far from routine. There are also major differences 
between suitable transformation vectors for dicotyledons, such as 
Arabidopsis and tobacco, and those that are suitable for the mono
cotyledonous crops, such as maize, rice, and wheat. However, given 
these restrictions, probably over 100 species of plants have now 
been successfully transformed, with agricultural crops, especially 
potato, oilseed rape, tobacco, maize, and tomato, leading the way. 

In animals, the range of successfully engineered organisms is 
also ever-increasing. Major developments have entailed the intro
duction of foreign genes, usually by microinjection, first into tissue 
cultures, then into egg nuclei, and now, more commonly, into the 
stem cells of developing embryos. Animals that have been 
transfected using these procedures range from fish to farm animals, 
the aims ranging from a simple improvement in growth rate to their 
use as factories for producing specialty biochemicals. 

23.2 ACiROBACTERIUM TRANSFORMATION 
OFPLANfS 

In 1983, the first report of transgenic plants was a potato, trans
formed with a gene carried on a bacterial-plasmid vector. Species 
of the family Solanaceae, including potato (Solanum tuberosum), 
tomato (Lycopersicon esculentum), tobacco (Nicotiana tabacum), 
and the garden flower Petunia hybrida, have since been much used 
for research involving genetic engineering because this family is 
particularly susceptible to infection by the pathogenic gram-nega
tive bacterium Agrobacterium tumefaciens (Fig. 23.1), and it is 
amenable to genetic transformation and subsequent regeneration. 

In a normal infection of a susceptible, dicotyledonous host plant 
by this bacterium, deliberately injured or naturally wounded plant 
cells are open to infection by A. tumefaciens. Various small mole
cules produced by the wounded plant cells bind to receptors on the 
surface of the bacterium, allowing the pathogen to colonize the 
injured cell surfaces. This binding triggers the induction of enzymes 
that copy the tumor-inducing (Ti) plasmid DNA present inside the 
bacterium. A small fragment of this DNA, T-DNA or transferred 
DNA, is then naturally transferred from the Ti plasmid, through 
the intervening bacterial- and plant-cell walls, into the nuclear DNA 

inner membrane 
peri plasm 
uter membrane 

Fig. 23.1. A diagrammatic representation of the DNA present in the 
bacterium Agrobacterium tumefaciens, showing the bacterial protosome 
and Ti plasmid with T-DNA. 

Fig. 23.2. A tomato plant infected with A. tumefaciens, resulting in a 
gall tumor in the injured stem. (Photograph kindly provided by Dr. T.J. 
Higgins.) 

of the plant cells, resulting in the formation of a crown-gall tumor 
(Fig. 23.2). The gall is formed in direct response to genes on T
DNA that produce excessive amounts of plant hormones, resulting 
in abnormal or oncogenic growth of the infected cells. In addition, 
T-DNA carries genes that produce chemicals known as opines, 
usually nopaline or octopine (Fig. 23.3), although others have also 
been found, and these chemicals allow the Ti plasmid to spread to 
all of the agrobacteria in the tumor tissue. 

If Agrobacterium, the Ti plasmid, and T-DNA are to be used 
as tools for genetic engineering, it is necessary to determine how 
the original transformation system works. Different parts of the 
system can then be modified to allow the introduction of new DNA 
sequences and new genetic material into the host plant. With this 
knowledge, modified forms of the Ti plasmid can be genetically 
engineered to delete the genes causing gall formation, while retain
ing the opine genes and the ability of T-DNA to transfer foreign 
DNA into plants. Although many details have still to be exactly 
determined, the basic transformation system is described in the 
following subsection. 

23.2.1 T·DNA 

The two major T-DNAs used for transformation, octopine and 
nopaline, are both about 22 kilobases (kb) long, about 10% of the 
total DNA present in the Ti plasmid (Fig. 23.4). A number of 
oncogenic or tumor-forming genes are present on these DNAs. The 
basic plan of T-DNA includes a left (L) and a right (R) border at 
the 5'- and 3'-ends, respectively. The opine-synthase genes nos 



NopaIine 

Octopine 

Fig. 23.3. The chemical structure of nopaline and octopine, opines 
produced by nopaline synthase (nos) and octopine synthase (ocs) genes, 
respectively, on the T-DNA of different races of A. tumefaciens. Other 
opines are produced by other races of the pathogen. 

(nopaline synthase) or ocs (octopine synthase) are adjacent to the 
R-border and are comprised of a promoter sequence, the gene se
quence itself, and a polyadenylation-terminator-signal sequence. 
At least six or seven other genes are also present in T-DNA, al
though not all of these have a known function. Those with a recog
nized function are primarily concerned with hormone production, 
and the names given to these genes reflect the recognition of their 
function over time. Thus, genes 1 and 2 were originally called tms, 
indicating shooty tumor. The two polypeptide transcripts produced 
by this complex are now known to encode tryptophan-2-mono
oxygenase (iaaM) and indoleacetamide hydrolase (iaaH), both of 
which are concerned with the production of the auxin indoleacetic 
acid or IAA (Fig. 23.5), whose presence primarily affects the stem 
of the plant. The transcript of gene 4, tmr or rooty tumor, (see Fig. 
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Fig. 23A. The genetic structure and the direction of transcription of 
nopaline and octopine T-DNA sequences. The overdrive sequence of the 
octopine Ti plasmid is immediately adjacent to the R-border of the 
octopine T-DNA. 
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Fig. 23.5. The biosynthetic pathway producing the plant hormone 
indoleacetic acid, and its control by genes on the T-DNA of the Ti 
plasmid. 

23.4) encodes the enzyme isopentyl transferase (lPT), which is 
involved in the production of cytokinin, a root-affecting hormone. 
Finally, the transcript of gene 6b, tml or large tumor), is specific 
to the host plant Nicotiana, which is rather apt, considering that 
most of the above mechanisms have been determined from the 
tobacco-agrobacterium association. 

Octopine T-DNA is divided into three regions, each of which 
is separated by a border sequence, so that there are four border 
sequences in all (see Fig. 23.4). The first region is a 13-kb fragment 
of left-T -DNA involved in tumor initiation and maintenance (TL), 
followed by a border sequence, a 1.5-kb central fragment of un
known function (TC), and another border sequence. The 7.8-kb 
right-T -DNA (TR) fragment contains several opine synthetic genes 
and, in particular, the ocs gene. Although the basic plan is essen
tially similar in layout to the nopaline T -DNA, the functional signif
icance of the two interstitial border sequences has yet to be deter
mined. 

23.2.2 The Ti Plasmid 

The tumor-inducing nopaline Ti plasmid of A. tumefaciens is 
about 200,000 bp (200 kb) in length, although it can vary between 
140 and 235 kb (Fig. 23.6). Genes on this plasmid interact with 
T-DNA during the transformation process, and some, in tum, are 
affected by products of the T-DNA genes. The most intensively 
studied of the Ti genes are those affecting the virulence of the 
plasmid, and many of them are expressed by mediating the transfer 
of T-DNA. The switching-on of these genes by low-molecular
weight molecules, excreted by wounded cells, activates the transfer 
of the T-DNA fragments. 

2Sbp repeat 
T-ONA I 

, tf!!lI ... 't::::::::, Ic Nopaline 
~ catabolism 

Nopaline Ti 
plasmid 

200,OOObp 

Agrocinopine 
catabolism 

conjugative 
transfer 

Fig. 23.6. The basic structure of the nopaline Ti plasmid of A. 
tumefaciens showing the positions of identified genes and regulons. 
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virA 2.0kb 

virB 9.5kb 

virC t- ] 2.0 kb 

w~ ~ ] 45~ 

virA: 70kDa protein (VirA), which acts to 
induce virG transcription. 

virS: contains 11 open-reading frames 
responsible for producing proteins that 
are exported to the periplasm, where they 
form a port or pilus, allowing the transfer 
of T-DNA from bacterium to host cell. 

virG: 30 kDa protein (VirG), which is a 
DNA-binding, activation factor responsible 
for the induction of transcription of virG 
itself, as well as virS, virC, virD, and vir£. 

virC. encodes for two proteins, one of 
which binds to a DNA sequence called 
overdrive near the right T -DNA border to 
enhance its transfer. ' 

vir/>. two of the four proteins encoded by 
this region (VirD1, VirD2) nick the border 
repeats to release T -DNA. 

virE: a single-strand binding protein, 
which combines with VirD2 to protect 
T-DNA during bacterium-host transfer. 

Fig. 23.7. Genetic structure of the virulence regulon of the octopine Ti 
plasmid. The genes and their lengths and directions of transcription are 
indicated. The proteins produced by these genes and the functions of 
these proteins are shown in Table 23.1. 

The octopine Ti plasmid contains several virulence or vir genes 
located in a 35-kb section of the plasmid, as in the nopaline Ti 
plasmid (see Fig. 23.6). This DNA is described as a regulon in 
that the six major vir genes are regulated in a similar fashion. The 
arrangement of genes within the regulon is shown in Fig. 23.7, and 
the respective gene functions are summarized in Table 23.1. In 
tobacco, wounding of the plant cells releases a range of molecules, 
among which are at least two polyphenolic-signal molecules that 
interact with the virA gene and induce production of the 70-kDa 
VirA polypeptide. The signal molecules have been identified as 
acetosyringone (AS) and a-hydroxy-acetosyringone (HO-AS) (Fig. 
23.8). Not only do these signal molecules induce the virulence 
pathway, but they also act as a chemical attractant to other cells 
of A. tumefaciens. Although the modes of action of these vir genes 
are not all known (see Table 23.1), it appears that the interaction 
of the signal molecules with Agrobacterium and the Ti plasmid is 
the extracellular-recognition sequence that induces the intracellular 
response, beginning with the constitutive production of the VirA 
polypeptide. It is also possible that the specificity of the VirA 
protein is highly significant for the noninteraction of Agrobacter
ium with monocotyledonous cells. 

The final transfer ofT-DNA from bacterium to host involves the 
production of a single-stranded DNA (ssDNA) of approximately 22 
kb in length, which, during the transfer and incorporation process, 
must be protected from endogenous and exogenous enzymes. Ap
proximately 600 VirE2 protein molecules are required to protect 
this DNA during the transfer, and the resulting T-complex is large 
enough to be observed using immunogold-Iabeled anti-VirE2 anti-

CH3 

8cetosyringone 

CH3 

u-hydroxy-acelosyringone 

Fig. 23.S. Two of the signal molecules released by wounded plant 
cells, acetosyringone and a-hydroxy-acetosyringone. These molecules 
not only induce the vir regulon but also attract other cells of A. 
tumefaciens to the wound site, and these cells are, in tum, induced. 

bodies. Other proteins are also induced by acetosyringone and are 
also under the control of the vir regulatory system. These virulence
related proteins (VRPs) include a 45-kDa protein produced by the 
gene plant-inducible (pinF), now more commonly regarded as a 
seventh complementation group of the vir regulon and redesignated 
virH, and a number of other genes (see Table 23.1). However, none 
of the proteins produced by these genes appear to be essential to 
the infection process. 

The DNA sequences of the R- and L-borders of the Ti plasmids 
are comprised of identical 25-nucleotide base-pair sequences (Fig. 
23.9), as are the interstitial sequences found within octopine T
DNA. However, although changes to the R-border nucleotide array 
such as deletions of the first 6 bps or of the last 10 bps are always 
detrimental to the T-DNA insertion procedure, this is seldom the 
case with modification of the L-border sequences, and the reason 
for this difference is unknown. Nor is the mechanism known by 
which changes of the R-border sequence affect the function of the 
overdrive DNA sequence of the octopine plasmid (see Fig. 23.4). 
Finally, conjugative transfer (tra) genes, which are induced by the 
opine product of T-DNA, are also located on the Ti plasmid and 
allow it to spread to all of the agrobacteria present. 

TG EhG AT 
S' NC CT TC 

TGGCAGGATATAT N TGTAA 
3 ,ACCGTCCTATATA N ACATT 

AC PtC TA 
NG GA AG 

Fig. 23.9. The nucleotide base-pair sequence common to the Ti 
plasmids on the right and left borders of the T-DNA. and internal in the 
octopine T-DNA. Pu = a purine; Py = a pyrimidine; N = any 
nucleotide. (From Zambryski, 1988.) 
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Table 23.1. Action of vir Regulon Genes, and the Locations and Functions of the Proteins Produced by These Genes 

Gene Action 

virA Induced by aceto-syringone or a-hydroxy-
acetosyringone. 

virB Produces II proteins involved in the transfer 
of the T-complex from the bacterium to 
the host cell via a pore in the inner mem-
brane, through the periplasm, and through 
the channel structure. 

virC Encodes for two proteins. 

virD Encodes four proteins, two of which have 
been analyzed. 

virE Produces the most abundant protein of any 
vir genes. 

virG Induced by VirA. 

virH Originally pinF; encodes two inducible cyto-
chrome P-450-type enzymes. 

23.2.3 Genes in the Agrobacterium 
Protosome 

Protein 

VirA 

VirBI 

VirB2 
VirB3 
VirB4 

Vir B5 

VirB6 
VirB7 

VirB8 
VirB9 
VirBIO 
VirBII 
VirCl 

VirC2 
VirDl 
VirD2 

VirE2 

VirG 

The transformation process is further dependent upon several 
genes located on the bacterial protosome. Among these are the 
genes chvA and chvB, located in a l5.5-kb fragment of the bacterial 
protosome and required for the attachment of A. tumefaciens to the 
plant cell. A plant fiber-forming glycoprotein may be the actual 
surface receptor to which the agrobacteria bind, and a bacterial, 
calcium-binding surface protein, rhicadhesin, may be involved in 
this attachment. chvB occupies an 8.5-kb DNA fragment that pro
duces a 235-kDa membrane protein involved in the production of 
cyclic ~ 1.2-glucan. which binds with a transport protein produced 
by chvA. The combination is transported to the periplasm. where 
it is involved in the attachment of the bacterial cells to the wound 
site. Agrobacterial lines that are mutant for chvB are deficient in 
adherence, but the addition of rhicadhesin restores both attachment 

to the plant surface and virulence to the bacteria. Major neutral 
and acidic extracellular polysaccharides, synthesized by the 3.0-
kb pscA gene and the exoC gene, also affect the surface composition 
of the bacterial cells and their attachment to the plant cell. 

Overall, the successful transformation of T -DNA into the host 
genome involves a number of steps, including the following: 

(a) The release of exudates by wounded plant cells to attract 
agrobacteria 

Size 
(kOa) Location and/or Function in vir-Induced Agrobacterium Cells 

70 Induces transcription of VirGo 

26 Located in the periplasm between the inner and outer membranes. 

12 Unknown. 
12 Unknown. 
87 The largest, and one of the most abundant VirB proteins: VirB4 is 

membrane-bound, and forms part of the outer membrane. 
23 Present in the cytosol and membrane fractions, although most is 

found in the periplasm; a probable transporter of the T-complex 
from the cytosol through the membrane. 

32 Bound to the inner membrane. 
6 The smallest virB protein; predicted to be in the outer membrane 

where it either lyses the bacterial cell wall to release the T -com-
plex, or facilitates the interaction with the plant cell wall. 

26 Bound to the inner membrane. 
32 Generally membrane. 
41 Bound to the inner membrane. 
38 Bound to the inner membrane. 

230 Binds to the overdrive sequence adjacent to the TR border, through 
which mechanism it enhances the transfer of the T-complex. 

26 Unknown. 
47 This protein nicks the border repeats to release T-DNA. 
16 Remains tightly bound to the 5' -end to facilitate migration of T-

DNA through cell tissues. 
60.5 A tenacious ssDNA-binding protein; I molecule covers 30 nucleo-

30 

tides, so that the 20 kb of T-DNA is fully protected with 600 
VirE2 molecules. In combination with VirD2 protein, it forms 
the T-complex, protecting ssDNA from harm during the transfer 
process. 

Induces self-transcription and transcription of VirB, VirC, VirD, and 
VirEo 

May protect the cell during the infection process, but is not essential 
for virulence. 

(b) Activation of Ti vir genes and expression of their products 

(c) Production of a single-stranded T-DNA copy from a Ti 
T-DNA sequence 

(d) Transfer of T-DNA copy to the bacterial membrane 

(e) Passage of T-DNA from the bacterium into the host cell 

(f) Passage of T-DNA through the cytoplasm and nuclear 
membrane of the host cell 

(g) Integration of T-DNA into the plant genome 

Analyses of the DNA sequences surrounding inserted T -DNA 
fragments have not discovered any particular DNA sequence that 
might be specific to the insertion process or recognized by the T
DNA fragment. It is probable, however, that after T-DNA has been 
transferred into the plant cell, nuclear-localization signals within 
the VirD2 and VirE2 proteins physically target the DNA to the 

host nucleus (see Table 23.1). By some means, the T-DNA then 
becomes stably inserted into the plant genome. 

23.2.4 Modifications of the Agrobacterium 
Delivery System 

The Ti plasmid is a natural vector able to transfer T-DNA into 
the genome of suitable dicotyledonous plants. Because T-DNA is 
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nos 
I 

plasmid 
pGV3850 

Fig. 23.10. The plasmid pGV3850 produced from the Ti plasmid by 
engineering the removal of the native oncogenes and replacing them 
with a large piece of the plasmid pBR322, including the ampicillin
resistance gene (AmpR). This DNA substitution gives a disarmed or 
nononcogenic plasmid incapable of gall formation. (Modified from 
Zambryski, 1992.) 

oncogenic, the natural result of this transfer is that tumors develop 
in the infected plant tissues. Instead of having the transformation 
of the host genome by T-DNA evidenced by the development of 
a gall, and using hormone-independent callus production to select 
recipient cells, the Ti plasmid can be modified to produce disarmed 
vectors. These modifications include replacement of the oncogenes 
by genes with other functions while maintaining the ability of the 
disarmed T-DNA to transform the host DNA. 

One of the first successful modifications of the Ti plasmid in
volved replacement of the oncogene-containing section by a large 
piece of the plasmid pBR322, giving the new plasmid pGV3850 
(Fig. 23.10). This substitution has the advantage that the pBR322 
gene for ampicillin resistance (AmpR), which is incorporated into 
the Ti plasmid, also provides a selectable marker to ensure that 
only cells transformed with this gene are able to grow in ampicillin
containing media. In addition, because the vir genes are still present 
on the Ti plasmid and the nos gene is present on T-DNA, the 
presence of nopaline in transformed tissues acts as a scorable 
marker confirming the transformation. 

23.2.5 Selectable and Scorable Markers 

The incorporation of dominant selectable markers ensures that 
protoplast, callus, and other tissue transformants can be selected 
by growing these tissues in the presence of increased concentrations 
of the respective marker compounds. Scorable markers, on the other 
hand, are detected by the recognition of novel chemical compounds 
such as opines or through the enzymatic production of visible end 
products, which allow the tissues or cell components in which the 
gene is expressed to be cytologically observed. They are particu
larly important where genetically modified plants cannot be regen
erated from single cells, so that direct selection is neither feasible 
nor effective. 

A range of selectable and scorable markers has been developed 
to measure transformation efficiency and gene expression. The 
original scorable markers were the opine products of nos and oes. 

However, nopaline, octopine, and the range of other opines are not 
usually found in plant cells, and their detection by colorimetric 
methods can be difficult to quantify. The subsequent development 
of laeZ, a gene producing ,8-galactosidase (GAL), and its introduc
tion from E. coli into T -DNA was a step forward, because when 
transformed gall slices are placed on agar gels containing XGal 
(5-bromo-4-chloro-3-indolyl-,8-o-galactopyranoside), the trans
formed cells turn blue. Again, this assay can be confusing if there 
exists a relatively high level of endogenous GAL activity in the 
plant. To overcome this problem, a gene entirely novel to plants 
has been developed for this purpose, the firefly lue gene, which 
produces the enzyme luciferase (LUC). Tissues expressing LUC 
are scored when they emit light after incubation with luciferin but, 
again, the system is rather labile and can be difficult to assay. A 
gene with fewer of these liabilities is the E. coli gene f3-glu, which 
produces the enzyme j3-glucuronidase (GUS). Genetically modi
fied plant tissues that contain this gene turn blue when incubated 
with 5-bromo-4-chloro-3-indolyl-l-glucuronide (See also Fig. 19-
19, Chapter 19). This assay has proven to be excellent for the 
histochemical localization of transformed tissues, as there is vir
tually no endogenous plant interference. The utilization of the green 
fluorescent protein (GFP) gene from the jellyfish Aequoria victoria 
has been a significant advance in monitoring transformation be
cause it does not require the addition of a new substrate and only 
requires irradiation of tissue with a long wavelength UV light. 

Selectable markers, on the other hand, are often the products 
of genes that confer resistance to bacterial antibiotics or herbicides, 
so that the presence of these compounds can then be used to screen 
for the survival of transformed cells under laboratory conditions. 
Although transformed gall tissues can continue their growth in the 
presence of relatively high concentrations of specific antibiotics 
or herbicides, nontransformed tissues usually die. Two bacterial 
antibiotic transferases were originally used for this purpose: the bar 
gene, which produces neomycin phosphotransferase (NPT, types I 
and II), and cat, producing chloramphenicol acetyltransferase 
(CAT). NPT inactivates aminoglycoside antibiotics, such as kana
mycin and neomycin, by phosphorylation, so that transformed cells 
survive in the presence of these antibiotics. Even though this system 
can be difficult to assay, the bar gene has already been introduced 
into more than 36 species of plants. Other enzymes introduced for 
this purpose include hygromycin phosphotransferase, dihydrofolate 
reductase, dihydropteroate synthase conferring sulfonamide resis
tance, bleomycin reductase, gentamycin acetyltransferase, and 
streptomycin phosphotransferase. Only the last enzyme allows non
transformed tissues to survive, although these cells are recognizable 
because their subsequent growth is greatly retarded and subject to 
severe chlorosis. To negate the need for the introduction of either 
antibiotic or herbicide resistance as selectable markers, regulatory 
enzymes isolated from amino-acid biosynthetic pathways are being 
evaluated. Examples of such genes are dihydropicolinate synthase 
(DHPS) and desensitized aspartate kinase (AK) from bacterial as
partic acid pathways, and a tryptophan decarboxylase gene (tde) 
from Catharanthus rose us. 

23.3 THE PRODUCTION OF CHIMERIC GENES 

Chimeric genes are artificial constructs in which a defined-pro
moter DNA sequence is linked to a cDNA gene sequence, which is 
then attached to a polyadenylated-terminator DNA sequence (Fig. 
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Fig. 23.11. The basic components and DNA regions required for gene 
action. Any of these regions are capable of being modified or substituted 
to construct a chimeric gene. 

23.11). The combined construct is inserted into a disarmed T-DNA 
for introduction into an Agrobacterium-susceptible host or is intro
duced by some other means into Agrobacterium-recalcitrant hosts. 
Also, potentially important to gene constructs are leader sequences, 
5'- and 3'-untranslated flanking sequences, volunteer plant-regula
tor sequences, and codon frequency, all of which can affect the 
secondary structure of the mRNA and the gene product itself. Mo
lecular signals that determine the cellular location of the expressed 
product have also been utilized. 

23.3.1 Regulator Sequences 

In the first examples of transformed plants, gene processing 
after transformation was effected using the natural opine T-DNA 
promoters and terminators, the most significant being those of the 
nos and ocs genes. Another useful promoter, CaMV-35S, was iso
lated from the 35S gene of cauliflower-mosaic virus. This promoter 
has been inserted, both singly and in multiple copies, to evaluate 
the effect of promoter multiplicity on the expression of a particular 
gene sequence and production of the gene product. The selected 
promoter must be effective and able to operate in the tissue in 
which the gene is to be expressed-in many transformations, leaves 
are involved. The search for 5'-flanking regions of genes strongly 
expressed in leaves led to the isolation and use of several promoters 
that are associated with genes encoding abundant leaf proteins such 
as the chlorophyll alb-binding protein (cab) and the small subunit 
of ribulose bisphosphate carboxylase (rbcS). When the rbcS pro
moter was linked to a bacterial chitinase gene (chiA) in an attempt 
to confer antifungal activity to transformed plants (see Section 
23.4.4), the amount of ChiA protein produced by the rbcSkhiA 
transformed plants was three times the amount produced by either 
of two cabkhiA fusions. Other promoters used in transformation 
experiments to regulate the time and tissue location of gene expres
sion are summarized in Table 23.2. 

The promoter can be engineered to increase its activity and 
stability in different categories of plants. The pEmu promoter, for 
example, is specifically adapted to monocotyledons (Fig. 23.12). 
It combines elements of a truncated maize Adhl promoter, the 
first intron of the Adh gene, six copies of the Anaerobic Response 
Element (ARE) from the maize Adhl gene, and four ocs elements. 
When pEmu was combined with the f3-glu gene of E. coli, produc
tion of ~-glucuronidase was from 10-fold to 50-fold higher in trans
formed, monocotyledonous protoplasts than when a CaMV -35S 
promoterl f3-glu gene construct was assayed. A related promoter 
gave a lO-fold increase in expression over the CaMV-35S pro
moter in tobacco protoplasts. In turn, the maize polyubiquitin pro
moter and untranslated sequence pAHC27 gave even higher expres
sions of GUS in maize, wheat, sugarcane, and banana. 

The expression of transformed genes may also be enhanced 
by modifying the 5'-untranslated regions carrying the control of 
transcription signals. For example, when nucleotide changes were 
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Table 23.2. Some of the Genes That Have Provided Promoters to 
Enhance the Expression of Transformed Genes in Plants 

Promoters 

Constitutive 
promoters 

Tissue! 
environmental 

Genes from Which the Promoters Were Isolated 

Actin 
Adh-l intron of maize 
CaMV-35S 
Nos and Ocs 
Ubiquitin of maize. 
Alcohol dehydrogenase-induced by anaerobic 

conditions. 
Histone 3-cell cycle active. 
Light-harvesting chlorophyll alb-binding genes of 

photosystem II-light inducible, in leaf, stem, 
and floral organs. 

Bean phytohaemagglutinenin L-gene 
(dlec2)-specific for seed-storage protein. 

Open-reading frame 12 (ORFI2) of the Ri plasmid 
TL-DNA region from Agrobacterium rhizogenes 
(rol-C). 

Rubisco, ribulose-I,5-bisphosphate carboxylase! 
oxygenase small-subunit gene (rbscS). 

Potato gene (Pin2)-induced by wounding, methyl 
jasmonate, and abscisic acid. 

Major transcript gene of rice tungro bacilliform 
virus (RTBV)-for leaf-phloem tissue. 

High molecular weight glutenin promoter from 
wheat-for mid-endosperm development of the 
grain. 

made to the triplet codon immediately prior to the translation-initia
tion ATG codon of the ChiA-protein DNA sequence, the pre-codon 
ACC gave rise to transformants with higher levels of ChiA protein 
than transformants with the pre-codon CAT. The combination of 
modified DNA sequences in the vicinity of the translation-initiation 
codon, in conjunction with modifications to the promoter, led to a 
combined accumulation of ChiA to about 0.25% of the total soluble 
leaf protein. 

Gene expression can be further augmented by altering both the 

I 
Intron 1 and the associated 
206bp (~ADH) from the 
maize alcohol dehydrogenase 
gene (AdM) 

a 175 bp tandem array of 
'--- four octopine synthase 

promoter units 

a 289 bp tandem array of six 
anaerobic response elements 
from the Adh 1 gene 

Fig. 23.12. The pEmu promoter/enhancer and the genetic elements 
used to construct it. pEmu was designed to increase protein production 
in protoplast cultures of monocotyledons. (Modified from Last et ai., 
1991.) 
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Fig. 23.13. The effect of the SEKDEL nucleotide construct on protein 
production. The addition of this nucleotide sequence to the C-tenninal 
end of the vicilin gene was designed to ensure that the expressed protein 
is retained within the endoplasmic reticulum. The benefit of this 
insertion on the amount of vicilin protein present in transfonned tobacco 
plants is indicated (right-hand side) in the absence (upper) and presence 
(lower) of the insertion. (Modified from Wandelt et aI., 1992.) 

5' -upstream and the 3' -downstream regions. For example, in at
tempts to improve the protein composition and nutritional value of 
leaves in fodder crops, a novel selection of new proteins has been 
introduced such as chicken ovalbumin and pea vicilin. In tobacco 
and alfalfa, the combination of CaMV-35S promoter, ovalbumin 
cDNA, and ovalbumin 3'-flanking sequence produced one-tenth 
the amount of protein produced by the combination of CaMV - 35S, 
ovalbumin cDNA, and the 3' -flanking sequence of a pea-albumin 
gene. 

The inclusion of S'-upstream sequences such as those involved 
in the control of gene expression in particular regions of chromatin 
(see Chapter 16, Fig. 16.25) can provide independence from the 
position effect seen in gene introgression. Position-effect variega
tion is observed when the expression of a gene is modified by the 
position of the gene within the genome (see Chapter 9, Section 
9.4.1). 

23.3.2 The SEKDEL Modification 
One of the most dramatic effects on expression, as measured 

by accumulation of polypeptide product, is the specific targeting 
of a protein product to the endoplasmic reticulum by adding nucleo
tides, coding for the amino-acid sequence SEKDEL, to the cDNA 
of the introduced protein. The oligopeptide sequence Ser.Glu.
Lys-Asp-Glu-Leu, symbolically abbreviated to SEKDEL, ap
pears to be responsible for localizing proteins within the endo-

UBl-1 
JIIOnICIIIIr 

plasmic reticulum (Fig. 23.13). When the DNA sequence coding 
for SEKDEL was inserted into the carboxy-terminal end of a pea
vicilin gene prior to its introduction into tobacco, the level of vicilin 
in the transformed tobacco plants increased from 0.03% to 2.5%. 
In alfalfa, the same construct increased vicilin production 20-fold, 
from 50 ng/mg to 1020 ng/mg of leaf protein. In contrast to the 
results discussed in the previous section, changes in the promoter, 
and in the 5'- and 3'-untranslated regions, had little effect. 

23.3.3 Tailoring Gene DNA Sequences 

The successful transfer of specific genes by artificial means 
allows the DNA sequences to be modified prior to transformation, 
to enhance the expression of the gene. If the gene originates from 
a nonplant source, codon usage may become an important variable 
because, owing to the built-in redundancy of the genetic code, any 
single amino acid in a polypeptide can be coded for by two to six 
triplet codons (see Chapter 16, Fig. 16.3). As the different tRNAs 
are not equally abundant in plants, animals, and prokaryotes, the 
modification of an insect gene, for example, to code for a sequence 
of amino acids utilizing the triplet codons of plants can have major 
effects on increasing the expression of insect protein in a plant cell. 
This is thought to be the reason why an artificial combination of 
two DNA sequences coding for the insect-control protein genes 
cry/A(b) and cry/A( c) of Bacillus thuringiensis var. kurstaki signifi
cantly increased the amount of insect-control protein in cotton 
leaves from 0.001 % to 0.1 % of total soluble protein. 

Another level of modification relates to ensuring that the intro
duced gene fulfills the same function and forms the same product 
as the original gene. There are few problems of this kind in eukary
otes, for the majority share very similar, if not the same, genetic 
codes. Naturally, this may not be the case when novel genes are 
inserted into mitochondria, plastids, or bacterial protosomes, for 
these have their own distinct genetic codes. 

23.3.4 Binary Gene Constructs 

Binary constructs combine both scorable and selectable marker 
genes. The best-known and most used example is the BARGUS 
construct containing the bar gene for conferring resistance to the 
herbicide bialophos, plus fJ-gly, the gene that produces GUS (Fig. 
23.14). Binary constructs can be engineered to have the same or 
differing promoters and can have the same or opposite directions 
of transcription. 

'--..L-__ .J pbarGUS 

pAHC25 

234 
lenglh of DNA (kb) 

5 6 

Fig. 23.14. An example of a binary, BARGUS-gene construct, pAHC25. Various modifications of this construct have now been introduced into a 
broad collection of plant species. (Modified from Vasil et aI. 1993.) 



23.4 GENETIC 'l'RANSFORMATION 
IN DICOTYLEDONS 

The advances made in modifying the Ti plasmid and the develop
ment of a range of procedures for infecting plant cells with DNA 
have led to the genetic transformation of a wide range of plants 
(Fig. 23.15). In genetic terms, these are equivalent to extremely 

a 

b 

c 

d 

Progressive 

changes 

in the 

transformation 

of plants 

Fig. 23.1S. Stages in the genetic engineering of alfalfa (Medicago 
sativa) by transfonnation with Agrobacterium containing the herbicide
resistant gene bar. (a) Stem sections on nutrient agar after soaking them 
in agrobacterial solution. (b) Gall formation on the ends of the stem 
sections where the cells were 'Originally damaged. (c) Regeneration of 
alfalfa plantlets from the transformed callus. (d) A regenerated mature 
plant containing the fJ-glu and bar genes. (Photographs kindly supplied 
by T. Wardley~Richardson.) 
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wide crosses. As examples, bacterial genes and selectively mutated
plant genes conferring herbicide resistance have been introduced 
into a wide range of plants. Other genes have been introduced to: 

(a) Confer resistance to viruses, fungal pathogens, and insect 
pests 

(b) Improve quality characteristics and marketability 

(c) Use the plant as a protein-manufacturing system and bio
chemical factory 

In addition, the introduction of synthetic genes coding for RNA 
molecules capable of RNAase activity at specific mRNA sites-so
called gene shears (see Chapter 20, Fig. 20.20)-provides a mecha
nism for modifying the levels of specific gene products at different 
stages of development. 

23.4.1 Introduction of Herbicide 
Resistance 

Novel introductions of genes conferring herbicide resistance on 
crop plants have the potential to allow very effective weed control, 
because specific chemicals to which the crop is resistant and the 
weeds are sensitive can be applied. The majority of resistance genes 
have been isolated from soil bacteria, selected for their ability to 
grow in the presence of different herbicides. Other genes have been 
detected by screening plant-cell cultures for cells able to grow in 
the presence of increased amounts of the herbicides. With this 
method, a mutant gene conferring resistance to the herbicide 
glyphosate was isolated from a cell culture of Petunia hybrida, and, 
by introducing the appropriate cDNA sequence into other plants 
sensitive to this herbicide, a range of glyphosate-resistant plants 
have been produced. The modes of action of herbicide resistance 
can be classified into three gene groups: 

1. Genes that overcome the herbicide through overproduction 
of the herbicide-sensitive target 

2. Genes that structurally alter the target of the herbicide, re
ducing the affinity between herbicide and target 

3. Genes that detoxify or otherwise degrade the herbicide be
fore it reaches its target 

Examples of bacterial and cDNA genes, and the means by which 
they inactivate various herbicides, are shown in Table 23.3. The 
presence of herbicide resistance in transformed cells and tissues 
provides a new array of selectable markers. 

23.4.2 New Resistances to Viruses 

Complete viral genomes can be introduced into plants via the 
agrobacterial system. For example, when a full-length cDNA copy 
of the genomic RNA of tobacco-mosaic virus (TMV) was intro
duced into tobacco inside a disarmed Ti plasmid vector, the trans
formed plants expressed the typical symptoms of TMV infection 
and produced infectious TMV particles. Even prior to these experi
ments, it was known that infection of a host plant with a weak or 
mild viral strain can often provide cross-protection to infection by 
severe strains of the same virus. Ideas concerning the mechanisms 
of cross-protection include the following: 
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Table 23.3. Introduction of Herbicide-Resistant Genes into Crop Plants for More Effective Weed Control; These Genes Are Also Selectable Markers 

Gene Origin Name and Mode of Action 

(a) Incorporating genes from bacteria to inactivate herbicides by detoxification or degradation before they reach their biochemical target. 
bar Streptomyces hydroscopicus Gives bialophos resistance through the production of phosphinothricin acetyltransferase, 

which inactivates gluphosinate-ammonium by acetylation. 
bxn Klebsiella ozaenae Bromoxynil nitrilase affects gluphosinate resistance through nitrile hydrolysis. 
tfdA Allcaligenes eutrophus 2,4-dichlorophenoxyacetat mono-oxygenase (DPAM) degrades 2,4-D through oxidation. 

Pseudomonas Produces parathion hydrolase, which degrades parathion by hydroxylation. 
(b) Reducing the affinity of the herbicide for the target enzyme by introducing cDNA coding for the production of herbicide-resistant analogs. 

aroA mutant Salmonella typhimurium Produces a modified form of 5-enolpyruvyl shikimate-3-phosphate synthase (EPSP) that is 
less sensitive to glyphosate (ROUNDUP®). 

cDNA mutant Bacterial Produces a modified form of acetolactate synthase (ALS) that is resistant to sulfonylureas 
and chlorsulfuron herbicides (e.g., GLEAN® and OUST®). 

(c) Inducing an overproduction of herbicide-sensitive target. 
EPSP Petunia hybrida cell line Overproduces EPSP-synthase, giving tolerance to glyphosate. 
tms2 Agrobacterium tumefaciens Amidohydrolase effects intolerance to auxin-amide herbicides. 

(d) Others with as yet unindentified mechanisms. 
psbA Amaranthus hybridus Produces QB protein conferring resistance to atrazine. 
csr /-/ Arabidopsis thaliana An acetolactate synthase conferring resistance to sulfonylureas. 

Table 23.4. Introduction of Viral Resistance into Transgenic Plants 

Gene Sequences 

From: To: Comments: 

(a) By inserting viraI-coat protein (CP) or nucleocapsid-protein (NCP) gene sequences into plants to give coat protein-mediated protection. 
Tobacco-mosaic virus (TMV) Tobacco Field trials of transformed lines have shown good resistance to TMV. 
TMV Tomato Good field resistance; also protected against strains of tomato-mosaic virus. 
Tobacco-streak virus (TSV) Tobacco Good resistance. 
Alfalfa-mosaic virus (AIMV) Medicago sativa Also introduced into tobacco and tomato. 
Potato-virus X (PVX) Potato 97% of transformed plants appeared to be normal tetraploids (2n = 4x = 48). 
Potato-virus Y (PVY) Potato Good resistance. 
Binary-PVX plus PVY Potato Gives resistance to simultaneous infection, and blocks transmission of PVY by 

Potato-leafroll virus (PLRV) 
Soybean-mosaic virus (SMV) 

Tobacco-rattle virus (TRV) 
Papaya-ringspot virus (PPRV) 

Cucumber-mosaic virus (CMV) 

Tomato-spotted-wilt virus (TSWY) 
CMV antisense strand 
PYX antisense strand 
Maize-dwarf-mosaic virus (MDMV) 

Tomato-yellow-Ieaf-curl virus (TYLCV) 

Tomato-spotted-wilt virus N-gene 
sequences 

Rice-stripe virus 
(b) Other viral enzymes. 

TMV replicase 
PYX 

Potato 
Potato 

Tobacco 
Potato 

Tobacco 
Cucumber 
Tomato 
Tobacco 
Potato 
Maize 

Tomato 

Tobacco 

Rice 

Tobacco 
Potato 

viruliferous aphids. 
Good resistance. 
Also expressed heterologous protection against tobacco etch virus (TEV) and 

PVY. 
Also conferred resistance to the early-browning virus (EBV) in pea. 
Delayed-symptom development; also provided resistance to TEV, PVY, and pep

per-mottle virus (PeMV). 

As good as genetically derived resistance. 
A negative strand RNA virus; also conferred TSWV -resistance on tobacco. 
Not as efficient as sense strand. 
Not as efficient as sense strand. 
Introduction of MDMV, strain-B coat protein also conferred resistance to maize

chlorotic-mottle virus (MCMV). 
Transgenic plants expressing the capsid protein of TYLCV are resistant to this 

virus. 
Both effective. Resistance related to the presence of TSWV sense and antisense 

N-gene transcripts or high levels of the N-gene protein. 
Transgenic plants resistant. 

Transformed plants completely resistant to TMV strain used. 
Protection against PYX induced by transformation with mammalian interferon 

(rat 2'-5'-oligoadenylate synthetase), which activates an endoribonuclease that 
degrades viral DNA. 



(a) Encapsulation of the challenging-strain RNA by the coat 
protein of the inducing strain 

(b) Blockage of the uncoating of the challenged strain 

(c) Competition between the two strains for some other factor 
such as a replicase 

(d) Prevention of replication or translation of the severe-strain 
RNA by genetic interaction with the mild RNA. 

Whichever of these or other mechanisms is the cause of this 
protective reaction, the introduction of viral-coat-protein (CP) 
genes to engineer viral resistance in transgenic plants has been very 
successful (Table 23.4). Of further benefit, the introduction of a 
coat-protein gene from one virus often provides protection against 
other viruses with the same or similar coat proteins. 

Other virus-inhibiting genes include viral-RNA replicases, de
fective-interfering molecules, nonstructural gene sequences, and 
the antisense insertion of CP RNA genes giving untranslatable or 
nontranslatable CP-coding sequences. Unfortunately, these are gen
erally not as efficient as CP-sense genes inserted in the normal 
orientation. The introduction of satellite-gene sequences coding 
for small, supernumerary, viral-RNA molecules also inhibits virus 
propagation. For example, satellite RNAs isolated from cucumber
mosaic virus have been introduced into other crop plants with a 
range of contrasting consequences. Either varying degrees of viral 
resistance are induced due to a high production of satellite RNA 
and little viral RNA, or the reverse is true in that satellites that 
protect nearly every other species induce a spectacular lethal necro
sis in certain species, especially tomatoes and other Lycopersicon 
species. This is a pathological change induced by a single base
pair change. 

23.4.3 Introduction of Insecticidal Genes 

The introduction of Bt insect-toxin genes extracted from the 
entomocidal bacterium Bacillus thuringiensis var. kurstaki protects 
a range of crops against insect attacks (Table 23.5). Originally, 
microbial formulations of this bacterium were sprayed onto plants 
to produce parasporal crystalline inclusions containing the insecti
cidal activity. The proteins found in these inclusions are highly 
toxic to the larvae of Lepidopteran insects, although isolates affect
ing Dipteran and Coleopteran species have also been found. The 

Table 23.5. Insecticidal Genes Introduced into Plants by Transformation 

Gene 

Bt endotoxins cryIA(b) 
and/or cryJA(c) and/or 
modified derivatives of 
these gene sequences 

AalT insect-specific 
neurotoxin 

Serine proteinase 
a-Amylase inhibitor (aAl) 

Agglutenin 
Cholesterol oxidase 

From: 

Bacillus thuringiensis 

Androctonus australis 

Tobacco 

Phaseo/us vulgaris 

Wheat germ 
Streptomycetes 

To: 

Cotton 
Tomato 
Potato 
Cotton 
Com 
Rice 
Com 

Plants 
Plants 
Pea 

Corn 
Tobacco 
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toxin proteins disrupt the midgut cells of feeding larvae. The genes 
that produce Bt proteins have been isolated and introduced into 
various species of plants. To ensure that the proteins are produced 
in sufficient quantity, truncated forms of the two genes cryIA(b) 
and cryIA(c), were transformed into cotton. The genetic modifica
tions increased the expression of CrylA(b) and CrylA(c) proteins 
to 0.05%-0.1 % of the total soluble protein. When cryIA(b) was 
subsequently introduced into maize, the toxin protein attained a 
level of approximately 1.5% of the total soluble protein, an amount 
easily sufficient to control the European com borer (see Table 
23.5). Not surprisingly, attempts are being made to insert these 
genes into animal genomes for protection against ticks and lice. 
However, there are indications that transformed Bt resistance is 
naturally breaking down. 

Other genes that promote broad-spectrum insecticidal activities 
include AaIT, an insect-specific neurotoxin gene from the scorpion 
Androctonus australis, and genes that inhibit insect proteinases and 
a-amylases. A cholesterol oxidase, isolated from a streptomycetous 
fungus, is currently being introduced into cotton in an effort to 
control the boll weevil, which has not been controlled using the 
Bt protein strategy. 

23.4.4 Introduction of Resistance 
to Bacterial 
and Fungal Pathogens 

In comparison with animal diseases, the effects of bacterial 
diseases on plants are relatively insignificant compared to the re
sults of fungal diseases. Although attempts have been made to 
control bacterial infections by the insertion of self-detoxification 
enzymes such as tabtoxin resistance, control methods in fungi have 
so far been based on the fact that fungal-cell walls contain a high 
proportion of chitins (polymers of N-acetylglucosamine) and f3-
1,3-g1ucans. However, whereas the transformation of plants with 
chitinase genes commonly increases their resistance to fungal dis
eases, the introduction of f3-1,3-g1ucanases has shown no similar 
phenotypic effects. In contrast, when transformed genes containing 
transcripts of both chitinases and glucanases were combined, the 
amalgamation gave much greater protection against the tobacco 
disease' 'frogeye," caused by the pathogen Cercospora nicotianae, 
than did the chitinase gene alone (Table 23.6). 

Other genes that have been assayed for their antifungal activity 

Action 

Confers resistance to bollworm, budwonn, pink bollwonn. 
Confers resistance to tobacco hornwonn, fruitworm, and pinwonn. 
Confers resistance to Colorado potato beetle. 
Controls cabbage looper and beet annywonn. 
Gives excellent resistance to European corn borer. 
Resistance to striped stem-borer and leaf-folder. 
Controls Heliothis through insertion into the recombinant-baculovirus 

vector, Autographa californica nuclear polyhedrosis virus. 
Gives increased resistance to insects. 
Gives broad-spectrum insecticidal activity. 
Seeds contained 1 % aAI-Pv protein and were highly resistant to bruchid 

weevils. 
Gives increased resistance to European corn borer. 
Confers lethality to a variety of pests. Being introduced into cotton in 

attempts to control the major cotton pest, the boll weevil. 
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Table 23.6. Genes Introduced into Plants to Control Bacterial and Fungal Pathogens 

Gene From: To: 

ttr (tabtoxin resistance) Pseudomonas syringae Tobacco 

chiA (chitinase) Serratia marcescens Tobacco 
Chitinase Bean Tobacco 

Potato 
Chitinase, Glucanase Rice Tobacco 

Alfalfa 
Osmotin Tobacco Potato 
Cecropin Unknown Potato 
RIP (ribosome- Barley Tobacco 

inactivating protein) 

include ribosome-inactivating proteins (RIPs), which inhibit fungal 

growth by inactivating fungal ribosomes but have no effect on the 
protein synthesis of plant ribosomes. Other pathogenesis-related 
(PR) proteins are being evaluated for their activity, including the 
tobacco gene PRS, which codes for osmotin, an osmosis-regulating 
protein, whose introduction effectively increases the resistance of 
potato to potato-late blight. Proteins homologous to osmotin, such 
as tritin from wheat and ricin from rice, have also been shown to 
inhibit fungal-protein synthesis. Herbicides can also be toxic to 
fungal pathogens as exemplified by the control of Rhizoctonia so
lani, the cause of sheath blight of rice, by bialophos application: 
another reason for the addition of the bar gene to rice. 

23.4.5 Antisense Genes 

Physiological and related responses are being modified by the 
insertion of antisense genes. These are cDNA gene sequences that 
are deliberately inserted and read in the reverse direction (Table 
23.7). The success of these transformations lies in the fact that 
antisense sequences are often transcribed at higher rates than the 
normal-sense genes. Successful examples include melon and to
mato genes concerned with fruit maturation and storage. The anti
sense sequences of these genes have ensured increased resistance 
to bruising and wounding, improved fruit quality, and delayed rip-

Action 

Gives protection from "wildfire" caused by infection with P. syringae, by a 
detoxification process effected by an acetlytransferase. 

Gives increased tolerance to "brownspot" caused by Alternaria longipe8. 
With CaMV-35S promoter, conferred increased resistance to Rhizoctonia 80-

lani. 
Combination of chitinase and glucanase gave greater protection against Cer-

cospora nicotianae than either gene alone. 
Induces resistance to potato-late blight caused by Phytophthora irifestans. 
Increases resistance to bacterial infection 
Gives increased resistance to R. solani. 

ening through the degradation of ethylene precursors (Fig. 23.16). 
Other examples include oilseed canoIa, which has been modified 
to improve the chemical constitution of the oil extracted from the 
seed, and alterations to the flower pigmentation of several floricul
tural-plant species by the insertion of antisense chalcone synthase, 
an enzyme concerned with flavonoid and anthocyanin synthesis. 

23.4.6 Plants as Factories 

The development of plant transformation can be viewed in three 
stages: 

I. Establishing the technology of introducing genes into plants 
and obtaining high levels of expression 

2. Utilizing genes that protect plants from external hazards 
for the improvement of crop yields 

3. Using transformed plants as factories for producing new 
and modified proteins 

Some of the genes that have been introduced, their source and 
recipient species, and the reason for their introduction are listed in 
Table 23.8, where the major use is to provide new sources of spe
cific commercial products. Potato tubers are especially emphasized, 
given their ease of harvesting. Improvements in the protein quality 

Table 23.7. Production of Transgenic Plants Modified to Express Antisense Genes by Deliberate Insertion of cDNA in the Reverse Direction 

Enzyme cDNA 

Polygalacturonase 

Pectinmethylesterase 

ACC oxidase, deaminase, and synthase 

Prosystemin 
Stearyl ACP desaturase 
Thioesterase 
Chalcone synthase 

Starch synthase 
ADP-glucose pyrophosphorylase 

Fructanase 

Source 

Tomato 

Tomato 
Potato 
Tomato 
Melon 
Tomato 
Canola 
Canola 
Petunia 
Tobacco 
Gerbera 
Potato 
Potato 
Sweet potato 
Chicory 

Comment 

Increases bruising resistance because the antisense gene is transcribed at a higher rate 
than the sense gene, resulting in diminished cell-wall and pectin degradation. Used 
in "Flavr Savr®" tomatoes. 

Increases solids and dry-matter content. 
Delays ripening by degradation of ethylene precursors (see Fig. 23.16). 
Used in "Euromelon®" to extend shelf life and ripen on demand. 
Antisense DNA decreases systemin expression induced by wounding. 
Increases stearic acid production. 
Alters fatty acid content. 

Alters flower pigmentation. 
Dramatically alters flower pigmentation. 
Eliminates amylose from potato starch. 
Sweeter-tasting potatoes as sucrose is not converted to starch. 

Blocks postharvest conversion of fructans to fructose. 



Enzyme controlling step Biochemical pathway Means of blocking step 

Methionine 

S-adenosyt!thlonine (SAM) 

ACC synthase (ACCS) ! 1. degradation by SAM hydrolase 
2. production of ACC blocked by 

inserting antisense ACCS 

ACC oxidase (Ac~;mlnocyclopropa1-carboXYIiC :~i:::: with ACC deaminase 

Pectin 

Ethylene 
induces the production of 
poIygeIacturonase mRNA, 

which produces the enzyme 
PolygaiaClUronase (PG) 'J 4. insertion of antisense-PG 

blocks degradation of pectin 

soluble 
end-products 

Fig. 23.16. The genes and biosynthetic pathways controlling ethylene 
biosynthesis and ripening in tomatoes (middle column). Various of the 
enzymes (left) have been engineered as shown on the right, resulting in 
the production of the "Flavr Savr®" tomato and the "Euromelon®" 
with prolonged shelf life. 
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Fig. 23.17. The many and varied applications of genetic engineering to 
cotton improvement and use. Agronomic and quality parameters are 
listed on the left, the genes able to modify these characters in the 
middle, and the benefits that should accrue on the right. It should be 

noted that Agracetus Co. has been awarded a U.S. patent covering all 
genetically engineered cotton plants. (Adapted from John and Stewart, 
1992.) 
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of leaves of fodder crops for animal production are also easily 
accessed, as are attempts to improve the physiological response of 
crops to enhance their marketability. Some of the possible reasons 
and explanations for the transformation of cotton are shown in Fig. 
23.17 to illustrate the array of novel production and end uses for 
which the cotton plant may be suitable after appropriate genetic 
engineering. 

23.5 TRANSFORMATION IN CEREALS AND 
OTHEKCKOPS 

A major constraint on cereal-crop transformation is that only a few 
cells in monocotyledonous tissues are competent for both transfor
mation and regeneration. In contrast to dicotyledonous tissues, 
where the wound response is an important basis for regeneration, 
monocotyledonous tissues display either a rudimentary or no
wound response. Although Agrobacterium-mediated transforma
tion of cereals is now possible, the development has been relatively 
late and alternative methods have been investigated for inserting 
DNA into the cells of monocotyledons. These procedures generally 
require the use of electrical or explosive energy. 

23.5.1 Electroporation 

Electroporation, which renders cell membranes transiently 
permeable because of an electric shock, has been assayed as a 
means of transferring novel-gene constructs into cereal protoplasts 
and calli. Although rice (Oryza sativa) protoplasts have been suc
cessfully transformed by the bacterial gene hph (encoding hygro
mycin-B resistance) using this technique, the total-transformation 
frequency showed that only 0.1-0.6% of the clones subjected to 
selection with hygromycin-B were successfully transformed. The 
presence of the hph gene on a chromosome of the stable trans
formants was determined by analyzing the DNA of plants regener
ated from resistant calli. In these, the copy number of the integrated 
gene was estimated to be from 2 to 10 per diploid genome. Rice 
plants have since been successfully regenerated from leaf-meso
phyll protoplasts. 

23.5.2 High-Velocity Microprojectile 
Bombardment or Biolistics 

An alternative method for transforming plant cells is to blast 
microprojectiles coated with gene constructs into the cell, and pos
sibly the nucleus, by physically shooting the DNA into the cell. 
The first successful attempts used a blank cartridge to explosively 
project a nylon macroprojectile, with tungsten microprojectiles on 
its tip, toward a stopper plate, which was drilled to allow passage 
of the DNA-coated tungsten pellets while preventing the passage 
of the nylon projectile (Fig. 23.18). The cell targets were a few 
centimeters from the plate, allowing even dispersion of the pellets 
over a small area of tissue. Other systems use pressurized air or 
helium as a noncontaminating propulsive force, and even smaller 
gold pellets to effect the biolistic introduction. Using this technique, 
the successful transformation and regeneration of maize cells and 
the production of at least partially fertile, transgenic maize plants 
have been reported. Cells of embryogenic-maize suspension cul
tures were bombarded with microprojectiles carrying the bacterial 
gene bar. Stable integration of the phosphoinothricin acetyltrans
ferase (PAT) gene into the genome of transgenic plants was appar-
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Table 23.S. Introduction of New and Novel Proteins into Transgenic Plants 

Protein Source Recipient ObjectiVe/Comment 

(a) Commercial production 
a-Amylase 
Serum albumin (HSA) 

Cyclodextrin glycosyltransferase 
Glutamine synthetase 
,B-Conglycinin 
ADP-Glucose pyrophosphorylase 
Sucrose phosphate synthase 

Bacillus licheniformis 
Human 

Klebsiella 
Alfalfa 
Soybean 
Bacteria 
Maize 

E. coli 

Tobacco 
Tobacco 
Potato 
Potato 
Tobacco 
Petunia 
Potato 
Tomato 

Tobacco 

Industrial production of bulk enzyme in seeds. 

Commerical production of HSA in tubers. 
Commercial production of cyclodextrins. 

Increase starch content of tubers. 
Increase sucrose content and decrease starch content of 

mature fruit. 
Increase mannitol production. Mannitol dehydrogenase 

Acetoacetyl CoA synthetase and 
acetoacetyl CoA reductase 

Hyoscyamine-6-,B-hydroxylase 
Leu-enkephalin peptide 

Alcaligenes eutrophus Arabidopsis Catalyse steps in the production of poly-,B-hydroxybu
tyrate. 

Hyoscyamus niger Atropa belladonna Scopolamine production. 
Human Canola 

Arabidopsis 
Interferon Human Turnips Commercial production. 
Antibodies to TMY and 

nematodes 
Mice Tobacco Production of "plantibodies" in plants. 

(b) Nutritional improvement 
Yicilin Pea Tobacco 

Alfalfa Nutritional improvement. Adding the KDEL sequence 
increased vicilin production to 2.5% of the total leaf 
protein. 

Ovalbumin 
Zein 

Chicken 
Maize 

Tobacco 
Tobacco 

Nutritional improvement. 
Unstable in recipient. 

(c) Physiological improvement 
Glycerol-3-phosphate acyl

transferase 
ACC deaminase 

Squash 

Bacteria 

Tobacco 
Arabidopsis 
Tomato 

Chloroplast proteins improve chilling resistance by in
creasing the proportion of cis-unsaturated fatty acids. 

Delays fruit ripening through degradation of the ethylene 
precursor ACC (Fig. 23.16). 

Broccoli Controls ethylene production so that the crop stays green 
longer, improving transportability. 

Phytochrome-B Rice Arabidopsis Short hypocotyl phenotype and overexpression of phyto
chrome. 

Ribonuclease construct Fungus Plants 

RNase inhibitor Fungus Plants 

ently proven by appropriate backcrossing, followed by screening 
of the progeny for PAT activity. The presence of the bar gene was 
confirmed by DNA analysis. 

Similar methods have been used to transform wheat, one of the 
most recalcitrant of all cereal crops to transformation. Evidence 
that individual protoplasts and calli were transformed was the pres
ence of the blue-staining product resulting from l3-glucuronidase 
activity associated with resistance to both kanamycin and glypho
sate. Although this method provides the necessary conditions for 
transforming wheat, the ability to produce fertile plants from indi
vidual wheat protoplasts lags behind the successes achieved in other 
plants. Tissue bombardment is also being used to simplify the trans
formation of dicotyledonous crops, and the embryos of coniferous 
forest-tree species such as white spruce (Picea glauca) have also 
been transformed with this technology. 

With the use of an interesting combination of techniques, imma
ture embryos from rice, wheat and barley, and meristematic tissues 
of banana (Musa acuminata), a member of the monocotyledonous 
family Zingiberaceae, have now been transformed by Agrobacter
ium. Cells in the tissues to be transformed were initially punctured 

Destroys tapetal layer in anthers and induces male ste
rility. 

Counteracts ribonuclease construct and restores male fer
tility. 

by biolistic bombardment, left for a few days to develop biochemi
cal wounding responses, and then cocultivated with Agrobacterium 
and acetosyringone. 

23.5.3 Other Means of Plant 
Transformation 

A wide range of other procedures have been tried in attempts 
to produce larger numbers of transformed progenies. Among those 
that have been tested, with varying degrees of success, are the 
following: 

I. Inserting genes into viruses in the expectation that the vi
ruses will spread the genes throughout susceptible plants. 
Unfortunately, nonengineered viral genomes do not insert 
into the host genome. 

2. Fusing DNA-containing liposomes with tissue-culture 
cells, or directly injecting DNA-containing liposomes into 
tissue cultures. Although DNA can be inserted into cells 
by these methods, it is effectively degraded by nucleases 



in the cytoplasm, and if it escapes this fate, it is still unable 
to be transmitted through the nuclear membrane. 

3. Germinating seeds or soaking plant tissues in the presence 
of DNA. There is very little evidence that DNA can be 
simply absorbed through a normal cell wall and then trans
mitted, unbroken and undamaged, into the nucleus. 

4. Coating pollen grains with DNA prior to placing the pollen 
on the stigma of the flower for fertilization. There is little 
evidence that this method can be relied upon. 

5. Using polyethylene glycol (PEG) to promote DNA uptake 
into cells grown in tissue culture has had some success. 
Hygromycin-B resistance encoded by the hph gene was 
used to transform microspore-derived protoplasts of indica
rice using PEG-mediated DNA uptake. Analysis of the 
DNA from primary-transgenic rice plants and their off
spring showed that the plasmid was integrated into DNA of 
high-molecular weight, presumably chromosomal in origin, 
and that the hph gene was expressed in the leaves. Maize 
has also been transformed by this procedure. 

6. Directly injecting DNA into growing plants by macroinjec
tion. Given the apparent success of the original transforma
tion of rye plants by injecting DNA-containing solution 
into the region of the stem near the developing head, it is 
disappointing that this technique has not been particularly 
reproducible. 

7. Directly injecting DNA into cells and nuclei, using microin
jection and microscopic imaging, is an effective means of 
delivery. Even though only one cell can be treated at a time, 
the advantages are that the host cell and organelle can be 
deliberately selected, and the quantity of DNA delivered 
is adjustable. In cereals, there are the usual difficulties of 
proliferating plants from individual protoplasts, but in ani
mals, in which single egg cells or subordinate tissues can 

_1'VII'II1 macro projectile 

___ -=IIIL'5==-t==arg=el .. cells or tissue 

Fig. 23.18. A diagrammatic longitudinal section through a biolistic 
gun, designed for the high-velocity bombardment of plant and animal 
cells, with microprojectiles coated with DNA gene constructs. (Adapted 
from Klein et al., 1987.) 
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be injected, microinjection is the method of choice (see 
Section 23.6.4). 

23.6 TRANSGENIC ANIMALS 

Among the early examples of transgenic animals were mice that 
had been transformed with a rat growth-hormone gene. A cover 
photograph in the journal Nature (December 1982) showed a trans
formed mouse that was almost twice the size of its nontransformed 
sibling. Animals that have since been successfully transformed in
clude nematodes, Drosophila, sea urchins, frogs, and fish. On a 
larger scale, farm animals, including pigs, sheep, and cows, have 
also been transformed. 

23.6.1 Transformation in Animal-Cell 
Cultures 

Beginning in the late 1970s, animal-transformation research was 
principally concerned with problems related to gene expression and 
regulation in cells maintained in tissue culture. Electroporation was 
used to enhance transformation frequencies, a methodology closely 
allied to bacterial transformation, as were the genes involved. Usu
ally, the transgenes were introduced into cultures of embryo-de
rived stem cells extracted from mammalian blastocysts, but yeast 
and insect cell-culture systems also were favored for production 
of the complex proteins of higher eukaryotes, as these systems also 
produce the appropriate posttranslational modifications to the final 
product. Consequently, even though these cultured cell lines are 
incapable of development into organisms, they have formed the 
basis for the factory production of specific biochemicals. Some 
examples of the range of human genes currently being investigated 
for their suitability for cell-culture production are listed in Table 
23.9. As might be expected, protein production in cell-culture sys
tems can occasionally be inhibited through the accumulation of 
polypeptides in inclusion bodies or, as in plants, can completely 
lack activity due to deficiencies in posttranslational modifications 
and protein conformation. 

23.6.2 Mammalian Transfection 

Changes introduced by genetic engineering are little different 
from, and certainly complementary to, other genetic procedures 
for plant and animal improvement. The prominent gene for the 
production of metaIIothionein was used in many early animal-trans
formation studies, and since then, the many derivatives of this gene 
utilizing the metallothionein promoter alone (Fig. 23.19). Gene 
constructs under the control of this promoter are induced by surges 
of heavy metals. Other genes and other genetic constructs that have 
been used to transform animals are described in Table 23.10. 

Apart from the biotechnological aspects of animal transforma
tion, mostly to produce compounds of therapeutic interest, animals 
have also been transfected to introduce physiological changes such 
as improvements in growth rates and the efficiency of food conver
sion, to improve defective characters, or to generate animals with 
improved characteristics. The major difficulty with mammalian 
transformation lies in transformed cells that are subsequently capa
ble of generation or regeneration into a complete animal. A number 
of methods have been tried and tested for animal transfection with 
the aim of introducing a new gene either directly into the fertilized 
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Table 23.9. Biotechnological Aspect of Recombinant Transgenesis with Some of the Organisms and Cell Lines Used to Produce Human Proteins 

Proteins 

Immunomodulators 
Interferons. a. fJ. X 
Interleukins, -I. -2, -3, -6 

Hormones 
Human-growth hormone (hGH) 
Somatostatin 
Calcitonin 
Chorionic gonadotrophin 
Luteinizing hormone 
Relaxin 
Insulin 
Proinsulin 
~Endorphin 

Insulinlike growth factors 
Growth factors (GF) 

G- and M-colony stimulating factor 
Fibroblast GF 
Epidermal GF 
Platelet-derived GF 
Connective-tissue activator 
Plasminogen activator 
Angiogenin-inducing factor 
Fibronectin 
TGF a and fJ 
Lactoferrin 

Blood proteins 
Human-serum albumin 
Hemoglobin 
Antithrombin m 
Factor vn 
Factor vm 
Factor IX 
Factor xm 
Urokinase 
Prourokinase 
Streptokinase 
Hirudin 
Protein C 
Thrombomodulin 
Alpha-I-antitrypsin 
Apolipoproteins 
Platelet factor 4 

Inhibitors 
Mullerian-inhibiting substance 
Elastase inhibitor 
Lipocortin 1 
Leucocyte-protease inhibitor 

Enzymes 
Lysozyme 
SOD 
Rennin 
Gastric Lipase 

Vaccines 
Hepatitis B 
Whooping cough 
Malaria 

E. coli 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 

Note: Those genes used to transfect other animals are also indicated. 

Organisms/Cell Lines Being Used to Express Protein 

Fungi" 

Y 
Y 

Y 

Y 
Y 

Y 
Y 
Y 

Y,P 

Y 
Y 
Y 
Y 

Y 

Y 
Y 
A 

Y,P 
Y 

Y 
S 

Y 

P 
Y 

Y 

S 
Y 

Y 
Y,P 

Y 

Y,P 

Y 

Cell Lines" 

MU,Mn 
SAC,CHO 

CHO. SAC 

Mu 
Mu 

CHO 

SAC 

SAC 

CHO 

SAC,CHO 

SAC 
SAC 

SAC 
Mn 

CHO 

SAC 
CHO 

CHO 

Other Organisms 

Mice 

Potato, tomato 
Mice, pigs 

Sheep 

Sheep 

a Y = Saccharomyces cereviseae; S = Schizosaccharomyces pombe; P = Pichia pastoris; A = Aspergillus oryzae; SAC = surface-adherent cells; CHO = Chinese-hamster 
ovary cells; Mu = Murine cells; Mn = mammalian cells. 

Source: Adapted from Hodgson (1993). 



mouse immunoglobulin heavy chain enhancer 

mouse metallothlonein-1 promoter 
recombinase recognition sequenoes from 
immunoglobulin Vx region 
ATG initiation codon and surrouncing 
sequences from rat proinsulin gene 
recognition sequences from Invnunoglobulin 
Jx region 

E. coli xanthine-guanine phosphoribosyl 
transferase 

mANA splicing signals from SV40 

poIyadenylation signals from SV40 

Fig. 23.19. The pHRD transgene for mammalian transgenesis, using a 
combination of mouse, rat, bacterial, and SV40 DNA segments. The 
addition of a heavy metal to the transformed animal switches on the 
metallothionein promoter, inducing production of the transferase. 
(Modified from Engler et aI., 1991.) 

ovum or, more indirectly, into the sperm that will fertilize the ovum. 
By whatever means, the gene has to be transmitted through the 
relatively impermeable cell membrane and into the cell nucleus 
before it can be incorporated into the host genome. 

23.6.3 Retroviral Vectors 

Among the biological techniques, the use of retroviral vectors 
was for some time the only such method. However, although retrov
iruses are very efficient at inserting foreign DNA into cells and 
expressing that DNA with high efficiency, they have so far been 
fairly ineffective in the production of transgenic animals. Some of 
the reasons limiting the effectiveness of retroviruses for this pur
pose include the following: 

1. Special containment facilities are required to work with 
retroviruses. 

2. Retroviruses are incapable of self-replication, and compli
cated host-vector constructs are required for their use. 

3. When integration does occur, the inserted gene is com
monly flanked by long, terminal-repeat sequences, which 
often interfere with the expression of the gene itself. 

4. Integration occurs in multicelled embryos, so that not all 
founder cells are transfected, reducing the efficiency of fu
ture germline transfer. 

5. The presence of retroviruses in transgenic animals is a se-
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vere restraint to the use of that animal for human consump
tion. 

To overcome these defects, the physical introduction of DNA 
into the nucleus using direct microinjection was developed. 

23.6.4 l'Iicroinjection in Animals 

Most transgenic animals have been produced by the direct injec
tion of DNA into the male pronucleus of fertilized, one-cell eggs 
(See also Fig. 20.22, Chapter 20). Whereas this methodology is 
somewhat limited due to the difficulties in being able to observe and 
directly inject DNA into the nucleus, microinjection is presently the 
method of choice. The technical steps involved are as follows: 

I. Several hundred copies of linearized, cloned genes are sus
pended in a small volume of buffer and injected directly 
into the nuclei of one-celled embryos, using a glass micropi
pette. Commercial equipment and micromanipulators are 
available for this purpose. 

2. Viable embryos that have withstood the injection and have 
continued cell division are reimplanted into the uterus of 
pseudopregnant females to develop into progeny. 

3. DNA is extracted from tissue samples of the presumptive 
"transgenics" and analyzed to confirm the presence of the 
heterologous gene. 

4. Confirmed transgenics are raised for further study. 

Although this sounds relatively simple and straightforward, an 
example of the actual success rate of these and related procedures 
is listed in Table 23.11. In large animals, the percent success rate, 
from microinjected ovules to transgenic organisms, is of the order 
of 0.08%. It is also technically difficult to genetically transform 
large animals for the following reasons: 

(a) The ova are more opaque as a result of a high-lipid content. 

(b) Major surgery is required to obtain small numbers of re
cently fertilized ova. 

(c) After microinjection, the ova need to be surgically im
planted into synchronous recipient animals. 

Furthermore, even though confirmed transgenics may correctly 
express the introduced gene in the correct and/or desired tissues 
of the new host, there may be novel and unexpected effects else
where in the organism. For example, when bovine-growth hormone 
was transformed into pigs, there was a significant improvement in 
daily weight gain, feed efficiency, and changes in carcass composi
tion, including a reduction in subcutaneous fat. At the same time, 
unfortunately, the transformation induced a number of detrimental 
effects, including gastric ulcers, arthritis, cardiomegaly, dermatitis, 
and renal defects. This study included two successive generations 
of two lines of transgenic pigs, which were selected for homozygos
ity of the introduced gene. Further studies on these animals sug
gested that it might be possible to minimize the deleterious effects 
by using pigs with different pedigrees or changing the pig-husban
dry methods. 

The transformation of farm animals raises the possibility that 
it may be efficient to produce novel proteins in large animals, using 
the obvious lactation systems of bovines and ovines, which are 
capable of producing several liters of milk per day. This requires 
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Table 23.10. Transgenesis in Animals for Genetic Change 

Gene Source Recipient Comments 

(a) Entire gene sequence 
AaIT Scorpion Mouse fibroblast cells 

Wolffish Drosophila Retained full biological activity. Antifreeze protein 
,B-globin Rabbit Xenopus oocyte 
,B-gal 
Growth hormone 
Growth hormone 
Growth hormone 
Egg-white lysozyme 
a- and ,B-globin 
tRNAleu 

Erythropoietin 
Lysozyme 

(b) Hybrid gene constructs 
Ovine f3 -lactoglobulin promoterlhuman 

a- I -antitrypsin (halAt) gene 
halAT gene 

Bovine a-S I-casein promoterlhuman 
urokinase gene/casein poly (A) 
terminator 

Murine metaIlothionein promoter/ 
herpes simplex virus (HSV)
thymidine kinase gene and 
downstream sequence (pMK) 

Carp ,B-actin promoter/CAT/salmon 
growth hormone poly(A) terminator 

pHRO transgene containing E. coli 
xanthine-guanine phosphoribosy I 
transferase 

E. coli 
Rat 
Rat 
Human 
Hen 
Human 
Yeast 
Human 
Chicken 

Fish 
Mice 
Fish 
Fish 
Mice 
Mice 
Rabbit 
Mice 
Mice 

Mice 

Sheep 

Mice 

Mice 

Zebrafish 

Mice 

the introduction of genetic constructs specifically devised to be 
activated in the milk-producing glands of mammals, so that the 
new product can be simply extracted from the milk. Consequently, 
genes constructed for these systems generally include the activators 
and promoters of genes that are already producing milk proteins. 

Physical microinjection has been used to insert human meta
phase-chromosome fragments in mouse-egg cells, without cloning 
specific gene sequences. The success of this procedure was evalu
ated using biotin-labeled satellite DNA sequences that specifically 
assay human-chromosome centromeres. Increasingly, biolistic-

Table 23.11. Success Rate of Bovine Transgenesis 

Stage in Transgenesis Process 

Oocytes extracted 
Matured oocytes 
Fertilized egg cells 
Successfully injected 
Survived 
Successful cleavage 
Transferred to foster-mothers 
Successful pregnancies 
Gene integration 

Source: Modified from Krimpenfort et a1. (1991). 

Number 

2470 
2297 
1358 
1154 
981 
687 
129 
21 

2 

The first transgenic animals. 
Use of promoter sequences from fish improves activity. 
Now successful in many species. 

Produced HbS, human sickle cell hemoglobin, in the mice. 

Function and tissue expression of trangene. 
Lysozyme expressed specifically in macrophages, indepen

dently of its chromosomal position. 

Mice yielded up to 7 gil of active halAT. 

Four (out of six) trangenic ewes produced up to 35 gil of 
halAt in milk. Seven (GJ) daughters of transgenic ram 
secreted at least 15 gil. Two G2 ewes produced similar 
amounts. 

Secreted 1-2 gil of human urokinase in milk. 

Thymidine kinase gene transmitted only by female mice. 

High level of gene expression using piscine regulator. 

Methylation of introduced genes 

bombardment methods are being used to transform mammalian 
cells and tissues. 

23.6.5 Homologous Recombination 
for Gene Introgression 

The biological transfer and integration of genes by homologous 
recombination is becoming increasingly important. Cloned genes 
that have been genetically modified are permanently introduced 
into chromosomal DNA by recombination between the original 
chromosomal DNA and the corresponding cloned, homologous 
DNA sequences. With such precise gene targeting, any modifica
tion of a cloned gene should be able to be directly introduced into 
the genome of the host organism at the original locus for that gene. 
This procedure removes variables such as the integration of the 
cloned DNA fragments into random sites throughout the genome 
and the formation of the novel DNA product at sites and in tissues 
that are inappropriate. 

In animals such as mice, the technique normally involves the 
introduction of the cloned, modified gene into embryo-derived stem 
(ES) cells (Fig. 23.20). In most of these cells, the vector inserts 
randomly. However, in some cells, the target vector manages to 
pair with its homologous, chromosomal DNA sequence, so that the 
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Fig. 23.20. Homologous recombination in mice, whereby a gene 
introduced via a plasmid is transformed into genomic DNA thtough 
common DNA sequences at either ends of both sequences. 

modified gene is incorporated into the original genome. The cells 
that have undergone homologous recombination are then selected, 
multiplied by direct screening, injected into blastocysts, and im
planted in foster mothers. In tum, the chimeric progeny of these 
females are reared, intercrossed with normal mice, and their prog
eny selected for homozygotes carrying the modified gene (see Fig. 
23.20). The essential skill is in being able to select for the specific 
stem cells in which homologous recombination has occurred, al
though there are a number of ways in which this can be done, one 
of which is by insertional mutagenesis; that is, when a modified 
transgene is inserted into a functioning gene, the lack of product 
of the normal gene or the defective product of the mutated gene 
allows the function of the normal gene to be analyzed and de
scribed. Alternatively, sequence-replacement vectors can be used 
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that insert the whole target vector into the chromosomal locus, 
replacing the normal DNA sequence with the novel sequence. Such 
specific-gene targeting may be used to create dominant, negative 
mutations, which block the production of protein products from 
mutant genes by interfering with the normal function of other genes. 
The possibility that normal genes can be introduced via pluripotent 
embryo-stem cells into the somatic tissues of a developing organ
ism, which has an inherited mutant version of the original gene, is 
currently an active area of research. 

23.6.6 Antisense Oligonucleotides 

These are short pieces of nucleic acid that recognize and bind 
to specific mRNAs, thereby blocking the translation of the messen
ger into polypeptide product. In animals, it has frequently proven 
difficult to keep the antisense molecule tightly bound to the RNA, 
and protein synthesis is often incompletely blocked. Even so, anti
sense oligonucleotides have been used to inhibit the growth of the 
papilloma virus that causes genital warts. It is also possible for 
antisense drugs to be mixed with the leukemic cells of bone marrow 
and, after the remaining marrow has been destroyed with chemo
therapy, transplanted back into the organism to restore the immune 
system. Experiments of this type have been carried out in a range 
of mammals, including humans. The alternative to antisense 
suppression of a gene product is sense suppression, where the pro
duction of gene product from an additional copy of the respective 
gene causes interference, and an overall reduction in the amount 
of gene product. 

The ability to inhibit the expression of defective-gene products 
may also be carried out using ribozymes, which are catalytic RNA 
sequences designed to cut specific pieces of mRNA (see Chapter 
20, Section 20.2.3) and which are being designed to attack the 
RNA of viruses that infect humans. In addition, it may be possible 
to design oligonucleotides that bind to specific mRNA sequences, 
allowing the natural enzyme RNAase-P to cleave the target double
stranded RNA construct. 

23.6.7 Transfer of Mice Technology 
to Larger Animals 
and Humans 

The use of mice in transformation experiments allows basic 
molecular-genetic studies to be carried out in the laboratory. The 
database created in this way can then be used to benefit larger 
animals such as pigs, cows, goats, and sheep, providing an alternate 
use for these animals in addition to their traditional uses as sources 
of meat, milk, or fiber. The technology is also available for applica
tion to humans. 

As an example, the ability to treat mice successfully for a disease 
such as sickle cell anemia, could well lead to improved techniques 
for the control of this genetic disease. For this purpose, two vectors 
carrying the human genes for a- and ps -globins were introduced 
into mice. The transgenic mice not only synthesized human sickle 
cell hemoglobin but exhibited many other symptoms of the disease, 
including sickling of the red blood cells when deoxygenated and 
general spleen defects. The development of a successful treatment 
for this genetic disease through the use of transformed mice would 
be of great significance. For similar reasons, the introduction into 
mice of oncogenes that are directly or indirectly involved in the 
development of human cancers is also being studied. 

These and many other genes that can interfere with the perpetua-
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a. transformed mice (line 1) containing gene 
construct with a defective target gene that is not 
expressed because of the inactive promoter 

inactive 
promoter 

yeast activator 
gene, GAL4, 
transacting defective gene 

b. transformed mice (line 2) containing a second 
construct with the activator gene sequences 

active 
promoter GAL4 

c. genotype of hybrid mice produced by crossing 
Line 1 and line 2 parents. The active promoter 
switches on the transacting GAL4 resulting in the 
production of defective gene product 

active 
promoter GAL4 

defective product 

Fig. 23.21. A binary mouse system designed to perpetuate what would 
otherwise be defective or lethal phenotypes. The conformation must be 
able to interact in transposition. 

tion of genetic traits by causing the development of sublethal or 
lethal phenotypes, might also be maintained synthetically. The so
lution is to develop transformable gene constructs, which by them
selves are ineffective and correspondingly simple to maintain, but 
when added together through normal crossing, cause the defective 
phenotype. These constructs would be used to produce two geneti
cally engineered parenta1lines, which are in themselves viable but 
express the defective or lethal phenotypes in their hybrid progeny. 
An example of such a system is shown in Fig. 23.21. 

23.7 DELETION OF UNrmCBSSAKY GENES 

Throughout this chapter, we have seen how novel genes are trans
formed into plants and animals. However, because of the necessity 
to transform both scorable and selectable genes to ensure that the 
transformation has been successful, unwanted genes such as those 
conferring resistance to antibiotics may also be transferred. If the 
products of these genes are unacceptable, as is possible, for exam
ple, with food products, it may be necessary to remove the se
lectable genes before the transformed product can be used. The 
presence of anyone selectable marker also precludes the use of 
that marker in subsequent transformations. In most situations, the 
use of genetic recombination as a means of breaking the linkage 
between a wanted and an unwanted gene is highly unlikely, because 
the genes present in single constructs are so intimately linked. 

Moreover, several copies of the construct may have been inserted. 
Assorted methods have been developed to overcome this problem. 

23.7.1 Removal of Genes Using CKB/LOX 
Recombination 

A system known as CREILOX has been devised and tested for 
the removal of specific marker genes. The system involves the 
introduction of enzymic scissors, CRE, produced by the gene con
trol of recombination (ere), and originally obtained from bacterio
phage Pl. The CRE enzyme excises DNA sequences located be
tween a pair of identical 34-base-pair DNA sequences called locus 
of crossing over (Lox), by catalyzing the exchange of sequences 
flanking the LOX sites. Thus, if the introduced marker gene is first 
positioned between two Lox sequences, organisms that have been 
successfully transformed with the marker gene can be crossed to 
sister lines transformed with ere. In these hybrids, the CRE enzyme 
excises the marker gene, leaving only the desired gene behind. If 
necessary, the ere gene can itself be deleted in later generations, 
leaving only the wanted gene in the transformed organism. Al
though this system clearly has potential in that early results reported 
the loss of marker in about one-quarter of an F2 progeny, this 
turned out to be a quasi-genetic rather than an actual F2 segregation, 
because the two genes and the CREILOX reaction were present in 
the F I plant, and not all of the marker genes were, in fact, deleted. 
It has since been found that this reaction was related to the fact 
that different CRE transformants give differing levels of chimerism 
in F1individuals. 

23.7.2 Removal of Genes Using Maize AciDs 
Transposable Elements 

Optionally, if the selectable marker cotransformed along with 
a desired gene can be shifted elsewhere in the genome, it can be 
removed by simple crossing over. Such genomic shifts are possible 
using suitably modified elements of the maize AcIDs transposon 
system (see Chapter 7, Section 7.5). Two types of vector have been 
designed to utilize this system, both inserted between right- and 
left-handed T-DNA borders. One of the vectors encloses the gene 
of interest between inverted-repeat Ds elements, and the second 
vector encloses the selectable marker gene between inverted Ds 
elements. In the presence of an Ac element comprised of a transpo
sase gene and the same two inverted repeats, so that, in effect, the 
Ds elements are Ac elements without the transposase gene, genes 
within the Ds elements are transposed to other locations throughout 
the genome and are thereby genetically separated. The individual 
components can then be selected or deleted by chromosomal cross
ing over. The Ac transposase can itself be included within the 
transformed T-DNA. 

23.8 POST-TRANSFORMATION CONI'KOL 
OF TKANSGBNES 
AND GENETIC SILENCING 

Even though specific transgene sequences are proven to be present 
in transformed plants, the presence of multiple copies of homolo
gous transgenes can lead to the genetic silencing of some or all of 
the copies, with two effects. First, it creates major problems through 
the unwanted silencing of transgenes in plants known to be success-



fully transformed. Second, it raises the question of how plants regu
late gene expression. 

The evidence for genetic silencing has gradually accumulated 
from the results of what would otherwise be unrelated experiments 
(see Chapter 16, Section 16.9). Among these were experiments in 
which attempts to increase the number of copies of a particular 
gene sequence often resulted in a reduction in the expression of 
that gene. This occurred not only when multiple, linked copies of 
a gene construct were inserted as a single unit but also when the 
same gene sequence was inserted on different occasions, using 
different antibiotic-selector genes with the same promoter. Genes 
on the first construct were then found to be inactivated through 
methylation (see Chapter 17, Section 17.2). Again, when sense 
copies of genes were introduced as controls for the insertion of 
antisense DNA sequences, it was often found that both constructs 
were just as effective in silencing the endogenous genes. Finally, 
when sense genes, under the control of strong promoters, were 
introduced in attempts to overexpress endogenous genes, the 
expressions of both the transgene and the endogenous genes were 
commonly completely abolished. Further work has shown that the 
phenomenon of homology-dependent genetic silencing can be 
caused by regions of homology within promoter DNA sequences, 
gene-coding regions, or both (discussed in Chapter 17, Section 
17.2). 

23.9 MENDELIAN INHERITANCE 
OF 1K.ArfSFORMED DNA 

Finally, whether in plants or animals, the definitive expression of 
genetic transformation must lie in the knowledge that the trans
formed gene has the ability to be transferred from one generation 
to another. The supposition is that the introduced genes are fixed 
in position within a single chromosome, allowing them to be geneti
cally mapped with respect to preexisting genes on that chromo
some. Although scorable, selectable, and DNA markers have been 
used to determine the presence of new genes in transformed plants 
and animals, and their progenies, few transformed gene been defini
tively mapped. Even the number of generations through which 
transformed genes are inherited remains in a state of flux. In addi
tion, although some researchers have reported that the new DNA 
sequences are transmitted in a Mendelian fashion, the actual genes 
may not be expressed. In even fewer instances is there data showing 
that Mendelian inheritance has occurred. 
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24 

Organisms of Importance to Genetics 
and Cytogenetics 

• Organisms that are of major significance to the study of genetics and cytogenetics are characterized. 

• The reasons for the genetic importance of these species are summarized. 

In classical and molecular cytogenetics, and in all the subdivisions 
of genetics generally, scientific progress has often depended on 
the unique properties of particular organisms that have allowed a 
particular process or structure to be clearly observed or visualized. 
In this final chapter, we describe some of the organisms that have 
been intensively studied by geneticists and cytogeneticists, empha
sizing the diversity and range of features for which particular organ
isms have been investigated. Whereas many of these organisms 
are of economic importance, others are examples of a certain type 
of organism that is useful in genetic research and the study of 
chromosomes generally. 

Some approximations are relevant to this chapter. In general 
terms, I picogram (pg) of DNA contains about 1.17 X 109 nucleo
tide base pairs, and reciprocally, I X 109 bp = 0.85 pg. In addition, 
a mass of I pg of DNA has a molecular weight of 6.1 X 1011 D, 
and, freely extended, a length of about 30 cm. At the gene level, 
a triplet codon codes for one amino acid and an average enzyme 
or protein polypeptide chain is encoded by 1000-2000 nucleotide 
base pairs (bp). In the protosome of the bacterium Haemophilus 
injluenzae, a total of 1749 genes are contained within a genome 
of 1,830,121 bp. In eukaryotes, the presence of introns between 
coding exons can add several thousand nucleotide base pairs, al
though the introns are excised before transcription. Some genes 
may also be present in multiple copies, up to several thousands in 
some cases. 

24.1 BACTERIOPHAGE A (A BACTERIAL 
VIRUS) 

24.1.1 Description 

Bacteriophages such as phage A (Fig. 24.1) are viruses that code 
for bacteriocins which are toxic to specific bacteria in order to 
enhance their pathogenicity. Their presence or absence is com
monly equated with the presence or absence of specific characteris-
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tics conferred upon the bacterial host. These include resistance to 
antibiotics and differing nutritional requirements. 

24.1.2 Genome Size 

A circular, double-stranded DNA molecule, 48,502 bp in length. 

Gene number: 62. 

24.1.3 Features of Interest to Genetics 
and Molecular Biology 

Bacteriophage A was originally discovered in the K12 strain of 
E. coli, in which it was first recognized and described as the F 
factor. The phage was completely sequenced in 1982. The strain 
that was sequenced was AC lindl ts857 S7, which differs from the 
wild-type by mutations in three genes, indl to ind+, clts857 to 
cl+, and Sam7 to S+. In general, bacteriophage A has two sets of 
genes, one for lytic growth, the other for lysogenic growth. These 
genes are grouped into operons, with the lysogenic operons in
volved in the production of head and tail proteins, recombination, 
immunity, and DNA replication. The regulatory genes Nand Q are 
also required. The amino groups of adenine and cytosine are usually 
methylated, presumably to reduce bacterial nuclease attack. 

After insertion of the linearized bacteriophage DNA into the 
host cell, a host DNA ligase seals the ends of the DNA to re-form 
a circular DNA molecule. This DNA may then replicate indepen
dently, using bacteriophage A proteins and host DNA replication 
enzymes, or become inserted into the bacterial protosome as a 
prophage. This insertion is effected between a host attachment site, 
attB, located between the galE and bioA operons of the E. coli 
protosome, and the bacteriophage A-specific attachment site, aUP. 

It can then be replicated for many generations in time with replica
tion of the protosome. Excision of the prophage requires two en
zymes, the original bacterial host integrase in combination with 
bacteriophage A excisionase, an enzyme that is normally suppressed 
by a bacteriophage A repressor molecule. For the lytic life-style, 



the DNA between the genes J and attP can be replaced or modified 
by the addition of new genes. Modifications to this region allow 
bacteriophage ,.\ to be used as a cloning vehicle. 
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Fig. 24.1. Phage A and the insertion and excision of prophage A into 
and from a bacterial protosome. 

24.2 ESCIIERlCIIIA COLI (COLIFOM 
BACIERIlJM) 

24.2.1 Description 
Escherichia coli is classified as a gram-negative rod bacterium 

of the family Enterobacteriaceae (Fig. 24.2). Gram-negative bacte-
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Fig. 24.2. A cell of E. coli and a simplified version of its protosome. 

ria are characterized by the presence of multilayered cell walls, the 
outer layers of which are composed of a roughly textured lipopoly
saccharide membrane that is relatively permeable to the Gram stain. 
E. coli was originally isolated from the hind-gut of the oriental 
cockroach and is a relatively harmless member of the intestinal 
flora of most mammals. No records are available to elucidate the 
evolutionary history of enteric bacteria such as E. coli, so that 
most of the recent advances in establishing relationships between 
bacteria have been obtained from comparative amino-acid-se
quence data of related proteins and enzymes, and nucleotide-base
pair sequence data. 

24.2.2 Genome Size 
DNA content: A circular molecule containing 0.0044 pg of 
DNA. 

Length of protosome: 4.2 X 106 bp = 1.36 mm. 

Gene number: - 4000. 

24.2.3 Features of Interest to Genetics 
and Molecular Biology 

Although both vertical and horizontal transfers of genetic infor
mation can occur (i.e., from one generation to the next or between 
sibling cells, respectively), the patterns of bacterial evolution are 
predominantly vertical. This is because horizontal gene transfer and 
recombination are probably rare-though not unique-in natural 
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populations. Although natural populations of E. coli may be evolu
tionarily stable, DNA sequences can be introduced in three ways: 

1. By transformation, in which fragments of free DNA insert 
directly into competent recipient cells. 

2. By transduction, in which DNA is transferred from one cell 
to another by viral phage particles, such as bacteriophage 
A. 

3. By conjugation, whereby DNA is transferred by direct con
tact between the host and the recipient cells, and both proto

. somal and plasmid DNA can be transferred in this way. 
The original genetic maps of the E. coli protosome were 
developed by investigating the length of time it took for 
genes to be transferred from one bacterium to another, start
ing at the point of origin (ori) on the bacterial protosome. 

The overall details of DNA replication and control of gene 
expression were revealed in E. coli using a combination of muta
tional and genetic analyses. In addition, most of the routine gene 
manipulations that form the basis for molecular biology are carried 
out in E. coli because of the enormous microbiological background 
known about this organism. The first cloning of eukaryote DNA 
utilized E. coli and a plasmid, pSCI01, that was found in certain 
strains of the bacterium. More recently, large segments of eukaryo
tic genomic DNA, approximately 100,000 bp in length, have been 
introduced into E. coli as so-called bacterial artificial chromosomes 
(BACs). 

24.3 SACClfAROMYCES CEREVlSIAE 
(BREWER'S YEAST) 

24.3.1 Description 

Yeast is an ascomycete fungus (Fig. 24.3). S. cerevisiae is uti
lized in producing food products such as bread and fermented 
drinks. This is because yeasts are capable of both respiration in 
the presence of oxygen and anaerobic fermentation in its absence. 
The former is used to manufacture new yeast cells and produce 
CO2 and is of great importance to the bread-making process. The 
latter is of great importance to the manufacture of beer, wine, and 
spirituous liquors through the conversion of sugars to alcohol. The 
former relies on the ability of mitochondria to produce A TP for 
growth, whereas in the latter, ATP is obtained from the conversion 
process. For this reason, the mitochondria of S. cerevisiae are also 
well studied, the best known mutants being those that result in the 
formation of "petite" morphological colonies which completely 
lack mitochondria. It is of interest that most yeasts also contain 
multiple copies of an autonomously replicating 2 JLffi circular DNA, 
of unknown function, which has been used to introduce new genes 
into yeast. S. cerevisiae is only distantly related to the fission yeast 
Schizosaccharomyces pombe, which has three pairs of chromo
somes. 

24.3.2 Genome Size and Karyotype 

Chromosome number: 2n = 32. Individual chromosomes are 
designated from I to XVI, with left (L) and right (R) arms. 

2C DNA content: 0.3 pg. 

lC DNA content: 12.06 X 106 bp. 

1l'1li 

chromosome II III IV V VI VII VIII 

size in kb 240 820 320 1200 280 280 1100 570 

chromosome IX X XI XII XIII XIV xv XVI 

size in kb 440 750 670 1080 930 790 1100 950 

Fig. 24.3. A yeast cell with a numerical karyotype of its haploid set of 
16 chromosomes. (Abstracted from http://genome-www.stanford.edulcgi
binlSGD/pgMAPIMAP). 

Gene number: - 6,000. 

24.3.3 Features of Interest to Genetics 
and Molecular Biology 

Saccharomyces cerevisiae is of continuing benefit to the study 
of genetics. Individual cell cultures, whether haploid or diploid, 
normally reproduce through asexual budding. Under certain condi
tions, haploid cells of different mating strains fuse to form diploid 
budding cells that can, in tum, be induced to undergo meiosis, 
resulting in a tetrad containing four haploid ascospores, two of 
which are of mating type a, the other two of mating type a. In cell 
fusion and the re-formation of diploid cells, a-type ascospores can 
only pair with a-types. The individual cells of the tetrad can be 
isolated by micromanipulation and grown separately. Because the 
wild-type fungus can be cultured and grown on a relatively simple 
medium, a large collection of biochemical, auxotrophic, tempera
ture-sensitive, mating-type, and morphological mutants have been 
isolated. Genetic mapping is commonly performed by tetrad analy
sis, during which the four ascospores are separated into parental 
and nonparental tetrads, or into tetratypes, which indicate crossing 
over and linkage. Mitotic crossing over also occurs naturally in 
this fungus but is increased with ultraviolet (UV) light. 

The majority of yeast genes and DNA sequences can now be 
located without genetic mapping. This is because gene probes can 
either be hybridized to Southern blots of whole chromosomes sepa-



rated by pulse-field gel electrophoresis-so-called chromoblots 
-or, as most if not all of the yeast genome has now been cloned 
into bacteriophage A vectors, to the array of DNA clones immobi
lized on filters. Furthermore, while the entire nucleotide sequence 
of chromosome ill was first determined, the entire genome, all 
16 chromosomes, has now been completely sequenced, providing 
unambiguous locations of all genes and ORFs, although not all the 
functions of these have been identifiable. 

Molecular-genetic studies of yeast have been of great use in 
elucidating the cell cycle, the structure of centromeres and te
lomeres, and phenomena such as telomeric silencing, by which 
genes inserted adjacent to poly-(GI_3T) tracts are transcriptionally 
repressed. With the use of yeast artificial chromosomes (YACs), 
large segments of eukaryotic chromatin from other organisms are 
being introduced into yeast cells for cloning purposes. Because 
homologous Y ACs undergo relatively normal meiosis and recom
bination, Y AC libraries are now being used to clone the entire 
genomes of other eukaryotes. 

24.4 ARABIDOPSlS TlIALIAl'lA (THALE WEED 
OK WALL CRESS) 

24.4.1 Description 

Arabidopsis thaUana is a small flowering plant native to Europe, 
Asia, and northern Africa (Fig. 24.4). The species is a member of 
the family Cruciferae, which contains a number of interesting crops 
such as Eutrema wasabi (wasabi), Nasturtium officinale (water 
cress) and Raphanus spp. (Radish), as well as the significant oilseed 
crops B. nigra (black mustard), B. campestris and B. napus (rape
seed and canola), and B. juncea (mustard). A variety of horticultural 
crops such as cabbage, turnip, swede, and rutabaga also occur in 
this family. These, most likely, share a high degree of genomic 
collinearity with the Arabidopsis genome, and so are particularly 
well suited to genetic engineering through the introduction of gene 
sequences recognized in their weedy relative, A. thaUana. 

24.4.2 Genome Size and Karyotype 

Arabidopsis has one of the smaller genomes of the plant king
dom and some of the smallest chromosomes, averaging only 
14 Mb in length. 

Chromosome number: 2n = 10. 

2C DNA content: 0.45 pg. 

IC DNA content: 70 X 106 bp. 

Map length: - 600 cM. 

24.4.3 Features of Interest to Genetics, 
Cytogenetics, and Molecular Biology 

Originally, A. thallana was investigated genetically to discover 
nutritional mutants similar to those that had previously been found 
in biosynthetic studies of yeast and bacteria; these mutants required 
the addition of specific amino acids, vitamins, and other nutrients 
for growth. A. thaliana has now become widely recognized as the 
model for the study of plant development and genome organization 
because of its small size, ability to thrive at high sowing densities, 
the presence of self-pollinating hermaphrodite flowers, the ease 
with which seed can be obtained by cross-pollination, a relatively 
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Fig. 24.4. Arabadopsis thaliana and its chromosomes. The scale in the 
drawing of the plant refers to the complete plant on the left. 

prolific seed set, and a short life cycle (5 weeks in suitable condi
tions). The small genome has also helped to make Arabidopsis a 
valuable experimental organism in that only small quantities of 
repetitive DNA sequences are present and the distance between 
genetic markers is correspondingly decreased, with I cM being the 
equivalent of only 160,000 bp. 

The impact of Arabidopsis on plant molecular biology is of 
great significance because of the following attributes: 

1. The five chromosomes are now well mapped with a combi
nation of morphological, developmental, and metabolic 
genes, and an array of DNA markers. The chromosomes 
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and their anns are being sequenced in a coordinated ap
proach by laboratories throughout the world. A 1.9 mb con
tiguous sequence of chromsome 4 was analysed by 1998. 

2. A statistically complete coverage of the entire genome in 
the form of DNA sequences cloned into bacteriophage I, 
cosmid, YAC, and BAC libraries is now available. 

3. Transformed plants of Arabidopsis are readily produced. 

4. Transposable-element mutagenesis is possible to determine 
gene function. 

5. Arabidopsis contains representatives of all of the genes that 
are necessary for normal plant growth and development, as 
well as genes that are common to varied life-forms such 
as the ribosomal RNA genes and chromosomal histone pro
teins. Consequently, DNA sequences specific to Arabi
dopsis genes can be used to distinguish genes with similar 
functions in many other plant species. 

24.5 LYCOP£BSICOlY ESCVLBIYTUM (TOMATO) 

24.5.1 Description 
Tomato is a member of the cosmopolitan plant family, the Sola

naceae (Fig. 24.5). This family includes many economically impor-
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Fig. 24.5. Cultivated tomato and its haploid set of chromosomes. 

tant plant species such as potato (Solanum tuberosum) and tobacco 
(Nicotiana tabacum), as well as Jimson weed (Datura stramo
nium), an earlier model in genetic history. The genus Lycopersicon 
contains 8-10 species and is native to Central America where it 
was first domesticated. Tomatoes and potatoes were first introduced 
into Europe in the sixteenth century and they have since been spread 
around the world. 

24.5.2 Genome Size and Karyotype 

Chromosome number: 2n = 24. 

2C DNA content: 2.0 pg. 

IC DNA content: 1.2 X 109 bp. 

Map length: 1276 cM. 

24.5.3 Features of Interest to Genetics, 
Cytogenetics, and Molecular Biology 

The tomato plant has long been a favored organism for genetic 
studies. In large part, this is due to desirable reproductive features, 
namely its self-pollinated nature with each controlled pollination 
providing up to 300 seeds per fruit, and single plant being able to 
produce up to 25,000 seeds. In addition, the tomato phenotype, 
especially the foliage, is diverse with respect to pattem, color, and 
texture, so that several hundred morphological mutants have been 
isolated. As in most of the Solanaceae, tomato is amenable to tissue 
culture, allowing protoplast fusion to be used to produce hybrids 
with other members of the genus and family. In addition, it is also 
very responsive to agrobacterial transformation. The species has a 
comparatively small genome and a large inventory of aneuploid 
chromosome stocks has been established. Additional features of 
interest include the following: 

I. Several hundred morphological, physiological, biochemi
cal, and developmental genetic mutants have been mapped. 

2. A saturated RFLP linkage map with over 1000 markers has 
been established. 

3. A functional Ac mutation system is available for directed, 
transposon mutagenesis studies. 

4. The comparatively small genome and the associated low 
level of repetitive DNA sequences (- 10-15%) make the 
plant relatively amenable to chromosome walking. 

24.6 ZM MAl'S (MAIZE OR COM) 

24.6.1 Description 

Maize is a major monocotyledonous crop plant, which has been 
grown and selectively improved over the last 7000 years (Fig. 24.6). 
The species is considered to be meso-American in origin although 
no wild forms of the species have been described. Genetically, 
maize appears to be more closely related to the wild, relatively 
nonedible teosinte (Euchlaena mexicana) than to the more edible 
but genetically unrelated Tripsacum. However, there are major 
morphological differences between maize and teosinte that argue 
against a direct origin of maize from teosinte. 

24.6.2 Genome Size and Karyotype 

Chromosome number: 2n = 20. 

2C DNA content: 7.5 pg. 
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Fig. 24.6. Com and its karyotype. 

1 C DNA content: 3 X 109 bp. 

Map length: 2200 cM. 
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24.6.3 Features of Interest to Genetics. 
Cytogenetics. and Molecular Biology 

Zea is well known for the morphology of its pachytene chromo
somes and the early work that led to the discovery of transposable 
elements. The major genetic advantage of the species. for a mono
cotyledon at least, lies in the fact that it is essentially a diploid 
organism. The physical separation of male anthers from female 
organs enhances the ease and reliability of hybridization, as does 
the copious volume of pollen produced by the male florets. The 
large numbers of seed capable of being produced by the female 
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ears makes it comparatively simple to isolate and maintain mutants 
of this species. The mutants characterized in maize cover a broad 
range of phenotypes such as seed and leaf color, shape and size, 
as well as many other morphological and biochemical mutants. 

Recent comparative genetic-mapping studies analyzing syntenic 
relationships between the chromosomes of different monocotyle
dons indicate that the maize genome is possibly a relic tetraploid. 
with duplicate copies of related genes in different orders on nonre
lated chromosomes. The evidence suggests alloploidy and a hybrid 
origin for the genome. 

24.7 TRITICUM AESTWVM (BREAD WHEAT) 

24.7.1 Description 

Wheats and plants in the genus Triticum are primarily of Middle 
Eastern origin (Fig. 24.7). Diploid einkorn wheats were used as a 
very early food resource, tetraploid emmer or durum wheats be
came cultivated about 8000 years ago, and hexaploid bread wheat 
appeared about 6000 years before the present. The common or 
bread wheat T. aestivum is derived from the natural hybridization 
of the diploid species T. tauschii (D genome) with a tetraploid 
wheat (A and B genomes). The tetraploid wheat, in tum, arose 
from the progeny of a cross between T. monococcum (A genome) 
and a further Triticum sp. or combination of species (B genome). 

24.7.2 Genome.Size and Karyotype 

Chromosome number: 2n = 6x = 42. 

Genome: AABBDD, triplicated sets of chromosomes belonging 
to seven homoeologous groups of genetically related A, B, and 
D genome chromosomes. 

2C DNA content: 34.6 pg. 

IC DNA content: 16 X 109 bp or - 11 m of DNA. 

24.7.3 Features of Interest to Genetics. 
Cytogenetics. and Molecular Biology 

The red-seeded genotype of the wheats provided an early exam
ple of a 63 : 1 genetic F2 ratio, indicating, retrospectively, the hexa
ploid nature of the wheat chromosome complement. Wheat is an 
a1lohexaploid, and genetic proof for the relatedness of potential 
diploid progenitors to one-third of the wheat chromosomes was 
obtained by hybridizing the hexaploid plant to various diploid and 
tetraploid relatives of wheat. The diploid progenitors are now gen
erally included in the genus Triticum (syn. Aegilops). Both T. 
monococcum and T. tauschii chromosomes show almost complete 
pairing with their respective partners in the A and D genomes, 
respectively. Although T. speltoides showed some structural ho
mologies with the B-genome chromosomes, this relationship has 
since been revised and the B genome is now generally regarded as 
being a composite of chromosomes from a combination of potential 
donors. 

Homoeology at the chromosomal level was proven cytogeneti
cally by selecting wheats that had lost a pair of homologous chro
mosomes and replacing them with an additional pair of related 
chromosomes. This work showed that the addition of either of two 
related homoeologous pairs of chromosomes generally compen
sated for the loss of the third pair of related chromosomes. These 
nullisomic-tetrasomic lines and other aneuploids that were devel-
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Fig. 24.7. Bread wheat and its three sets of homoeologous G-banded chromosomes. 

oped, including ditelosomic lines lacking a single pair of chromo
some anns, and addition lines containing an extra pair of chromo
somes from various species of Triticum, Secale, and Hordeum rap
idly provided a basis for the mapping of morphogenetic characters 
and for the biochemical genetic analyses of proteins and isozymes. 
These cytogenetic stocks are now used widely to find the locations 
of DNA markers. Good genetic maps for each of the homoeologous 
chromosomes have been published, and in many cases, cytogeneti
cally characterized deletions have been used to relate the genetic 
map to the physical map of the chromosomes. Although the hexa
ploid nature of wheat makes genetic mapping more difficult, the 
mapping of diploid progenitors including Triticum tauschii and T. 
monococcum, as well as the more distantly related Secale cereale 
(cereal rye) and Hordeum vulgare (barley), have helped resolve 
ambiguities. 

24.8 ORl'ZA SATIVA (RICE) 

24.8.1 Description 

Rice is an important cereal crop ideally suited to growth in the 
tropics where the combination of water supply, soil fertility, and 
breeding results in abundant yields (Fig. 24.8). Rice is basically 
an aquatic plant and was almost certainly domesticated indepen
dently in Asia and Africa. The genus Oryza includes from 25-30 
species, most of which are tropical or semitropical in origin. About 
20 of the species are diploids and capable of forming interspecific 

hybrids, in part because about two-thirds of the diploids share the 
A genome of O. sativa. However, no known tetraploid species 
includes the A genome: Asian and African accessions are BBCC 
and American tetraploids are CCDD. Although B- and C-genome 
progenitor species have been identified, no diploid species with 
the D-genome complement have been identified. Other genomes 
(EE and FF) have been identified further from the centers of origin 
of the genus. Cultivated rice can be subdivided into three agronomic 
types, vars. japonica, indica, and javanica, all with an array of 
differing agronomic characters. 

24.8.2 Genome Size and Karyotype 

Chromosome number: 2n = 24. 

2C DNA: 0.9 pg. 

IC DNA content: 40 X 107 bp. 

Map length: 1491 cM. 

24.8.3 Features of Interest to Genetics, 
Cytogenetics, and Molecular Biology 

Recent advances in microscopic imaging and molecular tech
nologies have simplified chromosomal identification in Oryza sat
iva. For example, fluorescence in situ hybridization (FISH) has 
shown that most japonica types contain only a single pair of NORs, 
whereas indica and javanica types commonly have two pairs. In 
retrospect, although the actual number of chromosomes in O. sativa 
was first determined in 1910, it was not until 1960 that 12 linkage 
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Fig. 24.8. Rice and its karyotype. 

groups were finally established. This delay was In large part due 
to the small size of the chromosomes, each having an average DNA 
content of about 33 Mb. However, it is this small size that is now 
proving to be an advantage in mapping the rice genome, and a 
detailed molecular linkage map has been constructed using a back
cross population between O. sativa and one of its wild African 
relatives, o. longistaminata. Several of the diploid Oryza species 
that share the A genome with O. sativa have also been employed 
in an array of wide crosses to introduce new genes for quality and 
agronomic traits into this species. With the success in obtaining 
transformed rice plants with specific gene constructs, and the con
tinuing genome-mapping projects combined with cytogenetic anal-
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yses, our knowledge of rice is quickly outstripping the information 
available for any other plant and certainly results in the use of rice 
as a model genome for monocotyledonous crops. 

24.9 TETBAlIYMElYA TIfERMOPlflLA (CILIATED 
PROTOZOAN) 

24.9.1 Description 

Tetrahymena thermophila is an organism of freshwater ponds 
and streams (Fig. 24.9). It is a member of the protozoa, a group of 
motile, unicellular, almost colorless eukaryotes, which lack defined 
cell walls and obtain food by ingesting it via a funnel-shaped gullet 
and enveloping the food particles with cell membrane. Related 

Tetrahymena thermophila 

Vegetative growth 

Fig. 24.9. Tetrahymena and its five haploid chromosomes. 
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protozoans include species of Paramecium, which have been exam
ined intensively to investigate nucleo-cytoplasmic relationships. 
Ciliated protozoans move by means of linear arrays of cilia, which 
almost completely cover the surface of the cell. In T. thermophila 
and in protozoans in general, it is not possible to differentiate be
tween sexes at the morphological level as there are no egg or sperm 
cells. Rather, the sexual process involves a transfer of nuclei and 
is distinguished by the presence of inheritable physiological mating 
types. 

24.9.2 Genome Size and Karyotype 

Chromosome number: 2n = 10. 

2C DNA content: - 0.5 pg. 

Gene number: - 12,000. 

24.9.3 Features of Interest to Genetics, 
Cytogenetics, and Molecular Biology 

Much of the genetic interest in protozoans such as T. ther
mophila lies in the fact that individual cells contain two types of 
nuclei, a diploid, germinal micronucleus and a highly polyploid 
macronucleus. Genes must be present in the micronucleus to be 
inherited and in the macronucleus to be expressed. The micronu
cleus is transcriptionally silent and consists of five pairs of chromo
somes. The transcriptionally active macronucleus arises by the frag
mentation of the original five chromosomes into several hundred 
chromosomes with an average size of 600 kb and the replication 
of most of this chromatin to about 45-ploid. During sexual repro
duction, cells of differing mating types conjugate, their micronuclei 
undergo meiosis to give four products, three of which are resorbed 
by the cell, with the fourth undergoing mitosis to give two haploid 
nuclei. One of these is exchanged with a nucleus of the alternative 
mating type, and the two haploid nuclei then fuse to form a zygotic, 
diploid nucleus. The original macronuclei then break down and 
their contents are, in tum, resorbed by the cells. A new macronu
cleus then forms from one of the mitotic products of the germline 

nucleus, and the cells then separate and undergo fission to give four 
daughter cells or karyonides, each with a reconstituted germline 
micronucleus and a somatic macronucleus. 

A process similar to self-fertilization can occur or be induced 
in cultures of Tetrahymena to give haploid lines, and genomic 
exclusion by heat-induced cytogamy also allows haploid lines to 
be produced and homozygous recessive genes to be expressed. 
With suitable crosses, haploid strains can be used to construct 
monosomic and nullisomics. Genomic exclusion also occurs when 
"star" strains, designated with an asterisk-as n C*ill-with defec
tive micronuclei are hybridized with normal diploids to give hap
loid strains. The "star" effect is usually caused by severe aneu
ploidy, especially hypodiploidy, in the micronucleus and is com
monly one of the end results of trying to maintain pure cultures 
with no sexual recombination. 

At the molecular level, species of Tetrahymena are the only 
eukaryotes known to possess only one copy of the rRNA gene, 
located on the left arm of chromosome 2. The multiple replications 
in the macronucleus increase the number of rRNA genes present 
within the organism and this quantitative increase allows the struc
ture and function of these genes to be closely studied. The analysis 
of the intervening sequences of Tetrahymena rRNA, for example, 
led to the discovery that the RNA transcribed from these genes 
was capable of self-splicing. This was the first demonstration that 
RNA was capable of an enzymatic reaction. The fragmentation and 
replication process to form the multiplicity of chromosomes in the 
macronuclei also led to characterization of the telomeres at the 
ends of these chromosomes., The telomeres are essential for repli
cation and the stability of the linear chromosomes, and they have 
the sequence structure d(G4T2)(A2C4). 

24.10 CAEIYORllABDITIS ELEGAlYS 
(NEMATODE EELWORM) 

24.10.1 Description 

Caenorhabditis elegans has been simply described as a I-mm
long, bacteria-eating, soil-dwelling worm (Fig. 24.1 0). It is a nema-

Nematode (Caenorhabditis elegans ) 

Fig. 24.10. C. elegans and its six haploid chromosomes. 

~ 

0.1 mm 
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Table 24.1. The Four Stages of Embryogenesis in Caenorhabditis elegans, the Common Eelwonn 

Stage I Stage 2 
Zygote ) 28 cells ) -550 cells 

140 min 140-360 min. 
Embryonic axes, Gastrulation and cell 

genniine, and founder proliferation. 
celis established. 

tode, a metazoan organism, and a member of the class Platyhel
minthes. This class features a great variety of flat and round worms, 
many of which are parasitic in nature. 

24.10.2 Genome Size and Karyotype 
There are six linkage groups comprised of five pairs of auto

somes (I to V) and one pair of XX chromosomes. The eelworm 
has two sexes, XO males and XX hermaphrodites. The latter are 
basically female but in the absence of males, they are self-fertile 
and able to make their own sperm, producing XX hermaphrodite 
progenies. 

Chromosome number: 2n = 12 (female); 2n = II (male). 

DNA content: 8 X 107 bp. 

Gene number: 17,800. 

24.10.3 Features of Interest to Genetics, 
Developmental Genetics, and 
Molecular Biology 

A normal adult worm has exactly 959 cells produced in 3 days 
from ovum to adult. Four stages are involved in embryogenesis, 
which takes about 14 h at 22"C (Table 24.1). These stages illustrate 
the importance of the nematode to studies of developmental ge
netics in that the precursors of every adult cell have been identified 
from the ovum onward. Neurogenetic studies are continuing to 
show the development of synapses and the control of bodily func
tions by the cells of the nervous system. 

The chromosomes are holocentric with diffuse kinetochores 
during mitosis. During meiosis, however, each of the six chromo
somes has a single primary meiotic pairing center near one end. 
Over 80% of the total genome has been deleted in 280 separate 
deficiency mutants, enabling efficient mapping of the genes in
volved in embryogenesis. Five families of transposons (Tel to Tc5) 
have been identified, although the activity of each family is re
stricted to particular strains of the nematode. The entire mitochon
drial genome of 13,794 bp has been sequenced. The Caenorhabdi!is 
elegans genome-sequencing project has started with the sequencing 
of 121,298 bp of chromosome m cloned in three cosmids. Signifi
cant numbers of genes of known function that were not previously 
identified were discovered in these analyses. The development of 
automatic DNA sequencing methods and robotic systems for large
scale, shotgun sequencing of nematode DNA has been a source of 
innovation for the analysis of other organisms. 

24.11 DROSOPlIlLA MELAJYOGASTER (f'RUD' 
fLY) 

24.11.1 Description 
The fruit fly, D. melanogaster, is a member of the cosmopolitan 

insect order Diptera (Fig. 24.11). Over 100 species of Drosophila 

Stage 3 Stage 4 
) 959 cells ) Ferule adult 

Differentiation, Growth 
morphogenesis and 

organogenesis. 

Drosophila melanogaster 

y x 2 3 

L-J 
O.2mm 

4 

Fig. 24.11. The fruit fly, D. melanogaster, and its N-banded karyotype 
showing heterochromatin. 
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are found in the United States alone, and there are presently 3318 
species within the family. Morphological, chromosomal, genic, and 
DNA comparisons of these species have been, and are being, used 
to link the species into groups and subgenera and to study the 
genetic basis of evolution. Individual species are often strictly envi
ronmentally limited as related to humidity, temperature, light inten
sity, and oviposition sites. 

24.11.2 Genome Size and Karyotype 

There are two large (2, 3) and one small (4) pair of autosomes 
plus the sex chromosomes (X or 1, and Y). The chromosomes 
have left (L) and right (R) arms; the telomeres of these arms are 
designated as t (e.g. 2Rt is the telomere on the right arm of chromo
some 2), and the centromeres as cen (e.g., 2cen). 

Chromosome number: 2n = 8 (male, 3" + XY and female, 3" 
+ XX). 

2C DNA content: 7 pg. 

1C DNA content: 1.4 X 108 bp. 

Gene number: - 15,000. 

24.1 1.3 Features of Interest to Genetics, 
Cytogenetics, and Molecular 
Biology 

Since the early 1900s, D. melanogaster has been one of the 
most intensively studied genetic organisms. It has a short genera
tion time, an ability to produce large numbers of progenies, is 
well adapted to laboratory life, and has been spread to laboratories 
throughout the world. The accessibility to Drosophila germplasm 
is one of the major reasons for the genetic success of this fly. Over 
6000 genes have been physically identified in D. melanogaster, 
and transposon mutagenesis and enhancer-trapping techniques are 
being used to detect the DNA sequence elements that control the 
tissue and developmental specificity of different genes. In turn, 
this knowledge has led to the use of Drosophila in developmental 
biology, evolution, and embryology. For example, Drosophila em
bryogenesis results in an embryo with about 60,000 cells and these 
cells, as in Caenorhabditis, can now be developmentally studied. 

An array of chromosomal aberrations has been developed and 
maintained in Drosophila, including ring chromosomes, transloca
tions between different chromosomes, inversions and transposi
tions within chromosomes, and numerous deficiencies and duplica
tions. The X chromosomes have been instrumental in the genetic 
success of this organism and the euchromatic X chromosome has 
now been physically mapped using bacteriophage I, BAC, and 
YAC technologies. Sequence tagged sites (STSs) have provided 
valuable molecular markers. Drosophila chromosomes are some
what unusual in that their telomeres are comprised of retrotranspos
able elements rather than the simple telomeric nucleotide repeats 
found in other organisms. Between species, the Y chromosomes 
vary greatly in size and are completely heterochromatic. Geneti
cally, they appear to carry only male-fertility genes, of which D. 
melanogaster carries two on the short arm of the Y chromosome 
and four on the long arm. These genes are extremely large, about 
I X 106 bp in length, and the remainder of the Y chromosome, 
about 40 Mb, comprises mainly repetitive DNA families. 

24.12 STROlYGYLOCElYTROTUS PURPURATUS 
(SEA VRCHIrt) 

24.12.1 Description 

Strongylocentrotus purpuratus is but one of a range of echinod
erms that have been studied in genetics. Other important sea urchin 
species include Paracentrotus lividus, Psammechinus miliaris, Cly
peaster japonicus, and Lytechinus pictus. The benefit of sea urchins 
as experimental organisms lies in the fact that females produce 
massive numbers of eggs and males produce millions of sperm. 
Fertilization and embryo development can be synchronized, ena
bling large numbers of organisms at similar stages of development 
to be analyzed, both microscopically and biochemically. 

24.12.2 Genome Size and Karyotype 

Chromosome number: 2n = 36. 

IC DNA content: 8.6 X 108 bp. 

Gene number: - 25,000 

24.12.3 Features of Interest to Genetics, 
Cytogenetics, and Molecular 
Biology 

Many of the early depictions of mitotic division were gained 
from observations of the dividing cells of sea-urchin embryos. 
Early studies of embryology were also based on this material, 
owing to the hardiness of the cells and their ease of maintenance. 
Thus, the effect of enucleation of the egg cell before and after 
fertilization could be studied; the cells resulting from mitotic divi
sions could be easily separated to measure their degrees of recovery 
with respect to totipotency; pigmented markers helped to orient the 
developing embryos. The biochemistry of mitosis was subsequently 
studied by physically isolating the complete mitotic apparatus from 
the cytoplasm of dividing cells. The ready availability of this mate
rial enabled bulked quantities of the mitotic apparatuses of dividing 
cells to be analyzed chemically and biochemically. 

Strongylocentrotus has been analyzed at the RNA and DNA 
levels to determine the number of genes active at differing stages 
of the life cycle. In embryological order, the oocyte manifests about 
18,000 genes, the blastula 13,000, the gastrula 8500, the pluteus 
7000, and individual adult tissues from 2500 to 3000. From these 
figures, it can be estimated that S. purpuratus contains somewhat 
less than 25,000 genes, comprising about 3% of the total DNA, 
the rest being a mixture of highly repeated and moderately repeated 
DNA sequences. Some gene sequences are also moderately repeti
tive in nature, including arrays of histone genes (300-600 copies) 
and rRNA genes. These arrays can be differentiated by variation 
in the nontranscribed spacer DNA sequences separating the genes. 

24.13 XElYOPUS LAEVIS (CLAWED TOAD) 

24.13.1 Description 

Frogs and toads are amphibians of the order Anura (Fig. 24.12). 
Anurans, generally, and X. laevis, in particular, are further exam
ples of organisms renowned for their production of prolific quan
tities of eggs and sperm such that the abdomen of the females are 
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Fig.24.12. 11teclawed toad and its BrdU-labeled karyotype. 

commonly almost entirely occupied by eggs in the two ovaries. 
1bese eggs are large enough to support the cell division that takes 
place after fertilization, when up to 4000 cells are produced within 
each embryo in a period of 8 h. Each egg, for example, contains 
enough histone to construct 20,000 nuclei. These quantities almost 
certainly explain the presence of diplotene lampbrush chromo
somes because these chromosomes are considered to reflect the 
high rates of gene transcription that occur in these cells in order 
to ensure the necessary building blocks for the growth of the em
bryo. 1be resumption of meiosis from diplotene onward is fertiliza
tion dependent. In vitro, this resumption is triggered by a number 
of biochemical agents including the male hormone progesterone. 
In vivo, the reaction may not be that simple. 

24.13.2 Genome Size and Karyotype 

Chromosome number: 2n = 36. 
In amphibians generally, genome sizes range from about 109 

to 1011 bp. 
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24.13.3 Features of Interest to Genetics. 
Cytogenetics. and Molecular 
Biology 

As an amphibian experimental organism, Xenopus has three 
advantages: 

1. By injection with gonadotrophic hormone, eggs are avail
able throughout the year. 

2. It is easily maintained in laboratory aquaria. 

3. Its life cycle is complete within 12 months. 

This life cycle does take a comparatively long period of time 
and, in association with the difficulties associated with the produc
tion of inbred strains of amphibians, has meant that genetic maps 
of anurans are few. Most of the markers to date have been deter
mined using biochemical-genetic methods to separate proteins and 
enzymes, although molecular markers and in situ hybridization of 
cloned genes are becoming increasingly important. Among such 
genes, the 58 rRNA genes (24,000, several of which have been 
completely sequenced) occupy terminal positions on the ends of 
all of the chromosomes. The toad genome also contains about a 
single tandem cluster of 450 rRNA genes separated by two nontran
scribed spacers of different lengths. These ribosomal RNA genes 
can be isolated from genomic DNA preparations by buoyant-den
sity centrifugation, and their availability meant they were the first 
eukaryotic genes to be transformed into bacteria. These gene arrays 
were also involved in early demonstrations to relate a cytologically 
identifiable chromosomal landmark (nucleolus organizer) to the 
presence of the ribosomal RNA genes. 

Xenopus has been used to determine the duration of meiotic 
DNA replication. In cultured cell lines of X. laevis, replicons were 
found to occur at intervals of 57.5 JLm and replicate at rates of 9 
JLmIh. The chromosomes also have been investigated with BrdU 
labeling and the mtDNA has been completely sequenced. 

24.14 GALLUS DOMESTICUS (CHICKEN) 

24.14.1. Description 

The common chicken, Gallus domesticus or Gallus gallus, is of 
Asian origin. Although hybrids between Gallus spp. are generally 
viable, those between fowl and turkey, for example, are not. Even 
interspecific fowl where F I hybrids are viable often yield F2 prog
eny that are not viable, because they are incapable of producing 
normal gametes due to a premeiotic defect in the hybrids that causes 
genotypically controlled hybrid sterility. 

24.14.2 Genome Size and Karyotype 

Macro-sized Z and W sex chromosomes with females being 
the heterogametic sex, plus 4 pairs macrochromosomes, 5 pairs 
minichromosomes, and 29 pairs microchromosomes. 

Chromosome number: 2n = 78 (males, 38" + ZZ; females, 
38" + ZW). 

2C DNA content: 2.50 pg. 

IC DNA content: 1.2 X 109 bp. 

Map length: - 3000 cM. 
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24.14.3 Features of Interest to Genetics. 
Cytogenetics. and Molecular 
Biology 

In contrast to mammals, birds contain nucleated red blood cells, 
a feature that greatly simplifies DNA extraction procedures. The 
nucleated red blood cells have also provided the standard reference 
point of cytophotometric Feulgen DNA measurements. The total 
map length of G. domesticus is very long compared to its genomic 
DNA content, because chromosomal recombination rates in chick
ens are three times higher than they are in mammals. This refers 
mainly to the macrochromosomes. The minichromosomes and mi
crochromosomes have only a single chiasma located in their telo
meric regions and thus, these chromosomes are commonly detected 
as single-point linkage groups. The other significant feature divid
ing the macrochromosomes from the microchromosomes from the 
minichromosomes is the ability to identify the two former classes 
by their morphology and banding patterns: The minichromosomes 
are indistinguishable using these techniques. Molecular maps have 
been derived using the parents and hybrids obtained from a cross 
between a red jungle fowl male and a highly inbred white leghorn 
female. 

Although chickens can be induced to produce tetraploid oocytes, 
most aneuploids such as trisomies and mixoploids cause embryo 
death. 

24.15 JtfUS JtfUSCULUS (COMMON MOUSE) 

24.15.1 Description 

The species Mus musculus is divided into two subspecies to 
differentiate the wild type M. m. musculus from the house mouse, 
M. m. domesticus (Fig. 24.13). The two subspecies, in tum, have 
a number of variable and not always stable races. This population 
instability is commonly man-made in that it is caused by abrupt 
local increases and decreases of stored food, leading to explosions 
and crashes, respectively, of mouse numbers. There is then a signif
icant potential for founder effects, whereby the genes present in a 
breeding pair of mice or even a single pregnant female are the only 
genes present in the mouse population derived from that pair or 
female, which can lead to rapid divergences between mouse popula
tions. Conversely, this characteristic also enables the production 
of inbred lines of laboratory mice defined as being produced by 
brother X sister matings for at least 20 generations or more from 
a single ancestral pair. A second species, M. spretus, is regarded 
as a wild relative for genetic-mapping purposes. 

24.15.2 Genome Size and Karyotype 

The symbols p and q are used to denote the short and long arms 
of chromosomes, respectively. 

Chromosome number: 2n = 40 (males, 19" + XY; females, 
19" + XX). 

2C DNA content: 6.3 pg. 

IC DNA content: 2.7 X I~ bp. 

Gene number: 80,000. 

Map length: 1600 eM. 

Mouse (Mus musculus) 
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Fig. 24.13. The acrocentric chromosomes of M. musculus. 

24.15.3 Features of Interest to Genetics. 
Cytogenetics. and Molecular 
Biology 

Mice are an easily maintained, laboratory-size mammal, origi
nally analyzed for coat color variants. They yield excellent diplo
tene/diakinesis meiotic chromosome spreads and the bivalents are 
easily C-banded. In fact, chromosome banding is required to distin
guish between the 20 pairs of similarly sized acrocentric chromo
somes. The chiasmata show no signs of terminalization with the 
three longest chromosomes displaying a tendency for subcentrom
eric and subtelomeric chiasmata; the remaining chromosomes have 
predominantly subtelomeric chiasmata, and there are few intersti-



tial chiasmata Among different races of mice, there are varying 
degrees of chromosomal divergence associated with the accumula
tion and fixation of metacentric Robertsonian (Rb) translocation 
chromosomes through the centric fusion of different acrocentrics. 
The two major subspecies are separated by a hybrid zone running 
across Europe from Denmark to Bulgaria and from Belgium to 
northern Italy. The southern subspecies, M. m. domesticus, is distin
guished from the northern M. m. musculus, by the presence of a 
Robertsonian (Rb) 4.12 translocation chromosome. The actual hy
brid zone between the two subspecies, in which Rb 4.12 heterozy
gotes can be found, is approximately 40 kIn wide. The presence 
of the translocation appears to have no effect on fertility. Other 
races are found elsewhere. For example, in northeastern Scotland, 
a race with 2n = 32 containing four Rb metacentrics (4.10, 9.12, 
6.13, and 11.14) is separated by a hybrid zone dominated by indi
viduals with 2n = 36 (4.10 and 9.12). A Tunisian race of M. m. 
domesticus has 2n = 22 with nine pairs of fusion metacentrics. 
Consequently, a large selection of different inbred strains has now 
been produced featuring an array of isogenic or near-isogenic inver
sions and translocations between the wild-type acrocentric chromo
somes. These defined inbred strains, in common with several 
hundred known mutants, a well-developed transgenic technology, 
and a direct application and synteny to hundreds of human genes, 
provide a powerful model for human studies. 

24.16 1I0MO SAPIENS (1IlJMMfS) 

24.16.1 Description 

At the genetic and chromosomal levels, the genus Homo, of 
which humans are the sole representative species, is closely related 
to the family Pongidae, which contains the great apes (Fig. 24.14). 
These include Pan troglodytes (chimpanzee), Gorilla gorilla (go
rilla), and Pongo pygmaeus (orangutan). All of these species have 
karyotypes containing 48 chromosomes, which, with two excep
tions, are almost identical and certainly homoeologous if not h0-
mologous with the chromosomes of H. sapiens. The exceptions 
involve what is clearly the result of either a centromeric cleavage 
of the two arms of chromosome 2 of humans to give two large 
acrocentric chromosomes in the apes, or the fusion in human evolu
tion of these acrocentrics to give the large metacentric chromosome 
2 of the human karyotype. An array of genetic markers have been 
used to show these homologies. Chromosome banding has also 
revealed that the genus Pan differs from the other three genera by 
the presence of a pericentric inversion in chromosome 3. All of 
the Pongidae show a high percentage of DNA sequence homology 
with the human genome. 

24.16.2 Genome Size and Karyotype 

The nonnal male karyotype is given as 46, XY, the normal 
female as 46, XX. The symbols p and q are used to denote the 
short and long arms, respectively. 

Chromosome number: 2n = 46 (male, 22" + XY; female, 22" 
+ XX). 

2C DNA content: generally standardized at 7.0 pg. 

IC DNA content: 3 X Iff bp. The smallest human chromosome 
contains about 4.6 X 107 bp and is about 1.4 cm in length. 

Gene number: 80,000. 
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Fig. 24.14. The G-banded karyotype of human chromosomes. 

24.16.3 Features of Interest to Genetics. 
Cytogenetics. and Molecular 
Biology 

Research into the genetic aspects of human biology is largely 
driven by concerns for human health and intelligence. At least 
10% of the total number of human genes have been cloned and 
sequenced, including many genes associated with diseases or other 
abnormalities. A complete sequencing of the human genome is 
underway, organized by the Human Genome Organization 
(HUGO), an international collaborative group. Aspects of genetics 
that have been improved by research into human genetics include 
the production of man-mouse somatic cell hybrids, the mainte
nance of somatic cell lines with aberrant karyotypes, the develop
ment of specific chromosome and genome DNA libraries, and the 
development of extended human family-banks for associative and 
correlative mapping. The male Y chromosome is of particular inter
est in that with the exception of a small pseudoautosomal region, 
no crossing over occurs within the 60 Mb linear DNA molecule. 
There are relatively few polymorphic DNA sequences. In an evolu-
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tionary sense, it should eventually be possible to relate all Y chro
mosome variants back to a single ancestor. The inactivation of one 
of the X chromosomes of the normal (mammalian) female also 
requires the presence of a pseudoautosomal region. 
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Index 
A 
A chromosomes, 80-81 
Accessory chromosomes, See B chromosomes 
Acentric chromosome fragments, 100, 104, 

117, 120-121 
Acrocentrics, 67-68, 119-120, 161 

genetic segregation, 194 
of Mus musculus, 388 

Acrotrisomics, 193 
Actin,39 
Actinomycin-D, 71, 73, 299 

chemical structure, 252 
induction of yeast petite mutants, 341 

Activator-protein binding, 262 
Addition lines, 69 

alien, 217 
disomic, 217-218 
genetic effects, 218 
monosomic, 217-218 
use in homoeologous gene transfers, 221 

S-adenosylmethionine, 249 
Aequoria victoria Gellyfish), source of green 

fluorescent protein, 356 
Agave stricta (Agavaceae) heterozygous 

paracentric inversions, 118. 120 
Aging, effects on 

aneuploidy, 164 
chromosome breakage, 95 

Agrobacterium tumefaciens (pathogenic 
bacterium). 5. 352-355, 359-360 

Alfalfa. See Medicago sativa 
Alien chromatin and chromosomes, 156, 

217-224 
addition lines, 217-218 
substitution lines, 218-220 

Alien gene interactions, 220 
Alkaline phosphatase, in in situ reactions, 288 
Alkylating agents. 94 
Alleles, 151, 190.202-205 

co-dominant, 153, 326-327 
dominant and recessive, 327 

Allium (onions) 
A. cepa, 62, 145 
A. cemuum, 81 
A. fistulosum, chIasma distribution, 62 
A. porrum, autotetraploidy, 148 
A. vineale, quadrivalent chromosomes. 147 

Alloplasmic lines. 343-345 
Allopolyploids. 139, 140, 143, 149-154. 157. 

215 
allohexaploids, 144, 154.201 
allotatraploids, 143, 161, 201 

Amanita (mushroom). source of a-amanitin, 
306 

Amaranthus (grain amaranth). 148 
Amino acids, single letter codes. 231 
Aminopterin, inhibition of nucleotide synthesis. 

332 
Amorphous material. 38 
Amphibians, 149, 386 

egg cells, 7, 14 
Amphimixis. 175 
Amphiploids, 140,216 
Amplification-control elements. 279 
Amplified fragment length polymorphisms 

(AFLPs), genetic markers, 324 
Anecystis niduIans (fungus), rRNA genes, 304 

Anaphase 
bridges. 117-120 
meiosis I, 49 
meiosis II. 50 
mitosis, 37 

Androctonus australls (scorpion), source of 
insect specific neurotoxin, 361 

Androgenesis, 175, 177 
Aneuploids and aneuploidy, 155, 160-174, 

201,207 
Animal breeding, applications of genetic 

markers, 319. 335 
Animal cell cultures, 365 
Animal transgenesis, 365. 367-371 
Anther culture, 177-179, 182 
Antibiotics, 253 

interactions with DNA. 71. 251 
resistance. selectable markers, 356 

Antibodies. 35, 57-58 
diversity, 130 
molecular probes, 286 

Antibody labeling reactions, 286-291 
Antirrhinum (snapdragon), flower color, 319 
Antisense genes. transformation. 362 
Apogamy, 175 
Apomixis, 144, 157, 175 
Arabidopsis thaliana (thale weed), 229, 

379-380 
centromere associated DNA sequences, 310 
diplotene chromosomes. 77 
fiber-FISH, 291 
mitochondrial DNA, 342 
resistance to Pseudomonas syringae, 320 

Archaea, Domain, 4-5 
Archezoa, 5 
Ascaris (roundworm). 7, 9 

repetitive DNA sequences, 313 
Ascobolus (fungus), transformation, 249 
Ascospores, 48 
Asexual reproduction. 144, 157, 179 
Aspergillus oryzae (fungus), gene 

transformation, 366 
Asynapsis, 142. 163, 172.206 
Atoms, interactions with DNA, 251 
Autonomously replicating sequences, 275-276 
Autopolyploids. 139-140 

autotetraploids, 143. 146-148, 151-153 
autotriploids, 148, 152 

Autoradiography, 232, 238, 276. 292 
Autosomes, 10, 79. 386 

nucleotide sequencing, 380 
Auxotrophs, 10 
Avena (oats) 

A. byzantina, 168,201 
A. sativa, monosomics. 161, 168. 172.201 

Avian. See Bird 
Axial elements. 48. 54 
5-Azacytosine, 249 

B 
B chromosomes. 80-82 

nondisjunction, 81. 122, 197 
Bacillus thuringiensis var. kurstaki 

(entomocidal bacterium). Bt toxin genes 
and Bt protein. 358, 361 

Bacteria, Domain, 3 
Bacterial artificial chromosomes (BACs). 378 
Bacteriophages 

A, 261, 290, 376-377 
¢J29,311 
T7, DNA replication, 311 

Balanced lethals, 13 3 
Balbiani ring, 13 
Banana (Musa acuminata), agrobacterial 

transformation, 364 
Banding. See Chromosome banding 
BARGUS, binary gene construct, 358 

transformation, 359 
Barley. See Hordeum 
Barr body, 80 
Bayes' theorem, in linkage analysis, 327 
Bean, common. See Phaseolus 
Binary gene constructs, 358 
Binucleate cells, 145-146 
Biolistics, 363-364 
Biological control, 134-135 
Biotin labelling, 275, 287 
Bipolaris maydis (fungal pathogen of maize). 

toxin production. 348 
Bird 

chromosomes. 70 
erythrocytes 

chromosome compaction. 257 
histone synthesis, 278 

globin genes. 113 
oocytes, quadrivalent chromosomes, 147 
sex determination, 78 

Bison bison (American buffalo), hybrids with 
Bos taurus, 215 

Bivalents, 48-50, 53. 57 
interlocking, 48, 58-59 

Bombyx mori (silkworm), synaptonemal 
complexes, 147 

Border sequences, of Ti plasmids, 353-354 
Bos (cattle) 

B. indicus, 215 
B. taurus, 215 

Robertsonian translocations, 119 
trisomy, 167 

Bouquet stage. 48. 59 
Brachycome dichromosomatica (Australian 

desert daisy). somatic chromosomes, 68 
Brassica 

cytoplasmic male sterility. 346-347 
B. campestris (turnip), 148 

haploidy, 178 
B. napus (rapeseed), 176 

cybrid composition. 346 
herbicide resistance. 346-347 

B. oleracea X botrytis (cauliflower), 346 
BrdU (5-bromo-2'-deoxyuridina). 62. 75-76. 

91,271-272 
antibody labeling reactions, 291 

Breakage-reunion theory, 92 
. Bridges' map. Drosophila polytene 

chromosomes. 297 
Bulked segregant analysis, 330 
Buoyant density. of DNA, 253 

C 
Cacatua roseicapillus (galah parrot), 

karyotype, 70 
Caenorhabditis elegans (nematode eelworm), 

384-385 
chromosome orientation. 54 
developmental markers. 318-319 
globin gene evolution. 113 
sex determination, 79 
translocation chromosomes, 60 

391 
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Caledia captiva (grasshopper), 
karyotype, 73 
mitotic chromosomes, 289 

Callus fonnation, 145, 178, 182 
Camera lucida, 196 
Cancer, 42 
Capsicum annuum (pepper), 176 
Catabolite reprassion, 233 
Cattle. See Bos 
Cdc proteins, 275 
Cell culture, mutation screening, 181 
Cell cycle, 33-37, 39--42, 44--51 

histone synthesis, 278 
Cell lineage, theory, 7, 8 
Cell plate, 143 
Cellular growth factor, 42 
Centimorgans (cM), 327 
Centre European pour Ie Polymorphism 

Humain (CEPH), 332 
Centric fission and fusion, 215 
Centric ring chromosomes, 104, 106-108 
Cantrioles, 38 
CentroDK2eS,122,309-311 

diffuse, 36--37 
Hoachst 33258 banding, 302 
repetitive DNA sequences, 299-300 
microtubula attachment, 36, 310 
misdivision, 163,204,200,220 
protein components, 39, 309 

Centrosomes, 38, 39 
Cercospora nicotianoe (fungal pathogen), 361 
Cesium chloride density gradient 

centrifugation, 299 
Chemicals 

induction of aneuploidy, 165-166 
observation of chromosomes, 68 

Chemotherapy, 93 
Chiasma counts, 62 
Chiasmata, 47, 49, 60, 62--63 

maintenance, 56, 62 
terminaIization, 53, 62 

Chimeric genes, 356-358 
in animals, 367 

Chinese hamster, 309 
ovary cells, gene transformation, 366 
repair-deficient cells, 91 

ChironomllS (midge), chromosome puffs, 13 
Chi square (X 2) tests, 203 

level of significance, 327 
Chiomydomones (unicellular alga), 342 
Chloroplast DNA, 5--6, 342-343 

deletion in haploids, 178 
Chloroplasts, endosymbiotic origin, 5 
Chorthippus parallelus (grasshopper), meiosis, 

46 
Chromatids, 36,49,54 

differential labeling, 61--62 
nondisjunction, 162 
poleward movement, 39, 50 
radioactive labeling, 271 

Chromatin, 69, 260-264 
bridges, 117-118,217 
folding, 240, 259, 262 
non-histoue proteins, 258 
reconstitution, 277 
stains, 292-293 

Chromoblots, 379 
Chromobox domain, 300 
Chromocenter,78,195,263,296 

a- and ,B-heterochromatin, 298 
ChromoDK2eS, 69, 76, 78 
Chromomycin, 71, 73 

chemical structure, 252 

Chromosome aberrations, 88, 103-185, 189, 
201 

relationship to cancers, 129 
use in genetic mapping, 324-325 

Chromosome analysis, by in situ reaction, 
285-295 

Chromosome assembly, 277-278 
Chromosome banding, 15,69-76,320 

C-banding, of 
barley, 320 
deletion lines of wheat, 334 
galah parrot, 70 
grasshopper, 73 
mice, 388 
rye, 69 
wheat, 72, 77, 224 

G-banding, of 
horses, 215 
humans, 74 

wheat, 382 
N-banding, of 

Drosophila melmwgaster, 385 
Q-banding, 70 
R-banding, of 

humans, 74 
Xenopus laevis, 75 

Chromosome breaks 
alien gene transfer, 222 
capping with telomeric sequences, 308 

Chromosome condensation, premature, 42 
Chromosome constrictions, 68 
Chromosome cycle, of Hessian fly, 54-55 
Chromosome deletions and duplications, 

103-114 
Chromosome domains, 74, 263-265 
Chromosome dyes, interaction with DNA, 251 
Chromosome elimination, 176-177 
Chromosome instability, 88, 94-95, 98 
Chromosome interference, 326-327 
Chromosome landmarks, 296-317 
Chromosome maps and mapping, 332-334 
Chromosome morphology, 69 

arm length ratios, 67--68, 78 
Chromosome number, 67 
Chromosome painting, 289 
Chromosome puffs and puffing, 8, 13-14 
Chromosome rearrangements, 115-136 
Chromosome repair, 88-92 
Chromosome replication, 33-35, 270--282 

role of topoisomerase n, 258-260 
Chromosome stability, 87-88 
Chromosome theory of heredity, 10 
Chromosome transfers, 214--226 
Chromosome walking, 310 
Chromosomes 

gene transcription, 263 
homologous recognition, 57 
pairing frequency, calculation, 154-155 
recombinant lines, 209-210 

Cladosporium ftdvum (fungal pathogen), 320 
Clastogens,88,91-94,I99 
Clonal propagation, 236 
Cloning, 15, 95 

vectors, 235 
yeast H4 gene sequences, 278 

Codominant alleles, 146, 194 
in linkage analysis, 326 

Codons, 14,231 
Coefficient of coincidence, 326 
Colchicine, 9, 10,36-37,67, 145, 154, 157, 

271 
chromosome doubling, 182, 218 

Colchicum ClIltrmUUlJe (autumn crocus), 10, 37 
Compensating trisomies, 164-165, 171 

Confocal microscope and microscopy, 25-26, 
264 

detection of chromosomal telomeres, 290 
DNA-initiation sites, 275 
reporter molecules, 294 

Contractile ring, 38-39 
Control regions, 112 
Cooperia pedunculata (prairie lily), 175 
Cosmids, 297 
Cosmos bipinnatus (Compositae) colchicine 

induced autotetraploidy, 146 
Cot curves, See Renaturation curves 
Cotton. See Gossypium 
Coupling and repulsion, 327 
Crab, satellite DNA sequences, 299 
CRFJLOX recombination, 370 
Crepis capillaris (Compositae) 

B chromosomes, 81 
mitosis, 35 
post-meiotic mitosis, 51 

Critical chromosomes, 189,204 
Crosses 

critical and non-critical, 190, 191, 202-204 
intergeneric and interspecific, 176-177, 

215-217 
Crossovers and crossing over, 49-50, 106-100 

between homoeologous chromosomes, 221 
between repetitive DNA sequences, 99 
mechanisms, 60--61 
mitotic or somatic, 100, 263 

Cross pollination, 157 
Cruciferae, 379 
Cultivated crops, 214 
Cyanobacteria, 5, 6 
Cybrids and cybridization, 346-347 
Cyclic AMP binding protein, 232 
Cyclins, 40--41 
Cyprinus carpio (carp), 157 
Cytochalasin, induction of micronucIeation, 

332 
Cytogenetics 

history of, 7-21 
organisms of importance, 376-390 

Cytokinesis, 37-38, 50 
failure, 146 
premature, 143 

Cytological landmarks, 69 
Cytology, chemical fixation, 285 
Cytoplasm 

in substitution lines, 200 
ribonucleoprotein synthesis, 3CJ7 

Cytoplasmic inheritance, 341-350 
Cytoplasmic male sterility, 343-344, 347-349 
Cytoplasmic trait analysis, 343-345 

D 
DAPI (4'..fHliamidino-2-phenylindole), 57, 71, 

73 
chemical structure, 252 

Datura (Solanaceae) 
D. innoxia, microspore differentiation, 178 
D. stremonium (Jirnson weed), 10, 168-171, 

179 
aneuploids, 164 
effect of ploidy, 179 
pollen abortion, translocations, 126 

Deamination, 89 
Deletions, 100 

C-banding, 334 
detection at pachytene, 199 

Deletion mapping, 199 
Desynapsis, 143, 163 
Diakinesis, 49 
Dicentric chromosomes and chromatids, 

106-107, 117-118, 121-122,272 



Dicotyledons, genetic transfonnation, 359-364 
Differential labeling, use of BrdU, 62 
Differential segments in translocations, 127 
Diffuse centromeres, 311 
Diffuse chromosomes. See Holokinetic 

chromosomes 
Diffuse stage, 49, 77 
Digoxigenin labeling, of DNA, 286-288 
Dihydrofolate reductase gene, 279 
Diploidization, 148 
Diploids and diploidy, 139, 189, 194-195, 199 
Diplotene stage or diplonema, 49 

chromosomes, 76-77 
Diptera, 78, 106,385 
Disease resistance, 215 

cloned genes, 320 
identification, by 

DNA marlrers, 330 
PCR markers, 324 

virulence and avirulence, 320-321 
Disjunction, chromatid, 142 
Disomic inheritance, 150 
Disomics vs. trisomics, 191-194 
Dispersed repetitive DNA sequences, 237-239 
Ditelosomics, 172 

gene mapping, 205 
DNA, 10, 12, 13 

amplification, 279-280 
arrangement in chromosomes, 14-15 
denaturation and renaturation, 234, 289 
diagrammatic representation, 230 
fingerprinting, 332 
labeling, 270-272 
ladders, 300 
lesions, 90 
markers, 151 
melting point calculations, 287 
probes, 288-291 
quantitation, picograms to base pairs, 230, 

376 
resolution of interlocking, 260 
synthesis, outside the cell cycle, 279-280 

DNA replication, 270-282 
bidirectional synthesis, 275-276 
involvement of nucleoskeleton, 277 

DNA sequence organization, 229-243, 276 
coding and noJH:Oding, 229 
intervening spacer sequences, 304 

DNA structure, 244-269 
A, B, and Z forms, 244-248 
bending, 250 
conformational change by spennine, 251 
distortion, TATA-box binding protein, 255 
folding, 256, 258 
methylation and demethylation, 81, 248-250 
polarity, 244, 245, 273 
topology, transcriptional changes, 262 

DNase, 241, 256-258 
repressor proteins, 262 
X-ray crystallography, 253 

DNA polymerases, 274-276 
inhibitors, 90 

DNA-protein complexes, 253-255 
Domains, 3 
Dominance 

over- and under-, 132 
psetJ<b-, 199 

Double minute chromosomes, 95, 279-280 
gene amplification, 280 

Double reduction, 151-152, 191 
Doubled haploids, 182-184,331 
Drosophiill 

aneuploids and aneuploidy, 162, 165 
deletion mapping, 199 
genomic cloning, 296 

he~hromatin, 298-299 
meiotic mutants, 63 
nucleolus organizer regions (NORs), 

303-304 
ribosomal RNA genes, 302 
salivary gland chromosomes, 8, 9, 10,78, 

105, 195, 285 
sex chromosomes, 78-80, 307-308 

Hoechst 33258 banding, 299 
X chromosome, 79,128 

bands and interbands, 297 
cloned sequences, 297 
inversions, 303, 304 
Notch locus, 296-298 
X-irradiation, 165 

Y chromosome, 79-80,128,385,386 
heterochromatic, 73 

D. hydei, d(GT)n DNA sequences, 57 
D. miranda, 79 
D. melanogaster (fruit fly), 9, 10,385-386 

achiasmate meiosis, 51-52 
aneuploid phenotypes, 168 
centromeric he~hromatin, 301 
chorion proteins, 279 
chromosomes 

autoradiograph, 238 
deletions, 109, 308 
homologous association, 265 
inununofluorescence staining, 300-301 
inversions, 132 
lengths, 15 
mitotic, 36, 301 
polytene, 286 
prophase, 299 
puffing, 263 
salivary gland, 296 

cis/trans inactivation, 129 
DNA probes, Arch2.9 and Ah1.6, 297 
ectopic recombination, 99 
gene amplification, 279 
a- and P.heterochromatin, 298-299 
histone gene family, 240 
hybrid dysgenesis, 96-98 
lethal genes, 199 
mutation frequency, 275 
paracentric inversions, 117 
position effect variegation, 128 
rDNA amplification, 308 
reductional division, 63 
rRNA meiotic pairing sites, 307-308 
Segregation Distorter, 301-302 
segregation mutants, 63 
sequence tagged sites, 388 
sex determination, 79 
tandem duplications, III 
telomeres, 386 

He-T sequences, 313 
test crosses, 325, 326 
transposable elements, 96-97 

D. virilis, polytene chromosomes, 300 
Duplicate lines, genetic heterogeneity, 212 
Duplicate genes, F2 segregation, III 
Duplications 

stable, 134 
tandem, IlI-I12 

repeated DNA sequences, 56 
Dyads, 142 
Dyad synunetry, 233 

restriction endonuclease cleavage sites, 236 
RNA processing, 240 

Dynein proteins, at kinetochore, 309 

E 
Ectopic 

crossing over, 98, 105 
pairing, 98 

Index 393 

Electron microscope and microscopy, 26-28 
colloidal gold labeling, 288-289, 291 
three-dimensional reconstructions, 149 

Electrophoresis, 194 
gel, 209,321-322 
transverse pulsed field, 69, 70, 333, 379 

Electroporation, 363 
Elymus trachycauJus (Hordeae) addition lines, 

218-219 
Embryo 

culture, 216 
rescue, 176 
sac, 51 

Embryogenesis 
in Caenorhabditis elegans, 385 
in Mayetiola destructor, 54 

Endomitosis, 146 
Endopolyploidy, 146 
Endoreduplication, 78 
Endosperm proteins, genetic markers, 322 
Endosymbiosis, 5 
Enzymes, 153, 157 

Acp (acid phosphatase), 157 
Adh (alcohol dehydrogenase), 157,322 
Lap (Ieucina aminopeptidase), 153 
Pgi (phosphoglucoisomerase), 153 
Pgm (phosphoglucomutase), 153, 157 

Ephestia kiihnielill (Mediterranean flour moth), 
epidermal cell polyploidy, 140 

Episomes, 279-280 
Equational division, 44, 50 
Equational segregation, maximum, 191 
Equatorial plate, 36-38 
Equus, 215 (see also Horses) 

E. caballus (domestic horse), 167 
monosomy, 215 

E. caballus X E. przewalski, FI karyotype, 
215 

E. przewalslci (Przewalski horse), 215 
Erisyphe graminis (powdery mildew), 203 
Erythropoiesis, 240 
Escherichia coli (a bacterium), 5, 89-90, 

377-378 
DNA methylation, 249 
flagellin protein synthesis, 235 
genetics, 232-233,377-378 
operons 

iIlc, 232-233 
ribosomal RNA, 235 
tryp, 233 

proteins 
recA, B, C, and D, 60 
photolyase, 93 
RNA polymerase, 306 

protosome, 232, 272-273 
renatoration curves, 15,234 
repetitive DNA sequences, 234 
semiconservative replication, 270 

Ethidium bromide, chemical structure, 252 
Ethylmethane sulfonate, 91 

lethal mutations, 301 
Ph mutants, 221 

Ethylene biosynthesis, in tomatoes, 363 
Euchromatin, 10, 49 

definition, 296 
Eukarya, Domain, 3 
Eukaryotes,4,87 

DNA replication, 271, 274, 276 
Evolution, 4 
Exonucleases, 274, 312 

F 
Fab fragments, 286, 287 
Fertility restoration genes, 343-344 
Fertilization barriers, 215 
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Festuca (Festuceae), B chromosomes, 81 
Feulgen (Schiffs) reagent, 68, 252 
Fiber-FISH. See In situ hybridization to DNA 

fibers 
First-division restitution (FDR) at meiosis, 

142-143 
FISH. See Fluorescence in situ hybridization, 

289-290 
Fish, polyploidy, 157 
Flow cytophotometers and cytophotometry, 28, 

33,35 
Fluorescence in situ hybridization, 110, 289 
Fluorescence labeling, 15, 73, 290 

detection of DNA-initiation sites, 275 
dissection of the Notch locus, 297-298 
of rice chromosomes, 382 
quenching, 287 
use of DAPI, 292-293 

Fluorescence microscope and microscopy, 
23-24 

Fluorescent antibody staining, of microtubules, 
39 

Fluorochromes, 23, 28-29 
binding to immunoglobulins, 287 
chemical structure, 252 
interaction with DNA molecules, 252 

Foldback pairing, 180 
Forest trees, genetic mapping, 331-332 
Formamide, use in in situ hybridization, 287 
Fossil record, 5 
Founder effect, in mice, 388 
Fragile sites, 95 

DNA methylation, 249 
in nucleolus organizer regions, 308 

Fritillaria (Liliaceae), achiasmate meiosis, 52 
Fugu (puffer fish), genome size, 318 
Fungi 

G 

chromosome mapping, 333 
detection of aneuploidy, 166 
haploid phase, 175 
rDNA gene variability, 308 

P.Galactosidase (GAL), scorable marker, 356 
Gallus domesticus (chicken), 387-388 

aneuploidy, 162 
Gallus gallus. See Gallus domesticus 
Gametes 

aneuploid, 163 
unbalanced, 148 
unreduced (2n), 141 

Gametic formulas, 151 
Gametocidal chromosomes, 99-100 
Gametoclonal variation, 94, 178 
Gametogenesis, 51 
Gene amplification, formation of 

homogeneously staining regions, 279 
Gene for gene hypothesis, 320, 321 
Gene introgression, by homologous 

recombination, 368-369 
Gene mapping, in 

diploids, 189-200 
polyploids, 201-213 

Gene markers, 196 
Gene segregation, in polyploids, 150 
Gene silencing, 241, 249, 370-371 
Gene suppression, 146 
Gene targeting, 368-369 
Gene transcription, activation by 

demethylation, 249 
Gene transfers, 214-226 
Generative nucleus, 197 
Genes 

antisense, 362 
hemizygous effective and ineffective, 

202-203 

in heterochromatin, 15,301-302 
promoters and terminators, 357 
sense and antisense suppression, 369 

Genes, in 
Agrobacterium, 355 

nos (nopaline synthase), 353 
ocs (octopine synthase), 353 

barley 
hap (haploid), 176 

Caenorhabditis 
sdc (sex determination), 79 

Drosophila 
B (Bar eye), III 
bb (bobbed), 302, 303, 304, 308 
bw (brown eye), 128 
E(Sd) (Enhancer of Segregation distorter), 

302 
I R (Inducer Reactive hybrid dysgenesis), 

96-98 
ks and kl (fertility factors), 299, 301 
It (light, heterochromatic gene), 128 
m (miniature wings), 326 
M (Minute. bristle mutant), 109 
ncd (non-claret disjunction), 63 
nod (non-distributive disjunction), 63 
N (Notch. notched wings, suppressor of 

neurogenesis), 109,2% 
P M (Paternal Maternal hybrid 

dysgenesis), %-98 
roo (transposon), 99 
Rsp (Responder element), 301-302 
ry (rosy eye color), 308 
Sd (Segregation distorter), 302 
su(j) (suppressor of forked bristles), 299 
Su(var)2-5 (Suppressor of position-effect 

variegation), 301 
Sxi (sex-lethal), 79 
w (white eye), 99, 128, 326 
wm (white-mottled eye color), 128 
Xist (X inactivation center), 80 
y (yellow body), 328 

Escherichia coli 
P.glu (P.glucuronidase), 356 
lacZ (P.galactosidase), 235, 356 
P.lac (ampicillin resistance), 235 
ribosomal RNA, 235 

humans 
bcr (breakpoint cluster region), 129 
c-abl (oncogene), 129 
c-myc (proto-oncogene), 131-132 
c-sis (cellular growth factor), 42 
FMRI (RNA binding protein), 95 
RSP4 (S4 ribosomal protein), 80 
SRY (sex-determining region), 79 
STS (steroid sulfatase deficiency), 110 

maize 
Ala (anthocyanin activity), 200 
Ac (Activator transposable element), 

95-96, 249 
Adh I (alcohol dehydrogenase), 357 
bm2 (leaf brown midrib), 194 
Clc (seed color), 61 
Ds (Dissociation transposable element), 

95-96 
el (elongate chromosomes), 143 
HI a (histone 1 sub-fraction), 194 
Hmlhm (resistance/susceptibility to 

Helminthosporium), 198 
19 (indetermine gametophyte), 176 
Klk (heterochromatic knobs), 61 
Kn (knotted leaf), 111-112 
Mu (transposable element), 112, 249 
Rlr (saed color), 194 
Rlr (reduced height), 196, 199 
Spm (transposable element), 249 

Wxlwx (seed waxiness), 61 
Yly (yellow seed color), 196-197, 199 

mice 
Sry (sec determining region), 79 
Tdy (testis-determining gene), 79 

Naurospora 
cys-3 (cysteine biosynthesis), 52 

potato 
Pip (anthocyanin pigmentation), 179 

rice 
ghI (gold hull), 192 
RfllrfI (fertility restoration), 349 
spll (spotted leaf), 192 

rye 
Hp (hairy neck), 223 

wheat 
H25 (resistance to Hessian fly), 224 
Kr (crossability), 177 
Lr9 (leaf rust resistance, transfer from 

wild species), 222 
Nor (nucleolus organizer regions), 108, 

303, 305 
Ph/phI (pairing homoeologous). 81, 149, 

155, 216, 220-221 
Ph2.220 
PmJ (powdery mildew resistance), 203 
Rlr (red kernel color), 150 
Rf (fertility-restoring), 176 
v (virescent), 204 
Yr8 (stripe rust resistance), 220 

Xenopus 
Anucleolate. 303 

yeast 
CDClO (cell division cycle mutant), 310 
H4 (histone), 278 
LEU2 (leucine-requiring), 310 
NOP I (nucleolar-organizer protein), 307 
petite, 341, 378 
Ty (Transposon yeast transposable 

element), 98 
Genetic bridges, 216 
Genetic code, 14,231 

in transformation, 358 
Genetic compensation, 156 

Genetic counseling, 334-335 
Genetic engineering, 351-375 
Genetic homeostasis, 157 
Genetic information, 230 
Genetic maps and mapping, 62, 318-337 

of mitochondria, 342 
Genetic markers, 223, 319-324 

chromosome banding, 320 
in coupling and repulsion, 327-328 
scorable and selectable, 356 

Genome 
analysis, 152, 154 
balance, 177 
chromosomal differences, 155 
imprinting, 249 
incompatibility, 216 
size, determination, 234 

Genomic 
evolution, 156-157, 345 
relationships, 139-140, 154-157 

Genotypes, 151 
non-recombinant and recombinant, 326 

Germplasm centers, 330 
Glardia lamblia (Archezoan parasite), 5, 7 

position of rDNA loci, 308 
ribosomal RNA genes, 5 

Gibasis (bridal veil), chromosome numbers, 
121 

Gibberellic acid, 145 
Giemsa staining, 272 



Globin genes, 110, 112-113, 240-241 
transcription, 260-261 
variants, 322 

,B-Glucoronidase (GUS), scorable marker, 356 
Gluten proteins, 156, 209, 323 
Gorilla gorilla, 389 
Gossypium (cotton) 

G. barbadense, semigarny, 175 
G. hirsutum 

applications of genetic engineering, 363 
Bt protein transformation, 361 
chromosome size, 155 
monosomics, 168, 202 
translocation chromosomes, 125 

Gramineae, 230 
Grasshoppers, Nor loci on B chromosomes, 81 
Green fluorescent protein, scorable marker, 356 
Growth hormone gene 

bovine, 387 
rat, 365 

Gynogenesis, 175, 176, 179 

H 
Haemophilus injluenzae (a bacterium), genome 

size, 375 
Haldane function, in linkage analysis, 328 
Haploids and haploidy, 175-185 
Haplopappus gracilis (daisy), chromosome 

number, 67-68 
HeLa cells, 292 

transcription initiation complex, 306 
Helical twist, 245, 262 
Helicase protein, 274 
Helix-turn-helix modules, in prokaryotes, 253 
Helminthosporium carbonum (fungal 

pathogen), 198 
Hemoglobin genes 

chromosome domain, 241 
control regions, 260 
evolution, 112 

Hemoglobins, 240 
electrophoretic variants, 322 

Hepatocytes, 140 
Herbicide resistance 

mode of action, 360 
selectable markers, 356, 359 

Hessian fly. See Mayetiola destructor 
Heterochromatic chromosomes, in Parascaris, 

37 
Heterochromatin, 10, 35, 49, 69, 133, 296-303 

breakpoints, 195 
chromosome banding, 73 
constitutive and facultative, 71, 78, 2% 
position-effect variegation, 129 
replication, 276 

Heterochromatin, in 
Drosophila chromosomes, 36, 298-299 
trivalents, 171 

Heterochromatinization, 128 
Heterodimer formation, of isozymes, 322 
Heteroduplex formation, 60, 61 
Heterokaryon, 346 
Heterologous pairing, 57 
Heteromorphic bivalents, 172, 205 
Heteropycnotic bodies, 35, 69, 71 
Heterotic effects, 133 
Heterozygosity, 142 
High-mobility proteins, 258 
High velocity microprojectile bombardment, 

363-364,365 
Histone 

analysis by flow cytophotometry, 279 
genes. 239-240, 278 
proteins, 10, 256-258,260, 278 
synthesis, 278 

Hoechst 33258, 73. 272 
Holliday junction, 61 
Holocentric or holokinetic chromosomes, 36, 

53 
of Caenorhabditis elegans. 385 

Homo sapiens. See Humans 
Homoeologous chromosomes, 149 

genetic compensation, 207 
crossing over, 221 
relationships, 155-157 

Homoeologous pairing genes, 149-150, 181, 
216 

alien transfers, 220-221 
action, 64 
mutants, 220-221 

Homogeneously staining regions, 279 
Homologous chromosomes 

mitotic/somatic association, 263, 265 
pairing, 134 
recognition, 59-60 
recombination, gene introgression in mice, 

368-369 
Homology search, 49, 56, 60 
Homozygosity mapping, of diseases, 332 
Homozygous lines, development, 334 
Hoogsteen base pairing, 253 
Hordeum (barley) 160, 193 

C-banded chromosomes, 320 
chain-of-four chromosomes, 124 
duplications, 134 
homoeologous relationships, 156-157 
meiosis in haploids, 180-181 
primary trisomic metaphase, 170 
H. bulbosum. 176,218 
H. marinum. 177 
H. spontaneum. isozymes, 322 
H. vulgare, 382 

induction of haploids. 176-177 
seed viability, 95 
polymorphic chromosome banding, 320 

Horses, G-banded chromosomes, 215 
HPI protein, 300. 301 
HUGO (Human Genome Mapping 

Organization) 319, 389 
Human, 389 

chromosome number, 15 
defective metabolic pathways, 320-321 
effects of irradiation, 165 
microinjection, 368 
micro satellite DNA, 95 
mitochondrial DNA, 342 
molecular markers, 80 
nuclear DNA content, 229 
proteins, production in transgenic organisms, 

366 
spontaneous abortions, 140-141, 161 

Human chromosomes 
Alu sequences, 238, 239 
aneuploid frequency, 165 
centric rings, 109 
centromeric heterochromatin, 309 
chromocenter, in sperm nuclei, 263 
deletion mapping, 200 
fragile-X, 95 
genetic mapping, 332 
heterozygous deletions, 109 
inactive X, 35 
Philadelphia chromosome, 129, 130 
Robertsonian translocations, 120, 122 
satellite II sequences, 73 
scanning electron micrograph, 37 
secondary constrictions, 73 
sister chromatid exchange, 91 
synapsis, 57-58 
telomeres, 312-313 
trisomy, 166-167 

Index 395 

Human chromosomes, banding 
DAPI/actinomycin-D counterstaining, 75 
fluorescent banding, 15 
G-banding,74 
R-banding,74 

Human chromosomes, number 
I (haterozygous inversion pairing), 117 
2 (hybrid cell selection), 166 
'lJ4 (reciprocal translocation), 116 
3 (centric ring), 105 
4 (Huntington's disease locus), 128 
B (DNA repair), 276 
8/14 (translocation), 131, 132 
9 (banding patterns), 70 
9/20 (translocation), 124 
9/22 (reciprocal translocation), 129, 130, 200 
II (ataxia telangiectasia locus), 94 
13 (deletions), 110 
13 (trisomy), 166 
13/14 (translocation), 120, 122 
14 (immunoglobulin heavy-chain locus), 

129, 131 
16 (effects of trisomy), 161 
16 (globin gene loci), 112 
17 (duplications), III 
18 (trisomy), 166 
21 (nondisjunction), 165 
21 (trisomy), 127, 161, 165, 168 
22 (deletions), 110 
X (molecular map), 80 
X (monosomy), 162 
X (deletion mapping), 110 

Xp (DNA replication), 276 
Y (molecular map) 80 

Human diseases and syndromes 
albinism, 321 
alkaptonuria, 321 
ataxia telangiectasia, 94 
Bloom's syndrome, 91 
Burkitt's lymphoma, 131-132 
cardiomyopathies, 349 
Charcot-Marie-Tooth syndrome, III 
chronic myelogenous leukemia, 129-131, 

200 
cri-du-chat syndrome, 200 
DiGeorge syndrome, 110 
Down's syndrome, 127, 166 

maternal age effect, 165 
Edwards' syndrome, 166 
fragile X syndrome, 95 
hereditary neuropathy, III 
hereditary non-polyposis colorectal 

carcinoma, 90 
Huntington's disease, 128, 349 
Klinefelter's syndrome, 167 
Leber's neuropathy, 349 
leukemia, 129 
Louis-Bar syndrome, 94 
lupus erythemetosus, 286 
Martin-Bell syndrome, 95 
Miller-Dieker syndrome, 110 
ophthalmoplegia, 349 
Patau's syndrome, 166 
Parkinson's disease, 349 
phenylketonuria, 321 
retinoblastoma susceptibility, 41 
rheumatoid arthritis, 286 
scurvy, 321 
sickle cell anemia, 322 
thalassaemia, 110, 241, 322 
Turner's syndrome, 80, 167-168 
xeroderma pigmentosum, 90-91 
X-linked ichthyosis, 110 

Hyalophora columbia (moth), synaptonemal 
complex, 56 



Index 

Hybrid cells. HAT selection procedure. 332 
Hybrid crop breeding, A, B and R lines, 344 
Hybrid dysgenesis, 96-98 

in Drosophila, 343 
Hybrid fertility/sterility, 215 
Hybrid zones, of mice, 389 
Hybridization, 144 
Hydrogen bonding, 230, 244, 248, 249 
a-Hydroxyacetosyringone, 354 
Hydroxyapatite, 234, 237 
Hymenopters, 175 
Hyparvariable regions, 325 

I 
Icerya pllrclwsi (scale insect), meiosis, 54 
Idiogram, 67 
Image analysis, 28-29 

enhancement, 16,289 
Immersion oil, 23 
Immunofluorescence staining, 54, 300-301 
Immunoglobulin 

locus, 131 
molecules, 129, 286 

colloidal gold binding, 287 
Induction and repression, of operons, 232 
In situ hybridization, 35, 49, 73, 76, 115, 154, 

224 
chromosome mapping, 333 
detection of rye chromatin, 298 
DNA and RNA probes, 286 
heterochromatin, 300 
human chromosomes, 110 
localization of telomeric DNA sequences, 

312 
mouse satellite DNA sequences, 300 
nucleolar proteins, 307 
repetitive DNA sequences, 289 
RNA polymerases, 291-292 
to DNA Fibers, 290-291 
to telomeres, 290 
wheat-rye translocations, 224 

In vitro pollination and fertilization, 215 
Inactivation, cis and trans, 128 
Inbreeding, 334 
Incomplete dominance, flower color, 319 
Indoleacetic acid, biosynthetic pathway, 353 
Initiation of transcription, control, 262 
Insect pests, 134 

sterile males, 135 
Insects 

polyploidy, 157 
Robertsonian translocations, 119 

Interbands, 78 
Inten:alating compounds, 299 
Interchange trisomies, 164, 171 
Interference contrast microscope and 

microscopy, 24-25 
Interkinesis, 50 
Internal control regions, of 5S RNA genes, 254 
Interphase, 33, 44 
Intersexes, 79 
Interspersed DNA sequences, long (UNES) 

and short (SINES), 56, 237-239 
Interval mapping, 328-329 
Intervening sequences, between rRNA genes, 

304 
Introns, 17 

Ty elements, 238 
Invemons, 57, 115-121,303 

breakpoints, 195-196, 199 
enforced linkage, 132 
gene mapping, 195-196 
morphological chromosome changes, 132 
ovule/pollen abortion, 118-119 
pachytene configurations, 116-120, 195 

Invertebrates, mitochondrial DNA, 342 
Inverted repeat sequences, 235 

in eukaryotes, 230 
in SV40, 230, 231 

Ions, interactions with DNA, 251 
Isochores, 71 
Isochromosomes, 163, 170, 172, 204, 222 
Isometrus (scorpion), 133 
Isosomes. See Isochromosomes 
Isotopes, in in situ reactions, 287 
Isotrisomies, 168, 170 
Isotype switching, 130 
Isozymes, 198 

K 
Karyotypes, 10,67-84 

evolution, 103 
Kinases, 40-41 
Kinetochores, 35-39, 49, 54 

microtubule attachment, 309 
Kosambi function, in linkage analysis, 328 

L 
Laminar proteins, 39, 41 
Lampbrush chromosomes, 14,49, 76-n, 260, 

261 
Laws 

of independent assortment, 10 
of segregation, 8 

Leghemoglobin, 112 
Lepidoptera, 78 

effect of Bt toxin, 361 
Leptotene stage or Ieptonema, 44 
Lethal genes, 199 
Leucine-zipper modules, 256 
LexA protein, 89-90 
Ligase, DNA, 236 
Light microscope and microscopy, 22-23 

vs. electton microscopy, 26 
Likelihood functions, 327 
Linkage, 10 

analysis, 325-330 
drag, 334 

Linker DNA, of nncleosomes, 258 
Limun usitatissimum (flax), 178 
Locus control regions, 240, 242, 261-262 
1.OD score, calculation, 327 
Lolium (ryegrass), 157, 217 

L. multiflorum (Italian ryegrass), 217 
L. pennne (perennial ryegrass), 217 

Lnciferase (LUC), scorable marker, 356 
Lucilia cuprina (sheep blowfly), 135 
Ludwig function, in linkage analysis, 328 
Luvda (rush) 

diffuse centromeres, 36-37 
L. puipurea. inverted meiosis, 53 
Lycopersicon (tomato), 76, 146, 157, 160 

chromosome 
breakpoints, 196 
deletions, 106-107 
in situ hybridization of telomeres, 290 
synapsis, 59 

crown gall tumor, 352 
ethylene biosynthesis, 363 
fungal resistance. 320 
heterochromatin. 171 
monosomic analysis, 194 
resistance to PselUlomonDs syringae. 320 
transformation by antisense genes, 363 
L. escuJantum (tomato). 380 

aneuploid transmission, 164 
interspecific hybrids, 214 
trisomy. 168, 170, 171 
pachytene trivalents and pentavalents, 

170. 171 
L~,67.91.95 

M 
Macronucleus. 280 
Mocropus rufus (red kangaroo), nucleolus 

organizer regions, 75 
Maize. See Zee mays 
Major and minor grooves. of DNA, 245-247, 

256 
3-Maleimidobenzoyl-N-hydroxy-succinimide. 

antibody labeling reactions. 288 
Mammalian adenovirus, 311 
Mammalian cells. transformation. 366 
Mapping, 328-331 

cytogenetic. 189 
test and marter genes. 196 

Marker bracket mapping. See Interval mapping 
Marsupial 

cell line, 90 
paternal X chromosome inactivation. 80 

Maternal inheritance. 341-350 
Maximum equational segregation, 151 
Maximum likelihood estimation, 327 
Mayetiola destructor (Hessian fly), 54-55 
Medicago (alfalfa or lucerne) 

M. falcata. 153 
M. sativa. 143. 153 

Agrobacterium transformation, 359 
haploids, 182 
trisomics. 202 

Megaspore genotyping. in conifers. 331 
Mciocytes.44,49,80 
Meiosis. 7,8,44-66, 142-144, 162 

in monosomies, 171, 172 
in trisomies. 169-171 
translocated chromosomes. 122-125, 126, 

127 
Melampsora lini (flax rust). 320 
Me/andrium album (evening campion), sex 

chromosomes. 79 
Melanin. 87 
Melon, transformation by antisense genes, 362 
Mentor effect, 215 
Messenger RNA 

control of transcription, 230. 233 
post-transcriptional modification, 241 

Metacentric chromosomes, 67. 68 
Metallothionein gene. in animal transformation, 

365.367 
Metaphase I 

in barley trisomiCs, 170 
chromosome handing. 76 
in haploids, lSO-I81 
translocation rings, 125 

Metaphase stages 
meiosis l, 49 
meiosis n. 60 
mitosis, 36 

Methylation induced premeiotically, in fungi, 
249-250 

Mice. See also MIlS. 167,300,388-389 
aneuploidy. 162, 165 
antibody labeling of synaptonemal complex, 

289 
centromeric heterochromatin, 73 
gene introgression, 368-369 
histone gene control. 240 
satellite DNA sequences, 299-300 
transformation, 261, 365, 369 

Micrococcal nuclease, 257 
Microinjection 

human chromosome fragments, 368 
in mammaIian transformation, 367 
success rate in bovine transgenesis. 368 

Microsatellite and minisatellite DNA 
sequences, 95. 237 

genetic markers, 323, 325 



Microscopes and microscopy, 7-8, 22-30 
spectrophotometry, II 
dark-field, 238 

Microspores, 83, 143, 177-178 
Microsporocytes, 143 
Microsporogenesis, 51 
Micrombules, 36-39 

assembly and disassembly, 309 
Microtus (a rodent), 264 
Minichromosomes, in Tetrahymena, 280 
Misdivision, of monosomics, 205 
Mismatch repair protein (MutS), 90 
Mitochondria, 4-6 
Mitochondrial DNA, 341-342 

mutations, 349 
genes, post-transcription editing, 347-348 

Mitosis, 7, 33-43 
effects of colchicine, 145 

Mitosis-promoting factor, 40 
Mitotic/somatic crossing over, 107, 108 
Mixoploidy, 162 
Molecular cytogenetics, 154 
Molecular mapping, DNA condensation, 298 
Monoclonal antibodies, 56 

to scaffold proteins, 309 
Monocotyledons, genetic transformation, 

363-364 
Monohaploids, 180 
Monoisosomics, 204-205, 207 
Monoploids, 175 
Monosomes, 161, 171 

misdivision, 211 
Monosomics and monosomy, 161, 171-172, 

201-226 
analysis, 202-204 
compensation, 168 
shifts,211 
progeny, 162,202 

Monotelodisomics. 205 
Monotelosomics, 201, 204. 207 
Mouse-human hybrid cells, 166 
mRNA. See Messenger RNA 
Multipoint mapping, 328 
Mus. See also Mice 

M. musculus domesticus, 388-389 
M. musculus musculus. 388 
M. spratus, 388 

Mutagens. II 
Mutants 

desynaptic. 143 
maiotic.63 
mitotic. 41-42 
screening. 181 
X-ray-induced, 128 

Mutations. II, 250 
of mitochondrial DNA, 349 

Myoblasts, 39. 40 
Myoglobin, 112 
Myrmecia pi/osula (an ant), somatic 

chromosomes, 68 

N 
Nasonia vitripennis (a wasp). 8 chromosomes, 

81 
Near isogenic lines (NILs). 207. 334, 344 
Neurospora cresse (bread mold fungus), 10 

karyotype, 57 
meiosis,48 
meiotic mutants. 63 
nucleolus organizer regions, 308 
recombination nodules. 57 
tetrad analysis. 51-52 

Nicotiena (tobacco) 
alien substitution lines. 219 
amphiploids.219 

genome analysis. 154 
interspecific crosses. 164 
N. glutinosa, 219 
N.otophora, 154 
N. tabacum (tatraploid tobacco). 154.219. 

346 
cybrids, 347 
genomes. 164,202 
monosomics and monosomy. 161. 164, 

168. 171-172.202 
protoplast fusion. 347 

N. tomentosa, 154, 202 
N. tomentosiformis, 154 
N. sylvestris, 154 

doubled haploids. 183 
genome. 164 

Nondi~unction. 162-163 
Non-histone proteins, 258 
Nopaline. 353 
Nor loci. See Nucleolus organizer regions 
Notch locus, 2%-298 
Nuclear membrane 

attachment of telomeres. 313 
proteins. 263 

Nuclear scaffold, 240. 260-261.264 
Nuclear/cytoplasmic interactions, 341. 

343-345 
genetic incompatibility. 346-347 
in polyploids. 345 

Nucleic acids, radiolabeling. 289 
Nucleolin, conserved sequences, 307 
Nucleolus, 35. 48, 49, 76, 302-303, 306-307 
Nucleolus organizer regions, 14,68,75, 120, 

122. 303-305, 307-308 
chromosome mapping, 333 
silver staining, 74 

Nucleoplasmin, 278 
Nucleoprotein, 10 
Nucleoskeleton. 41, 277 
Nucleosomes, 14,256-258,310 

DNA curvature, 262 
assembly, 278 

Nucleotide base pairs. 245-250 
Nucleus, 4, 7 

DNA content, 34, 146,229-230 
formation, cell-free extracts, 263, 265 
protein (Ku), 92 

Nullihaploids, 161 
Nullisomics and nullisomy. 161,201 

analysis, 204 
development of substitution lines. 207 
of oats, 201 

Nullisomic-tetrasomic compensation, 156 
Nullisomic-trisomics, 173 

o 
Oats. See Avena 
Octopine, 353 
Oedogonium (alga), centromare. 36 
Oenothera (Onagraceae) 

Oe. blandina, 127 
Oe. lamarckiana (evening primrose), 

pollen lethality, 133 
translocations, 124, 133 

Okazaki fragments, 274 
Oligonucleotides, antisense. 369 
Oncogenes, 42. 129 
One gene-one enzyme hypothesis. II 
Operons, 14, 232-233 
Opines 

of Agrobacterium tumefaciens, 352-353 
as scorable markers, 356 

Optical sectioning. 275 
Organelles. cell, 4, 5-6 
Organizing center, for microtubuIes. 37-39 

Index 397 

Origin of replication, 230-231,272-276 
Origin recognition complex, 277 
Orthoptera, 132 
Oryza (rice) 

chloroplast DNA, 343 
cybridization, 348 
cytoplasmic male sterility, 348-349 
use of doubled haploids, 184 
O. longistaminata (wild rice), 383 
O. ojJicinalis, 218 
O. sativa (cultivated rice), 218, 382-383 

genome mapping, 319 
monosomic addition lines. 218 
protoplast transformation, 363 
trisomy, 168, 170, 192 

Ovalbumin, gene structure, 17 
Ovum, 51 
Oxytricha nova (protozoan), telomere 

sequences, 312 

p 
Pachytene stage or pachynema, 49, 55-56, 60 

chromosome karyotypes, 76 
trivalent configurations, 190-191 

Paired rows, gene segregation, 197, 199 
Pan troglodytes (chimpanzee), 389 
Papaver somniferum (opium poppy), polytene 

chromosomes, 78 
Paramecium (protozoan), 384 
Parascaris univalens (threadworm), 37 

inverted meiosis, 54 
Parthenogenesis, 144, 157, 175 
PCR. See Polymerase chain reaction 
Pea. See Pisum 
Pennisatum americanum (pearl millet), 177 
Pentavalents. 171 
Perennial habit, 157 
Periplaneta americana (American cockroach), 

133 
Petunia, 346 

P. hybrida, glyphosate resistance, 359 
Phasa contrast microscope and microscopy, 24 
Phaseolus (bean) 

mitotic chromosomes. 263 
polytene chromosomes, 78 
P. vulgaris (common bean), cytoplasmic 

male sterility. 349 
Phenotypes. of polyploids, 146 
Philadelphia chromosome, 129 
Phosphodiester bonds. 274 
Phosphorylation/dephosphorylation cycle, 

41-42 
control of DNA replication, 275 
of proteins, 36. 40 

Photobleaching, 287 
Photolyase. DNA, 93 
Phylogenetic tree. 4, 5 
Phytohemagglutinin. 67 
Phytophthora infestans (potato late blight), 215 
Picea glauca (white spruce), biolistic 

transformation. 364 
Pichia pastoris (a yeast), gene transformation, 

366 
Picoplankton, 4 
Pigs, transformation with bovine growth 

hormone. 367 
Pisum sativum (garden pea) 

meiotic mutants, 63 
seed viability. 95 
starch biosynthesis, 320 
wrinkled seed phenotype, 319 

Plant breeding 
applications of genetic markers, 335 
using haploids. 182-183 
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Plants 
Agrobacterium transformation, 352 
cytoplasmic male sterility, 347, 349 
DNA methylation, 250 
domestication, 214 
genome mapping, 319, 334 
life cycles, 176 
microspore culture, 177-178 
mitochondrial DNA, 342 
nondi~unction, 162-163 
polytene chromosomes, 105, 109 
polyploidy, 140 
transformation, 364-365 

Plasmids., 15, 16,235-236 
pAHC25 (BARGUS construct), 358 
pBR322,356 
pGV3850 (modified Ti plasmid), 356 
pSC101, 16, 378 
pUC19,235 
pUK421, 278, 279 

Plasmodiumfalciparum (malarial parasite), 322 
Plastids, 342 
Pleiotropy, 348 
Ploidy levels, 139, 150 
Pneumococcus pneumoniae (a bacterium), II 
Polar bodies, 51 
Pollen abortion, use in gene mapping, 196-197 
Pollen mother cells, 10 
Pollen-pistil incompatibility, 215 
Pollination, self, 158 
Polycentric chromosomes, 52 
Polyhaploids, 139, 175, 180-181 
Polylinkers, restriction enzyme cleavage sites, 

236 
Polymerase chain reaction, 16, llO, 291-293, 

323-325 
denaturation/renaturation, 234 
megagametophyte genotyping, 331 

Polymorphism, balanced, 322 
Polyploids and polyploidy, 10, 139-159, 

202-206, 345 
Polytene chromosomes, 78, 105, 263, 279, 

296-298 
gene locations, 318, 333 
in plants, 78, 105, 109 

Pongidae (great apes), karyotypes, 389 
Populus (poplars), 215 

P. albe (white poplar), 215 
P. deltoides (black cottonwood), 215 

Position effect, III 
Position effect variegation, 127-128,301,358 
Positive and negative control, of operons, 232 
Post-meiotic cycles, 51 
Post-replicative editing, 274 
Potato. See Solanum 
Pre-breeding, 215 
Preprophase band, 39 
Presynaptic chromosome alignment, 58-59 
Primary constriction, 309 
Primary trisomics, 161, 162, 169-170, 

189-192 
Primase protein, 274 
Primates, centromeric DNA sequences, 309 
Pristiurus (shark), 14 
Probes 

biotin labeling, 223 
fluorescence labeling, 26, 264 

Prochlorobacteria, 6 
Prokaryotes, 4, 87, 229 

semiconservative DNA replication, 271 
transposable elements, 98 

Proof reading, 274 
Propeller twist, between base pairs, 246, 

248-249 

Prophase 
meiosis I, 44-49 
meiosis II, 45, 50 
mitosis, 36 

Protein 
binding sites, inverted symmetry, 233 
heterodimers, leucine-zipper interactions, 

255 
interactions with DNA, 253-255 
translation, 230 

Protoplast fusion, 346-347 
Protosomes, 4, 229 

renaturation curves, 234 
replication, 232, 270-273 

Prototrophs, 10 
Protozoans, DNA of telomeres, 311 
Pseudococcus obscurus (mealy bug), 

heterochromatinized chromosomes, 54 
Pseudogamy, 175-176 
Pseudogenes, 112 
Pseudcmonas (a bacterium), 5 

P. syringae (bacterial pathogen), 320 
Pseudo-testcross mapping, in hardwoods, 

331-332 
Pteridophytes, 149 
Puccinia (fungal rusts) 

P. recondita (leaf rust), 222 
P. striiformis (stripe rust), 220-221 

Pulse-labeling, ribosomal RNA genes, 306 
Purple bacteria, 5 
Pyrimidine, 92 

Q 
Quadrivalents, 147-148 
Quantitative genes, 197 
Quantitative trait loci (QTLs), 319, 329-330 

gene mapping, 196,208-210 
Quinacrine, 71, 252 

hydrochloride, 15 
mustard, 69 

R 
Rabi configuration, of prophase chromosomes, 

313 
Radiations, 92, 121 
Rane temporaria (frog), 76 
Random amplified polymorphic DNA 

sequences (RAPDs) 
genetic markers, 323-324 
in bulked segregant analysis, 330 

Rat kangaroo, 309 
Rattus norvegicus (rat), 145 

pachytene stage chromosomes, 57 
rRNA. See Ribosomal RNA 
Reciprocal 

chromosome sets, 210 
substitution lines, 208-209 
translocations, 115, 116, 119, 121, 122, 124, 

129, 130, 132, 133-135, 157, 164, 
196-197,211-212 

Recombinant inbred lines, 331 
Recombinase 8-resolvase, 260 
Recombination, genetic, 60-62 

fraction, calculation, 325-326 
frequency, 52, 205-206 
non-random distribution, 333 

Recombination nodules, 49, 55-57, 60-61 
electron micrograph, 57 

Recombination proteins 
RecA, 50, 90 
RecB, C, D, 60 
Recl,60 

Reductional division, 44, 50 
Regulatory cascade, in sex determination, 79 
Renaturation curves, 15,234 

effect of DNA length, 237 

Renner complexes, 133 
Repairosome, 90 
Repeat-induced point mutations, in repetitive 

DNA sequences, 250 
Repetitive DNA sequences, 14,73,98-99, 

234, 236-239 
Alu sequences, 71 
as probes, 224 
cause of duplications and deletions, 105 
hybrid dysgenesis, 96 
in situ hybridization, 289 
replication, 277 
topomerase II binding sites, 259 
unequal crossing over, 98 

Repetitive DNA sequences, in 
histone genes, 239 
centromeres, 309 
eukaryotes, 236-237 
heterochromatin, 302 
nuclear scaffold, 240 
origins of replication, 272 
ribosomal RNA genes, 239 
scaffold attachment regions, 240 
SV40,230 
synaptonemal complexes, 57 
telomeres, 312-313 

Repetitive extragenic palindromic sequences, 
235 

Replication factors, 276 
Replication fork, 273 
Replicons, in Xenopus laevis, 387 
Reporter genes and molecules, 293-294 
Representational difference analysis, 330 
Restitution, at meiosis, 142-143 

in haploids, 182 
Restitution nucleus, 145 
Restriction endonuclease site mapping, 17 
Restriction endonucleases, 236 

binding to DNA, 253 
chromosome banding, 74 

Restriction fragment length polymorphisms 
(RFLPs) 

detection of monosomy, 161, 162 
DNA markers, 323 
trisomic analysis, 192 

Restriction fragment length polymorphisms, in 
chloroplast DNA, 343 
maize, 194, 195 
wheat, 324 

Restriction point, 40 
Retrotransposable elements and 

retrotransposons, 238-239 
HeT-A elements, 313 
Ty elements, 238-239 

Retroviruses, 42 
in animal transgenesis, 367 

RFLPs. See Restriction fragment length 
polymorphisms 

Rhizoctonie solani (sheath blight of rice), 
herbicide control, 362 

Rhoso spathacea (Commelinaceae), 133 
translocation chain-of-12, 134 

Ribonucleoproteins, 253, 306-307 
Ribosomal DNA (rDNA), 308 
Ribosomal RNA genes, 4, 13-14, 16,67, 108, 

302-307,384,387 
5S RNA, 253-254, 304 
18S, 5.8S, and 26S repetitive arrays, 

303-306 
deletion, 334 
extrachromosomal amplification, 280 

Ribosomes, 233, 289, 304-306 
Ribozymes, 306-307, 369 
Rice. See Oryza 



Rice cultivars 
'Taichung 65', 348 
'Chinsurah Boro n', 348 
'Nipponbare', 348 

Ring chromosomes, sister chromatid exchange, 
272 

RNA, 244 
binding proteins, 74 
editing, 241 

conversion of cytosines into uracils, 347, 
348 

of mitochondrial genes, 347-348 
probes, 288-289 
processing, 241 

histone genes, 240 
self -cleavage, 306 
transcription, 233 

RNA polymerases, 232-234, 305-307 
1,305-307 
n, 239-240, 255, 306 
m,253,306 

RNA retroviruses, 238 
RNA-DNA hybridization, 303 
Robertsonian translocations, 119-122, 126, 

127, 164,389 
Roll angle, between basepairs, 245-246, 247 
Rubus (Rosaceae), 149 
Rye. See Secale 

S 
Saccharomyces cerevisiae (budding or 

brewer's yeast), 95, 378-379 
aneuploid frequency, 165 
centromere (CEN3), 278 
centromeres, consensus DNA sequences, 310 
chromosomes, 70 
gene transformation, 366 
H4 histone genes, 257 
mutants 

meiotic, 63 
mitotic, 41-42 

nucleotide sequencing, 16, 319 
silent mating loci, 257 
Ty elements, 238-239 

Salivary gland chromosomes, 10, 78, 115 
induction of Z-DNA, 285 
presence of heterochromatin-associated 

protein HPl, 300-301 
Salmonella (a bacterium) 

S. aureus, 235 
S. ryphymurium, 90 

Satellited chromosomes, 14,68, 305 
Satellite DNA, 122 

buoyant densities, 299 
nucleotide sequence, 309 

Scaffold attachment sites. 261 
Scaffold proteins, 309 
Scanning probe microscope and microscopy, 

27 
Schizosaccharomyces pombe (fission yeast) 

centromeric DNA sequences, 311 
gene transformation, 366 
meiotic mutants, 63 

Sciara impatiens (dipteran), 117 
Scilla siberica (Liliaceae), chromosomes, 75 
Sea urchins, 386 

histone H4 genes, 239 
Secale (rye) 

bivalent interlocking, 59 
bouquet stage, 48 
chromosome replication, 276 
heterozygous reciprocal translocations, 123 
monosomic additions, 217-218 
S. africaruun, sister chromatid exchange, 272 

S. cereale (cereal rye), 382 
C-banded karyotype, 69 
chromosomes, 156 
B chromosomes, 81 
initiation of synaptonemal complexes, 

59-60 
terminal heterochromatin, 73 
heterochromatic DNA sequences, 298 
repeated DNA sequence probes, pScll9 

and pSc74, 224 
Secondary trisomics. See Isotrisomics 
Second-division restitution (SDR) at meiosis, 

142-143 
Sectors, aneuploid 162 
Seed capsules, of Datura stramonium. 169, 

179 
Seed storage proteins, electrophoretic 

separation, 323 
Segregation 

distributive system, 63 
in meiosis, 50 

Selectable anellor scorable markers, 356, 359, 
360,370 

Selective DNA sequence enrichment, 330 
Semiconservative DNA replication, 14, 

270-271 
Semigamy, 175-176 
Sequence-tagged or target sites (STSs), 95, 386 

DNA markers, 323 
in chromosome mapping, 333 

Sex chromosomes, 10, 54, 78-80 
heterologous pairing, 57 
in situ hybridization, 264 
W, X, Y, or Z, 70, 78 

Sex determination, 78-80 
Sheep, trisomy, 167 

Robertsonian translocations, 119 
Sickle cell anemia, in mice, 369 
Signal molecules, 354 
Silver nitrate (AgN03), 74 
Simien virus 40 (SV4O), 230-231 

T-antigen,275-276 
Single-strand binding protein, 277 
Sister chromatid 

exchange, 91,271-272, 280 
amplification of rDNA sequences, 308 

labeling, 76 
Site specific recombination, 235 
Slide function, between base pairs, 246, 247 
Small nuclear RNA (snRNA), 240 
Solanaceae, 178, 380 

callus formation, 145 
genetic engineering, 352 

Solanum (potatoes), 143, 144 
production of haploids, 176 
synaptic errors, 58 
bridging species, 216 
identification of haploids, 179 
S. acaule, 216 
S. bulbocastanum, 216 
S. phureje, 176, 179,216 
S. tuberosum, 176, 179, 182,216 

Somaclonal variation, 94, 347 
Somatic 

cell culture, 332 
chromosome number, 139, 160, 161 
hybrids, 346-347 

Sorghum bicolor, trisomics, 168 
SOS response, 274 
Speciation, in polyploids, 345 
Sperm, 51 

hypoploid and hyperploid, 197-199 
Spermine, interactions with DNA, 251 
Spermiogenesis, 302 
Spinacia oleracea (spinach), 168, 169 

Spindle, 36-39 
meiotic, 49 
microtubules, 309, 310 
orientation, 143, 144 

Spine of hydration, 250 
Standard chromosomes, 164 
Starch biosynthesis, 320 
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Starch branching enzyme, in peas, 319 
Stem cells, 89 

gene introgression, 368-369 
transgenesis, 365 

Stem loop hairpin structure, 278 
Streptavidin. 287 
Strongylocentrotus purpuratus (sea urchin), 

386 
Substitution, of nuclei, 343-345 
Substitution lines, 206-212 

allen, 201, 217, 218-220 
disomic, 217 
spontaneous, 219 

Subtraction aneuploids, 161 
Supercoils, of DNA, 262 
Superhelix formation, 257, 262 
Surface spreading technique, 76 

surface-adherent cells, 366 
Sus scrofa domestica, 167. See also Pigs 
SV40. See Simian virus 40 
Synapsis, 54 

adjustment, 57 
initiation sites, 48, 59 

Synaptonemal complex, 48-49, 51, 54-60 
antibody labeling, 289 
electron microscopy, 76 
in haploids, 180 

Syngamy, 175 
Synizetic knot, 48, 59 
Synteny, 156, 319, 336 

T 
T-antigen, in SV40, 230-231, 275-276 
TATA 

binding protein, 250, 255 
box sequence, 239, 240, 255 

T-DNA, 352-357 
Telocentric chromosomes, 67, 68 
Telochromosomes, 152, 156, 163, 165, 193, 

204-206 
transfer of alien chromosome arms, 220 

Telomerase,312 
Telomeres, 48, 54, 69, 87, 147, 311-313, 384 
Telomere regions, 388 
Telophase 

meiosis I, 49-50 
meiosis n, 50 
mitosis, 37 

Telosomes. See Telochromosomes 
Telotrisomics, 192-193 
Terminal deletions, 334 
Terminal deoxynucleotidyl transferase, labeling 

with BrdU, 291 
Terminal repeats, of interspersed DNA 

sequences, 237-238 
Termination of transcription, rho protein 

factor, 233 
Tertiary 

monosomics, 161, 164 
trisomics, 161, 164, 193-194 

Test cross, linkage analysis, 325-326 
Tetrad analysis, 52 
Tetrahymena thermophile (ciliated protozoan), 

383-384 
macronucleus formation, 280 
ribosome biosynthesis, 306 
telomeric DNA sequences, 311-3l2, 384 

Tetraploid cells, 146 
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Tetrasomics and tetrasomy, 171,201 
tetrasomic inheritance, 153 

Thalassemia, 322 
hemoglobin variants, I 10 

Thermus tlqIUlticus (Archean), source of Taq 
polymerase, 292 

3H-thymidine, 76, 232, 271 
incorporation into reporter genes, 293 

Thymidine (or thymine) dimers, 90, 92-93 
Ti plasmids, 353-356 

of Agrobacterium tumefaciens, 352 
Tissue culture, 183 

chromosomal change, 94 
mammalian cells, 279 

Tityus (scorpion), 133 
Tobacco. See Nicotiana 
Tobacco mosaic virus, 219 
Tolmiea menziesii (Saxifragaceae), 153 
Tomato. See Lycopersicon 
Tonoplast, 178 
Topoisomerases, 36, 240, 258-260 

complex with Sgsl helicase,58 
Toxopneustes variegatus (amphibian), 

anaphase, 10 
Tradescantia (spiderwort), mitosis, 37 
Transcription, 14 

attenuation, 233 
control, 232-233 
initiation complexes, 255, 263 
initiation factors, 253-255, 262, 276, 306 
of bacteriophage }., 261 
reverse, 238 
role of Zn fingers, 254-255 

Transferred DNA. See T-DNA 
Transformation, II, 16,351-375 

bacterial, 236 
gene expression, 261 

Transformation, of 
animaIs,365-367 
fungal resistance, 361, 362 
herbicide resistance, 359, 360 
insecticidal genes, 361 
pathogenesis-related proteins, 362 
resistance to bacteria, 361-362 
virus resistance, 359, 360, 361 

Translocations, 16, 115, 119-127, 129-133, 
165 

A-A and A-BIB-A, 81, 121-122, 125, 
195-199 

alien annsIsegments, 220-223 
alternate and adjacent segregations, 

123-125, 134 
breakpoints, 195-199 
chromosome orientations, 123-124 
effect on fertility, 125-126 
gene mapping, 195-199 
induced, 222 
pachytene configurations, 122-124, 195 
uses, 133-135,221-223 

Translocations, in 
maize,61 
monosomic substitution lines, 212 
wheat/rye hybrids, 16, 177,223-224,298 

Transposable elements, 11, 15,95-98,239 
DNA methylation, 249 
removal of unwanted transformed genes, 370 

Transposition, 99 
Transposons. See Transposable elements 
Trifolium pratense (red clover), 157 
Trillium (Liliaceae), 69 
Triostin A, binding to DNA, 252 
Triplet code, 230 
Triplicate genes, 150, 156 
Tripsacum dactyloides (Eastern gama), 177 

Trisomics and trisomy, 56, 160-162, 164-171, 
189-192, 202 

Triticale (X Triticosecale), 176 
chromatin bridges, 217 

Triti~, 150, 156, 313 
Triticum (wheat and its relatives) 

T. aestivum (bread or hexaploid wheat), 223, 
381-382 

allohexaploidy, 149 
aneuploids, 172 
biollstic transformation, 364 
centromere misdivision, 163 
chiasma frequencies, 155 
chromosome banding, 72, 155 

bivalents, 77 
deletions, 100, 108, 334 
translocation lines, 224 

chromosome engineering, 15 
cytoplasmic inheritance, 343-345 
gametocidal chromosomes, 99-100 
genomes, 72,209 
genome analysis, 154 
gluten proteins, 323 
homoeology, 155,202 
inheritance of kemel color, 150 
metaphase I in haploids, 180-181 
microspore growth, 178 
meiosis, 47 
monosomic 

analysis, 203-204 
sets, 161 
shift, 21 I 

monosomy, 168 
monotelosomics, 204 

substitution lines, 207 
Nor loci, 305 
nuclear DNA content, 229 
nucleolus organizer regions, 75 
nullisomics, 156, 173,201,204 
polyhaploids, 176 
recombination frequency, 62 
RfLP markers, 323, 324 
satellited chromosomes, 305 
substitution lines, 206-209, 219-220 
tetrasomics, 156 
transfer of Hessian fly resistance, 224 

T. comosum, 343 
homoeologous gene transfer, 221 

T. longissimum, 100 
T. monococcum, 154,344,381 

primary trisomies, 168 
T. speltoides, 220-221, 344, 381 

autotriploidy, 14B 
suppression of Ph, 149 

T. tauschii, 154, 381 
T. timopheevii, 157,344 
T. tripsacoides, B chromosomes, 81 
T. turgidum (durum or tetraploid wheat), 

154, 157, 201 
gluten proteins, 209 
monosomics, 168, 172 
substitution lines, 208-209 

T. umbelluJatum, 222-223 
T. uniaristatum, 343 

Triturus (newts) 
T. cristatus 

diffuse chromosomes, 77 
lampbrush chromosomes, 14 

T. helveticus, chiasma distribution, 62 
T. viridescens, 76 

Trivalents and trivalency, 148, 169-170 
Tryptophan biosynthesis, 233 
Tubulin, 145 
Tumor-inducing plasmids. See Ti plasmids 
Tumor-forming genes, in T-DNA, 352 

Turdoides striatus striatus (thrush), karyotype, 
70 

Twin embryos, frequency, 176 
Ty elements, 238-239 

U 
Ubiquitin, 40 
Ultraviolet light microscope and microscopy, 

23-24 
Ultraviolet radiation, 93-94 
Unequal crossing over, 106, I II, I 12 

amplification of rDNA sequences, 308 
Uniparental cytoplasm, 346 
Univalents and univalency, 57, 162-164, 171, 

180-181 
3H-Uridine, RNA precursor, 302 
Ustilago maydis (smut fungus), reel protein, 

60 

V 
Vegetative propagation, 176,217 
Vertebrates, mitochondrial DNA, 341-342 
Vibrio harveyi (marine bacterium), 272 
Vidafaha (broad bean) 

meiotic mutants, 63 
nucleolus organizer region, 92 
semiconservative DNA replication, 270-271 

Virulence regulon, of Ti plasmids, 353-356 
Virus resistance, in genetic engineering, 

359-361 
Viruses, barley stripe mosaic, 166 
Viscumfischeri (East African mistletoe), 133 
Voanioala gerardii (Palmae), somatic 

chromosomes, 68 

W 
Water, interactions with DNA, 250 
Watson-Crick base pair configuration, 245 
WheaL See Triticum 
Wheat breeding, comparative procedures, 183 
Wheat cultivarsllines, 72 

'Cheyenne', 209 
'Chinese Spring', 156,203,204,219 
'Compair', 221 
'Salmon', 176, 177 
'Transfer', 223 
'Wichita', 209 

Wheat X maize crosses, 177 
Wheat X rye hybrids, 156 
Whole-chromosome hybridization, 289 
Wide crosses, 176 

x 

chromosome elimination, 216 
in animals, 215 

X chromosome 
deletion mapping, 199-200 
distributive segregation, 63 
dosage compensation, 79 
inactivation, 80 
monosomy, 167 

Xenopus laevis (clawed toad), 386-387 
chromatin folding, 263 
chromosomes, 75 
mitochondrial DNA, 341 
oocytes, 3H-Iabeled histones, 293-294 
ribosomal RNA genes, 15, 16,303 
5S rRNA gene sequencing, 253 

X radiations and irradiation, 10, 88, 124, 135, 
165 

alien gene transfer, 222 
X-ray crystallography, 232 

DNA-protein complexes, 253 
DNA structure, 244 



X-ray diffraction analysis, 255 
of DNA, 250 
of TATA box, 239-240 

Y 
Yeast. See Saccharomyces cerevisiae 
Yeast artificial chromosomes, 16, 63, 95, 297 

libraries, 379 

Z 
Z-DNA 

antibody binding, 285 -286 
formation, 262 

Zea mays (maize or com), 10, 148, 157, 160, 
177,380-381 

B chromosomes, 81 
biolistic transformation, 363-364 
centric ring chromosomes, 107 
chromosome markers, 61 
cytoplasmic male sterility, 348 
genetic length, 334, 335 
homozygous deletions, 109 
heterozygous paracentric inversions, 117 
inversion breakpoints, 199 
irradiation-induced deletion, 194 
meiotic mutants, 63 
mitochondria, T-urf 13 locus, 348-349 
monosomics, 169, 194-195 
nondisjunction, 194 
pachytene chromosomes, 76 
ploidy, 149 

quantitative genes, 197 
RFLP mapping, 195, 199 
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r-Xl deletion analysis, 194-195 
T-cytoplasm,348 
reciprocal translocations 

A-A chromosomes, 1%-197 
B A chromosomes, 197-198 

transposable or mobile elementsltransposons, 
11,95-96,370 

Zingeria bieberersteiniana (Gramineae), 
chromosome number, 67 

Zn finger modules, 253-255 
Zyg-DNA,48 
Zygotene nodules, 49 
Zygotene stage or zygonema, 48 

chromosome alignment, 58 
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