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Abstract

Recent studies have highlighted variation in the mutational spectra among human populations as well as closely related ho-
minoids—yet little remains known about the genetic and nongenetic factors driving these rate changes across the genome. 
Pinpointing the root causes of these differences is an important endeavor that requires careful comparative analyses of popu-
lation-specific mutational landscapes at both broad and fine genomic scales. However, several factors can confound such 
analyses. Although previous studies have shown that technical artifacts, such as sequencing errors and batch effects, can 
contribute to observed mutational shifts, other potentially confounding parameters have received less attention thus far. 
Using population genetic simulations of human and chimpanzee populations as an illustrative example, we here show 
that the sample size required for robust inference of mutational spectra depends on the population-specific demographic 
history. As a consequence, the power to detect rate changes is high in certain hominoid populations while, for others, cur-
rently available sample sizes preclude analyses at fine genomic scales.
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Significance
Gaining a better understanding of rates and patterns of mutation is central to evolutionary biology. Comparative gen-
omic analyses can help researchers to elucidate the causes of the variation observed among taxa; however, limited sam-
ple sizes pose several challenges for many species, including nonhuman primates. Here, we show that the number of 
samples required for robust inference of population-specific mutational spectra depends greatly on the organism’s 
underlying demographic history, and importantly may thus be quantified prior to data collection and analysis.

© The Author(s) 2023. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
As has long been appreciated, mutation is a fundamental 
force of molecular evolution. Importantly though, rates 
and patterns of mutation have themselves evolved across 
the tree of life as a by-product of, among other factors, var-
iations in species-specific cellular and developmental pro-
cesses, as well as differential environmental exposures to 

mutagens (see reviews by Baer et al. 2007; Pfeifer 2020). 
Although changes in the germline mutation spectra (i.e., 
the relative rate of point mutations accumulating in differ-
ent local sequence contexts) across mammalian species 
have been well-documented for decades (e.g., Hwang 
and Green 2004), recent studies have, perhaps surprisingly, 
observed shifts in the frequency of particular mutation 
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types over much shorter evolutionary time scales. For ex-
ample, such a shift has been documented among human 
populations (Harris 2015; Harris and Pritchard 2017; 
Mathieson and Reich 2017; Narasimhan et al. 2017; 
Aikens et al. 2019). In particular, using the spectrum of 
population-specific segregating variants, Harris (2015)
identified a substantial rate increase of a single mutation 
type, 5′ TCC 3′ → 5′ TTC 3′ (hereafter denoted as TCC > T) 
mutations, in European compared with African and, to a lesser 
extent, East Asian populations. Although this enrichment ap-
pears to be the most prominent signature in recent human 
history, subsequent studies, either focusing on different popu-
lations (Harris and Pritchard 2017; Mathieson and Reich 2017; 
Narasimhan et al. 2017) or wider genomic contexts (Aikens 
et al. 2019), identified several additional, albeit more subtle, 
changes in population-specific mutational spectra.

Differences in mutational spectra have also been ob-
served among closely related hominoids (Harris and 
Pritchard 2017), likely caused by a combination of local 
compartment-specific (i.e., within specific genomic re-
gions) and global species-specific changes (Goldberg and 
Harris 2022). Taken together, these results suggest that 
mutational signatures might, at least to some extent, be dri-
ven by fine-scale population-specific changes in the under-
lying cellular mutational processes, potentially due to the 
(temporary) presence of natural mutators (Seoighe and 
Scally 2017). In turn, the accurate characterization of these 
mutational inputs is vital for questions ranging from the 
timing of evolutionary events in these species to character-
izing the relative contributions of adaptive versus nonadap-
tive processes in shaping levels and patterns of genomic 
variation (Pfeifer and Jensen 2016).

Yet, concerns have recently been raised that significant 
batch effects and/or sequencing errors (especially for poly-
morphisms segregating at low frequencies) might have led, 
or at least contributed, to some of the mutational shifts that 
have been observed (Anderson-Trocmé et al. 2020). 
However, other potentially confounding factors, such as 
the impact of sample size, have received less attention 
thus far. Although analyses pertaining to human popula-
tions benefit from the immense public resources provided 
by scientific consortia—such as the 1000 Genomes 
Project (including >2,500 individuals from 26 populations; 
1000 Genomes Project Consortium 2015) and the Simons 
Genome Diversity Project (including ∼300 individuals 
from 142 populations; Mallick et al. 2016)—sample sizes 
in many nonhuman primates remain much more limited, 
particularly for those species not utilized in biomedical re-
search. Specifically, the Great Ape Diversity Panel 
(Prado-Martinez et al. 2013) which is utilized by Harris 
and Pritchard (2017) to infer the great ape mutational spec-
tra (and re-analyzed by Goldberg and Harris 2022) consists 
of 83 great ape genomes: 9 humans, 24 common chimpan-
zees (10 Nigerian-Cameroon, 6 Eastern, 4 Central, and 4 

Western chimpanzees), 13 bonobos, 27 gorillas (3 Eastern 
lowland, 1 Cross river, and 23 Western lowland gorillas), 
and 10 orangutans (5 Sumatran and 5 Bornean orangu-
tans). Moreover, although extensive population-specific 
differences have been observed in human mutational spec-
tra, due to the limited sample sizes, several populations of 
nonhuman great apes were previously jointly analyzed 
(e.g., chimpanzees; see fig. 5 and supplementary fig. 1 in 
Harris and Pritchard 2017), despite known strong popula-
tion structure (Fischer et al. 2011).

Exacerbating these issues is the observation that certain 
types of mutations can be sensitive to recent demography 
(see discussion in Mathieson and Reich 2017), which remains 
unaccounted for in many studies published to date. In fact, 
population history, which exerts a direct influence on genetic 
diversity, is known to vary profoundly among populations 
and species. Among humans, for example, many African po-
pulations are thought to have retained relatively stable effect-
ive population sizes (Ne) throughout their history, whereas 
European and Asian populations have experienced rapid 
population growth after an initial out-of-Africa bottleneck, 
leading to an excess of population-specific rare variants 
(Gravel et al. 2011). In contrast, chimpanzee populations ex-
hibit vastly different effective population sizes—ranging from 
∼5,700 in Western chimpanzees to ∼72,000 in Central chim-
panzees (Prado-Martinez et al. 2013), potentially leading to 
more (high Ne) or less (low Ne) efficient selection in removing 
mutator alleles from a population.

Revisiting previous analyses focusing on humans and 
chimpanzees as a case study (and as the best characterized 
representatives of the great apes), we hence here investigate 
the following questions: First, differences in study design and 
inevitable sequencing errors aside, how much variance in the 
mutational spectra can we expect from the limited sample 
sizes currently available for hominoids and, relatedly, how 
large of a sample size would be required to accurately reflect 
the mutation spectrum of the entire population? Second, 
taking into account the population-specific demographic 
histories, what is the magnitude of rate change that can re-
liably be inferred given a particular sample size and scale? 
Using population genetic simulations of previously inferred 
demographic models (Gutenkunst et al. 2009; Gravel et al. 
2011; Prado-Martinez et al. 2013), we show that the num-
ber of samples required for robust inference of population- 
specific mutational spectra depends greatly on the under-
lying demographic history. Moreover, although the power 
to detect rate changes is high in certain populations; for 
others, the currently available sample sizes preclude ana-
lyses at fine genomic scales. Notably, although human 
and chimpanzee populations are here utilized as illustra-
tive examples, this work speaks broadly to the inference 
of mutation rate information from population genomic 
data. We further highlight mutational spectra as an im-
portant (and potentially confounding) factor in 
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evolutionary genomic analyses, and present a guide for 
how to assess the impacts of sample size and population 
history on such inference.

Materials and Methods

Simulations: Human and Chimpanzee Demographic 
Models

Data sets were simulated for three human (African, 
East Asian, and European) and four chimpanzee 
(Nigerian-Cameroon [Pan troglodytes ellioti], Eastern [Pan 
troglodytes schweinfurthii], Central [Pan troglodytes tro-
glodytes], and Western [Pan troglodytes verus]) populations 
using SLiM v.3 (Haller and Messer 2019). Specifically, hu-
man data were simulated according to the demographic 
model initially introduced by Gutenkunst et al. (2009)
and utilized by Gravel et al. (2011) (fig. 1A; for additional 
information, refer to the “Low-coverage + exons” model 
in their table 2 and fig. 4). Chimpanzee data were simulated 
according to the demographic model inferred by 
Prado-Martinez et al. (2013) (fig. 1B; and see model 4A in 
their supplementary fig. 12.3.4 and supplementary table 
12.3.5). All simulations were based on previously inferred 
maximum likelihood parameter estimates (human) or max-
imum a posteriori probability parameter estimates (chim-
panzee). Following previous work, generation times were 
converted to years assuming generation times of 25 years 
for human (Gravel et al. 2011) and 20 years for chimpanzee 
(Prado-Martinez et al. 2013).

Simulations: Basic Demographic Models

To aid the interpretation of the results, three additional ba-
sic demographic models were simulated using SLiM v.3 
(Haller and Messer 2019). The basic models start with an 
ancestral population size of 10,000 individuals. After a 
burn-in period of 10Ne (100,000) generations, a population 
splits from the ancestral population to a size of 10,000 in-
dividuals. This subpopulation either stays at a constant 
size (model 1—“constant”) or experiences an instantan-
eous size change of one order of magnitude, either de-
creasing to 1,000 individuals (model 2—“decline”) or 
increasing to 100,000 individuals (model 3—“growth”). 
For each of the three basic demographic models, broad- 
scale mutational landscapes were assessed by simulating 
1,000 replicates of a full-length chromosome (chromo-
some 21) under a custom mutational matrix model 
(supplementary fig. S1, Supplementary Material online, 
and see the next section for additional details).

Simulations: Broad-scale (Global) Mutational 
Landscapes

For each species, 1,000 replicates of a full-length chromo-
some (chromosome 21) were simulated based on the 

nucleotide sequence obtained from the species-specific ref-
erence assembly available in NCBI GenBank (T2T-CHM12 
v.2.0 for humans [accession number: CP068257; Nurk 
et al. 2022] and panTro6 for chimpanzees [accession num-
ber: CM009259; Kronenberg et al. 2018]). Missing sites 
present in the chimpanzee reference assembly were re-
placed by nucleotides (i.e., A, C, G, and T), taking into ac-
count their relative frequencies on the chromosome. 
Chromosomes were simulated using a mutational model 
based on previously inferred context-specific mutation 
rates for humans and chimpanzees (Harris and Pritchard 
2017; Aikens et al. 2019), with an overall mutation rate 
of 10−8 per base pair per generation. Recombination was con-
sidered constant at a rate of 10−8 per base pair per gener-
ation, in accordance with previous estimates for the species 
(1000 Genomes Project Consortium 2010; Auton et al. 
2012). Each of these 1,000 independent replicates represents 
one potential realization of the population-specific mutational 
spectra of the whole populations (see below). To assess the ef-
fect of sample size, each full population was subsampled with 
replacement to (1) 5–200 individuals (in increments of 5), (2) 
300–1,000 individuals (in increments of 100), and (3) 
2,000–10,000 individuals (in increments of 1,000), and five in-
dependent replicates were drawn for each subsample.

Population-Specific Mutational Spectra

To mimic the analysis of empirical data, mutational spectra 
were calculated based on population-specific biallelic 
single-nucleotide polymorphisms (SNPs) following Harris 
(2015), that is, SNPs that were segregating in the popula-
tion of interest but that were fixed for the ancestral allele 
in all other populations (as singletons alone often suffer 
from high sequencing and variant calling errors; Han 
et al. 2013). These population-specific SNPs were categor-
ized by their trinucleotide sequence context—including the 
mutated nucleotide and the 5′ and 3′ flanking ancestral nu-
cleotides, leading to 192 triplets (or 96 triplets if strand 
complements were combined); the mutation spectrum 
of a population simply reflects the distribution of these cat-
egories. Thus, for each simulation, the distributions of each 
possible mutation type (n = 192) were determined based 
on the population-specific mutations (supplementary fig. 
S2, Supplementary Material online) for both the whole 
population as well as each subsampled population. 
Differences between the distributions of each mutation 
type were calculated by comparing the subsamples to the 
full population, and the sum of the differences for each mu-
tation type per sample size was determined to obtain the 
total difference (fig. 1C and D).

Simulations: Fine-scale (Local) Mutational Landscapes

In order to determine the power to identify a population- 
specific change in a single mutation type (such as TCC > T) 
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at the fine-scale, 100 distinct 1 Mb regions were simulated 
for each species, each based on a randomly selected auto-
somal segment of ancestral nucleotide sequence obtained 
from the species-specific reference assembly. In contrast 
to the broad-scale (global) model above, fine-scale (local) 
regions were simulated using a Jukes–Cantor mutational 
model (i.e., an equal probability of mutation from and to 
every nucleotide state) with a change in mutation rate 
for a single mutation type. Specifically, for humans, we 
drew on the relative rates highlighted in Aikens et al. 
2019 (see their table 1; as well as Harris 2015; Harris 

and Pritchard 2017; Mathieson and Reich 2017), whereas, 
for chimpanzees, we selected fold differences to cover the 
range of percent differences previously reported in hu-
mans (ranging from 0.9-fold to 2.0-fold), keeping the 
overall mutation and recombination rates at 10−8 per 
base pair per generation. To assess how many individuals 
are required to accurately identify a population-specific 
shift in a single mutation type at the 1 Mb scale, each 
population was then subsampled to sizes ranging from 
two to N individuals, drawing five independent replicates 
per subsample.

A B

C D

FIG. 1.—Effect of sample size and population demography on broad-scale mutational spectra. Top panels: (A) Human demographic history for European 
(blue), East Asian (pink), and African (turquoise) populations inferred by Gravel et al. (2011). (B) Chimpanzee demographic history for Western (red), 
Nigerian-Cameroon (purple), Central (green), and Eastern (yellow) populations inferred by Prado-Martinez et al. (2013). N = population size; T = split 
time; M = number of migrants; m = migration rate; kya = thousand years ago. Bottom panels: Comparison of the mutational spectra between whole popula-
tions of (C) human and (D) chimpanzee populations subsampled with replacement to (i) 5–200 individuals (in increments of 5), (ii) 300–1,000 individuals (in 
increments of 100), and (iii) 2,000–10,000 individuals (in increments of 1,000) at the broad (chromosomal) scale. Comparisons were performed by calculating 
the sum of the differences in the distributions of each mutation type between the subsamples and the whole population. Dotted lines indicate changes in 
subsampling scheme.
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Mutation-type counts—that is, the number of counts of 
a given category (“successes”) from among the total num-
ber of segregating private alleles (“trials”)—were assumed 
to behave binomially within each population. Assuming 
that the expected proportion of each mutation type is 
1/c, where c is the number of mutational categories (i.e., 
192 or 96 if strand complements were combined; Hwang 
and Green 2004), we considered a scenario in which a mu-
tational shift occurred at a single mutation type in one of 
the two populations being compared. Two-sample Z tests 
were used to assess the power to detect such a population- 
specific rate change in a particular mutation type given the 
populations’ particular demographic histories and available 
sample sizes (n1 and n2). Specifically, we calculated the test 
statistic as

Z =
p2 − p1

�������������������������

p∗(1 − p∗)
1
n1

+
1

n2

 

where p∗ is the proportion of “successes” in the pooled 
sample, calculated as

p∗=
n1p1 + n2p2

n1 + n2 

and p1 and p2 are the proportions of mutation types in the 
two populations being compared. With this, we tested the 
hypothesis that the difference between proportions was 
0. As we assumed that the population affected by the mu-
tational shift is unknown (as is the case in empirical data), 
we considered: (1) a mutational shift in population 1 (by 
keeping the expected proportion of each mutation type 
as 1/c in population 2, and introducing a shift in mutation 
rate for a single mutation type in population 1 using the 
relative rates provided by Aikens et al. 2019), or (2) a muta-
tional shift in population 2 (keeping p1 constant and vary-
ing p2). Power was estimated as the two-tailed deviation 
assuming normality, averaged across population replicates, 
and the minimum reported (fig. 2 and supplementary figs. 
S3–S5, Supplementary Material online).

Results and Discussion
Variation in mutational spectra among populations and 
species may be caused by a variety of factors, including 
population-specific differences in evolutionary processes 
(e.g., the extent of genetic drift, as modulated by popula-
tion history), biological mechanisms (e.g., molecular pro-
cesses related to DNA replication and repair), exposures 
to environmental mutagens (e.g., UV light), as well as tech-
nical artifacts owing to the experimental study design 
(Harris 2015; Anderson-Trocmé et al. 2020; and see re-
views of Baer et al. 2007; Pfeifer 2020). As genomic data 

sets for nonmodel organisms remain limited, particularly 
for nonhuman hominoids, we sought to assess the robust-
ness of mutation spectrum analyses with varying sample 
sizes under different demographic histories in order to 
help guide future investigations into the causes and conse-
quences of changes in the mutational landscape among 
primates.

For the purpose of illustration, data sets of three 
human (African, East Asian, and European) and four 
chimpanzee (Nigerian-Cameroon [P. t. ellioti], Eastern 
[P. t. schweinfurthii], Central [P. t. troglodytes], and 
Western [P. t. verus]) populations were simulated as a 
case study, according to the demographic models previous-
ly inferred by Gutenkunst et al. (2009) (fig. 1A) and 
Prado-Martinez et al. (2013) (fig. 1B), respectively. In our 
model, we assume that mutations are context specific, in-
dependent of each other, and occur at a constant rate (in 
other words, we expect the same number of de novo mu-
tations per Ne generations in each population). Following 
Harris (2015), population-specific mutational spectra were 
obtained from our simulated data sets by categorizing 
population-specific SNPs according to their trinucleotide se-
quence context (including the mutated nucleotide and the 
5′ and 3′ flanking ancestral nucleotides). We further as-
sume that variation in the mutation spectrum is determinis-
tic (i.e., different 5′ and 3′ flanking ancestral nucleotides 
affect the probability of a mutation from one nucleotide 
to another). For a single mutational category, probabilities 
can thus be treated as binomial. Comparative genomic ana-
lyses of population-specific mutational landscapes require 
comparisons of independent samples from two binomial 
distributions with possibly different means. The power to 
ascertain differences in these means is a function of the 
variance of each distribution which, in turn, depends on 
the number of private alleles sampled from each population 
(i.e., those alleles that have arisen independently in each 
population since their split). Importantly, the variance will 
thus be influenced by the demographic history of the popu-
lations in question.

In general, populations with historically relatively stable 
population sizes (such as African human populations or 
Western and Nigerian-Cameroon chimpanzee populations) 
require fewer individuals for the subsampled mutational 
spectra to resemble that of the entire population at 
the broad-scale, compared with those populations that 
have experienced strong bottlenecks followed by subse-
quent expansions (such as Asian and European human po-
pulations; fig. 1C and D, and see supplementary fig. S1, 
Supplementary Material online for basic “constant,” “de-
cline,” and “growth” demographic models). As expected, 
larger sample sizes are also required, for example, in popu-
lations with high rates of migration (such as Eastern chim-
panzee populations) due to a larger sampling variance. As 
a consequence, the limited sample sizes currently available 
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for common chimpanzees (4 Central, 4 Western, 10 
Nigerian-Cameroon, and 6 Eastern chimpanzees) will result 
in a poor representation of the population-specific 
broad-scale mutational landscapes (with ≥5% differences 
compared with the full population observed at the chromo-
somal scale; fig. 1D). This dependence of mutational 
spectra on population history highlights the importance 
of considering the covariance of mutational categories 
when ascertaining mutational signatures across the gen-
ome, particularly when using aggregate techniques such 
as principal component analysis.

In their recent analysis, Goldberg and Harris (2022) sug-
gested that, with a few notable exceptions, compartment- 
specific mutational landscapes have remained conserved 
over long evolutionary time scales (i.e., between closely re-
lated hominoids). This motivated us to assess the effects of 
sampling on the ascertainment of shifts in binomial prob-
ability associated with individual mutation categories at 
small (1 Mb) genomic scales. Confirming previous results 
(Harris 2015; Harris and Pritchard 2017; Mathieson and 
Reich 2017), power is high to detect the most prominent 
signature—a mutational shift in TCC > T mutations be-
tween European and African populations, even at the 
fine-scale (supplementary fig. S3, Supplementary Material
online, bottom left). In contrast, for the weaker signals re-
ported in humans (ACC > T, TCT > T, and CCC > T; see 

table 1 in Aikens et al. 2019), sample sizes up to 50 indivi-
duals are insufficient (<30% power) to distinguish local 
changes in the mutation spectrum among populations 
(supplementary figs. S3 and S4, Supplementary Material
online). Similarly, rate changes of <1.5-fold are challenging 
to identify among chimpanzee populations (supplementary 
fig. S5, Supplementary Material online, top three panels). 
However, even at sample sizes of 10 individuals per popu-
lation, the power to identify local shifts in the mutation 
spectrum increases to >50% and >75% at 1.725-fold 
and 2.0-fold differences, respectively (supplementary fig. 
S5, Supplementary Material online, bottom two panels). 
More generally, even at larger sample sizes (e.g., 50 indivi-
duals), the power to detect shifts in the mutation spectrum 
at the fine-scale ranges widely, between 51.6% and 85.4% 
for humans (fig. 2A) and 53.5% and 79.5% for chimpan-
zees (fig. 2B).

Conclusion
Sample size and population history can assert a strong in-
fluence on the observed mutational spectra. As a conse-
quence, prior to such evolutionary genomic analysis, 
simulations are a highly useful tool to quantify biases, 
power, and false-positive rates (see also Johri et al. 
2022). Specifically, as shown in our case study, the 

A B

FIG. 2.—Power to detect shifts in the mutation spectrum at the fine-scale. Two-proportion Z tests were used to assess the power to detect a shift of a 
single mutation type in the mutation spectrum among (A) human and (B) chimpanzee populations at the fine-scale (1 Mb) using a sample size of 50 individuals 
as an example. (a) Depicted are relative mutation rate shifts in European (blue) as well as East Asian (pink) relative to African populations highlighted in Aikens 
et al. (2019) (see their table 1, as well as Harris 2015; Harris and Pritchard 2017; Mathieson and Reich  2017). (B) As for (A) but for chimpanzee populations 
(yellow: Eastern chimpanzees, purple: Nigerian-Cameroon chimpanzees; green: Central chimpanzees—relative to Western chimpanzees). For chimpanzee 
populations, relative mutation rate shifts were selected to cover the range previously observed in human populations.
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analyses here presented are necessary to (1) quantify the 
magnitude and scale of shifts in mutational spectra that 
can be reliably inferred among populations and species gi-
ven a particular data set, and (2) determine the minimal 
sample size needed for a robust inference at a specific 
magnitude and genomic scale. As such, the results pre-
sented here will not only be directly informative for future 
mutational analyses in human and chimpanzee popula-
tions, but the described simulation and analysis frame-
work may also be readily replicated for the study of 
alternative populations and species. Importantly, given 
the multiple contributing factors, such analyses will be re-
quired for each new population and data set under study.

Supplementary Material
Supplementary data are available at Genome Biology and 
Evolution online (http://www.gbe.oxfordjournals.org/).
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