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Mutational biases refer to systematic asymmetries or nonuniformities in the occurrence
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of mutations, heritable changes that take place in an individual organism. Mutational
biases arise by asymmetries in damage, repair and replication of the genetic material.
Many such biases are known: familiar examples include transition:transversion bias, the
CpG effectand deletion:insertion bias. Mutation biases are biologically significant to the
extent that they modulate the probabilities of heritable diseases and of evolutionary

changes.

Nature of Mutation and Mutational
Biases

Mutation (genetic mutation) is a process of heritable
change; the outcome or product of this process, which may
happen in germline or somatic tissue, is a mutation or mu-
tant. The process of genetic mutation occurs in all living
systems. It can be detected and studied under controlled
conditions in populations of laboratory organisms, in cul-
tured cells and in cell-free replication and repair systems.

In practice, biologists frequently apply the term ‘muta-
tion’ to higher-level outcomes or processes that go beyond
mutation, but that implicate specific mutational events, e.g.
evolved differences between species and population vari-
ants, often are referred to as ‘mutations’ to the extent that
they implicate specific mutational events. In the present
context, such broad usage would be confusing: here,
‘mutation’ refers specifically to the process that happens
in individual organisms; a mutation bias is a bias inherent
to this process.

Typically mutation is described as ‘random’ without any
clear explanation of what this means. Given that, the
chance of success for predicting an individual mutational
outcome is extremely low, mutation may be said to be
‘random’ in the sense of ‘unpredictable’. However, the
process of mutation is not ‘random’ in the sense of having
uniformly distributed outcomes, i.e. the sense of ‘random’
that applies to flipping a coin or drawing a card from a well-
shuffled deck. Individual mutations may have vastly differ-
entrates, as shown in early studies of bacteriophage T4 that
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revealed rates of specific point mutations from 10™* to
107", a range of 7 orders of magnitude (Drake, 1970).
More typically, because specific mutations are so rare and
thus difficult to detect, most available knowledge of mu-
tation bias is in regard to differences in the mean rates for
different classes of mutation, averaged over many specific
mutations of the same type. Differences such as this may be
described as mutational nonuniformities, asymmetries or
biases. Sometimes the term mutation spectrum is used to
refer to the entire distribution of mutations or mutation
rates relevant to some segment of deoxyribonucleic acid
(DNA), or to some disease phenotype.

Although most current knowledge of mutation comes
from nonhuman systems, and the details of mutation may
differ, the basic concept of mutation bias — as a reflection of
the biochemistry and enzymology of DNA damage, repair
and replication — is universal. Presumably for any category
of mutation, or any dimension of measurement of muta-
tional effects, a detailed study would reveal asymmetries or
biases in mutation. However, few such biases have been
characterized. This article deals with a few examples of
mutational biases, the molecular mechanisms responsible
for these biases and the significance of mutation bias.
See also: DNA Repair; Gene Conversion; Molecular
Evolution: Neutral Theory; Mutagenesis; Mutagenesis
Mechanisms; Mutations and New Variation: Overview

Sources of information about mutation

Owing to the rareness of mutational events, knowledge of
mutation rates and patterns is difficult to acquire by direct
means. Most knowledge about mutation rates is based on
(1) using laboratory detection systems by which large num-
bers of possible variants can be screened (or selected) based
on phenotypic effects of mutations (e.g. Bebenek and
Kunkel, 1995); (i) comparing sequences that have diverged
evolutionarily for very large numbers of generations (e.g.
Andersson and Andersson, 1999) and (iii) analysing nat-
urally occurring genetic variation sampled from a popula-
tion of organisms (e.g. Kondrashov, 2003).
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An experimental screening system widely used by
mutation researchers is based on the phenomenon of
‘o complementation’, whereby the o fragment of the LacZ
enzyme can restore activity to a fragment corresponding to
the rest of the enzyme. In the mutation assay, a DNA se-
quence encoding LacZo is mass-produced to serve as a
mutational target, then copies are subjected to mutation,
expressed and assayed for complementation (loss of activ-
ity signifies a mutation). Mutant copies are sequenced to
identify the specific mutation involved. In other experi-
mental systems, detection relies not on screening, but on a
selection scheme in which mutations in the target sequence
provide a growth advantage over nonmutants. Experimen-
tal systems of both types often are subjected to unnatural
conditions that enhance the rate of mutation, e.g. chemical
mutagens, or the use of a strain with aberrant DNA repair
enzymes (Schaaper and Dunn, 1987), conditions that limit
the usefulness of results.

To convert observations of detected mutants into rates
of mutational events per generation is difficult, for various
reasons. The outcome of a single mutation event might be
reflected in several separately detected mutants, and this
effect of propagation must be taken into account with ap-
propriate statistics (Rosche and Foster, 2000). The set of
detectable mutations in the target sequence may not be
completely known. The detectable mutants may not be
uniform in detectability, resulting in ascertainment biases.

The analysis of evolutionary divergence, or of population
variation, allows a systematic study of mutation under more
natural conditions, but must take into account effects of
natural selection. For studies of divergence, typically this is
accomplished by choosing only those sequences for which
the fates of mutant alleles would be unaffected, or largely
unaffected, by natural selection, i.e. sequences thought to
evolve wholly or predominantly by neutral evolution such
as pseudogenes or intergenic regions. In the case of neutral
evolution, the rate of evolution is numerically equal to the

neutral mutation rate (Kimura, 1983). Thus, Andersson
and Andersson (1999) compared metK pseudogenes in
closely related Rickettsia species, finding evidence of a
strong bias of deletions over insertions and of transitions
over transversions, and a weaker bias from GC (guanine,
cytosine)to AT (adenine, thymine) base pairs. Likewise,
Nachman and Crowell (2000) studied primate pseudogenes
and discovered differences in transition versus transversion
rates and a strong CpG bias, followed by a number of sim-
ilar studies (see Table 1 below). In some cases, information
about mutational patterns is inferred from the analysis of
human genetic diseases (Krawczak et al., 1998), using gen-
eralized databases such as the Human Gene Mutation
Database (Stenson et al., 2003).

Biases in Point Mutations

Mutations that do not alter the overall organization of a
chromosome, but affect only a single localized point on the
genetic map are called ‘point mutations’. Point mutations,
though perhaps not always the most important mutations,
are the most well studied.

Transition—-transversion bias

Replacements of one nucleotide for another typically are
the most common point mutations. Among nucleotide re-
placements, ‘transitions’ are replacements of a purine by
another purine, or of a pyrimidine by another pyrimidine;
other replacements are ‘transversions’. If all rates of mu-
tation were equal, then, given four possible transitions and
eight transversions (Figure 1), one would expect transver-
sion mutations twice as often, but this is not observed. In
fact, transitions typically are more numerous due to tran-
sition:transversion bias in mutation rates.

Table 1 Substitution biases in hominid genome according to several recent estimates

Transition/ CpGv bias CpGi bias
transversion bias”  (transversions) (transitions)
Data type Reference
K Hitly HepGi iy HepGitti
0.55" 4.4 8.0 13.3 Divergence in Nachman and Crowell
pseudogenes (2000)
- 4.2 2.2 5.4 Divergence in Zhang and Gerstein
pseudogenes (2003)
0.76" 2.6 11.4 28.2 Divergence in introns  Yampolsky ez al. (2005)
- 3.6 8.2 21.8 Divergenceinrandom  Ebersberger et al. (2002)
sequences®
- 2.4 2.6 10.8 SNPs in introns Yampolsky et al. (2005)
0.39 38 2.8 15.3 Mendelian diseases Kondrashov (2003)

Notes: i, basal mutation rate (non-CpG transversions), 1078; i, non-CpG transition rate; icpGy, rate of transversions at CpG sites; ficpei, rate of
transitions at CpG sites and SNPs, single nucleotide polymorphisms. Divergence data since common ancestor with chimpanzee.
“Calculated per individual pair of source and destination nucleotides, not per nucleotide site.

> Assuming 5 million years since common ancestor and 20 years generation time.

“Exons excluded.
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Figure 1 Nucleotide transversions (solid lines) and transitions (dashed lines)
typically occur with different rates (A, adenine; G, guanine; C, cytosine; T,
thymine).

Spontaneous transitions during DNA replication are
believed to occur through noncanonical pairing of nucleo-
tides, due to a shift of one of the nucleotides to a rare
tautomeric form. For instance, the imino tautomer of A
can pair with a C instead of a T. During replication, either
the template or the incoming nucleotide can be tautomeric
for such a mispairing to occur. In the next cycle of repli-
cation, an A:C mispair that has escaped DNA repair will
give rise to one A:T pair of the original type, and a mutant
G:C pair representing an A—G transition mutation.

Spontaneous transversions during replication are be-
lieved to arise through a combination of two events — tauto-
merization and base rotation. If an A shifts to its rare
tautomeric (imino) form, it can pair with another A if this
second A undergoes rotation around its glycosidic bond.
Such rotation causes the so-called syn-conformation of
DNA, also known as Z-DNA. If the aberrant A:A pair
survives to the next replication cycle, it will give rise to an
A:T pair of the original type, along with a mutant T:A pair
representing a transversion mutation. Only approximately
10% of all DNA is in syn-conformation at any given time,
which may explain why the rate of transversions is lower
than that of transitions.

The combination of transition:transversion and CpG bias
(see below) results in particularly high rates of C—T and
G—A transitions (Figure 2) apparent in human-to-chimpan-
zee pseudogene comparisons (Nachman and Crowell, 2000)
and in human hereditary diseases (Krawczak et al., 1998).
There is a good agreement on the value of transition/trans-
version bias in human genome: most studies based on a va-
riety of data estimate it as close to 4-fold (when calculated per
pair of source and destination nucleotides, which reflects the
fact that there are eight possible transversions and four pos-
sible transitions) or to 2-fold, when calculated per nucleotide
site (Table 1). See also: Base Pairing in DNA: Unusual
Patterns; DNA Structure: A-, B-and Z-DNA Helix Families

CpG bias

CpG dinucleotides are well-known ‘hot spots’ for C—T
and G—A transition mutations (Figures 2 and 3), a

ENCYCLOPEDIA OF LIFE SCIENCES © 2008, John Wiley & Sons, Ltd. www.els.net

4-Parameter model (* CpG)

s
clo e
o
-

o|-@)-i-o-e

ol o o()

— (O] < O

Figure 2 A bubble plot showing the relative rates of different types of DNA
substitution mutations typical for mammalian genomes (based on results
from Hwang and Green, 2004). The size of the bubble represents the relative
rate of mutation of a nucleotide shown on the vertical axis to the nucleotide
shown on the horizontal axis (asterisks, CpG context).
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Figure 3 While deamination of C results in uracil, recognized by repair
enzymes as an error, deamination of 5-methylcytosine results in T, which is
not recognized as an error because it is normally presentin DNA. In
vertebrates, methylation of Cs occurs preferentially at sites followed by a G
residue, leading to an unusual mutation pattern at CpG dinucleotides.

phenomenon known as CpG bias (the ‘p’ in ‘CpG’ refers
to the phosphodiester bond connecting adjacent C and G
nucleotides on the same DNA strand). Approximately one-
quarter of evolved single-nucleotide differences in human
and chimpanzee lineages have occurred at these sites
(Nachman and Crowell, 2000). See also: DNA Methyla-
tion and Mutation
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The cause of this bias is reasonably well known to involve
a cascade of events in DNA modification, damage and re-
pair. In vertebrates (and to a lesser extent, other animals), C
residues that are followed by a G residue are much more
likely to be modified by addition of a methyl group, re-
sulting in 5-methyl-cytosine. Although oxidative deami-
nation of C results in uracil, which is excised efficiently from
DNA by repair enzymes, allowing for subsequent repair,
oxidative deamination of 5-methyl-cytosine results in T,
which is a normal DNA base and is not excised as efficiently
(Figure 3). As a result, C residues in the CpG context are
much likely to undergo a transition to T, with the comple-
mentary effect that G residues in a CpG context are much
more likely to undergo a transition to A. The effect is on the
order of 10-fold in humans (Table 1), although different
studies give a wide range of estimates. Thus, DNA me-
thylation, which typically protects DNA and also may
regulate gene expression, radically changes mutation rates,
an effect mediated by cellular processes of DNA damage
and repair. Evolutionary modelling suggests that the rate
of CpG transitions increased 4—8-fold in conjunction with
the mammalian radiation 90 million years ago (Arndt et al.,
2003). See also: DNA Methylation

GC to AT bias

Forty years ago, Cox and Yanofsky (1967) isolated a mu-
tant strain of Escherichia coli with a biased pattern of mu-
tation favouring GC over AT base pairs. This kind of bias,
whether towards G:C and C:G pairs, or in the reverse di-
rection, towards A:T and T:A pairs, is called a GC to AT
bias (sometimes just a ‘GC’ bias). GC to AT bias often is
invoked to account for the fact that genomes of pro-
karyotes show large systematic differences in their genomic
GC content (portion of G:C and C:G pairs), from 0.25 to
0.75 (Sueoka, 1988). This range is even broader if only third
positions of codons are considered (0.05-0.97).

Eukaryotic genomes differ less widely in their GC con-
tent, but some cukaryotes, notably vertebrates, exhibit a
remarkable subgenomic organization into GC-rich ‘iso-
chores’ distinct from background regions (Sueoka and
Kawanishi, 2000). A fascinating evolutionary hypothesis
explored by Fryxell and Zuckerkandl (2000) is that deami-
nation of methylated C (see earlier) may have played a key
role in the evolution of isochores. C deamination occurs at
much higher rates in partly melted (temporarily single-
stranded) DNA. Partial DNA melting is much less likely in
GC-rich regions of DNA than in GC-poor regions because
G:C base pairs are stronger than A:T pairs. Thus, C de-
amination, which causes a majority of GC-reducing Cto T
transitions in mammals (see above), occurs at much lower
rates in GC-rich areas than in GC-poor areas. These dy-
namics represent a positive feedback loop: a genomic re-
gion that is somewhat GC-poor will tend to further
decrease its GC content, perhaps leading to the ‘isochore’
pattern. See also: Isochores

However, the role of GC mutation bias in isochore
evolution is unresolved; some studies implicate biased

gene conversion (Meunier and Duret, 2004). DNA repair
mechanisms acting on mismatches in heteroduplex re-
gions during gene conversion tend to favour CG over
AT base pairs (Marais, 2003). In humans, gene conversion
bias towards the G allele over the T allele in GT mis-
matches may be as high as 24 times (Marais, 2003, Box 2).
See also: Base Composition Patterns; Biased Gene Con-
version and its Impact on Human Genome Evolution;
Gene Conversion

Strand-specific bias

Chargaff’s rule, based on canonical pairing rules for nu-
cleotides, holds that in double-stranded DNA, the fre-
quencies of complementary nucleotides are equal (A=T;
C=G). If the two strands are evolving neutrally without
mutation bias, the same equality will hold within a single
strand. In addition, from Chargaff’s rule it follows that
(A+C)=(G+T)=50% within each strand. Deviations
from these relationships within a neutrally evolving region
would indicate that the two strands are not equal with re-
spect to mutation rates. For instance, if TG and GT mis-
matches are more likely than AC and CA ones, the strand
that is more mutation-prone will accumulate Gs and Ts.
See also: Chargaff, Erwin

Replication is one source of strand-specific bias, with the
asymmetry arising from the fact that, during replication,
the leading strand is synthesized continuously in the direc-
tion of movement of the replication fork, whereas the lag-
ging strand is synthesized in pieces in the opposite
direction. The pattern generated by replication-associated
mutation biases would be asymmetric with respect to the
origin of replication that determines whether a given strand
in a flanking region is replicated in leading-strand or lag-
ging-strand mode. Precisely this association with replica-
tion origins is found in bacterial genomes (Lobry, 1996).
See also: DNA Replication: Mammalian; DNA Replica-
tion: Prokaryotes and Yeast

Transcription is another factor in strand-asymmetric
mutation, possibly more important than replication. The
rate of AG transitions exceeds the rate of TC transitions
in transcribed regions of human genes, while these rates are
equal in nontranscribed regions; this asymmetry is partic-
ularly strong for A to G transitions (Green et al., 2003).
This leads to an excess of G+ T over A + C on the coding
strand, a pattern observed in a number of human genes.
This pattern is consistent with the action of transcription-
mediated repair, which allows mismatches another chance
to be repaired in transcribed portions of genes before the
next round of DNA replication. Transcription-media-
ted repair is strand-biased, as mismatched area is excised
from the transcribed strand and repaired using the coding
strand as the template. This mechanism does not gene-
rate any new strand asymmetry; however, it merely makes
any asymmetries in base misinsertion apparent when
viewed as changes observed on the coding strand (Green
etal.,2003).
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Other Types of Mutational Biases

Although most of the systematic information available on
mutation biases refers to point mutations (see earlier), in
many other cases there is clear, though less systematic, ev-
idence of mutation biases. For instance, transposon inser-
tions are a kind of mutation, and such insertions often
occur with ‘target site’ preferences that depend on the nu-
cleotide sequence immediately upstream and downstream
of the site of insertion. Presumably large deletions and du-
plications also exhibit biases in mutation. See also:
Retrotransposition and Human Disorders

More information is available in the case of short inser-
tions and deletions, often called ‘indels’ when it is not pos-
sible or practical to distinguish the insertions from the
deletions. Figure 4 shows data for ‘microindels’, insertions
and deletions of 20 base pairs or less, based on human gene
mutations. There is a marked deletion:insertion bias, and
also a strong tendency for the rate of mutation to decrease
with length, for both deletions and insertions.

Short indels may emerge during replication (or replica-
tive repair) by a form of ectopic strand pairing called ‘slip-
page’, illustrated in Figure 5. Repetitive DNA areas such as
microsatellite loci are particularly vulnerable to template
slippage, which presumably explains the high rate of in-
sertions and deletions in microsatellites.

The unusual mutational propensities of triplet repeats, in
particular, are recognized as key causal factors in a number
of neurological degenerative diseases in humans, including
fragile X syndrome, spinobulbar muscular atrophy, myo-
tonic dystrophy and Huntington disease (Sinden et al.,
2002), as well as many cancers. Typically the severity of

10 000 ~
1000 - y = 4077x-1.682
100
y=1113x1616
10
1 T T 1
0.1 1 10 100

Length (nucleotides)

Figure 4 Numbers of short insertion (plus symbols) or deletion (triangles)
mutants in the Human Gene Mutation Database (Chuzhanova et al., 2003),
shown onadouble-log scale. Given reasonable assumptions (most such indels
are null alleles; the chance of ascertainment is not significantly affected by
length), variation in frequencies of different types (insertion or deletion) and
lengths of indels directly reflects differences in rates of mutation. Thus,
deletion mutations occur at a rate about 4 times that of insertions (from the
slopes of the regression lines). The rates fall off sharply with length, according
to a power law (grey regression lines).
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effects depends on the number of repeats: individuals with
large numbers of repeats have a hereditary susceptibility,
with pathological effects that are aggravated as the number
of repeats expands further. Nucleotide triplets such as
CTG (complement, CAG) are particularly unstable.

Although the molecular causes of these diseases are di-
verse (e.g. chromosomal breaks in fragile X syndrome; ac-
cumulation of an abnormal protein in Huntington disease),
they all typically exhibit anticipation (aggravation of
symptoms in consecutive generations) and are most likely
caused by identical mutagenesis mechanism. This mecha-
nism, known as trinucleotide repeat expansion, is similar to
polymerase slippage illustrated in Figure 5, but is thought to
be enhanced by the formation of alternative DNA struc-
tures within triplet repeats, such as triplexes, quadruplexes
and slipped-strand structures on double-stranded DNA
and single-strand hairpins, which form upon strand
separation. The longer is the run of trinucleotide repeats,
the more pronounced are the unusual helical properties
of the DNA. See also: Expanding Mutations/Genetic
Anticipation; Repetitive Elements and Human Disorders;
Trinucleotide Repeat Expansions: Disorders; Trinucleo-
tide Repeat Expansions: Mechanisms and Disease
Associations

Evolutionary Significance

The importance of mutation bias in molecular evolution
has been recognized for several decades (Stoltzfus, 2006).
Transition—transversion bias, for instance, is a key feature
of sequence evolution that reflects transition—transversion
bias in mutation (Wakeley, 1996). Systematic differences in
GC content within and among genomes often are attrib-
uted to systematic biases in mutation (Frank and Lobry,
1999). In Drosophila, deletions are more likely than inser-
tions, and this bias has been invoked to explain the compact
genome of Drosophila, which has relatively few and short
noncoding regions (Petrov, 2002).

The role of mutation bias has a larger significance for
evolutionary theory, but not in regard to the Lamarckian
theory, which supposes that mutations that improve ad-
aptation occur preferentially. The mutation biases dis-
cussed earlier are not of this type and, indeed, Lamarckian
mutations are not reliably known to occur in any system.
The main issue for contemporary evolutionary biologists is
the sufficiency of the Modern Synthesis (neo-Darwinian)
view in which selection is assumed to be the ultimate source
of explanation in evolution, with mutational sources being
unimportant on the grounds that each species has a ‘gene
pool’ of available variation sufficient to meet any challenge,
without new mutations. The ‘mutationist’ view, by con-
trast, allows the kind of dependence of evolution on new
mutations that seems necessary to account for the rela-
tionship between mutational tendencies and evolutionary
tendencies (Stoltzfus, 2006). See also: Molecular Evolu-
tion: Patterns and Rates; Mutations and New Variation:
Overview
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Figure 5 Slipped-strand mispairing (DNA polymerase slippage) causes insertions and deletions during replication of repetitive DNA.
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