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Abstract 
Given the many levels of biological variation in mutation rates observed to date in primates—spanning from species to individuals to genomic 
regions—future steps in our understanding of mutation rate evolution will not only be aided by a greater breadth of species coverage across 
the primate clade but also by a greater depth as afforded by an evaluation of multiple trios within individual species. In order to help bridge 
these gaps, we here present an analysis of a species representing one of the most basal splits on the primate tree (aye-ayes), combining 
whole-genome sequencing of seven parent–offspring trios from a three-generation pedigree with a novel computational pipeline that takes 
advantage of recently developed pan-genome graphs, thereby circumventing the application of (highly subjective) quality metrics that has 
previously been shown to result in notable differences in the detection of de novo mutations and ultimately estimates of mutation rates. This 
deep sampling has enabled both a detailed picture of parental age effects and sex dependency in mutation rates, which we here compare 
with previously studied primates, but has also provided unique insights into the nature of genetic variation in one of the most endangered 
primates on the planet.
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Introduction
As the ultimate source of novel genetic variation, a comprehen-
sive understanding of mutational processes is a requisite for inter-
preting rates and patterns of molecular evolution. Partly for 
anthropocentric reasons, considerable attention has been paid 
to studying the causes and consequences of mutations in humans 
specifically, not least to improve the dating of events in our spe-
cies’ evolutionary history (Nielsen et al. 2017), infer phylogenetic 
relationships with other closely related primates (Kuderna et al. 
2023), and improve our understanding of the impact of the mu-
tational process on health and disease (Shendure and Akey 2015).

Prior to the genomic age, the inference of mutation rates relied 
on indirect observations; for example, by estimating rates based 
on the frequency of newly arising autosomal dominant or 
X-linked recessive Mendelian diseases (Haldane 1935, 1947; 
Kondrashov 2003; Nachman 2004; Lynch 2010). With early 
genetic data, neutral sequence divergence between two closely 
related species could additionally be utilized (e.g. humans and 
chimpanzees; Nachman and Crowell 2000; Chimpanzee 
Sequencing and Analysis Consortium 2005)—a strategy that re-
lies on the “clock-like” accumulation of these fixations due to 
the fact that the rate of neutral divergence is dictated by the 
rate of neutral mutation (Kimura 1968, 1983). Despite provid-
ing highly useful insights, estimates obtained from both ap-
proaches are also fraught with substantial uncertainty (see the 
review by Drake et al. 1998), given that the resulting parameter 
estimates can be compromised if the underlying assumptions are 
violated (e.g. if the mutational target size of the Mendelian 

disease in question is large or if phylogenetic calibration 
rates—required to convert substitutions accumulated between 
lineages to divergence times—have not remained constant 
throughout evolutionary history, respectively).

However, progress in sequencing technologies and compu-
tational methodologies has newly enabled researchers to 
investigate genomes at scale. It is thus now feasible to charac-
terize the rates and patterns of contemporary spontaneous (de 
novo) germline mutation (DNM) in a direct and relatively 
comprehensive manner, by comparing the genetic code of pa-
rents and their offspring (i.e. parent–offspring trios; see review 
of Pfeifer 2020). As a result, the past years have witnessed 
notable advances in our understanding of DNMs in humans 
and nonhuman primates (Roach et al. 2010; Conrad et al. 
2011; Campbell et al. 2012, 2021; Kong et al. 2012; 
Michaelson et al. 2012; Venn et al. 2014; Francioli et al. 
2015; Besenbacher et al. 2016, 2019; Goldmann et al. 2016; 
Rahbari et al. 2016; Wong et al. 2016; Jónsson et al. 2017; 
Pfeifer 2017a; Tatsumoto et al. 2017; Thomas et al. 2018; 
Sasani et al. 2019; Kessler et al. 2020; Wang et al. 2020; Wu 
et al. 2020; Bergeron et al. 2021; Yang et al. 2021) as well 
as in a multitude of other model and nonmodel organisms 
(e.g. Bergeron et al. 2023). These studies have highlighted sub-
stantial variation in rates between species—including several 
fold among primates (see the reviews by Tran and Pfeifer 
2018; Chintalapati and Moorjani 2020) and by orders of mag-
nitude across the Tree of Life (see the reviews by Baer et al. 
2007; Pfeifer 2020)—yet, our understanding of the biological 
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mechanisms facilitating this evolution across taxa still remains 
limited.

Germline point (i.e. single nucleotide) mutations have trad-
itionally been thought to predominantly originate from copy-
ing errors during DNA replication left uncorrected by cellular 
repair mechanisms during spermatogenesis and early embry-
onic development—however, several observations have re-
cently challenged this view, rekindling a debate around the 
underlying causes of germline mutations (e.g. Gao et al. 
2016 and see the reviews of Hahn et al. 2023, Beichman 
et al. 2024). Due to the nature of gametogenesis, sex-specific 
differences in the accumulation of replication-driven germline 
mutations are to be expected from first principles (Crow 
2000). Specifically, corresponding with a larger number of 
germline cell divisions in males compared with females, a 
male mutation bias—that is, a greater contribution of 
DNMs originating from the paternal compared with the ma-
ternal germline (Haldane 1935, 1947; Crow 2000, 2006)— 
has been observed in many species (Ellegren 2007; Wilson 
Sayres et al. 2011). Additionally, as spermatogenesis contin-
ues throughout adulthood, evidence suggests that this male 
mutational burden increases with paternal age (i.e. paternal 
age effect; see the reviews by Ségurel et al. 2014; Goriely 
2016). However, recent evidence in humans suggests that 
such a male mutation bias is already prevalent at the time of 
puberty (i.e. a point in time at which male and female germ-
lines have encountered a similar number of cell divisions; 
Drost and Lee 1995) and remains relatively stable postpuberty 
(Jónsson et al. 2017; Gao et al. 2019); additionally, despite 
notable differences in the spermatogenic cell cycle length be-
tween species (Luetjens et al. 2005), the degree of this bias 
in humans is remarkably similar to that observed in other pri-
mates (Wang et al. 2020; Wu et al. 2020). Further evidence in 
support of the view that many germline mutations do not track 
cell divisions comes from the observation of a much 
less-pronounced maternal age effect, suggesting that spontan-
eous, replication-independent DNA damage in gametes— 
caused, for example, by extrinsic mutational agents arising 
from environmental exposure to chemical mutagens and ultra-
violet radiation—also plays an important role in the genesis of 
mutations (Goldmann et al. 2016; Wong et al. 2016; Jónsson 
et al. 2017; Gao et al. 2019; Wu et al. 2020).

Further contributing to differences in mutation rates are the 
biochemical mechanisms underlying DNA replication fidelity 
and repair efficiency (Driscoll and Migeon 1990 and see the re-
view by Mohrenweiser et al. 2003). Given that these processes 
can vary considerably based on genomic features, chromatin 
state, and the timing of replication, they play a critical role 
in determining the mutation rates along different regions of 
the genome (Tyekucheva et al. 2008), though specific correla-
tions with DNM densities at large scales have been argued to 
be weak (Smith et al. 2018). Most noteworthy in this regard, 
CpG sites have an order of magnitude higher de novo muta-
tion rate than non-CpG sites in primates, largely owing to 
spontaneous methylation-dependent deamination that leads 
to higher rates of C-to-T transitions (Nachman and Crowell 
2000; Hwang and Green 2004; Leffler, Gao, Pfeifer, Ségurel 
et al. 2013 and see the review by Hodgkinson and 
Eyre-Walker 2011). As a result, whereas the vast majority of 
germline mutations accrue at a rate proportional to the gener-
ation time (Bergeron et al. 2023; Wang and Obbard 2023), in-
efficiently repaired replication-independent CpG transitions 
appear to instead accumulate in a more clock-like manner 

proportional to absolute time (Gao et al. 2016; Moorjani 
et al. 2016a). However, recent work has suggested that CpG 
mutation rates may in fact be even more cell division depend-
ent relative to other mutation types (e.g. Tomkova et al. 2018
and see the review of Seplyarskiy and Sunyaev 2021); add-
itionally, a paternal age effect has also been observed for 
CpG>TpG mutations in humans (Jónsson et al. 2017), further 
suggesting that there is no strict molecular clock.

Given the considerable biological variation of mutation 
rates observed at these multiple scales in primates—spanning 
from species to individuals to genomic regions (see the review 
by Ségurel et al. 2014)—it will thus be highly informative to 
expand upon earlier work both by sampling broadly across 
the primate clade (i.e. outside of the great apes and biomedi-
cally relevant species such as vervet monkeys [Pfeifer 
2017a], owl monkeys [Thomas et al. 2018], rhesus macaques 
[Wang et al. 2020; Bergeron et al. 2021], and baboons [Wu 
et al. 2020]) and by evaluating multiple trios within individual 
species (i.e. one to two trios remain the norm, particularly in 
multispecies comparisons, leaving family-level variation large-
ly unexamined; Bergeron et al. 2023). Such studies will be 
essential not only for quantifying the degree of mutation 
rate evolution over deep time scales but also for evaluating 
hypotheses pertaining to the forces governing such change 
(Sung et al. 2012; Lynch et al. 2016; and see the review of 
Beichman et al. 2024).

One species of particular interest in this comparative regard 
is the aye-aye (Daubentonia madagascariensis)—one of the 
most basal extant primates. The aye-aye, a strepsirrhine primate 
that inhabits dry, deciduous, and rain forests of Madagascar, 
also stands on the verge of extinction (Randimbiharinirina 
et al. 2019), thus rendering studies of variation of great practical 
interest at the conservation level as well. As a solitary species 
that requires extensive individual home territories (often in ex-
cess of 1,000 hectares), aye-aye populations are severely threat-
ened by the continued anthropogenic destruction of their 
habitats. In particular, deforestation from slash-and-burn agri-
culture, illegal logging, and mining, which have jointly led to the 
loss of more than 80% of the island’s natural biotope over the 
past decades (Suzzi-Simmons 2023), are thought to have coin-
cided with a massive decline (≥50%) in wildlife populations 
(Louis et al. 2020). As a result, aye-ayes are now classified 
as one of the 25 most endangered primates in the world 
(Randimbiharinirina et al. 2019), and the protection of the 
last individuals remaining in the wild (estimated to be on the or-
der of a few thousand individuals; Mittermeier et al. (2010 )) is a 
key priority of contemporary conservation measures in Africa.

One important aspect of such conservation strategies will ne-
cessarily involve developing an improved understanding of the 
evolutionary forces dictating the generation and maintenance 
of genetic variation in aye-ayes in the face of small and likely de-
clining population sizes, as this variation will partly dictate the 
future success of this species. Population genomics allows for 
the investigation and quantification of these forces dictating lev-
els of variation in this species, providing insights into rates and 
patterns of mutation as discussed here, structural variation 
(Versoza et al. 2024a), recombination (Versoza et al. 2024b; 
Soni et al. 2024b), genetic drift as dictated by population his-
tory (Terbot et al. 2025), and natural selection (Soni et al. 
2024a, 2025). Importantly, combining this evolutionary gen-
omic information with ecological surveys and behavioral data 
can be utilized to facilitate on-going efforts to conserve both 
self-sustaining wild populations and populations in captivity.
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By combining deep whole-genome sequencing of seven par-
ent–offspring trios from a three-generation pedigree (Fig. 1) 
with a novel computational pipeline that takes advantage of 
recently developed pan-genome graphs, we thus here charac-
terize the rates and patterns of de novo germline mutations 
in the aye-aye. In addition, the long reproductive life span of 
aye-ayes—ranging from sexual maturity at 30 to 42 months 
of age (Winn 1994; Ross 2003) to more than 30 years (Zehr 
et al. 2014)—allows us to obtain a detailed picture of parental 
age effects and sex dependency in this highly endangered spe-
cies and to compare patterns with those previously observed in 
other primates.

Results and Discussion
Identification of DNMs in Parent–Offspring Trios
The genomes of 14 aye-ayes (D. madagascariensis) from a 
three-generation pedigree were sequenced to an average cover-
age of 52× (range: 48.5× to 54.5×; supplementary table S1, 
Supplementary Material online). The pedigree was comprised 
of a parental (P0) generation, consisting of two sires and two 
dams that had a total of seven focal (F1) offspring (three and 
four offspring per breeding pair in families 1 and 2, respective-
ly), which were used to identify DNMs in the parent–offspring 
trios (Fig. 1). The age of the P0 individuals at the time of birth 
of their offspring ranged from 7.4 to 26.5 years in females and 
from 8.5 to 24.4 years in males, spanning the majority of the 
reproductive life span of the species (Winn 1994; Ross 2003; 
Zehr et al. 2014). Additionally, inclusion of a third (F2) gener-
ation, composed of three offspring of three of the F1 individu-
als, enabled the investigation of DNM transmission to the next 
generation. This information also aided in the distinction be-
tween mutations that occurred in the germline from those 
that originated in the soma (Ségurel et al. 2014).

Following the Genome Analysis Toolkit (GATK) Best 
Practices for nonmodel organisms (van der Auwera et al. 
2013; van der Auwera and O’Connor 2020), variants were 
called based on the quality-controlled sequencing reads of 
each individual mapped to the species-specific genome assem-
bly (Versoza and Pfeifer 2024) and jointly genotyped across 
samples to improve performance. This variant dataset, con-
sisting of 3.6 million autosomal, biallelic single nucleotide 
polymorphisms (SNPs) with a transition-transversion ratio 

(Ts/Tv) of 2.47 across the pedigree (supplementary table S2, 
Supplementary Material online), was limited to 7,907 
Mendelian violations observed in the seven trios—that is, sites 
at which individuals of the P0 generation were homozygous 
for the reference allele, while at least one of their focal F1 off-
spring was heterozygous.

As errors in sequencing, mapping, variant calling, and geno-
typing occur at an order of magnitude greater rate than 
genuine DNMs in primates (Pfeifer 2021), studies frequently 
apply stringent quality filtering—based, for example, on 
read coverage, allelic balance (i.e. the ratio of reads carrying 
the alternative vs. reference alleles), and genome complexity 
(e.g. excluding highly repetitive regions, which are notoriously 
challenging for read mapping and variant calling)—to weed 
out false positives from an initial set of Mendelian violations 
(see the review of Beal et al. 2012). However, not only is the 
selection of such quality metrics highly subjective, it can also 
result in notable differences in the number of DNMs detected, 
ultimately resulting in substantial differences in estimated mu-
tations rates (see Bergeron et al. 2022). Moreover, the applica-
tion of sequence metrics also makes it difficult to obtain an 
accurate and unbiased estimate of the number of sites access-
ible to the study (often referred to as “accessible sites” or “call-
able genome”), necessary to calculate the per-site mutation 
rate; this is a particular challenge for those filter criteria that 
do not have an equivalent between variant and invariant sites 
(for an in-depth discussion, see Pfeifer 2021). To avoid an ar-
bitrary selection of filter criteria, Mendelian violations were 
instead regenotyped using a highly accurate pan-genome ap-
proach to increase specificity (Eggertsson et al. 2017), result-
ing in 459 DNM candidates with high-confidence calls of 
the mutant allele across the seven parent–offspring trios. As 
validation experiments designed to assess the accuracy of 
DNMs via orthogonal technologies (such as Sanger sequen-
cing) are challenging in nonmodel organisms—both in terms 
of their failure rates (e.g. a similar study in chimpanzees re-
ported an assay failure rate of >20%; Venn et al. 2014) and 
additional sample requirements (which can be problematic, 
particularly for endangered species)—candidate sites were in-
stead visually inspected for common signs of sequencing, read 
mapping, variant calling, and/or genotyping errors to guard 
against mis-genotyping. A total of 323 of 459 candidate sites 
passed this manual curation performed independently by 

Fig. 1. Structure of the aye-aye pedigree. The pedigree was comprised of a parental (P0) generation (shown in blue), consisting of two sires and two dams 
that had a total of seven focal (F1) offspring (three and four offspring per breeding pair in families 1 and 2, respectively; shown in green) as well as three 
offspring of a third (F2) generation (shown in red). Squares and circles represent males and females, respectively. The date of birth (yyyy-mm-dd) of the 
parental and focal individuals is provided underneath the symbols.
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two researchers (supplementary table S3, Supplementary 
Material online), indicating a false discovery rate of 29.6% 
(with false positives frequently originating from incorrect 
genotyping at sites located in, or near, homopolymeric sequen-
ces or insertions/deletions).

Several lines of evidence suggest that these visually validated 
DNMs are genuine rather than sequencing artifacts. Firstly, as 
expected for genuine DNMs, none of the 323 validated muta-
tions were found to be segregating in a previous sample of 12 
unrelated aye-aye individuals (Perry et al. 2013). Secondly, 
none of the DNMs were located within regions of structural 
variation (Versoza et al. 2024a) that might have complicated 
read mapping, potentially leading to spurious variant calls 
(Sedlazeck et al. 2018). Finally, the transmission rates of 
DNMs identified in the F1 individuals to their F2 offspring 
were consistent with Mendelian expectations (average trans-
mission rates ranged from 0.36 to 0.56 per individual, with 
an average of 0.48 across individuals; Fisher’s exact test: 
P-value = 0.5637), with work by Wang and Zhu (2014) dem-
onstrating that DNMs detected using a three-generation pedi-
gree approach are indeed in agreement with those validated by 
an orthogonal technology.

Genomic Distribution of DNMs and the Mutation 
Spectrum
The identified DNMs were distributed equally across the auto-
somes, with the majority harbored within intergenic and in-
tronic regions (47.4% and 35.6%; supplementary fig. S1, 
Supplementary Material online) as expected from the overall 
genome composition (χ2 = 1.5028, df = 7, P-value = 0.9822). 
In addition, in agreement with the repeat content of the 
aye-aye genome (35.0%), 106 of the 323 DNMs (32.8%) 
were located within repetitive regions (Fisher’s exact test: 
P-value = 0.618). In many organisms including primates, re-
petitive elements tend to be methylated to maintain genomic 
integrity (see the review by Slotkin and Martienssen 2007), 
thus leading to frequent C>G transitions at CpG sites in these 
regions. In fact, higher C>T mutation rates at methylated CpG 
sites (Hwang and Green 2004; Hodgkinson and Eyre-Walker 
2011) account for ∼17% to 19% of DNMs observed in hu-
mans (Kong et al. 2012; Ségurel et al. 2014). Although several 
nonhuman primates exhibit lower or higher fractions of CpG > 
TpG DNMs (e.g. 12% in owl monkeys [Thomas et al. 2018] and 
24% to 29% in chimpanzees [Venn et al. 2014; Tatsumoto et al. 
2017]), aye-ayes display a near-identical trend to that observed 
in humans (17.6%; binomial test: P-value = 0.5709). Indeed, 
after accounting for species-specific differences in CpG>TpG 
transitions, the mutation spectra of haplorrhines is remarkably 
similar to that of strepsirrhines (as assessed based on the largest 
available dataset for haplorrhines, i.e. humans [Kong et al. 2012; 
Besenbacher et al. 2016; Goldmann et al. 2016; Rahbari et al. 
2016]; χ2 = 6.9131, df = 4, P-value = 0.1406; Fig. 2), suggesting 
a conservation of the underlying molecular machinery over long 
evolutionary time scales.

DNM Clustering and Sibling Sharing
A nonrandom clustering of DNMs has previously been ob-
served in several primates (Campbell et al. 2012; Michaelson 
et al. 2012; Venn et al. 2014; Francioli et al. 2015); for ex-
ample, in a similarly sized chimpanzee pedigree, 17% of 
DNMs were clustered within 1 Mb of another DNM in the 
six trios studied (Venn et al. 2014). Similarly, in aye-ayes, 

10.2% of all DNMs were located within 1 Mb of another 
event, with 27.3% of clustered DNMs originating in the 
same individual (3 and 2 DNMs within 1 and 10 kb in individ-
ual 9, respectively; 2 DNMs within 100 kb in individual 10; 
2 DNMs within 1 Mb in individual 5). These intraindividual 
clusters of DNMs at nearby locations might potentially result 
from an error-prone polymerase, inefficient DNA repair, or a 
shared exposure to mutagenic agents. Additionally, two 
DNMs were carried by more than one F1 offspring in a family, 
suggesting that they have likely arisen through mutations that 
occurred either prior to primordial germ cell specification or 
during the early postzygotic stages, which are known to be 
particularly error prone (Woodruff and Thompson 1992
and see the reviews by Biesecker and Spinner 2013; Ségurel 
et al. 2014; Samuels and Friedman 2015). Previous work in 
humans demonstrated notable differences between shared 
and nonshared DNMs with regards to their mutational con-
text, with a larger number of CpG>TpG transitions being 
shared between siblings; moreover, the sharing of one DNM 
between siblings has been shown to increase the probability 
of a subsequent sharing of another DNM by more 
than 20% (Jónsson et al. 2018). In agreement with these 
observations, the shared DNMs detected in aye-ayes were 
CpG>TpG transitions that occurred in the same sibling pair. 
This observation of sibling-sharing of DNMs reaffirms the im-
portance of mutational processes occurring prior to the final 
meiotic germ cell division in shaping the mutational landscape 
(for a detailed discussion, see Scally 2016).

Estimating Germline Mutation Rates and Parental 
Age Effects
Translating the number of DNMs to an estimated per-site 
germline mutation rate requires not only a careful assessment 
of both the false discovery rate and the length of the genome 
accessible to the study as discussed above but also a robust es-
timation of the false negative rate. In order to assess the num-
ber of genuine DNMs that might have been missed, 1,000 
DNMs were simulated within sequencing reads in a manner 
that mimicked empirical haplotype structure, read coverage, 
and allele balance. These simulations were subsequently run 
through our computational pipeline, yielding a false negative 
rate of 9.5%. Correcting for the estimated false discovery 
and false negative rates, inferred per-site germline mutation 
rates per generation ranged from 0.4 × 10−8 in an individual 
born to younger parents (maternal and paternal ages at birth 
were 9.2 and 11.2 years, respectively) to 2.0 × 10−8 in an indi-
vidual born to older parents (26.5 and 24.4 years), with an 
average rate of 1.1 × 10−8 across the trios studied (Fig. 3a).

An analysis of covariance provided strong evidence for a par-
ental age effect on the rate of mutation in aye-ayes, with the 
model including maternal age explaining a greater proportion 
of the variance in mutation rate (r2

maternal = 0.7440, P-value = 
0.0026 vs. r2

paternal = 0.5936, P-value = 0.0244). The overall 
effect was consistent and independent of genomic background; 
however, the observation was statistically significant only out-
side of repeats (nonrepeat background: βpaternal = 2.9 × 10−12, 
t(10) = 3.177, P-value = 0.0099 and βmaternal = 2.7 × 10−12, 
t(10) = 4.358, P-value = 0.0014 vs. repeat background: 
βpaternal = 7.1 × 10−10, t(10) = 2.122, P-value = 0.0598 and 
βmaternal = 1.9 × 10−12, t(10) = 3.172, P-value = 0.0100; 
Fig. 3b). As maternal and paternal ages at birth are highly 
correlated in this study (r = 0.9603, P-value = 0.0006), 
the parent-of-origin of the DNMs was determined using a 
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combination of direct (read-based) and indirect (genetic) phas-
ing. Although read tracing enabled the phasing of 95.1% of het-
erozygous variants in the focal offspring on average (range: 
93.5% to 98.1%), only ∼10% of reads could be resolved by 
haplotype due to the low levels of genetic diversity in aye-ayes 
(Perry et al. 2013). Moreover, no heterozygous sites for which 
the parent-of-origin could unequivocally be determined were 
located within the paired-end sequencing reads harboring 
DNMs, and thus read-based phasing was unable to resolve 
the parental origin of any DNMs inherited by the F1 individu-
als. This finding was anticipated given that even in primate spe-
cies with much higher levels of nucleotide diversity (such as 
chimpanzees), only a small fraction of DNMs (∼25%) can gen-
erally be phased using short-read data (Venn et al. 2014). 
However, genetic phasing based on the transmission of haplo-
types across the three-generation pedigree could be used to as-
sign the parental origin of DNMs carried by the two F1 

individuals with multiple offspring (i.e. individuals 7 and 8). 
Of the 37 phased DNMs, 27.0% and 73.0% were found to 
be maternal and paternal in origin, respectively. Moreover, des-
pite the dataset being small, more C>T DNMs of maternal than 

paternal origin were observed (50.0% vs. 40.7%), consistent 
with earlier observations in humans (Goldmann et al. 2016; 
Jónsson et al. 2017).

The male mutation bias of 2.6 to 2.8 observed in aye-ayes is 
∼10% to 35% lower than that observed in humans (3.1 to 3.9; 
Kong et al. 2012; Sun et al. 2012; Wong et al. 2016; Jónsson 
et al. 2017). Although no estimates are currently available 
with regards to the number of spermatogonial stem cell 
(SSC) divisions in aye-ayes (or any other strepsirrhine), the 
species will likely incur more frequent SSC divisions than hu-
mans (∼23 SSC divisions per year postpuberty; Heller and 
Clermont 1963; Nielsen et al. 1986; Helgason et al. 2003; 
and see the review by Drost and Lee 1995) due to the shorter 
spermatogenesis cycle length commonly associated with faster 
reproduction. Humans reach sexual maturity at the age of 
∼13 years (Heller and Clermont 1963); thus, assuming a gen-
eration time of 25 years (Fenner 2005), males will have in-
curred ∼276 SSC divisions postpuberty at the time of 
reproduction. In contrast, aye-ayes reach sexual maturity 
much earlier, at the age of ∼2.5 to 3 years on average (Winn 
1994; Ross 2003). Assuming a gestation period of 165 d 

Fig. 2. Primate mutation spectra. A comparison of mutation spectra obtained from previously published hominoid (human [Kong et al. 2012; Besenbacher 
et al. 2016; Goldmann et al. 2016; Rahbari et al. 2016], chimpanzee [Venn et al. 2014; Besenbacher et al. 2019], gorilla [Besenbacher et al. 2019], and 
orangutan [Besenbacher et al. 2019]; shown in yellow), cercopithecoid (baboon [Wu et al. 2020], rhesus macaque [Wang et al. 2020], and vervet monkey 
[Pfeifer 2017a]; shown in red), and platyrrhine (owl monkey [Thomas et al. 2018]; shown in purple) datasets for which more than a single trio was available 
(with the exception of orangutan) as well as aye-ayes (this study) as a representative of the more distantly related strepsirrhines (with mutations at CpG 
sites shown in teal and at non-CpG sites in green). The relative proportion of each mutation type is shown, with reverse complements collapsed.
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(Glander 1994) and a higher rate of 33 SSC divisions per year 
postpuberty (based on available estimates in cercopithecoids; 
Chowdhury and Steinberger 1976), the number of SSC divi-
sions postpuberty at the time of reproduction in the two sires 
of the individuals for which the parent-of-origin for the inher-
ited DNMs could be determined would be ∼166 to 210 or 
∼24% to 40% fewer than in humans.

These considerations may potentially explain both the low-
er male mutation bias and the similar paternal age effects in 
young male aye-ayes (with ∼1.2 additional paternal mutations 
per year of the sire’s age at birth; note that no maternal age ef-
fect was observed, likely due to the small sample size; Fig. 3c), 
relative to humans (∼0.9 to 2.0 additional paternal mutations 
per year; Conrad et al. 2011; Kong et al. 2012; Besenbacher 
et al. 2016; Jónsson et al. 2017; and see Table 1 in Moorjani 
et al. 2016b). Interestingly however, the availability of data 
across a long reproductive period in aye-ayes (encompassing 
15.9 years in males and 19.1 years in females—one of the lar-
gest reproductive spans captured in a pedigree-based mutation 
rate study in primates outside of humans and rhesus macaques 
to date) demonstrated that the mutation rate in aye-ayes 

increases much more rapidly with parental age than in hu-
mans. For example, consistent with an earlier onset of pu-
berty, aye-ayes exhibit a higher per-site germline mutation 
rate per generation (∼2.0 × 10−8) than humans (∼1.1 × 10−8 

to 1.3 × 10−8) at the age of 25 years (Fig. 3a). This observa-
tion is similar to that of other small-statured primates such 
as rhesus macaques (Fig. 3a) and is likely driven by a combin-
ation of a larger number of cell divisions (as expected from the 
longer reproductive longevity) as well as potentially by other 
life history traits including the strong male/sperm competition 
pervasive in polygynandrous mating systems. Despite the 
overall strong trend, some caution is warranted in such spe-
cies comparisons, however, as differences across studies in se-
quencing design (most notably coverage) and computational 
pipelines can render estimates incomparable (see discussions 
in Pfeifer 2021; Bergeron et al. 2022).

Conclusion
Our findings underscore the notion that there is no single mu-
tation rate for any given species (see the discussion in 

Fig. 3. Primate mutation rate estimates. Mutation rate estimates obtained from previously published haplorrhines (including both catarrhines and 
platyrrhines), compared with aye-ayes as a representative of strepsirrhines. a) Relationship between paternal age at birth (in years) and mutation rate (per 
base pair [bp]) in humans (shown in yellow; Wu et al. 2020), chimpanzees (gold; Venn et al. 2014; Besenbacher et al. 2019), baboons (red; Wu et al. 2020), 
rhesus macaques (pink; Wang et al. 2020), owl monkeys (purple; Thomas et al. 2018), and aye-ayes (green; this study). Linear regression and 95% CIs are 
shown as solid lines and shaded areas, respectively. Assuming a generation time similar to that of other lemurs (∼4.5 years; Yoder et al. 2016) and a mean 
gestation period of ∼165 d (Glander 1994), the predicted per-site mutation rate per generation at the expected age of first reproduction (indicated by a 
dashed line) would be ∼0.2 × 10−8. b) Relationship between paternal age at birth and mutation rates in aye-ayes at all sites (shown in green) as well as 
within and outside of repetitive genomic regions (light and dark gray, respectively). c) Relationship between parental age at birth and the number of phased 
de novo mutations (# DNMs) of maternal and paternal origin (shown in red and blue, respectively).
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Moorjani et al. 2016b) and that data from multiple trios span-
ning reproductive life are crucial for quantifying variation in the 
rates and patterns of mutation. For example, in this first detailed 
look at these mutational dynamics in aye-ayes, we observed 
among the lowest mutation rates in a primate when considering 
young parents in our pedigree (with maternal and paternal ages 
at birth of 9.2 and 11.2 years, respectively). Notably though, 
aye-ayes are thought to reproduce much earlier in the wild, at 
an average age of 3.5 to 5 years (Ross 2003; Louis et al. 2020), 
suggesting rates in natural populations that are potentially even 
lower, thus likely contributing to the limited genetic diversity 
characterizing this highly endangered species. However, we 
also noted a strong parental age effect, with mutation rates 
increasing much more rapidly with parental age in aye-ayes 
than in humans, as expected from the greater number of SSC 
divisions postpuberty in males. Furthermore, in examining this 
branch representing a basal split on the primate tree, we observed 
a mutation spectrum in aye-ayes that is highly similar to that of 
the much more heavily studied haplorrhines, likely suggesting a 
deep evolutionary conservation of the molecular machinery 
that dictates, at least in part, the rates and patterns of mutation. 
Given the ever-decreasing cost of sequencing, we anticipate that 
future studies will continue to illuminate mutational patterns 
both within and between species and that this more sophisticated 
characterization of the source of genetic variation will be inte-
grated into existing statistical frameworks in order to gain a bet-
ter understanding of the evolutionary genomics and chronology 
of the primate clade (Johri et al. 2022).

Materials and Methods
Animal Subjects
This study was approved by the Duke Lemur Center’s 
(DLC) Research Committee (protocol BS-3-22-6) and Duke 
University’s Institutional Animal Care and Use Committee 
(protocol A216-20-11) and performed in compliance with all 
regulations regarding the care and use of captive primates, in-
cluding the U.S. National Research Council’s Guide for the 
Care and Use of Laboratory Animals and the US Public Health 
Service’s Policy on Human Care and Use of Laboratory Animals.

Whole-Genome Sequencing
Peripheral blood samples were collected from 14 captive 
aye-aye (D. madagascariensis) individuals from a single three- 
generation pedigree housed at the DLC. For each sample, 
genomic DNA was extracted using the PureLink Genomic 
DNA Mini Kit (Invitrogen, Waltham, MA, USA), a 150-bp 
paired-end library was prepared using the NEBNext Ultra II 
DNA PCR-free Library Prep Kit (New England Biolabs, 
Ipswich, MA, USA), and whole-genome sequenced on the 
Illumina NovaSeq platform (Illumina, San Diego, CA, USA) 
to an average coverage of >50× (range: 48.5× to 54.5× per in-
dividual; supplementary table S1, Supplementary Material on-
line). Figure 1 displays the structure of the pedigree, including 
the date of birth of the P0 and F1 individuals in each of the sev-
en trios (i.e. three trios in family 1 and four trios in family 2).

Data Preprocessing
To avoid spurious variant calls, the sequencing data were pre-
processed following the guidelines for producing high-quality 
SNP data recommended by Pfeifer (2017b). In brief, raw read 
data were formatted by marking sequencing adapters 
using the GATK MarkIlluminaAdapters v.4.2.6.1 tool (van 

der Auwera and O’Connor 2020) and removing bases with 
quality scores <20 from the 3′ read-ends using TrimGalore 
v.0.6.10 (https://github.com/FelixKrueger/TrimGalore). Quality- 
controlled reads were then mapped to the recently released 
high-quality, chromosome-level genome assembly for the 
species (DMad_hybrid; GenBank accession number: 
GCA_044048945.1; Versoza and Pfeifer 2024) using 
BWA-MEM v.0.7.17 (Li and Durbin 2009) with the “-M” option 
enabled to flag nonprimary alignments, and marking duplicates 
using GATK’s MarkDuplicates v.4.2.6.1.

Variant Discovery
Variant discovery followed the GATK Best Practices for nonmo-
del organisms (van der Auwera et al. 2013; van der Auwera and 
O’Connor 2020). Specifically, in the absence of a set of experi-
mentally validated polymorphisms for the species that may be 
used to identify and correct systematic biases in the sequencing 
data, an initial round of variant calling was performed from 
high-quality mappings (“--minimum-mapping-quality 40”) of 
the original (unrecalibrated) data, individual samples merged, 
and jointly genotyped using GATK’s HaplotypeCaller (in 
“-ERC GVCF” mode with the “--pcr-indel-model” set to 
NONE as a PCR-free sequencing protocol was used), 
CombineGVCFs, and GenotypeGVCFs v.4.2.6.1, respectively. 
Initial calls were then bootstrapped to create a high-confidence 
variant dataset for Base Quality Score Recalibration (BQSR) 
by controlling the transition-transversion ratio, following the 
methodology described in Auton et al. (2012). In brief, 
GATK’s SelectVariants v.4.2.6.1 was used to limit the variant 
set to biallelic (“--restrict-alleles-to BIALLELIC”) SNPs 
(“--select-type-to-include SNP”) genotyped in all individuals 
(“AN==28”). Next, variants were removed using BCFtools fil-
ter v.1.14 (Danecek et al. 2021) using the following “hard filter” 
criteria with acronyms as defined by GATK: the read depth (DP) 
was less than half or more than twice the genome-wide average, 
the variant confidence/quality by depth (QD) was smaller than 
10, the genotype quality (GQ) was smaller than 50, the 
Phred-scaled P-value using Fisher’s exact test to detect strand 
bias (FS) was larger than 10, the symmetric odds ratio to detect 
strand bias (SOR) was larger than 1.5, the Z-scores from the 
Wilcoxon rank sum tests of alternative versus reference read 
mapping qualities (MQRankSum) and position bias 
(ReadPosRankSum) were smaller than −12.5 and −8.0, 
respectively.

With this high-confidence bootstrapped variant dataset 
on hand, GATK’s IndelRealigner (RealignerTargetCreator and 
IndelRealigner v.3.8) and BQSR (BaseRecalibrator and 
ApplyBQSR v.4.2.6.1) protocols were applied to the initial 
read mappings to improve alignments around small insertions 
and deletions and to correct for systematic errors in base quality 
(supplementary fig. S2, Supplementary Material online). A fur-
ther round of duplicate marking was then performed using 
GATK’s MarkDuplicates v.4.2.6.1, prior to the final round 
of variant calling and genotyping using the high-quality, 
realigned, recalibrated data as detailed above but emitting confi-
dence scores at all sites (by using the “-ERC BP_RESOLUTION” 
mode in the HaplotypeCaller and the “-all-sites” flag in the 
GenotypeGVCFs tool) and adjusting the heterozygosity param-
eter (“--heterozygosity”) to the species-specific level (i.e. 0.0005; 
Perry et al. 2013). Lastly, the resulting call set was separated 
into autosomal biallelic SNPs and monomorphic (i.e. invariant) 
sites genotyped in all individuals (supplementary table S2, 
Supplementary Material online).
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Identification of DNMs
In order to identify DNMs, the variant dataset was first limited 
to the 7,907 Mendelian violations observed across the seven 
trios using BCFtools view v.1.14 (Danecek et al. 2021)—that 
is, sites at which individuals of the P0 generation were homozy-
gous for the reference allele (“0/0”) and at least one of their fo-
cal F1 offspring was heterozygous (“0/1” or “1/0”). To increase 
specificity, Mendelian violations were then regenotyped using 
Graphtyper genotype v.2.7.2 (Eggertsson et al. 2017), resulting 
in 459 DNM candidates with high confidence in the mutant al-
lele that passed built-in sample- and record-level filter.

Validation of DNMs
Following the methodology described in Pfeifer (2017a), se-
quencing reads carrying the DNM candidates were visually in-
spected for common signs of sequencing, read mapping, 
variant calling, and/or genotyping errors (for an example, 
see figure 4 in Pfeifer [2017b]) to eliminate false positives using 
the Integrated Genomics Viewer (IGV) v.2.16.1 
(Thorvaldsdóttir et al. 2013). A total of 323 of 459 candidate 
sites passed this manual curation performed independently by 
two researchers (supplementary table S3, Supplementary 
Material online; IGV screenshots are provided in the 
Supplementary Material online).

Sanity Checks
As primates generally exhibit low per-site mutation rates per 
generation (at the order of 10−9 to 10−8), few genuine DNMs 
are expected to be observed in unrelated individuals. To test 
this, the validated DNMs were screened against segregating 
variation previously reported in 12 wild aye-aye individuals 
(Perry et al. 2013). Additionally, as incorrect read mappings 
can result in spurious variant calls (Pfeifer 2017b), the validated 
DNMs were also checked for an overlap with regions harboring 
structural variation (Versoza et al. 2024a), which are particu-
larly prone to alignment errors from short-read data due to al-
terations of the local genomic architecture (Sedlazeck et al. 
2018). Lastly, based on Mendel’s principles of segregation 
(Mendel 1866), the expectation for transmission of a genuine 
DNM to the next generation is 50%. A Fisher’s exact test 
was performed in R v.4.2.2 (R Core Team 2022) to assess 
whether the average transmission rate from each F1 individual 
to their F2 offspring was consistent with this expectation.

Annotation of DNMs
Validated DNMs were annotated using ANNOVAR v.2020- 
06-08 (Wang et al. 2010) to categorize them by genomic region 
(i.e. intergenic, upstream, exonic, exonic noncoding RNA 
[ncRNA], intronic, intronic ncRNA, 3′ and 5′ UTR, and down-
stream) based on the annotations available for the aye-aye 
genome assembly (DMad_hybrid; GenBank accession number: 
GCA_044048945.1; Versoza and Pfeifer 2024). Additionally, 
to obtain a baseline expectation for the distribution, the 
pipeline was also run on the complete call set of autosomal bial-
lelic SNPs and monomorphic sites genotyped in all individuals 
(supplementary table S2, Supplementary Material online). The 
genomic distribution was plotted using ggplot2 v.3.4.1 
(Wickham 2016) in R v.4.2.2 (R Core Team 2022), and a 
χ2-test was performed to compare the proportion of DNMs in 
each genomic region against the overall genome-wide 
composition.

Characterization of Primate Mutation Spectra
DNMs were grouped by mutation type—that is A>C, A>G, 
A>T, C>A, and C>G mutations as well as C>T transitions 
that occurred within a CpG context (i.e. CpG>TpG) and 
outside of a CpG context (i.e. CpH>TpH), with reverse 
complements collapsed—based on the aye-aye genome 
assembly (DMad_hybrid; GenBank accession number: 
GCA_044048945.1; Versoza and Pfeifer 2024), with the rela-
tive proportion of each mutation type representing the muta-
tion spectrum. The mutation spectrum of aye-ayes was 
compared with those of haplorrhines—as assessed from catar-
rhines (humans [Kong et al. 2012; Besenbacher et al. 2016; 
Goldmann et al. 2016; Rahbari et al. 2016], chimpanzees 
[Venn et al. 2014; Besenbacher et al. 2019], gorillas 
[Besenbacher et al. 2019], orangutans [Besenbacher et al. 
2019], vervet monkeys [Pfeifer 2017a], rhesus macaques 
[Wang et al. 2020], and baboons [Wu et al. 2020]) and platyr-
rhines (owl monkeys [Thomas et al. 2018]). Mutation spectra 
were plotted in R v.4.2.2 (R Core Team 2022) using code pro-
vided by Gregg Thomas (https://github.com/gwct/owl- 
monkey), and a χ2-test was performed to compare the muta-
tion spectra for aye-ayes with the largest available dataset 
for haplorrhines (i.e. humans).

Clustering of DNMs
In order to identify nonrandom clustering of DNMs, DNMs 
were analyzed using VCFtools v.0.1.14 (Danecek et al. 
2011) in windows (“--SNPdensity”) of size 1, 10, 100 kb 
and 1 Mb.

Estimation of the False Negative Rate
Following Pfeifer (2017a), the false negative rate of the experi-
ment was estimated based on simulations of synthetic DNMs 
that were “spiked” into the sequencing reads. As accurate 
haplotype resolution is important for the discovery of genetic 
variants, the DNMs were simulated in the focal offspring in a 
haplotype-aware manner. In brief, WhatsHap phase v.2.3 
(Patterson et al. 2015; Garg et al. 2016) was used in the 
pedigree-aware mode (“--ped”) to phase reads by combining 
read-based phasing with phasing based on the Mendelian rules 
of inheritance, assuming a constant recombination rate of 
∼1 cM/Mb across the genome as previously observed in the 
species (Versoza et al. 2024b). Next, the addsnv.py script in-
cluded in BAMSurgeon v.1.4.1 (Ewing et al. 2015) was used 
to add 1,000 DNMs at random in the haplotype-resolved 
reads of the F1 individuals, setting the maximum allowable mi-
nor allele frequency of linked SNPs to 0.1 (“-s 0.1”). With this 
setting, BAMSurgeon successfully added 684 synthetic DNMs 
that mimicked the allele balance observed at genuine heterozy-
gous sites in the trios (i.e. sites at which one of the parents was 
homozygous for the reference allele, the other parent was 
homozygous for the alternative allele, and their joint offspring 
was heterozygous; supplementary fig. S3, Supplementary 
Material online). Reads were analyzed following the protocols 
described in the “Variant Discovery” and “Identification of 
DNMs” sections. In total, GATK identified 1,449 
Mendelian violations—a 2-fold excess of the number of syn-
thetic DNMs added (note that GATK correctly identified all 
synthetic DNMs as nonreference alleles though one DNM 
was classified as an insertion rather than an SNP). 
Regenotyping these Mendelian violations with Graphtyper 
discovered 619 of the 684 synthetic DNMs (no additional 
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Mendelian violations were present in the regenotyped data-
set), yielding a false negative rate of 9.5%.

Phasing of DNMs
In order to determine the parent-of-origin of the DNMs, a 
combination of direct (read-based) and indirect (genetic) 
phasing was applied. First, WhatsHap v.2.3 (Patterson 
et al. 2015; Garg et al. 2016) was used to phase reads from 
all individuals as described in the “Estimation of the False 
Negative Rate” section. Additionally, DNMs carried by the 
two F1 individuals with multiple offspring (i.e. individuals 
7 and 8) were phased by transmission to their offspring in 
the F2 generation (i.e. individuals 12, 13, and 14). In brief, 
the three-generation pedigree data allowed for the phasing 
of variants through “phase-informative” markers—that is, 
sites at which the P0 individuals have distinct genotypes, 
the focal F1 individual is heterozygous, and either the F1’s 
partner or their joint F2 offspring is homozygous (for a sche-
matic representation, see figure 1b in Versoza et al. 2024c). 
Using such phase-informative markers, the parent-of-origin 
of the DNM transmitted to the third (F2) generation can 
then be established from the phase of the haplotype block. 
Haplotype blocks were required to be at least 0.5 Mb in 
length and contain a minimum of 100 phase-informative 
markers. DNMs with incongruous haplotype phase between 
F2 siblings were classified as ambiguous and thus not as-
signed a parental haplotype. Through this approach, 10 
and 27 DNMs were assigned as maternal and paternal in ori-
gin, respectively.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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