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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 any one 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 modern technology to
analyzing the development of different life-forms.

At the start of each Chapter the main concepts discussed are

Rudi Appels

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.

We are grateful to numerous colleagues for providing helpful
critisisms and information; we particularly want to thank Drs G.
Hart, D. Smyth, C. Gillies, N. Darvey and D. Hayman; external
reviewers provided extensive comments on all or part of the manu-
script and made major contributions towards the development of
the book. Colleagues and reviewers cannot, however, be held re-
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Introduction

U 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.

U 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 funétion
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.
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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

YEAST
mitochondrion

PLANT CELL

nuclei

endoplasmic
reticulum

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 ¢ 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, B 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. (mya = millions of years ago)

the term *‘chromosome’’ used for eukaryotes where chromo =
colored in response to a dye.

1.4 THE ORIGIN OF CELLULAR 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-

adhesive disk

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-1900, 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 PRE-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

van Leeuwenhoek observes animal spermatozoa and in 1681 describes what has since been recognized as the Archezoan parasite Giardia,

Kolreuter 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.

Schleiden and Schwann publish on the importance of cells in plants and animals, respectively, leading to the proposal of the cell theory.

Mendel’s paper, ‘‘Experiments in plant hybridization,”” in which he applies mathematical logic to the inheritance of phenotypic traits in

Abbé and Helmholtz independently demonstrate that the power of the light microscope to resolve two points depends on the wavelength

van Beneden shows that during meiosis, the number of chromosomes contributed to the egg and the sperm are half the total number

The combined studies of Boveri, Hertwig, Roux, Strasburger, and Weismann result in the germplasm theory, and the general acceptance

Riickert discovers lampbrush chromosomes and suggests that pairing and exchange of genetic material occurs between paternal and maternal

Wilson lays the foundation for the chromosome theory of inheritance in his classic book The Cell in Development and Inheritance.

~1600 Janssen and Janssen, father and son, lay claim to the invention of the compound microscope.
1665 Hooke describes the cork cells of plants as ‘‘empty vessels.”’
1677
when examining his own stools.
1694 Camerarius publishes on sexual reproduction in plants and produces an artificial hybrid between hemp and hop.
1752 Maupertuis applies mathematical probabilities to genetic studies of polydactyly in humans, a century before Mendel.
1760s
1831
1835 von Mohl describes cell division.
1838/39
1842 Négeli shows that cells multiply by division.
1848 Hofmeister studies the meiotic chromosomes of pollen mother cells.
1858 The theory of cell lineage is proposed by Virchow.
1859 Darwin publishes the Origin of Species.
1866
garden peas, is published.
1866 Haeckel suggests that the nucleus is the vehicle of inheritance.
1871 Miescher describes the chemical composition of ‘‘nuclein’’ isolated from the nuclei of pus cells.
1873
of the light.
1875 Hertwig demonstrates that fertilization in the sea urchin involves the union of nuclei from both egg and sperm.
1875 Fertilization in plants in described by Strasburger.
1881 Balbiani describes puffing in the salivary-gland chromosomes of insects.
1882 By observing mitosis in detail, Flemming shows that it includes a lengthwise cleavage of chromatin.
1883/4
present in the fertilized egg. The egg and sperm are defined as haploid and the fertilized egg as diploid.
1875-1887
of nuclear chromatin as the physical basis for inheritance.
1888 Waldeyer coins the term ‘‘chromosome.””
1888 Boveri describes meiotic chromosome pairs in both maternal and paternal germline tissues.
1889 Altmann provides biochemical evidence for the division of ‘‘nuclein’’ into nucleic acid and protein.
1892
chromosomes during meiosis.
1896
1898 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

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

Fig. 2.1. The basic tool of cytogenetics is the light microscope. This
diagram is taken from Abbé (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. Abbé.

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
1902/3
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, Tschermak, 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 formation.

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 roundworm 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 Stern, 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, formed 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 form 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 1940s 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 some 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 of biochem-
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, 1951). 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

1962/3
1964
1965
1967

1968
1968
1969/70

1970
1970
1971

1973
1973
1974
1974

1975
1976
1977
1977/78

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 Vicia 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 ¢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 HindIII.

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 findings 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 ¢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, Furtek, 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 PCR.

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 formed 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 influenzae 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 confirmed 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
(19692 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 information.
The determination 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 determine 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-
peticists 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 terms of
gene transcription.

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 *H-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.

increase incubation time of nuclei

>
0 40

80
+||

Fig. 2.10. The degradation of chromosomal DNA provided the first
indication 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.
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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 form 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 form 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
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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 (@, O, A) 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.

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 all life-forms. 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
(1970a 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).

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.

A8 X laews CD42 CD30 CDas
pSC101

CDa Cp1s pSC101

Fig. 2.15. 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 EcoR1 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
EcoR1 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 pSC101 band of 5.8 kb (right lane), DNA length markers (left
lane), uncloned Xenopus rDNA cut with EcoR1 (X. laevis), and the various newly made
plasmids (lanes marked with CD numbers) containing the cloned Xenopus rDNA EcoR1
fragments corresponding to the major band in the uncloned Xenopus rDNA.
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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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o 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 MICROSCOPY
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 = nsin 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 4 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:

A
B NAobjeclive + NAcondcnser

d

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 (A) 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 um 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 of fluorochromes 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

A
e

objective lens
coverglass
- = specimen focal plane

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 0il (n = 1.52)
(right side) have a greater resolving power than those designed for use
in air (n = 1.00) (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/0.65 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.

forms 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 The 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 The 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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diffracted by specimen (------ )
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focal plane where interference
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.. phase plate

; E _.- objective lens
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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 modern 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. ELECTRON MICROSCOFPY

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 V). At a
voltage of 100,000 V, 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.

3.2.1 The Transmitting Electron
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

electron gun

condenser

condenser
condenser aperture

specimen ( < )
objective
objective aperture

selector aperture

intermediate lens

projector lens

| - - |

fluorescent screen for
observing image

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.

Variable Electron Microscope

Light Microscope

Nluminating beam
Specimen environment
Specimen preparation

Resolution
Magnification
Focusing

Types of information

Contrast
Monitor

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

10-10° 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 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). Fluores-
cence images.

Absorption, reflection, diffraction, phase.

Human eye, photographic film, solid-state detection de-
vice.
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Fig. 3.8. 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 tunneling current

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 define 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 file, 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. 3.10.
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 COMPUTER-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 G1 through G2 phases of the cell cycle (as
discussed in Chapter 4). Cells in G2 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 G1 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 al., 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.
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Chromosomes in the Mitotic Cell Cycle

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

J The cell cycle is regulated by a series of protein phosphorylation and dephosphorylation reactions controlled by cell-division-cycle

(cdc) genes.

U] 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 relation<hip beiween changes in chromosome struc-
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 celi division 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 THE 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 G1 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 G1, 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 G1, 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.
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chioroplast (present
only in plant cells)

centrioles
or MTCs

4n nucleus
nucleolus

mitochondria

2n nucleus

* | ‘ i)rophase

2 homologous
pairs of
chromosomes

nuclear division

cell division

2n nucleus

late

Fig. 4.1. Nuclear (mitotic) and cytoplasmic divisions. The mitotic
cycle starts in G1 (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 G1 cells (bottom).

Fig. 43. 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.

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 G1, S, and G2.
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Fig. 4.4. Mitosis in root-tip cells of the plant Crepis capillaris. 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. Furthermore, 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 kinetochore
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- centromere
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 may or 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-
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\& 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
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7 itotic chr from brain-cell nuclei . . . .
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homologous chromosome pairs often show the somatic side-by-side A number of organisms such as mites and some plants (e.g.
pairing exhibited by the chromosomes on the left-hand side of the Luzula), do not have localized centromeres and are considered
photograph. (Photograph courtesy of Dr. A.J. Hilliker.) 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

CHZ0 H
CHLO NH.CO.CH,
CH40
-0
Colchicine ~ CHi0

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 um/min. 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 microtubules 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 the Spindle
Apparatus

The formation of the spindle apparatus in plant and animal cells
is initiated by the microtubule organizing center, MTC (also called



38 Chromosomes in the Mitotic Cell Cycle

Holokinetic chromosomes Monocentric chromosomes
entire chromosomes align along only the centmmeres align alol
the equatorial plate the equatorial 'ﬂﬂ "0

TR

§ A x
©
microtubules attach along the entire microtubules attach only at
lengths of the chromosomes centromeres
[}
]
£
Q.
o
e
I - L1 1
[}
)
£
[=%
] g
@
barrel-shaped spindle with bending of bipolar spindle with centromeres
the chi romogﬂeendsawayfmgn g:nvefglrglatpolesinfromof
equator trailing chromosome arms

Fig. 4.11. A comparative representation of monocentric (right) and holok-
inetic (left) cell division. [Based on Wrensch et al. (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).

/ protein
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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 S-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 polymerization/depolymerization 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 play a 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

microtubule captured
by kinetochore

L

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 part in them,”” more recent studies indicate that chromosomes do
play an active role in their own movement through their interactions

with the spindle apparatus.
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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 /B 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 UNIVERSAL MECHANISMS 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
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cytoplasm

Fig. 4.16. A UV microphotograph of the multiple nuclei in a muscle
cell formed from myoblasts in tissue culture. Because these cells form 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.)

signal for G2 to
mitosis transition

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 G1 to S phases.

growth regulators, and physiological and/or 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 G1 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 Cyclin Proteins Regulate
the Eukaryotic 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 p34°42 or cdc2 kinase.
The relationship among MPF, cyclin, and p34°? in organisms
that are widely divergent, became clear when the MPF factor was
purified and demonstrated to be a complex of the p34°%2 and cyclin
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

MPF stimulated breakdown of
nuclear envelope

MPF stimulated
phosphorylation of cyclin chromosome
dephosphorylation of cdc2 condensation

/'MPF stimulated spindle
pg~ reorganization
breakdown of crclin subunit
of MPF is stimulated by
complete MPF

phosphorylation
of cdc2 degraded

new
synthesis

of cyclin

Fig. 4.18. Summary of the molecular events that determine progress
through the cell cycle. MPF = maturation-promoting factor; cyclin and
cdc2 are proteins involved in the control of the cell cycle; PO;s =
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 (Imiger et al., 1995;
King et al., 1995). A number of other cyclin/cdc complexes, formed
during G1 and S phases, are involved in cell cycle control (Jacobs,
1995), but these have not been included.
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phosphorylation/dephosphorylation
of threonine and tyrosine residues in
a protein molecule

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. Furthermore, 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 of MPF 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 G1. The retinoblastoma susceptibility gene
product (RB) is differentially phosphorylated during the cell cycle
and has been suggested to control progression through the G1 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 p34°%2 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, D1, D2, D3, E, G) and inhibi-
tors of CDKs (p15, p16, p21, p27) have been identified and repre-
sent a complex set of interactions controlling the cell cycle.

4.2.2 Cell-Fusion Experiments Indicate
That Diffusible Cellular Components
Control the Cell 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:

G1 cells fused with S cells. This fusion immediately induces
the S phase in the G1 cells and is consistent with the role of
p34°®2 protein kinase as an activator of the S phase,

G1 cells fused with G2 cells. This fusion does not induce the
S phase in the G1 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

Eg (D. melanogaster)

1 (S. cerevisiae )
three types mik-1 (S. pombe )
: nim-1 (A.nidulans )
laminar protein: cyclins:
cdc13 (S. pombe )
CLN-1 (S. cerevisiae )
phosphatases:

String (D. melanogaster)
dis-2 (S. pombe )

DNA replication:

cdcd, cdc7, cdc8,

cdc48 (S. cerevisiae)
centrosome duplication:
cdc31 (S. cereviseae)

pmneklusfsu:
p34cdc26({s cermlliae)
Eg (D. melanogaster)
plowee-1 (S, cerevisiae )
mik-1 (S.

nim-1 (A.nidulans )
cyclins:
cdc13 (S. pombe )
CLN-1 (S. cerevisiae)
phosphatases:

[ (S. cerevisiae)
String (D. melanogaster )
dis-2 (S. pombe )

cell division:
cdc24

Clandt (D. melanogaster)
top? (S. cerevisiae)
bimA (A. nidulans )

Fig. 420. 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
internal nucleoskeleton (Hozak et al., 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 G1, S, or G2 cells. In these combinations,
the chromatin in the G1, 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 That
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 AND 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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Metaphase I
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. Zygotene stage

Metaphase II
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post-meiotic, mitotic divisions

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

Diplotene stage Metaphase II

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. (Photographs courtesy of Dr.
B. Friebe.)
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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. (Photographs courtesy of Dr. David Shaw.)
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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 ¢ = 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 immature 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 al., 1992.)

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 *H-labeled repetitive-sequence probe that detects the telomeric
heterochromatin on the ends of the rye chromosomes (Appels et al.,
1981).
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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, pachynema
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 1. 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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schematic chromosomes
(no recombination)

abcg X ghii
abc ghij

metaphase I

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-forms. 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

GHIJ
GHIJ

ABCD
ABCD

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-formation 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 I

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

Metaphase II. 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 I1. 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

female (see below).

Prophase I
A B

AV
vV
A
Al

w4}

A
a
]
|
a

o140

Anaphase I

Fig. 5.8. The cytological (chromosomes or chromatids) and genetic
(alleles AA, aa; BB, bb) consequences of anaphase I and anaphase I
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 first-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 Al (Bb « Bb) and reductional segregation at Al

(B-b <« B-b). Cytologically, Al is reductional and All 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 meijosis (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 gameto-
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. 5.11).

5.1.4 Achiasmate 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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Jd gametophyte

Fig. 5.10. Postmeiotic mitosis in pollen cells of Crepis capillaris. 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

Tetrad analysis
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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 Rédei
(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 +
11 + 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 um. (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 11 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
L. 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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sister chromatids separate homologous (non-sister)
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(second division is equational)

anaphase II

Fig. 5.13. A comparison of normal meiosis in organisms with
monocentric chromosomes (left-hand side) with normal (center) or
inverted (right-hand side) meioses in organisms with holokinetic
(diffuse) chromosomes. Only one bivalent is depicted. (Redrawn from
Wrench et al., 1994.)
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Fig. 5.14. Meiosis in Luzula purpurea (2n = 6) with holokinetic
chromosomes. Key features include chiasma terminalization 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 Nordenskiéld, 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 mejosis, 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 Icerya 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 + X1 + X2) and in
females, eight chromosomes (two pairs of autosomes + X1 pair
+ X2 pair). The germline cells in both sexes have 8 S (somatic)
chromosomes and a variable number (~30) of E (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
AND THE SYNAPTONEMAL 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 X1 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 form the synaptonemal complex, which at pachynema has
a tripartite, ribbonlike structure, 0.2 wm or 200 nm wide (Fig. 5.18).
The uniform 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 play a 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



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 um.

material include d(GT),, as well as long and short interspersed
repetitive sequences. The d(GT), 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 Il 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
al, 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

Species

Foldback synapsis

Mismatched kinetochores

Straight synapsis due to
duplications, deletions, and
inversion heterozygotes

Triradial configurations, self-
synapsis in rings (spiral

1X barley, wheat, maize, tomato, lily,
Tradescantia, Allium, 3 X Bombyzx,
trisomic and XO mouse.

Wheat, 4 X Allium, Festuca hybrid,
potato, 3 X A. sphaerocephalon,
Choealltis conspersa, Macropus
rufus

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

Tomato, petunia, snapdragon, maize
and barley haploids, tomato

trisomics, maize, 6 X wheat, Lolium
hybrids, lily, Tradescantia, humans,
3X Bombyx, 1 X Physarum
polycephalum, mouse, XO mouse,
3X A. sphaerocephalon

Coprinus cinereus, Tradescantia,
chicken, Ellobius talpinus, 3 X
A. sphaerocephalon, aneuploid and
euploid mice

3X lily, 4 X potato, 6 X wheat, 4 X
Allium, 3X C. cinereus, 3 X
Lolium, 4 X yeast, aneuploid bulls,
3X and euploid chickens, human
trisomy 21, 3X Bombyx, 3 X
A. sphaerocephalon

synapsis), and synapsis
between nonhomologs

Asynapsis

Multiple synapsis and partner
exchanges

Source: Sherman et al. (1989).

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 Sgs1, 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 1’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 synaptonemal complexes cannot form until
chromosomes are aligned within 0.2 um 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 synaptonemal complex is composed of RNA and protein

(e e O-O- O~

nucleolus-organizer region
Fig. 5.23. Idiograms of the zygotene-stage chromosomes of rye (Secale
cereale) 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

‘ recBCD protein mediated
unwinding of DNA helix

‘ recBCD protein mediated cutting of

one strand of the unwound DNA at

stabilization of single strands of
DNA by attachment of recA protein
accompanied by invasion of a
nearby DNA helix by this single-
strand/recA complex

interaction between the two strands

transient stabilization of the
J of DNA

Fig. 5.24. A mechanism of homology search via heteroduplex DNA
formation. 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
AND GENETIC RECOMBINATION

The genetic and physical evidence for recombination between ho-
mologous chromosomes during meiosis was established in the early
1900s. 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 configuration 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 migration before
completion of the recombination process means that a heteroduplex
at the B/b locus can form whether or not recombination finally
occurs between the A/a 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 diagrams, the B/b 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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interval

Ko o w

I I

o— X :

k ¢ Wx i
Resolution of crossing over
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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, K/k = heterochromatic
knobs of differing sizes, C /c = colored versus colorless seeds, Wx /wx
= nonwaxy versus waxy seeds, I/i = 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 nonsister 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)

vl

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
Chiasma 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 12.8-14.8 222
Hordeum vulgare 13.5-15.6 227
Lactuca sativa 14.6-20.7 28.1
Lycopersicon esculentum 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 al. (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: 1 corre-
spondence between chiasmata and crossovers.

5.3.4 The 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 I. 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 corn 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 SEGREGATION

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 ncd (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 1.

5.5 MANY GENES 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 Schizosaccharo-
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Fig. 5.28. A summary of key meiotic steps showing some of the
mutants that affect them, from studies of meiosis and mutants of corn
(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, Vicia faba,
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 II 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 L. 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.
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Chromosome Morphology and Number

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

chromosomes.

U] Karyotypes can be based on mitotic or meiotic chromosomes and are enhanced by chromosome-banding techniques.
e  Giant chromosomes occur in specialized tissues due to extra cycles of DNA replication without cell division.
e  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.

U] 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 MITOTIC 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 1 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 Chemical

Stimulation of cell division 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

Cell synchronization

Spindle dispersion and
spreading of chromosomes

Staining chromosomes

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

e

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 dichromosomatica (2n
= 4; Watanabe et al., 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 al., 1989). Bar = 10 um.

metacentric  submedian acrocentric
met\lian \subto,rmlnal
10.0—

75

5.0

length of chromosome in arbitrary units

0 i et
d— 0 25 50 75 10.0—difference in arm length (d =L - S)
r— 1 17 30 70 —arm ratio (L/S)

i - 50 395 250 125 0 —centromeric index
(S x 100n0tal length)

Fig. 6.3. Chromosome arm-length ratios are a useful parameter for the
classification of chromosomes into different types. (Adapted from Levan
et al., 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 1R, 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
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prepared by T. R. Endo.]

Chromosomes may also vary in relative and absolute sizes.
Among diverse groups of organisms, the size may range from sub-
MicCroscopic, as in many fungi, to mitotic—metaphase chromosomes
of 20 um 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 STAINING TECHNIQUES
REVEAL CYTOLOGICAL LANDMARKS
IN METAPHASE CHROMOSOMES

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 chromesomes. (Christidis et al.,
1991). The chromosomes were C-banded (see Fig. 6.8) to help in
differentiating between chromosomes.

450 kb -
375 kb -

295 kb -
225 kb -

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
(VII 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 v 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
() 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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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 (DAPI), to DNA
G-banding Giemsa staining after incubation in warm SSC*® or trypsin Fish, amphibia, reptiles, birds, mammals
R-banding Giemsa staining after incubation in hot buffer Mammals

Replication banding
staining

C-banding Giemsa staining after alkali treatment

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

Plants, vertebrates

Most plants and animals

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

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 (G-negative regions) are the locations for
Alu sequences, which are representative of a short, interspersed
type of repetitive DNA sequence. Representatives of the L1 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. 6.8. 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 H-labeled RNA probe (right-hand chromosome of each
pair). Where polymorphisms occur—as shown for chromosomes 1, 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 al., 1986). The chromosomes
are arranged in order of decreasing size except for the X chromosome, which is the third longest
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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 II 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 G-Negative Bands

Contain AT-rich DNA and fluoresce Contain GC-rich DNA and

with AT-specific fluorochromes fluoresce with GC-specific
fluorochromes
Negative staining in R-banding Positive staining in R-banding
pachytene chromomeres 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)

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).

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 Specialized Techniques Reveal
Functional Domains in Metaphase
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 (AgNOj3) 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 1B and 6B (arrows). The 1B 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).]
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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 S5-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

-,

Fig. 6.16. The pachytene chromosomes of a maize pollen mother cell
showing a range of morphological landmarks (Pryor et al., 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 sites 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 than just 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 ‘‘lampbrush’’ 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, thé
largest chromosomes may reach a length of 1000 um. 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 thaliana, with one of the smallest known DNA
contents of any plant, 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).
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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 GIANT
CHROMOSOMES IN SOME
DIFFERENTIATED TISSUES

In the 1880s, it was found that the salivary glands of dipteran
insects contained giant chromosomes. It was not until the 1920s,
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-
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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 XX/XO 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
illustrated 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(1-2)Y(1-2), 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 XX/XO or XX/XY
constitution. Individuals with a 1: 1 ratio between X and autosomes
(XX/2A or XXY/2A) are females and those with a 1:2 X/A ratio
(XO/2A or XY/2A) are males. Individuals with other ratios, for
example, 2X/3A or 3X/4A, are intersexes. However, the Y chromo-
some in Drosophila does contain fertility factors and rRNA genes,
so it is essential for normal sperm development.

Single dose of X
chromosome in males

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

activation of early
promoter, Pg, 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, Pp,, located
5kb upstream from the P

promoter, is activated

no activation of Pg

promoter and no
production of the SxI
early proteins

correct splicing of transcripts
from the P, promoter

\d

late Sxl proteins no late SxI proteins

\ v

female somatic differentiation 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 (X/A). When the organism has one pair of X
chromosomes per diploid complement (X/A = 1), the phenotype is
female for Drosophila and hermaphroditic for Caenorhabditis. When
there is a single X chromosome per diploid complement (X/A = 0.5),
the phenotype is male in both organisms. There is a narrow threshold for
the X/A value, and in Drosophila, the master gene that is affected by the
ratio is at the Sx/ locus. 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. Sx/
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 7dy-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 SxI 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 of females, so that only a single X chromosome
remains active in any somatic cell, or oogonium, regardless of how

genes known to genes known to
be subject to X escape X
inactivation inactivation
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Fig. 6.24. Shared and unique molecular markers on the X and Y
chromosomes of humans (Zinn et al., 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 Xisz 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 MSCl 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-
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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 cernuum
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 sperm nucleus with two B’s and one with none. The sperm
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 formation, 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-



82 Chromosome Morphology and Number

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

J 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.

o 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.

o Gametocidal chromosomes induce breaks in other chromosomes during the mitotic divisions that occur in the postmeiotic 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 individual
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, develo