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Abstract

There are many possible failure points in the transmission of genetic information that can produce
heritable germline mutations. Once a mutation has been passed from parents to offspring for
several generations, it can be difficult or impossible to identify its root cause; however, sometimes
the nature of the ancestral and derived DNA sequences can provide mechanistic clues about a
genetic change that happened hundreds or thousands of generations ago. Here, we review evidence
that the sequence context “spectrum” of germline mutagenesis has been evolving surprisingly
rapidly over the history of humans and other species. We go on to discuss possible causal factors
that might underlie rapid mutation spectrum evolution.

Introduction

Like all other complex traits, the germline mutations present in an individual’s genome are
ultimately governed by heritable genetic factors, environmental influences, and interactions
thereof. Commonly studied properties of germline mutations include their rate (i.e.,
mutations per site per generation), spectrum (i.e., relative abundances of different mutation
types), or spatial clustering throughout the genome. Because these phenotypic outcomes of
mutation are embedded as variation in the genome, the evolutionary pressures acting on
mutation phenotypes are intrinsically more complex than the forces that drive the evolution
of other phenotypes. The theoretical complexities of this phenomenon have fascinated
population geneticists for decades. In 1937, A.H. Sturtevant was the first to show that alleles
that modify the mutation rate become linked over time to mutations that they beget in nearby
genomic regions, leading to time-delayed selection on mutation rate modifiers that is
ultimately dependent on the fitness effects of much younger genetic variants [1]. Thirty
years after Sturtevant’s seminal paper, population geneticists remained daunted by the
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higher-order complexity of mutation rate evolution: Motoo Kimura wrote in 1967 that “[t]he
whole question of the evolutionary modification of the spontaneous mutation rate is quite
puzzling and more evidence is needed to clarify the problem” [2].

In the fifty-three years since Kimura’s landmark theoretical work, large amounts of genetic
data have been produced, proffering new empirical evidence of past and ongoing mutation
rate evolution. It is now feasible to directly measure variability in mutation rates by
generating mutation accumulation lines and/or sequencing parent/offspring trios, then test
hypotheses about the genetic and environmental causes of ongoing within-species germline
mutation rate variability. Comparative genomics approaches have shown that, over long
timescales, mutation rates evolve toward a level that is approximately proportional to
effective population size divided by the size of the coding fraction of the genome [3].

However, between the extremes of inter-species mutation rate evolution and within-species
mutation rate variation, there has been much less documentation of historical germline
mutation rate variation within populations or between closely related populations, a fact that
stands in the way of studying the evolution of this trait using standard techniques from
quantitative genetics. To make matters even more complicated, environmental mutagens
might also affect mutation rates, as do life history features such as the ages at which
individuals tend to become parents. In a neutral model setting, disentangling historical
mutation rate evolution from the effects of demographic history is a serious challenge for
population genetic inference. Indeed, the rate of genetic drift influencing genomic variation
is jointly determined by mutation rate and effective population size.

An indirect hint that mutational modifiers do segregate within populations is the existence of
variation between populations in their mutation spectra. Mutations can be coarsely classified
into 6 types according to the ancestral and derived alleles (A>C, A>G, A>T, C>A, C>G, and
C>T are all distinct mutation types, but T>G, for example, is not distinct from this set
because it is the strand complement of A>C). There is considerable variation between
microorganism species (and even strains of the same species) in the relative abundances of
these variant types [4], but to ascertain differences between closely related eukaryotes that
have larger genomes and more stable mutation rates, it is useful to partition these mutation
types further by trinucleotide context (yielding 96 unique types such as AAA>ACA, etc.) or
even by extended sequence contexts as large as 7-mers [5,6]. Trinucleotide mutation
spectrum variation has been extensively catalogued across cancer types, an effort that has led
to the discovery of dozens of “mutational signatures” that appear to be associated with
specific exogenous and endogenous DNA damage agents [7,8]. More recently, comparisons
of mutation spectra between populations of humans, great apes, and laboratory mice has
revealed that mutation spectrum phenotypes often vary so predictably between populations
that they can be used to identify an individual’s population of origin [9-14] [see also: Taliun
et al., bioRxivdoi: 10.1101/563866; Goldberg and Harris, bioRxiv doi: 10.1101/805598].

The most striking mutation spectrum difference discovered thus far between closely related
human populations is an excess of TCC>TTC mutations that exists in Europeans relative to
East Asians and Africans. In the 1000 Genomes Phase | dataset, where this difference was

first reported [9], private European variation is enriched for TCC>TTC mutations by about
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50% compared to private African or East Asian variation. South Asian genomes contain an
intermediate amount of TCC>TTC mutations, perhaps because this population was founded
by admixture of a European-related Ancestral North Indian population into an East-Asian-
related Ancestral South Indian population [15,16]. Based on the allele frequencies of the
excess TCC>TTC mutations in Europe, it has been estimated that the rate of this mutation
increased in Europe between 15,000 to 30,000 years ago [11,17] (or perhaps even earlier,
depending on the details of ancient European demographic history). It is also clear from the
mutation spectrum of rare variants that the TCC>TTC mutation rate decreased again around
1,000 to 2,000 years ago. In direct sequencing data from parent child trios, the rate of this
mutation type is indistinguishable between Europeans and other populations, suggesting that
the pulse of excess mutagenesis either subsided entirely or is confined to a small
subpopulation that has not been included in any trio sequencing efforts.

A few similar mutation types, including TCT>TTT, ACC>ATC, and CCC>CTC, are
enriched in Europeans with the same marginal allele frequency distribution as TCC>TTC,
suggesting that these are minor components of the same mutational signature [11,12].
However, other mutation types show differentiation between populations that becomes
strictly stronger with decreasing allele frequency. The first principal component of human
mutation spectrum variation is not defined by TCC>TTC mutation abundance at all, but
instead separates Africans from Eurasians. African mutations are slightly more likely than
Eurasian mutations to have G/C ancestral alleles compared to A/T ancestral alleles, a trend
that is not very dependent on sequence context and does not dramatically affect the
frequency distribution of any specific trinucleotide mutation type. In addition, certain
complex mutations that occur at neighboring sites show evidence of even more population
differentiation than simple SNPs do [18].

An apparent separate pulse of NAC>NCC mutations in the history of the Japanese
population was also reported by Harris and Pritchard; however, this mutation type appears to
be strongly influenced by a cell line artifact or other technical issue that caused context
specific errors in 1000 Genomes variant calls [19]. An overall excess of NAC>NCC
mutations in East Asians compared to Europeans has been confirmed in two independent
datasets [11], but it is not clear how this relates to the presence of similar high-frequency
artifactual mutations in Japanese genomes that were sequenced using an older technological
platform.

At present, evidence of the causal mechanisms underlying germline mutation rate evolution
in human populations is virtually nonexistent. In this review, we aim to summarize the recent
proliferation of evidence for mutation spectrum variation at the levels of individuals,
populations, and species, and explore the range of hypotheses about what may have caused
these curious patterns of genetic variation.

The mutator allele hypothesis

DNA replication and repair are among the most essential of biological processes and are
necessary for maintaining the fidelity of each species’ genome from generation to
generation. Sturtevant and Kimura posited that the mechanisms responsible for replication
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and repair, if mutated themselves, would alter the efficiency of these essential processes. We
now know that there are dozens, if not hundreds, of genes involved in DNA replication and
repair [20], most of which are highly conserved across eukaryotic organisms [21,22]. Even
s0, the processes of replication and repair have evolved in each species’ lineage, and the
sequence and function of genes involved in highly conserved processes can diverge
dramatically between species (an example is base excision repair [BER], a repair process
that is operative in both yeast and mammals, but yeast BER pathways are far less efficient at
repairing oxidative damage [23]). Inter-species variation in such genes is thus thought to be
directly linked to inter-species variation in the mutation rate [3].

The inter-species variation in DNA replication and repair machinery and mutation rates
leads us to question whether within-species variation of these essential genes can also
explain within-species variation in mutation rates, both between individuals and looking
back in time. Harris and Pritchard, who were the first to show evidence for a temporal pulse
of elevated mutation rate at a specific triplet context in one population (TCC>TTC in
Europeans), hypothesized that these dynamics are driven by the appearance and subsequent
drift of mutator alleles that modify the germline mutation rate [11].

This hypothesis is bolstered by evidence that high mutation rates sometimes emerge
spontaneously in experimentally evolving populations of microorganisms [24-27]. A recent
landmark experimental evolution study found that mutator alleles arose spontaneously in six
of twelve experimental Escherichia coli populations that were maintained in stable, identical
environments for over 60,000 generations [26]. In some cases, mutator alleles in these
populations even reached fixation, and in others, the arrival of a mutator allele was followed
by the emergence of an “antimutator” allele that caused the accelerated rate of mutation
induced by the initial mutator to slow [26] [see also Tracy et al., bioRxiv doi.org/
10.1101/718163]. Importantly, mutator alleles are not exclusive to rapidly evolving bacteria
or yeast. Mutator alleles are one of the hallmarks of human cancers [28], and viable strains
of mice possessing germline mutator alleles have been bred in the lab (albeit with smaller
litter sizes and lower rates of reproduction, pregnancy, and survival) [29].

The existence of mutator alleles in microorganisms, cancer cell populations, and lab-
engineered mice has fueled tantalizing speculation that mutator alleles have been (and
continue to be) a ubiquitous feature of every species’ genome and evolutionary history. If
mutator alleles are segregating nearly neutrally in human populations today, some will be
predicted to fix over time. Some evidence for past mutator allele fixation can be found in
great ape genomic diversity: closely related ape species like humans and chimps have more
similar mutation spectra than distantly related species like humans and orangutans, despite
the fact that chimps and orangutans inhabit much more similar environments today
[Goldberg and Harris, bioRxivdoi: 10.1101/805598]. Proving that mutator alleles have
arisen in and left a mark on the human genome, however, is an exceptionally challenging
task. Since humans are a sexually-reproducing species, any mutator alleles arising in the
genome will quickly become decoupled from any beneficial mutations they induce because
of recombination, so, depending on the distribution of mutational fitness effects, most
mutator alleles are expected to segregate neutrally or rapidly drop in frequency due to
selection acting against the deleterious mutations that they create on an extended linked
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haplotype [2]. Consequently, the only hope of identifying mutator alleles from population
sequencing data in sexually-reproducing organisms is to search for haplotypes carrying an
excess of derived alleles and identify candidate mutator alleles on the same haplotype that
have remained in linkage disequilibrium with the mutations they have induced [30].

If the TCC>TTC pulse was the result of a mutator allele, that mutator has likely been lost
from the population, so evidence of its genomic location and effect size may be lost to time.
(Another possibility is that a mutator allele may remain in the population after attenuation
by the arrival of an antimutator allele, which could explain why the TCC>TTC rate in
present populations does not appear to have fallen back to its pre-pulse rate). However, it is
possible that a TCC>TTC mutator still exists at extremely low frequency, or that other
mutator alleles contribute to background levels of germline mutational signature
differentiation. A mutator with a strong effect size could be identified by sequencing a
carrier parent-child trio, and a mutator with a weaker effect size but high frequency could be
identified by looking for a signal of elevated mutagenesis along an extended shared
haplotype. However, attempting to detect this signal of spatially-clustered low-frequency
variants may be extremely difficult because similar signals of genomic variation can be
caused by sequencing artifacts [19], spatial variation in mutation rates across the genome [6]
[Taliun et al., bioRxivdoi: 10.1101/563866], natural selection [31], and demographic history
[32,33].

The generation time hypothesis

A second line of reasoning proposes that temporal shifts in the mutation spectrum evident
from population sequencing data might reflect changes in life history traits among archaic
human populations. There is abundant archaeological [34], anthropological [35], and genetic
[36] evidence that life history traits have changed over the course of human history, and
fundamental principles of biology dictate that life history traits—specifically generation time
—are directly related to changes in the germline mutation rate [37]. In species that are
genetically predisposed to have very short generation times and lifespans, this generation
time hardwiring may relax selection against mutators due to reduced opportunity for
deleterious mutations to occur over a shorter reproductive lifespan. This effect has been
observed in the mitochondrial DNA of short-lived African killifish, which has the shortest
known lifespan of any vertebrate [38].

The relationship between generation time and mutation rate in humans has been proven
conclusively in sequencing studies of parent-offspring trios and larger pedigrees: the number
of de novo point mutations increases roughly linearly by approximately 1 additional
mutation per year of the father’s age and 1 additional mutation per 3—4 years of the mother’s
age [39-45]. Recent evidence also suggests that the maternal mutation rate may actually
increase exponentially with age rather than linearly [44]. Importantly, these effects of
parental age are not universally true for all families: analyses of sequencing data from
families with multiple children have found that paternal age effects can vary by an order of
magnitude between families, indicating the mechanisms underlying this effect may
themselves be under genetic and/or environmental control [40,45].
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Humans have longer reproductive life cycles than their closest great ape relatives, and one
recent study calculated that this delayed onset of puberty and parenthood was sufficient to
explain the difference in mutation rate between human and owl monkey pedigrees [46].
However, a study of great ape pedigrees found that chimpanzees, orangutans, and gorillas
accumulate about 50% more mutations per year of paternal age than humans do, [47]
suggesting that the dependence of mutation rate on life history has been evolving in concert
with life history itself.

Not only have studies found that the mutation rafe increases with parental age, but also that
the mutation spectrum changes. As fathers age, the rate of CpG>TpG mutations increases
more rapidly than other types, and as mothers age, C>G mutations increase at a faster rate
[42,44] and accumulate preferentially in specific hotspots [39,42,48], but to a lesser extent
mark the entirety of the genome and inject a generation time signature into the mutation
spectrum [Seplyarskiy et al., bioRxivdoi:10.1101/2020.01.10.893024]. Hypothetically, if a
population sustains older generation times over a period of many generations, the spectrum
of variation for mutations that arose during that period could look quite different from that of
mutations that arose in previous generations [49]. In a recent study of Neanderthal
introgression in the Icelandic population, Skov et al. [50] carried out a similar analysis and
found that introgressed loci carried more C>G and fewer T>C and CpG>TpG variants
compared to the non-introgressed regions of the genome. Given that these mutation types
track maternal and paternal age, the authors concluded that, relative to humans,
Neanderthals that interbred with humans may have had older mothers and younger fathers
on average. Intriguingly, TCC>TTC is a mutation type that is significantly associated with
maternal origin over paternal origin, though it is not clear how this association is related to
the enrichment of TCC>TTC mutations in Europe and South Asia [51].

Although generation time variation can leave a predictable imprint on the mutation
spectrum, this is unlikely to be a major driving cause of the historic mutation spectrum
differences that exist between populations. Assuming that generation time has the same
effect on mutagenesis in every genetic background, it can only explain a single dimension of
mutation spectrum drift and will tend to explain variation within populations better than
variation between populations. A caveat is the existence of hints that generation time has
different effects on mutation rate in different genetic backgrounds, which might imply that it
is capable of explaining more than one dimension of mutation spectrum variation [45]. In
any case, exploring this dimension of variation could prove highly rewarding because of its
multiplicity of links to cultural and environmental changes as well as genetic determinants
of the ages of puberty and menopause. Even if generation time alone cannot perfectly
explain mutation spectrum drift over time, principled estimation of the generation time is a
major source of uncertainty for demographic inference [37], so using mutation spectra to
estimate generation time distributions could increase the accuracy of demographic inference,
provided the mutation spectra are not hopelessly confounded by biased gene conversion
[52].
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The environmental mutagen hypothesis

A third possibility is that the temporal variation in human mutation rate and spectra might be
explained by some form of environmental exposure. We have long known that certain
environmental mutagens can leave distinctive mutation signatures on the genome (e.g.,
mutagens in tobacco smoke are associated with G>T transversion mutations [53]), and in a
recent study of the mutagenic effects of 79 environmental agents applied to somatic cell
populations, over half were found to confer elevated mutation rates, often with distinctive
spectra [54]. The mutation rate in healthy somatic tissues is highly variable, with the highest
rates observed in tissues with greater exposure to environmental mutagens, including the
skin, lung, blood and esophagus [55,56]. Fewer studies have investigated the effects of
environmental mutagens on mutation rates specifically in the germline, but those that have
have demonstrated that many of the environmental mutagens known to affect somatic cells
have similar effects in the germline. Mouse models have successfully determined that
parental exposure to benzo(a)pyrene [57] and ionizing radiation [58,59] lead to elevated
mutation rates in offspring. In human trio sequencing studies, it has been shown that
offspring of fathers exposed to ionizing radiation also carry an increase in multi-site de novo
mutations [60] and offspring of fathers exposed to dioxin are enriched for A>T mutations
[61]. Another study that compared de novo mutation patterns ascertained in trios from
diverse populations even found a significant reduction in A>G mutations in the offspring of
Amish parents and suggested this might be due to the unique environmental conditions of
this population [62].

Regarding our focal example of the historic TCC>TTC pulse in European populations, we
also know that the environment of the European continent was vastly different 15,000 years
ago—the global climate was rapidly warming off the heels of the Last Glacial Maximum
and during this period, massive flora and fauna extinction events took place, potentially due
to direct and indirect activity of expanding hominin populations [63] and/or climate change
[64]. There is also evidence of large-scale burning of biomass that occurred sometime during
this period, possibly the result of a disintegrating comet that may have struck the Earth
approximately 12,800 years ago [65,66]. These environmental disruptions could potentially
have impacted the genomes of archaic human populations in multiple ways: particulate
matter from burning of biomass has recently been linked to various forms of DNA damage
both in vivoand in vitro [67,68], and extinction of primary food sources might have
dramatically altered the diets of human populations, thus exposing them to new mutagens
that humans had not yet evolved to avoid or metabolize [69].

During the late Pleistocene (between 11-19kya), human populations in Europe also acquired
adaptive mutations in multiple genes that conferred lighter skin pigmentation, which rapidly
swept to high frequency throughout most of Europe [70]. In the initial discovery of the
TCC>TTC mutation pulse in Europeans, Harris hypothesized that this novel skin
pigmentation phenotype might be indirectly responsible for elevated mutation rates,
reasoning that light skin is much more sensitive to ultraviolet radiation, and UV radiation is
known to degrade folate, which in turn is linked to endogenous mechanisms of DNA
damage [9]. (Harris also rejected the possibility that direct exposure to UV radiation
explains the TCC>TTC pulse, because UV radiation generates an excess of pyrimidine
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dimers leading to CC>TT tandem mutations—no studies that have replicated the TCC>TTC
pulse finding have detected that this was accompanied by an excess of CC>TT mutations in
the germline [9,11,12]). However, excess TCC>TTC mutations cannot be an obligatory
consequence of adaptation to higher latitudes, since it is not seen in light-skinned East Asian
populations. Based on evidence that the mutational signature of the TCC>TTC pulse is
similar to that of cancer genomes that were treated with chemotherapy drugs which included
alkylating agents (which induce guanine methylation and subsequent G>A mutations) [12],
Mathieson and Reich speculated that the ultimate environmental cause was not radiation-
related but instead traceable to some unknown mutagenic alkylating agent that may have
once been present in the human diet.

Another study found that a transmissible venereal tumor found in canines (CTVT) had a
distinctive GTCCA>GTTCA pentamer mutation signature that was active roughly 1.9-
8.5kya [71]. The fact that this pentamer is one of 16 possible NTCCN>NTTCN subtypes
comprising TCC>TTC mutations, along with the closely-matched timing of the TCC>TTC
pulse as estimated in humans [11], presents the rather bizarre possibility that a shared
environmental mutagen might have played a role in both the human germline mutation
process and the somatic mutation process in CTVT. Supplementary data from a manuscript
by Aikens et al. shows that the GTCCA>GTTCA pentamer subtype that dominates the
CTVT signature was indeed enriched in Europeans during the period of the TCC>TTC pulse
in the human germline [72]. However, relative to other NTCCN>NTTCN subtypes, the p-
value for enrichment of the GTCCA>GTTCA subtype in Europeans is only ranked 13 out of
the 16 possible TCC-related pentamer mutations. This suggests that the dog tumor and the
human TCC>TTC pulse may not be affected by the same mutational signature after all,
despite their rapid appearance around the same time, unless the root cause was a shared
mutagen whose sequence specificity exhibited subtle dependence on the genetic background
of the cells being mutated.

Conclusion

Mutation spectrum drift appears to accompany many cases of population divergence, as seen
so far in humans, apes, and mice. Despite this intriguing empirical pattern, disentangling the
interactions of mutator alleles, changes in life history traits, and environmental mutagens
remains almost as challenging today as it was over 50 years ago when Kimura first
expressed his exasperation at the task. Understanding the causality of mutation spectrum
drift, however, is vital to many of the central questions in population and evolutionary
genetics, such as calibrating estimates of demographic and phylogenetic history and
understanding historical changes in mutagenic exposures.

Most of this drift consists of small shifts in the relative frequencies of mutations in many
trinucleotide contexts (and likely higher order contexts as well), which seems compatible
with the random drift of weak, non-specific mutator alleles, subtly tweaking the efficiencies
of replication and repair genes. The TCC>TTC pulses in European populations and CTVT
cell populations in canines, however, seem fundamentally different from the typical drift
pattern in that they are “fast” changes that affected very few sequence contexts and reversed
themselves after short periods of time. It is entirely possible that the genetic, environmental,
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and life history factors are all partially responsible for the evolution of mutation spectra.
Further, these drivers of mutation rate evolution are not necessarily independent from one
another; e.g., both environmental and genetic factors might influence life history traits or
certain alleles might affect an organism’s ability to metabolize mutagenic toxins in the
environment.

The TCC>TTC pulse in European populations is the most striking example of mutation
spectrum drift in humans known thus far, but it is possible that additional population-specific
signatures may be found by studying more geographically diverse human populations, or
that more pronounced signatures exist but are specific to certain genomic loci rather than
genome-wide averages. Similarly, we speculate that exploring patterns of mutation spectrum
variation within and between other species is likely to reveal novel signatures that reflect
their unique evolutionary histories. As the field continues to move away from the outdated
concept of mutation rate as a static constant and towards treating mutation rate like a
dynamic, evolvable phenotype, there are many opportunities to incorporate new data sources
and sophisticated simulation software [73], and develop new theoretical tools and inference
methods to tackle these fundamental questions of genome evolution.
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Figure 1:

Three hypotheses have been proposed to explain why mutation spectra appear to evolve
rapidly within populations: mutator alleles, life history trait evolution, and environmental
mutagenesis. Firstly, mutator alleles are genetic variants in DNA polymerases, repair
enzymes, or other genes that can raise or lower the mutation rate by altering DNA
replication or repair fidelity in a heritable way. Secondly, changes in lifespan and
reproductive age have the potential to change mutation spectra because of age-related
changes in the rate and spectrum of mutagenesis in the male and female germlines. Finally,
exposure to radiation, dietary mutagens, and toxic air particulates are all possible hazards of
past and present existence on earth. These have the potential to modify mutation rate in a
way that is dependent on time rather than genetic background. (Image copyright Natalie
Telis)
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