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The molecules of life (DNA, RNA, and proteins) change
over evolutionary time.Much can be learned about evo-
lutionary process and biological function from the rates
and patterns of change in these molecules. The study of
these changes is the study of molecular evolution. This
chapter discusses why these molecules change, what can
be learnedabout pattern andprocess from these changes,
and how the changes in the molecules of life can be used
to infer important past evolutionary events.

GLOSSARY

Fixation. The population process inwhich, either by drift
or by natural selection, a new mutation increases in
frequency in a population until it replaces all other
variants and reaches a frequency of 100 percent.

Molecular Clock. When the time at which organisms last
shared a common ancestor is plotted over time (e.g.,
estimated time from the fossil record), a roughly lin-
ear accumulation of genetic changes in DNA and the
encoded proteins is frequently observed. In 1965, the
rough linearity of this accumulation of change moti-
vated Emile Zuckerkandl and Linus Pauling to pro-
pose that these data represent a sort of “molecular
clock” by which the amount of molecular divergence

could be used to infer the date of a last common
ancestor.

Molecular Evolution. Changes in the molecules of life
(DNA,RNA, and protein) over generations, for many
reasons, including mutation, genetic drift, and nat-
ural selection, resulting in different sequences of these
molecules in different descendant lineages. The study
of molecular evolution is the study of the patterns
and process of change that result in these different
sequences.

Mutation. Heritable change in genetic material, includ-
ing base substitutions, insertions, deletions, and re-
arrangements; the ultimate source of new variation
in populations.

Neutral Theory. Short forneutralmutation–randomdrift
theoryofmolecular evolution, proposing thatmolec-
ular variation is equivalent in function (selectively
neutral), making genetic drift the main driver of
molecular genetic change in populations over time.

Positive Selection. New advantageous mutations, or
changing environments, can present opportunities
for new, or currently existing, variants to now have
a reproductive advantage. They thus relentlessly in-
crease in frequency until they fix in the relevant pop-
ulation. The selective pressure that leads to this fix-
ation is termed positive selection.

Purifying Selection. Selection against harmful (i.e., dele-
terious) mutations “purifies” the population of these
harmful variants. Such selection is due to constraint,
typically to maintain a specific important biological
function.

1. WHAT IS MOLECULAR EVOLUTION AND
WHY DOES IT OCCUR?

Themolecules of life (DNA, RNA, and proteins) are not
static. They change over evolutionary time, hence the
term molecular evolution. Some molecules evolve



rapidly and some only very, very slowly. Their change is
due to the interplay between two fundamental evolu-
tionary processes: mutation and fixation. Before dis-
cussing these two processes, it is important to note that
mutations come in two basic varieties: heritable muta-
tions that occur in the germ line and are passed on in the
genome of progeny, and somatic mutations that can
occur in the process of cell division during normal
growth and development. For example, if the latter af-
fect the control of certain cellular processes, they can
lead to uncontrolled cell growth and cancer. Molecular
evolutionary studies have traditionally focused only on
heritable genetic changes that accumulate within and
between organisms.

Inherited mutations occur primarily during DNA
replication in the production of gametes and introduce
new genetic variants into the population. For animals
and plants, the relevant genetic molecule is DNA. For
some viruses, the heritable molecule is RNA. Certain
segments of DNA or RNA genomes are translated into
proteinsby thecells, and somechanges lead tochanges in
the encoded protein sequence, leading tomolecular evo-
lution at the amino acid level as well. Heritable muta-
tions are largely considered to occur at random in time
and space and location across our genome, and at a rel-
atively constant rate, at least for many organisms (see
chapter IV.2).

The second process of molecular evolution is fixation,
which is fundamentally the “population” phase leading
to molecular evolutionary change. Most new mutations
are lost from populations as a result of chance (genetic
drift; see chapter IV.1), or because they are harmful
(deleterious). Mutations remain in populations because
of chance or because they increase the reproductive suc-
cess of offspring carrying them. Drift can lead to rapid
changes in frequencies of mutations in very small popu-
lations, but is much less influential in large populations.
Ultimately, theoutcomeofdrift alone isalways the lossor
fixation of every new mutation; in other words, every
mutation will eventually reach 0 or 100 percent fre-
quency. Fixation means that the new mutation now re-
places all previous variants present (segregating) in the
population at a particular site in the genome.

Fixation can also be caused, or assisted, by natural
selection. Selection acting to directly increase a variant
frequency, as the result of an increased relative repro-
ductive success or survival of individuals carrying it,
is termed positive selection, or often simply adaptation.
Such selection can cause rapid changes of allele frequen-
cies in populations, over tens of generations, versus mil-
lions of generations by genetic drift alone in large pop-
ulations. While the underlying mutation rate is thought
not responsive to selective challenges, the fixation pro-
cess is strongly influenced by selection.

Harmful or deleterious mutations, or ones that re-
duce reproductive output or success, often will not be
fixed but rather reduced in frequency or eliminated from
populations. This is known as purifying selection, and it
prevents the otherwise-inexorable, but very slow,march
of successive neutral mutation fixations over time in all
finite populations.

2. ORIGINS OF MOLECULAR EVOLUTION, THE
MOLECULAR CLOCK, AND THE NEUTRAL THEORY

Molecular evolution as a field of study originated sort of
accidentally, as biologists discovered how to determine
the sequence of proteins and started collecting data from
diverse organisms in the 1950s and 1960s. Key early
data were for hemoglobin and histones, proteins chosen
for their biomedical importance. The study of proteins
was emphasized because of their clear functional rele-
vance, and because methods were developed first for
sequencing these biological molecules. Comparison of
sequence divergence among proteins revealed two im-
portant patterns: specifically, fibrinopeptides, hemoglo-
bin, and histones from various vertebrates with well-
defined fossil records revealed that (1) different proteins
evolved at different rates, but (2) each protein seemed to
accumulate changes at a surprisingly consistent rate, a
pattern that led to the concept of a “molecular clock”
(figure 1).

The termmolecular clock refers to both amechanism
and a tool for evolutionary studies. As amechanism, the
presence of a roughly constant accumulation of change
led to the inference that chance, not local adaptation, is
the cause of much of the observed molecular change. As
a tool, the presence of a clock representing a molecule
also meant that if its rate could be calibrated with or-
ganisms of known age (e.g., from the fossil record), then
observed sequence differences for organisms without a
fossil record could also be “dated.”

Until the mid-1960s, most evolutionary biologists
considered natural selection the primary determinant of
evolutionary change. Genetic drift was considered im-
portant only in small populations; for example, drift
played an important role in Wright’s shifting balance
theory, but not as a primary driving force in evolution,
rather as a source of new combinations of alleles on
which selection could act; thus, drift was rarely con-
sidered, and most models focused on selection.

Several observations in the mid-1960s and early
1970s challenged the dominance of selection as the driv-
er of evolution. First, high levels of protein polymor-
phism (i.e., variationwithin populations) were observed
in fruit flies, humans, and bacteria. Could all that var-
iation within populations really be maintained by natu-
ral selection? Second, extrapolating from available data,
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MotooKimura estimated that therewere asmanyas two
amino acid replacements per generation across the
genome inmammals. Again, could selection really drive
that many amino acid replacements to fixation without
an intolerable reduction in population fitness? Third,
JackKing andThomas Jukes considered the genetic code
with its built-in redundancy (meaning some nucleotide
changes were “silent” and didn’t change the encoded
protein sequence) and the conservative characteristics of
manyaminoacid changes seenbetweenproteins isolated
from different organisms. They argued, like Kimura,
that much of the variation observed in proteins within

and between species did not alter function and therefore
accumulated by mutation and genetic drift. Surely
adaptation occurred, butKimuraargued that it occurred
in only a small proportion of the genome at any one time
and that natural selectionwasunlikely to account for the
maintenance of extensive molecular variation observed
within species and for the fixation of variation between
species. It was also inferred that many mutations were
in fact harmful and eliminated from populations, so
those regions of genes and the genome that were func-
tionally critical would remain largely invariant. If se-
lection could not reasonably explain these observations,
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Figure 1. Molecular clocks. Rates of amino acid substitution in three
proteins: fibrinopeptides, hemoglobin, and cytochrome c. The number
of amino acid differences (per 100 residues, and corrected for mul-
tiple changes at the same residue) is plotted for comparisons between
various mammals, birds and reptiles, mammals and reptiles, reptiles
and fish, carp and lamprey, and vertebrates and insects, all lineages
of organisms for which fossil data provided estimates of the time
since divergence. Note that while some comparisons of the three

proteins are from the same pair of organisms and time of divergence,
the three proteins are evolving at very different rates (i.e., fibrino-
peptide the fastest, and cytochrome c the slowest). In addition, the
rough linearity of the rate of accumulation of molecular divergence
with time illustrates the molecular clock concept. (Modified from
Richard E. Dickerson. 1971. The structure of cytochrome c and the
rates of molecular evolution. Journal of Molecular Evolution 1: 26–45).
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then it followed that there might indeed be a significant
role for drift.

This broad concept became known as the neutral
allele theory of molecular evolution, and it has formed
a conceptual and model framework on which much of
the current field has been based. Perhapsmost important
has been the recognition that all populations of organ-
isms are finite in size, so that the stochastic process of
genetic drift forms a background onwhich all other evo-
lutionary forces act. The term neutral theory (as it is
often called) can be misleading, as not all variation is
selectively neutral; rather, the theory allows that a sig-
nificant portion of new mutations are strongly deleteri-
ous and nearly immediately removed from the popula-
tion. And the theory does allow for a limited number of
adaptive mutations; however, the remaining mutations
are selectively equivalent (neutral), and their dynamics
are determined solely by genetic drift. Thus, themajority
of variation we see within and between species is as-
sumed to have no effect on fitness of organisms.

In the 1970s, the emergence of methods to directly
sequence DNA, which were much less laborious than
protein sequencing, began an inexorable shift to the
study of DNA sequences in the field of molecular evo-
lution. Not only does DNA sequence data provide an
estimation of the frequency of variation at individual
nucleotides, but the tight genetic linkage of adjacent nu-
cleotides also means that sequences retain more of their
evolutionary history. The availability of these correlated
evolutionary histories allowed for the development of
newstatistical andcomputational approaches for testing
models of molecular evolution, particularly the neutral
theory. The field was no longer theory rich and data
poor, as now the data began pouring in at an astounding
rate. The ability to obtain larger sample sizes of DNA
sequences has also increased the statistical power to
discriminate models and to infer evolutionary history,
demography, and the targets andmagnitude of selection
acting on the genome. The strict neutral theory was
clearly an oversimplification but has provided the field
with a valuable reminder of the importance of stochastic
processes in all populations and a valuable null hy-
pothesis against which to evaluate data.

3. PREDICTIONS OF THE NEUTRAL THEORY FOR
VARIATION WITHIN AND BETWEEN SPECIES

The probability that a neutral allele will eventually be-
come fixed is equal to its frequency in the population.
And the rate at which new alleles become fixed in a
population (the substitution rate) is essentially equal to
the “neutral” mutation rate per generation. Thus, if the
neutral mutation rate remains constant, so should the

rate of evolution. For new neutral mutations destined to
be fixed by drift, average time to fixation (in units of
generations) is approximately four times the long-term
population size. Formutations destined for loss, average
time to loss is quite short. Thus, for large populations,
we expect long times to fixation, and thus lots of “tran-
sient” genetic variation in populations drifting slowly
through them. Together, these processes mean that the
level of variation within species is a function of popu-
lation size and mutation rate.

For a stable population, the balance of new muta-
tions and loss or fixation by drift leads to an equilibrium
level of variation. It can be shown that this level of var-
iation is such that the probability that an average nu-
cleotide site shows a difference between two randomly
chosen chromosomes (or is heterozygous in a randomly
chosen diploid sexually reproducing organism) is ap-
proximately equal to four times the long-term popula-
tion size multiplied by the rate of mutation. The amount
of divergence between two sequences sampled from two
different species will be equal to the mutation rate times
twice the time since speciationplus anadditional amount
equal to the expected number of differences between two
randomly chosen chromosomes in the ancestral popu-
lation. Because variation between species is but an
extension of variation within species, and both are ulti-
matelydrivenbymutation, then strictly neutral variation
within species should be positively correlatedwith strict-
ly neutral variation between species.

4. THE IMPACT OF NATURAL SELECTION ON
MOLECULAR VARIATION AND EVOLUTION

Mutations that confer a fitness advantage will increase
in frequency in the population because of positive se-
lection. If the variant goes to a frequency of 100 percent,
the population has now undergone a substitution of one
variant for another (e.g., a new A has replaced the an-
cestral G nucleotide). Positive selection can lead to very
rapid rates of fixation, orders of magnitude faster than
the rate of fixation due to genetic drift alone.

Because adjacent nucleotides are tightly linked ge-
netically, selection impacts not only the beneficial mu-
tation but also the region of the genome in which that
variant is located. Rapid fixation can therefore fix not
only the favored variant but also the surrounding seg-
ment of the genome, resulting in a “selective sweep” and
consequently a genomic region of initially no or very
reduced adjacent neutral variation. Only over time will
newmutations introduce variation back into this region.
Perhaps surprisingly, the average divergence of linked
neutral sites is unchanged from the neutral prediction.
Such patterns provide much insight into the frequency
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and location of adaptive fixations throughout the ge-
nome (see chapter V.14).

While the rate of new mutations in the population is
unchanged with natural selection, the fixation rate for
beneficial mutations is dramatically increased, leading
to increased sequence divergence between species for
those specific sites under positive selection compared
with adjacent neutral variants whose dynamics are de-
termined by stochastic processes of genetic drift alone.
The study of protein-coding sequences provides a par-
ticularly illustrative, and useful, example of how this
contrasting pattern of positively selected, negatively se-
lected, and neutral variation can be used to infer where
and how natural selection has acted in the genome.
Amino acids are encoded in mRNA in a triplet code of
three nucleotides. While there are 61 possible combi-
nations of three nucleotides that encode amino acids
(three additional encode protein synthesis “stop” sig-
nals), there are only 20 common amino acids. Many
amino acids are encoded by more than a single nucleo-
tide triplet. Those triplet codons that encode the same
amino acid differ by what is known as synonymous or
silent variants. Those that result in a change in the en-
coded amino acid are termed nonsynonymous or re-
placement variants.

Since protein function is largely determined by its
amino acid sequence, the fitness consequences of non-
synonymous mutations are much greater than those of
synonymousmutations.Constraints on protein function
result in strong purifying selection on nonsynonymous
variants, preventing them from reaching substantial fre-
quencies in populations (polymorphism) or from going
to fixation (substitutions). These proteins evolve at very
slow rates (e.g., histones in figure 1). Proteins with very
relaxed constraints on amino acid sequence (e.g., fi-
brinopeptide, which are nonessential “spacer peptides”
cleaved from fibrinogen in the clotting of blood, figure 1)
evolve near the neutral rate of evolution. Some proteins
play key roles in adaptation to new enzyme substrates or
respond to biotic or abiotic challenges. Here, positive
selection favoringnewaminoacidvariants leads to theac-
celerated fixation of mutations. Some adaptive responses
require repeated changes in protein sequence (such as at
the antigen-binding sites of some immunity proteins),
resulting in successive accelerated replacements. Some-
what counterintuitively, such positive and negative se-
lection has little to no effect on the rates of substitution
of adjacent strictly neutral variants. Thus, contrasting
levels of variation and/or divergence at nonsynonymous
to synonymous sites canprovide estimates of the strength
of both positive and purifying selection for a protein-
coding gene. The ideal neutral benchmark is found in
“dead genes” that no longer function (pseudogenes), in
which levels of variation anddivergence are usually close

to those seen at synonymous sites. These contrasts of
nonsynonymous and synonymous variation and diver-
gence form the basis of several tests to detect natural
selection acting on genomes and uncover the functional
targets of that selection (see chapter V.14).

Not all mutations are simply strictly neutral, lethal,
or strongly favored; rather, functional and population
genetics studies have demonstrated thatmanymutations
affect function only slightly, most in a slightly negative
manner but sometimes improving function a bit. In these
instances, whether amutant acts as a neutral variant can
be influenced by the population size. Consideration of
the relative strength of natural selection and genetic drift
reveals that if the difference in reproductive success
(fitness) is less than the reciprocal of the long-term pop-
ulation size, then the mutant will behave as a neutral
variant, even if itwouldhavea (slight) selective advantage
or disadvantage in an infinitely large population.

Data have also revealed just how much of observed
DNAvariation segregating in apopulation is nearly neu-
tral, with much of it being slightly deleterious. One im-
pact of this class of variants is that fluctuations in pop-
ulation size among lineages, or even along lineages,
leads to fluctuations in the ability of natural selection
to“see” these variants. This phenomenon ismost clearly
observed in the “generation time effect” observed in the
molecular clock for some types of variants. For example,
germ line mutations are most often caused byDNA rep-
lication; therefore, short-generation mammals have
more synonymousmutations per year than do long-gen-
eration species; however, short-generation mammals
also tend to have very large population sizes, so that
selection is more efficient and thus could result in more
nearlyneutralmutations.Aspredicted then, rates of pro-
tein evolution are slower on a per generation basis in
short-generation mammals than rates of substitution in
long-generation mammals.

5. BIOLOGICAL INSIGHTS FROM THE STUDY OF
MOLECULAR EVOLUTION

The comparison of sequences from different organisms,
and particularly from short-generation organisms such
asmicrobes and viruses, has provided one of the clearest
illustrations of a core principle of evolution: descent
with modification. For example, these valuable studies
have provided real data sets with known phylogenies
with which to evaluate the accuracy of statistical meth-
ods to estimate the phylogenetic relationships of organ-
isms and their ancestors when we have only sequence
data from the extant end points of the evolutionary pro-
cess for study (figure 2). Experimental microbial and
viral evolution studies are also allowing direct tests of
evolutionary hypotheses regarding adaptation, including
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whether recurrent adaptation takes place by the same or
novel mechanisms, particularly since samples of every
step of the evolutionary process can be saved for future
study and even functional reanalysis.

With the introduction of the polymerase chain reac-
tion (PCR) for amplifying specific genomic regions from
very small samples (and even ancient bones, scat, and
skins; see chapterV.15), coupledwithwaveafterwaveof
advances in sequencing technology and automation, the
field of molecular evolution has gone from being data
limited to data overloaded, and noorganism is now tech-
nically inaccessible. A striking example is the genomic
study of microbes inhabiting our guts, our skin, the soil,
and the oceans. Many of these microbes were not even
known to science, since they could not be cultured in the
lab or identifiedon the basis ofmorphology alone.Many
are now known and identified only via their DNA se-
quences, and the relationships of these microbes are

being revealed by the extent of sequence divergence from
other known microbes.

Patterns and rates of molecular evolution can tell us
about function in two ways. First, regions of genes and
genomes that do not change are likely of critical and un-
changing function. This basic principle of molecular
evolutionary conservation has pervaded all of biology,
and has been a guiding principle underlying the study of
function in the exponentially growing number of genome
sequences nowbeing completed for virtually every type of
plant, animal, microbe, and virus. Conserved regions of
genes are what have changed biology from being sim-
ply organism focused to drawing on comparative func-
tional data about a gene of interest fromall studied forms.
Second, regions of molecules that do change have turned
out to include both those of little or no function, and those
for which rapid change is itself adaptive. Distinguishing
between adaptive change and relaxed functional con-
straint can be challenging; however, numerous statistical
andcomputationalmethodshavebeendevelopedover the
last two decades allowing discrimination between posi-
tively selected change and relaxed constraint, and an area
of very active research is that of evaluating the functional
and fitness consequences of the adaptive fixations.

Another feature of molecular evolution that has
emerged in the last decade is how much of the detected
positive selection appears associated with conflict (e.g.,
“arms races” between hosts and pathogens), and not
adaptation in the traditional sense (e.g., to new environ-
ments ornutrients).Microbial andviral pathogens clear-
ly have driven, and still drive, much of the rapid molec-
ular evolution in genomes, but additional conflicts
between males and females, between host genomes and
transposable elements, and even between hosts and en-
dosymbionts have emerged as important drivers of rapid
molecular evolution, including the evolution of new
genes and new gene functions.

The role of noncoding portions of the genome in
adaptation has also become strongly apparent in recent
years. Variation in regulatory sequences (including en-
hancers, splicing machinery, and transcription factors)
has been demonstrated as key to certain adaptive evolu-
tionary changes in both molecules and phenotype (see
chapters V.11 and V.12). Additionally, new and un-
anticipated types of functional sequences, such as small
and long noncoding RNAs of various types (e.g., micro-
RNAs, long noncoding RNAs [lncRNAs], and long in-
tergenic noncoding RNAs [lincRNAs]), have been iden-
tified and not only demonstrate remarkable levels of
evolutionary conservation and control of key develop-
mental and cellular processes but also could underlie in-
stances of adaptive change. Clearly, much remains
to be discovered about genomes and themeans andmech-
anisms by which the molecules of life evolve and adapt.
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Figure 2. Mutational change in virus cultures demonstrates de-
scent with modification and molecular evolution, and the molecular
clock concept. Shown is a comparison of an actual “true” phylogeny
of a virus (bacteriophage T7) with an estimated phylogeny construct-
ed using only DNA sequences of the viruses in the experimental
population. This population was initiated with one virus and split in
binary fashion into several sequential derived lineages, the end
points being denoted as the letters on the right side of the phylogeny.
Numbers above the branches indicate the actual or estimated num-
ber of nucleotide substitutions that occurred along each branch,
respectively. Actual substitutions were determined by sequencing
1091 base pairs of the ancestral viruses at each branch point in the
tree. (Modified from David M. Hillis, John P. Huelsenbeck, and
Clifford W. Cunningham. 1994. Application and accuracy of molec-
ular phylogenetics. Science 264: 671–677).
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6. CONCLUSIONS

The study of the patterns and rates of evolution of bio-
logical molecules has provided data and results that
clarify the relative roles of mutation, genetic drift, and
natural selection in populations. The changes in these
molecules underlie the evolutionof organismal formand
function, and the field of molecular evolution is alive
with new discoveries about how genomes evolve and
how observedmolecular changes contribute to the stun-
ning biological diversity of life we observe around us.
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