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Abstract

Every mammal studied to date has been found to have a male mutation bias: male
parents transmit more de novo mutations to offspring than female parents, contributing
increasingly more mutations with age. Although male-biased mutation has been studied
for more than 75 years, its causes are still debated. One obstacle to understanding this
pattern is its near universality—without variation in mutation bias, it is difficult to find an
underlying cause. Here, we present new data on multiple pedigrees from two primate spe-
cies: aye-ayes (Daubentonia madagascariensis), a member of the strepsirrhine primates,
and olive baboons (Papio anubis). In stark contrast to the pattern found across mammals,
we find a much larger effect of maternal age than paternal age on mutation rates in the
aye-aye. In addition, older aye-aye mothers transmit substantially more mutations than
older fathers. We carry out both computational and experimental validation of our results,
contrasting them with results from baboons and other primates using the same methodol-
ogies. Further, we analyze a set of DNA repair and replication genes to identify candidate
mutations that may be responsible for the change in mutation bias observed in aye-ayes.
Our results demonstrate that mutation bias is not an immutable trait, but rather one that
can evolve between closely related species. Further work on aye-ayes (and possibly other
lemuriform primates) should help to explain the molecular basis for sex-biased mutation.

Introduction

Male and female mammals transmit de novo mutations (DNMs) at vastly different rates [1-3].
In every mammalian species studied to date, males transmit more mutations than females
across their reproductive life span, as well as showing a strong effect of parental age on the
number of transmitted mutations from fathers [4-12]. In contrast, it was not clear that there
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was a significant parental age effect among mothers until whole-genome mutation studies
were conducted on hundreds of trios in humans [6,13,14].

Male mutation bias has long been attributed to the persistence of replication in the male
germline post-puberty, a phenomenon absent from the female germline [15]. This classic
and straightforward hypothesis has, however, become challenged as many pieces of evidence
now suggest that germline replication may not be the major determinant of male mutation
bias [16,17]. One obstacle to understanding the underlying causes of male mutation bias is its
ubiquity across studied species. Indeed, fish are the most closely related organism to mam-
mals without an apparent male bias [1]. Not only does the male parent consistently transmit
more mutations to its offspring across mammals, the rate at which these mutations accumu-
variation in the sex-specific pattern for these traits, it is difficult to further investigate their
causes.

The strepsirrhine primates—a clade including lemurs, lorises, and galagos—comprise
about half of living primate species, but are relatively unstudied with genomic approaches.
One important reason for the lack of genomic studies in this group is that most of the species
are endangered [18], with all lemuriform primates found only on the island of Madagas-
car where they are severely threatened by anthropogenic habitat destruction and climate
change. The single study of mutation rates in this group (in gray mouse lemurs, Microcebus
murinus) showed the lowest male mutation bias of any mammal reported to date, though
this estimate is underpowered, coming from only two trios [19]. Given that M. murinus is
only one of nearly 100 lemuriform species, there is an obvious need to further characterize
mutation rates in the clade before drawing any firm conclusions about their transmission
characteristics.

The aye-aye (Daubentonia madagascariensis) is a nocturnal lemur known for a number
of distinctive characteristics [20]. Most notably, this species has evolved a unique feeding
strategy, using a long and thin third digit to tap on branches to “echolocate” for burrow-
ing insects and other prey. The aye-ayes dig their prey out by gnawing through the woody
substrate with their rodent-like ever-growing incisors. They then capture their prey using
this elongated middle finger, which is supported by a ball-and-socket joint allowing 360°
of movement. These traits are unique among primates [21,22]. Aye-ayes also have a long
life span relative to their body size, in some cases living more than 30 years and repro-
ducing at much older ages than other lemuriforms [23]. Their distinctive morphology
and behavior have evolved through an extensive period of evolutionary independence: D.
madagascariensis is the only extant member of the Daubentoniidae primate family and is
estimated to have diverged from all other Malagasy lemurs at least 50 million years ago
(24,25].

In this study, we report the sequencing of 18 aye-aye whole genomes from a large pedigree
consisting of 12 trios (Fig 1A). Additionally, we sequence 9 olive baboons (Papio anubis)
comprising 4 trios (Fig 1B), which we combine with 25 previously sequenced individuals
[12]. Applying a consistent set of methods to identify DNMs and to assign them to a parent
of origin (i.e., “phase” them), we find that in aye-ayes maternal age has a much stronger effect
on the number of transmitted mutations than paternal age. We compare aye-ayes to data from
baboons, rhesus macaques, and humans to show that this finding is not a function of differ-
ences in sample preparation or computational methods. We then search a curated set of DNA
replication and repair genes for amino acid substitutions either unique to aye-ayes or shared
among all available lemuriform primate genomes to identify possible candidate mutations
leading to this unprecedented female bias. The results presented here point to a new approach
for uncovering and understanding the causes of sex-biased mutation.
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Fig 1. Primates used in this study. (A) Pedigree structure of aye-ayes. The 18 individuals sequenced in this study are shown: males as squares and females as circles.
Two individuals (IDs 100937 and 100935) appear multiple places in the pedigree, each time connected by a dashed line. Offspring IDs in Table 1 refer to individuals
here. (B) Pedigree structure of baboons. The nine individuals sequenced in this study are shown on the left hand side. The 25 individuals sequenced in Wu and col-
leagues [12] are shown on the right hand side. One individual (ID 1X3656; dashed gray circle) had low read-mapping and was not used here (and was not counted
among the 25 individuals). Consanguineous matings are represented as double-horizontal lines, and individuals appearing in multiple places are again connected by
dashed lines. Offspring IDs in Table 2 refer to individuals here.

https://doi.org/10.1371/journal.pbio.3003015.9001

Results
Identifying de novo mutations in two primates

Mutations in aye-ayes. We sampled 18 individuals from an extended pedigree of aye-
ayes housed at the Duke Lemur Center (DLC) in Durham, North Carolina (Fig 1A). These
individuals can be divided into 12 independent trios (mother, father, and offspring), as several
pairs of parents had multiple offspring together and several individuals had offspring with
multiple different partners. After sequencing with Illumina short-read technology (Materials
and methods), we obtained an average of 39.1X whole-genome coverage. The sex for each
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individual assigned by the DLC was confirmed using read-depth and heterozygosity on
X-linked scaffolds (S1 Fig).

We used a set of computational methods and candidate filters shown to have high accuracy
[26] to find autosomal DNMs in each pedigree (Materials and methods). In total, we identified
647 DNMs across the 12 trios (Tables 1 and S1). While we only attempted to call mutations con-
sisting of single-nucleotide variants (SNVs), we found one multinucleotide mutation generated
by two neighboring SNV in individual 100940 (cf. [27]). Two mutations (not near each other)
were also shared between the same two siblings, individuals 100933 and 100944 (S1 Table). All
these mutations were included in our final count. For five of the trios, we were also able to assess
the fraction of identified mutations that were transmitted to the next generation. In those trios, we
found 160 out of 327 (49%) mutations transmitted, which is not significantly different from the
50% expectation for true germline variants (P = 0.74, Exact test). Accounting for the total number
of sites at which DNMs could be identified (“callable genome size” in Table 1), we calculate an
aye-aye mutation rate of 1.49 x 10°® per bp per generation for parents that conceived at an average

age of 15.4 years across both sexes. This average mutation rate is among the highest observed in
mammals [1,26], consistent with the advanced average age of the parents sampled here and the
relatively high mutation rate observed in the one other strepsirrhine primate for which the DNM
rate has been measured [19].

The mutation spectrum in aye-ayes is similar to that found in other non-strepsirrhine
primates (S2A Fig), with a transition to transversion ratio (Ti:Tv) of 2.59 and a large fraction
of mutations at CpG sites (17.7% of all mutations). However, these results are not consistent
with the low Ti:Tv ratio (0.96) and smaller fraction of CpG mutations (8.7%) observed in the
gray mouse lemur [19].

Mutations in baboons. We sampled nine individuals from two families of baboons housed
at the Keeling Center for Comparative Medicine and Research in Bastrop, Texas (Fig 1B). Both
families contain two offspring that are siblings, resulting in four trios from which independent
estimates of the mutation rate can be made. Sequencing with Illumina short-read technology
(Materials and methods) resulted in an average of 40.9X whole-genome coverage. Additionally, we
used Illumina data from 25 olive baboons (in 17 trios) from a previous study [12]; note that 5 of
these trios were sequenced by Wu and colleagues [12] but not included in their main results.

Table 1. Aye-aye mutations.

Offspring Parental age at conception | Mutations | Phased Mutations of Mutations of Callable genome Mutation rate

ID (years) mutations paternal origin maternal origin size (x10° bp) (x107%/bp)
Paternal Maternal

100947 22.0 18.0 117 30 7 23 1.67 3.50

100938 30.5 13.7 48 10 9 1 1.78 1.35

100950 16.8 14.8 25 12 9 3 1.86 0.67

100940 9.3 7.4 30 12 7 5 1.86 0.81

100942 17.5 15.6 30 11 11 0 1.85 0.81

100939 11.3 9.4 25 10 9 1 1.87 0.67

100935 8.5 10.5 44 15 9 6 1.86 1.19

100933 24.4 26.5 108 39 16 23 1.86 2.90

100945 15.6 17.7 83 27 11 16 1.87 2.22

100944 12.1 14.1 75 18 10 8 1.83 2.05

100941 20.7 9.6 36 12 11 1 1.81 1.0

100946 17.7 6.7 26 7 4 3 1.87 7.0

https://doi.org/10.1371/journal.pbio.3003015.t001
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Using the same approaches as above (Materials and methods), we identified 519 DNMs across
all 21 baboon trios (Tables 2 and S2). Three of these were multinucleotide mutations (within 10bp
of one another) and one (single nucleotide) mutation was shared between siblings; all multi-
nucleotide mutations were visually confirmed in IGV [28] and all were counted as mutations.
Accounting for the callable genome size (Table 2), we calculate a baboon mutation rate of 0.74 x
1078 per bp per generation for parents that conceived at an average age of 10.7 years across both
sexes. The mutation rate we estimate is slightly higher than that previously reported (0.57 x 107
per bp; [12]), likely due to the inclusion of males with a higher average age (13.5 years) relative to
the males in the previously reported sample (10.7 years in Wu and colleagues [12]).

Sex-biased mutation in primates

Female-biased mutation in aye-ayes. Single-nucleotide polymorphisms (SNPs) near
DNDM:s can be used to help assign the parent-of-origin of DNMs, a procedure sometimes
referred to as “phasing” We used the software POOHA [4,29] to identify which parent
transmitted the DNM:s identified in aye-ayes (Materials and methods). We were able to
unambiguously assign 203/647 (31.4%) of aye-aye mutations to one parent or the other
(Tables 1 and S1).

Fig 2A shows the number of paternal and maternal mutations as a function of parental
age, illustrating a significant association between maternal age and mutation rate (Poisson

Table 2. Baboon mutations.

Offspring ID | Parental age at Mutations | Phased Mutations of Mutations of Mean Callable genome Mutation rate
conception (years) Mutations paternal origin maternal origin Depth size (x10° bp) (x10°%/bp)
Paternal Maternal
39990° 5.5 6.1 29 16 11 5 41.3 2.01 0.722
39992° 14.7 15.4 22 14 13 1 41.7 1.99 0.552
40001* 9.9 6.5 32 19 15 4 39.6 1.98 0.806
40005° 7.0 6.9 18 12 8 4 40.8 2.03 0.443
16517 9.5 6.0 18 12 10 2 45.0 1.62 0.556
19181 12.2 8.7 20 8 3 5 49.9 1.48 0.675
26988 14.5 10.9 31 13 12 1 47.6 1.53 1.011
28246 15.5 11.9 29 16 13 3 45.3 1.64 0.885
15444 8.2 8.7 23 11 10 1 48.2 1.70 0.675
16413 9.4 9.9 13 7 6 1 48.4 1.71 0.379
17199 10.4 11.0 24 10 10 0 49.0 1.69 0.712
18385 11.3 11.8 26 17 14 3 53.6 1.64 0.794
19348 12.5 13.0 11 5 5 0 50.2 1.72 0.319
7267 7.9 - 35 19 10 9 48.3 1.67 1.051
8395 9.5 - 17 11 9 2 30.7 1.41 0.604
7311 8.0 5.3 18 10 3 30.4 1.49 0.602
10173° - 12.9 23 16 15 1 41.8 1.50 0.767
11885° 15.2 7.2 33 10 7 3 55.9 1.65 0.997
14068° 18.6 10.7 39 13 12 1 44.8 2.00 0.976
14012° 18.5 9.0 24 7 1 30.9 1.56 0.768
13951° 18.4 10.4 34 10 9 1 29.1 1.29 1.323

*Samples newly sequenced here.

"Samples sequenced in Wu and colleagues [12] but not included in analyses.

https://doi.org/10.1371/journal.pbio.3003015.t002
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Fig 2. Relationship between parental age and number of transmitted mutations. (A) The number of mutations from 12
aye-aye trios assigned (“phased”) to either the female (blue) or male (red-orange) parent using the software package POOHA.
The x-axis shows the age of each parent at conception, while the y-axis shows the number of inferred mutations phased for each
parent. We performed a Poisson regression on the observed number of phased maternal and paternal mutations and scaled the
prediction by the fraction of mutations phased to obtain the regression lines (Materials and methods). Shaded areas show 95%
confidence intervals for the regression lines. (B) The number of mutations from 21 baboon trios assigned to each parent. (C)
The number of mutations from 26 rhesus macaque trios assigned to each parent. Data come from Wang and colleagues [11]
and Bergeron and colleagues [4]. (D) The number of mutations from 225 human trios assigned to each parent. Data come from
Jonsson and colleagues [6]. The data underlying this figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003015.9002

regression, P = 0.03). In contrast to this unexpected relationship, we found no significant asso-
ciation (Poisson regression, P = 0.19) between paternal age and the number of paternal phased
mutations (Fig 2A). The overall level of sex bias, « = 1.26, is much lower than that observed in
other mammals [1,2], with the exception of the gray mouse lemur [19]. The regression analyses
reported above used only phased mutations and the percentage of mutations phased (Materials
and methods; S3A Fig), but we found a similar association with parental age when the analysis

was performed on all mutations, that is, including the mutations that were not phased (Poisson
regression, maternal age: P < 1 x 107", paternal age: P = 0.92; 54 Fig). A recent study of aye-aye
mutation rates also found a strong parental age effect on the total number of mutations [30],
though these authors were unable to assign most DNMs as coming through the maternal or
paternal parent. In our study, we find both that maternal mutations display a strong association
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with age and that many more mutations were transmitted by older mothers than older fathers,
a pattern not reported for any other mammal and not tested by Versoza and colleagues [30]. We
observed no differences among the spectra of mutations transmitted by fathers, older mothers,
or younger mothers (52B-52D Fig; all P > 0.3). Overall, our model predicts an additional 7.2
mutations (95% CI: 5.8, 8.6) in offspring for each additional year of maternal age in the aye-aye.

Previous studies [6,13] have found an enrichment of C > T mutations transmitted by
mothers as they age. These excess mutations are likely driven by APOBEC-mediated muta-
genesis, which occurs in a TpC dinucleotide context [31]. To determine whether such an effect
is present in aye-ayes, we first compared the proportion of TpC > TpT mutations between
male and female parents. We identified nine TpC > TpT mutations transmitted by a female
parent and five TpC > TpT mutations transmitted by a male parent, which is not significantly
different compared to all C > T mutations that could be assigned to a parent (35 paternal and
33 maternal, excluding those occurring at CpG sites; Fisher’s exact test: OR = 1.91, P = 0.38).
To further ask whether there was an effect of maternal age, we compared the proportion of
TpC > TpT mutations between young (<15 years) and old (>15 years) mothers. Of the nine
TpC > TpT mutations assigned to a female parent, eight were in old mothers and one in a
young mother. This distribution is again not significantly different compared to all C > T
mutations (28 in old mothers, 5 in young mothers; Fisher’s exact test: OR = 1.43, P = 1.0).
Importantly, while we may not have the statistical power to detect a subtle effect with mater-
nal age, our results do not support an important role for this mechanism in female mutation
bias in aye-ayes.

We carried out several analyses to ensure the robustness of the observed patterns in aye-
ayes. First, we repeated our entire analysis with an alternative (older and less complete) ver-
sion of the aye-aye reference genome (DauMad_v1_BIUU) and found nearly identical results:
575/594 mutations found in the alternative reference matched our initial mutation calls. Sec-
ond, we repeated the phasing of DNM:s using the software Unfazed [32], which implements a
different algorithm for assigning parent of origin. Unfazed was concordant with POOHA for
196/203 phased mutations. The seven discordant mutations represent cases in which Unfazed
missed a call made by POOHA (two paternal and five maternal). Unfazed also phased three
mutations that were missed by POOHA, all of which were paternal. Nevertheless, repeating
our analyses with only the mutations phased by Unfazed, we found essentially the same quali-
tative and quantitative results (S3B Fig).

We performed Sanger sequencing to validate all 23 mutations predicted to have been
transmitted by the oldest female parent in our study to her last offspring. For these mutations,
we sequenced the mother and proband (individuals 100943 and 100933, respectively) as well
as the father (100936) and all siblings (100935, 100944, 100945). Sequencing the proband
ensures that the mutations are not sequencing errors, while sequencing the parents and
siblings ensures that the candidate DNMs were not already present as SNPs in the parents.
We confirmed the expected genotypes in all 23 mutations from their presence in the proband
and absence in all other individuals (see, e.g., S5 Fig). For four mutations, we were not able to
sequence both strands in all individuals, though no contradictory genotypes were observed.
Overall, these results indicate the general accuracy of both our mutation calls and the higher
number of mutations found in older females.

It is notable that the female bias we observe in aye-ayes is driven by three offspring
(100947, 100933, and 100945) arising from only two different mothers (100949 and 100943).
Indeed, if we ignore these three offspring, the paternal contribution to DNMs is 74% (equiv-
alent to a = 2.82), within the range of 70%-80% reported for most mammals [1,2]. Although
these are the oldest ages at conception of any mothers in our dataset, we looked for any
further technical differences between these two mothers and other individuals that might
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explain the patterns we observe. We verified that all relationships between these mothers and
their offspring were correct; further, we checked whether these two mothers were related:
they appear to be no more closely related than any other pair of parental individuals in our
pedigree (S6 Fig). We observed no significant differences in either read-depth or heterozy-
gosity among individuals, including in the mothers, fathers, and offspring of the most-biased
trios (S2 Table). In addition, our set of DNMs were filtered to have an allelic balance >0.35 (S7
Fig), which should eliminate the vast majority of possible somatic mutations (and any that
remain should not be assigned to the maternally inherited chromosomes in a biased manner).
Finally, as mentioned above, we examined the transmission of mutations detected to the next
generation. Overall, this fraction was not different from the expectation of 50%, nor was it
different in individual 100947, who transmitted 53/117 detected mutations to their offspring
(P =0.36, Exact test). This result indicates that these mutations are present in the germline of
this individual, and that the overall set of detected mutations is unlikely to be composed of
somatic mutations.

Male-biased mutation in baboons, rhesus macaques, and humans. We repeated the
phasing analysis with POOHA on the baboons sequenced in our study and those from
Wu and colleagues [12], enabling us to assign 49.3% (256/519) of mutations as being
transmitted by one parent or the other (Tables 2 and S3). The higher level of overall nucleotide
polymorphism in baboons gave us more power to phase mutations in this species compared
to aye-ayes, which have a low level of polymorphism even for strepsirrhines [25,33]. Based
on the percentage of mutations that could be phased in each trio, we inferred the number of
mutations that each parent transmitted to their offspring.

Fig 2B shows a positive but not statistically significant relationship between paternal age
and the number of mutations transmitted by fathers in baboons (Poisson regression, P =
0.20; Materials and methods). However, when the regression analysis is performed on all

mutations, we recover a significant association with both paternal and maternal age (Poisson
regression, paternal: P = 1.1 x 107°, maternal: P = 5.2 x 107*). In contrast to the results from
aye-ayes above, and regardless of the effect from paternal age, male parents always transmit
more mutations than female parents in baboons (Fig 2B). We note, however, that we did find a
negative association between maternal age and the number of mutations (Poisson regression,
P =0.04), which is different than the relationship reported in Wu and colleagues [12]. One
possibility for this difference is that a single outlier (ID 18385) drove the positive trend among
mothers in Wu and colleagues [12], while we did not find that this individual inherited an
unusual number of maternally transmitted mutations (Table 2). A larger number of individu-
als may be needed to clarify relationships among baboon mothers. To emphasize how differ-
ent the aye-aye results are from previous findings among primates, in Fig 2C and 2D we show
the same plot of phased mutations from rhesus macaques [4,11] and humans [6], respectively
(Materials and methods). All three non-strepsirrhine primates show the expected male bias
and paternal age effect, in contrast to aye-ayes.

Estimating sex-biased substitution from comparative data. We considered whether
the bias we observe in our pedigrees has had a long-term effect on nucleotide substitutions

by estimating the male-to-female substitution rate ratio, & [34]. This approach compares
substitutions on the X chromosome and autosomes across a phylogenetic tree. Sex
chromosomes and autosomes are differentially exposed to each of the sexes: over the course
of many generations, we expect the X chromosome to spend twice as much time in females
compared to males. In contrast, we expect the autosomes to spend an equal amount of
time in each of the sexes. Therefore, in the presence of a male mutation bias at the time of
reproduction, and assuming the same average age at reproduction, autosomes are expected
to accumulate substitutions at a faster rate than the X chromosome, resulting in an « value
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greater than 1. Consistent with this expectation, o has been observed to be greater than 1 in all
mammals to date [2]. A female mutation bias at the time of reproduction would be expected
to generate an « value less than 1.

Our analysis focused on 10 strepsirrhine species, including the aye-aye, to capture a range
of evolutionary and ecological contexts (Materials and methods). The estimated « values for

these species range from 2.3 on the terminal branch leading to the galago (Otolemur garnetti),
to as high as 12.3 on the branch leading to the gray mouse lemur (Fig 3). Our estimate for
the aye-aye branch was a = 3.1, which closely matches the value reported for aye-ayes by de

—123 Gray mouse lemur
6.7 '
————— Coquerel's dwarf lemur
5.2 :
Fat-tailed dwarf lemur
28— |ndri
2.5 Coquerel's sifaka
8.5
Blue-eyed black lemur
2.2 Ring-tailed lemur
3.1

Aye-aye

2.3

Northern greater galago

2.5

Sunda slow loris

60 50 40 30 20 10 0
Years (Ma)

Fig 3. Sex-biased mutation estimated from phylogenetic comparisons. The degree of sex-biased mutation over the
long-term was calculated by comparing substitutions on the X chromosome to the autosomes (Materials and meth-
ods). Values reported for the tip branches of the tree all show « > 1, indicating a male-bias at the time of reproduction.
Divergence times for the tree come from TimeTree [68]. The data underlying this figure can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3003015.9003
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Manuel and colleagues [2] (& = 2.95). All branches in the strepsirrhine tree show « > 1, indi-
cating a consistent male mutation bias at the time of reproduction.

These results reveal a discrepancy between phylogenetic estimates of sex bias and the one
estimated from aye-aye pedigrees. Phylogenetic substitution patterns accrue over millions of
years, averaging across the age of reproduction of many different individuals during this time.
Therefore, if the average age at which aye-ayes reproduced over the past 50 million years is
less than ~15 years (Fig 2A), then the major mutation pattern will likely be one of male bias.
To get further insight into long-term patterns of sex-bias, we predicted the age of aye-aye
parents that would produce the equivalent of the phylogenetic estimate of a = 3.1, given our
pedigree results (Fig 2A). Assuming male and female parents are the same age at conception—
and that sex-bias shows a linear relationship with age—aye-aye parents at an average age of
8.97 years would produce the observed phylogenetic level of male-bias. If we instead assume
that the three oldest females sampled here are outliers that can be ignored (for instance,
because females do not have offspring at these ages in the wild), then a = 2.82, which is within
the confidence interval of our phylogenetic estimate (3.1 + 0.41).

We consider additional explanations that can reconcile the phylogenetic estimates with the
pedigree data on mutation rates in the Discussion.

Searching for possible causative mutations

Regardless of the long-term effects of female mutation bias in aye-ayes, the observed pattern
of a stronger effect of maternal age begs a possible mechanistic explanation. To this end, we
investigated a list of 219 genes with known roles in DNA replication and repair (54 Table
and Materials and methods), looking for amino acid changes in any of these genes predicted
to have deleterious effects by CADD [35]. We carried out three complementary analyses of
these data. First, we asked whether the two aye-aye mothers that transmitted higher numbers
of mutations (100949 and 100943) shared alleles in any of these genes that were absent from
either all other mothers or all other parents. Second, we asked whether there are amino acid
substitutions in any of these genes specific to the aye-aye lineage (Materials and methods).
Third, given the previous observation of little male-bias in the gray mouse lemur [19], we also
looked for damaging amino acid substitutions shared among lemuriforms in any of the 219
genes in our curated list.

We found polymorphisms in and around four genes for which the two aye-aye mothers
that transmitted higher numbers of mutations shared an allele not found in all other mothers
(S5A Table): these two individuals were heterozygotes, while all other individuals were homo-
zygous for the reference allele. Two of these variants were amino acid changes, and one in the
gene BLM has a PHRED-scaled CADD score suggesting a deleterious effect. Comparing these
two individuals to all other parents (male or female), the amino acid SNP in BLM was again
only carried by these mothers (S5B Table). The non-synonymous SNP in BLM appears to be
part of a longer haplotype that is uniquely carried by these mothers. BLM encodes a helicase
that plays a central role in recombination and meiosis, but the common diseases and cancers
that are associated with BLM mutations all display recessive inheritance (https://www.ncbi.

nlm.nih.gov/gene/641).

Our scan for possibly deleterious substitutions unique to aye-ayes—to the exclusion of all other
primates—uncovered many possible candidates (S6 Table). Most strikingly, the gene PRKDC,
which is involved in DNA double-strand break repair, had five such changes among the top 10
most deleterious substitutions. It also has many other deleterious substitutions shared among aye-
ayes and other lemuriforms to the exclusion of other primates (S7 Table). These results suggest that
PRKDC is no longer functional in the lemuriforms; further manual examination of this gene using
the TOGA tool [36] confirmed that it is almost certainly a pseudogene.
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The gene BRIPI has an amino acid substitution specific to aye-ayes that is predicted to
have the most deleterious effect among all detected changes (based on PHRED-scaled CADD
scores; S6 Table). BRIPI interacts with BRCAI and has been implicated in breast, ovarian, and
fallopian tube cancers (https://www.ncbi.nlm.nih.gov/gene/83990). Other notable genes with
deleterious amino acid substitutions include MBD4, which can cause maternal hypermutation
[37], and MUTYH, in which natural mutator alleles have been found [38] and that may be
female-biased [39].

Discussion

Previous pedigree studies of mutation rates have revealed consistent patterns of male bias
across amniotes [1]. Here, we have found two patterns of female bias in a strepsirrhine pri-
mate, the aye-aye, that stand in stark contrast to earlier work (Fig 2A). First, aye-ayes show

a strong association between maternal age and the number of transmitted mutations, but no
association between paternal age and mutations. All mammals studied to date demonstrate
the opposite pattern [4-12]. Second, at advanced ages female aye-ayes transmit more muta-
tions to their offspring than do males. Previous studies in mammals have revealed a consistent
but contrasting pattern, with males leaving 75%-80% of all mutations across parental ages
[4-12,40-44].

We considered multiple factors that could confound the results observed in aye-ayes.
Applying the same computational and experimental approaches to baboons revealed the
expected patterns of male bias (Fig 2B), as did our own and others’ previous work in rhesus
macaques (Fig 2C; [4,11]) and published work in humans (Fig 2D; [6]). The baboon results
presented here include previously published pedigrees and differ somewhat from the con-
clusions in that paper [12]. Although the previous study did find the expected excess of male
mutation across all ages (82% of all mutations were paternal), it did not find an association
between paternal age and the number of transmitted mutations. However, we have added four
additional trios that we sequenced, as well as five trios sequenced in Wu and colleagues [12]
but not included in their comparison of sex and age. We did not observe any problems with
these five trios, and they did not show unusual patterns of mutation (Table 2). Including these
additional trios, as well as re-calling and re-phasing DNMs in the original trios, revealed a
positive effect of paternal age on the number of mutations, as well as a slightly negative effect
of maternal age (Figs 2B and S8). We conclude that the previous study did not observe a cor-
relation between paternal age and mutation rate because a smaller number of trios resulted in
imprecise estimates.

Our results in aye-ayes have some precedent in similar results from the gray mouse lemur,
another lemuriform primate [19]. This previous study, which included only two offspring that
were born less than a year apart from a single pair of parents, also showed a very low fraction
of mutations from the male parent (51%) and a relatively high mutation rate. Those results are
especially intriguing given that the female parent was 1 and 1.9 years old at conception of the
two offspring—sampling an older female might have revealed an even stronger female bias.
However, there were also differences between the gray mouse lemur results and aye-ayes: the
mouse lemur study showed an unusually low Ti:Tv ratio and an unexpectedly low mutation
rate at CpG sites. Both measures were similar between the aye-aye and non-strepsirrhine pri-
mates. Given that the mouse lemur DNA was sequenced using a different library preparation
method than has been used in other pedigree studies (10x Genomics), how much of the sim-
ilarity or difference between these studies is biological versus methodological remains to be
seen. Regardless, our results provide strong justification for similar studies of pedigree muta-
tion rates in other strepsirrhine primates. It is conceivable that the observations for aye-ayes
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may be replicated in other Malagasy lemurs, or even the more distantly related strepsirrhines,
the Lorisiformes.

It should be noted that the female-biased results from aye-ayes are driven by three off-
spring from two different mothers, though these are also the oldest maternal ages in our
dataset (Figs 1A and 2A). We looked for technical biases that might have driven the results,
but found no differences in either these mothers or their offspring; the mothers are also not
closely related (S6 Fig). One of the mothers (individual 100943) has four offspring in the
dataset, and it is only the latter two children—born after she was 17 years old—that show
an increased number of maternally inherited mutations. This observation argues against the
presence of a simple hypermutator phenotype in this individual, though it does not exclude
a late-acting phenotype that only appears at an advanced age. It is also true that our aye-aye
mothers have had offspring at older ages than any of our baboon samples. However, older
rhesus macaque and human mothers have been sequenced, and there is no sign of female-
biased mutation at advanced maternal ages in either of these species. Finally, we also observed
no effect of paternal age on the number of mutations in aye-ayes. While smaller sample sizes
might explain such an observation, when coupled with the results from females it suggests an
overall difference in aye-aye reproductive biology.

Given the unprecedented patterns of female bias in aye-ayes, what is the underlying
basis for the difference in germline mutation rates? We searched a list of genes known to be
involved in DNA repair and replication for amino acid changes that are predicted to result
in diminished function. Among aye-aye mothers, we found a nonsynonymous SNP in the
gene BLM shared in heterozygous state by the two females that transmitted higher numbers
of mutation, to the exclusion of all other parents. As was explained above, if this allele led to a
hypermutator phenotype, the action of any such effect would have to be confined to advanced
ages; it also would not explain the lack of a paternal age effect. Nevertheless, sampling
additional pedigrees in which either older males or older females show variation in this gene
would help to test its effects. We also observed multiple substitutions shared by all aye-ayes
in PRKDC, finding that it is likely a non-functional gene in all the lemuriform primates. The
main phenotypes of mutations in the PRKDC gene in humans are cancers and immune disor-
ders (https://www.ncbi.nlm.nih.gov/gene/5591); however, recent work also suggests a direct
role in mutation repair [45]. Other promising candidate substitutions were found in the genes
MBD4 and MUTYH. MBD4 was the first gene in mammals with clear evidence for genetic
variation that affected germline mutation in females [37]. Interestingly, that variant increased
the mutation rate in female rhesus macaques but did not lead to an effect of maternal age
on mutation, as was observed here for the aye-aye. Patterns of mutation are also affected by

variation in the gene MUTYH in mice [38], and similar MUTYH mutations in humans have
effects that are specific to the children of female carriers [39]. However, in both species the
major effect of mutations in MUTYH is an increase in C > A mutations across the genome, a
pattern observed in gray mouse lemurs [19] but not in aye-ayes (S2 Fig). It is also possible that
the change in mutation patterns found in this study is due to an unmeasured environmental
factor. Intriguingly, both the aye-aye and the gray mouse lemur studies were conducted on
individuals housed in the DLC. Future work should strive to collect information on muta-
tion rates from strepsirrhines kept in other facilities to test for the possible effect of shared
environment.

One possibly contradictory finding is that long-term patterns of sex-biased mutation in all
strepsirrhines are apparently male-biased (Fig 3). There are multiple possible factors that could
explain the discrepancy between these results and the aye-aye pedigree mutation rates. First,
female-biased mutation may be extremely rapidly evolving (or highly plastic) and may have
recently shifted in aye-ayes. However, pedigree-based estimates of sex-biased mutation generally
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match phylogeny-based estimates [2], so the aye-aye would have to show an unusual shift com-
pared to other mammals. A second possible explanation is that the male-bias measured by the
phylogenetic approach is driven largely by the sex bias present at the average time of reproduction
in nature, averaged across millions of years. This age may have been quite different in the past—or
even in the wild at present—compared to the captive families represented by our pedigrees. Little
is known about the age of reproduction of aye-ayes in the wild, though it is well-established for
mouse lemurs that reproductive maturity is achieved by one year of age in both the wild (e.g.,
[46]) and in captivity [23]. However, in captivity aye-ayes show a number of differences in female
reproduction relative to other strepsirrhines. For instance, aye-ayes have much longer gestation
periods than other lemuriforms, a much older age at first conception in females (3.66 years), and a
much older age at last conception in females, despite having similar total lifespans relative to body
size [23]. Researchers at the DLC have observed that all four of the original females in the aye-aye
colony there have given birth after the age of 15, some of them multiple times. There are obviously
many unique aspects to aye-aye female reproduction, and our results may therefore reveal a mech-
anism of female mutation bias unique to aye-ayes. Unfortunately, this female bias is not observable
via comparative studies of substitution rates and is only accessible via much more expensive and
time-consuming pedigree studies designed to include a wide range of maternal and paternal ages.
Male mutation bias was first uncovered by Haldane [47] and was confirmed by early studies of
molecular evolution [48,49]. Although male bias was thought to be due to continuing replication
in the male germline post-puberty (female germline replication is complete before birth), multiple
lines of evidence have cast doubt on germline replication as the dominant factor in generating
male bias [16,17]. However, a major impediment to uncovering the causes of male mutation bias
is its universality, as all previous studies—at least when parents cover a broad enough age range—
have found similar patterns. We currently know very little about germline replication or germline
protection and stability in aye-ayes, especially as to whether these might differ between the sexes or
from other mammals. Aye-ayes, and possibly other strepsirrhines, therefore represent an import-
ant new system that can be used to understand sex-biased mutation.

Materials and methods
Sample collection and DNA extraction

Aye-aye blood samples were collected using EDTA-coated tubes, and baboon blood
samples were collected in PAXgene blood DNA collection tubes. High-quality genomic DNA
was extracted from aye-aye samples using GenFind V3 kit (Beckman Coulter Life Sciences)
and from baboon samples using PAXgene Blood DNA kit (Qiagen) following manufacturers’
instructions. All blood samples were obtained from previously collected and banked materials,
thus requiring no procedures involving live animals.

Preparation of sequencing libraries

Whole genome sequencing data were generated for aye-aye and baboon samples at the Baylor
College of Medicine Human Genome Sequencing Center using established methods. Libraries
were prepared using KAPA Hyper PCR-free library reagents (KK8505, KAPA Biosystems) on
Beckman robotic workstations (Biomek FX and FXp models). DNA (750 ng) was sheared into
fragments of approximately 200-600 bp using the Covaris E220 system (96 well format, Cova-
ris, Woburn, Massachusetts) followed by purification of the fragmented DNA using AMPure
XP beads. A double size-selection step was used, with different ratios of AMPure XP beads, to
select a narrow size band of sheared DNA molecules for library preparation. DNA end-repair
and 3'-adenylation were performed in the same reaction followed by ligation of the Illumina
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unique dual barcode adapters (Cat# 20022370) to create PCR-Free libraries. Each library was
evaluated using the Fragment Analyzer (Advanced Analytical Technologies, Ames, Iowa) to
assess library insert size and the presence of remaining adapter dimers. Finally, we carried out
a qPCR assay with the KAPA Library Quantification Kit (KK4835) using their SYBR FAST
qPCR Master Mix to estimate the size and quantification.

Whole-genome DNA sequencing

[lumina whole-genome libraries were pooled and sequenced using S4 flow cells and the
NovaSeq SBS reagent kit v1.5 on the NovaSeq 6000 according to manufacturer’s instructions.
A pool of sequencing libraries (about 250 pM) was loaded onto the S4 flow cell using the XP
4-lane kit. Cluster generation and 2 x 150 cycles of sequencing were performed to generate
150bp paired-end reads with on-instrument base calling. The sequence data were transferred
from the instruments for further processing, including mapping, using the HGSC workflow
management system (Mercury v17.5; [50]).

Read mapping and variant calling

BWA-MEM (v0.7.15; [51]) was used to map all sequences to the appropriate whole genome
reference assembly, ASM2378347v1 (GCA_023783475.1) [52] and DauMad_v1_BIUU
(GCA_004027145.1) for aye-ayes or Panu3.0 (GCA_000264685.2) for baboons [53]. The
baboon data from Wu and colleagues [12] were also re-mapped and subject to all of the fol-
lowing steps. To identify multiple reads potentially originating from a single fragment of DNA
and to mark them in the BAM files, we used Picard MarkDuplicates (v2.6.0; http://broadinsti-
tute.github.io/picard/). Variants were then called using GATK (v4.2.2.0; [54]) following best
practices, and a jointly called VCF file was generated. The hard filters suggested by the devel-
opers of GATK (https://gatk.broadinstitute.org/hc/en-us/articles/3600355324122id=11097)
were applied to the SNVs and all variants failing filters were removed. We then used GATK
VariantAnnotator to remove SNVs with an allelic balance for heterozygous calls (ABHet =
ref/(ref + alt)) ABHet < 0.2 or ABHet > 0.8. All indels were removed. The average sequencing
coverage used for SNV genotype calls in the samples was 39.1X for aye-ayes and 43.5X for
baboons. Note that one individual from Wu and colleagues [12] showed very low read-depth
after mapping (8.7X) and was removed from all downstream analyses (individual 1X3656).

Identifying mutations

We used a standard set of methods for identifying autosomal DNMs, one that we have used
previously multiple times [10,11,44] and that has been shown to have high accuracy [26]. An
initial set of candidate mutations was identified as “mendelian violations” in each trio from
the GATK results described above. We only considered violations where both parents are
homozygous for the reference allele and the offspring was heterozygous for an alternate allele,
in order to minimize error [55]. We then apply the following filters to the mendelian viola-
tions to get a set of high-confidence candidate DNMs:

1. Read-depth at the candidate site must have a minimum of 15 and a maximum of [ X +
(4 \/? )] reads for every individual in the trio, where X represents the mean of the indi-
vidual being considered [56].

2. High genotype quality (GQ) in all individuals (GQ > 60).

3. Candidate mutations must be present as a heterozygote from both GATK and bcftools
[57]. (Candidates not called by bcftools are often due to remapping errors by the GATK
HaplotypeCaller.)
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4. Candidate mutation alleles must be present on reads from both the forward and reverse
strand in the offspring.

5. Candidate mutation alleles must not be present in any reads from either parent.
6. Candidate mutation alleles must not be present in any other samples (except siblings).
7. Candidate mutation must have allelic balance >0.35 in the offspring.

The same criteria were used for both aye-ayes and baboons.

Estimating the per-generation mutation rate

To estimate the mutation rate per-base per-generation, we divided the number of DNMs by
the number of bases at which mutations could have been identified. As in previous work,

we applied existing strategies that consider differences in coverage and filtering among sites
[5,10,11], and that estimate false negative rates from this filtering. We estimate the total num-
ber of sites at which a mutation might be identified, the number of “callable sites,” as a product
of the number of sites across the genome that meet the sequencing depth filters as applied to
DNMs, and the estimated probability that given such a site was a true DNM, that it would be
identified correctly as such. The mutation rate is then calculated as:

N_ .
/‘i:$ (1)

Z*ZxCi (x)

where 4, is the per-base mutation rate for trio i, N . is the number of DNMs identified in
trio i, and C,(x) is the callability, the probability that the genotype of a true DNM is correctly
called, at site x in that trio. Our approach assumes that the probability of correctly calling sites

in each individual is independent, allowing us to estimate C, (x) as:
C,(x)=C.(x)c, (x)C, (¥ ®

where C, C, and C_are the probability of calling the child, father, and mother genotypes
correctly for trio i. We estimated these values by applying the same set of stringent mutation
filters to high-confidence genotype calls from each trio. For heterozygous variants in the child,
we estimated

Cc (X) — sz\nrltered (3)
all

where N is the number of variants in the offspring where one parent is homozygous reference
and the other parent is homozygous alternate, giving us high confidence in the child heterozygote
call, and Ny, ., is the set of such calls that pass our child-specific candidate mutation filters. The
callability of genotypes in the parents, C, (x) and C,, (x) , were estimated in a similar manner,
by calculating the proportion of high-confidence genotypes that pass the parent-specific filters for
candidate mutations. This approach assumes no (or very few) false positives, an assumption cor-

roborated by previous results applying these methods and the Sanger sequencing conducted here.

Sanger sequencing

Candidate DNMs were validated by re-sequencing using PCR amplification and Sanger
sequencing. PCR and sequencing primers were generated via manual primer design utilizing
Primer3 [58]. The average amplicon length was 391 bp across loci. PCR amplifications were
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performed using an Eppendorf Mastercycler ep 384 PCR System. Amplicons were sequenced
using 3500XL Genetic Analyzer, Applied Biosystems. All bases with a Phred quality score

of Q20 or greater within covered regions were analyzed using the Mutation Surveyor v5.2.0
(https://softgenetics.com/products/mutation-surveyor/), and genotypes were verified by man-
ual observation of fluorescence peaks.

Assigning mutations to a parent of origin

We used the software POOHA (https://github.com/besenbacher/POOHA; [4,5,29]) to assign
parent of origin to the aye-aye and baboon DNMs identified in this study (in both the newly
sequenced baboons and those sequenced in Wu and colleagues [12]). The rhesus macaque

DNMs and parental assignments were taken from two previous studies and analyzed together
[4,11], as were the assignments for humans [6]. POOHA uses read tracing (sometimes called
“read-backed phasing” or “read-based phasing”) to assign the parent of origin. Read tracing uses
informative heterozygous SNPs found in the same read or paired-read as the DNM to assign the
parent of origin. POOHA requires a VCF file for each trio and a BAM file only from the child.
We provided data in a window 1,000 bp upstream and 1,000 bp downstream of each DNM site.

Only for the aye-aye DNMs, we also attempted to assign the parent of origin using the
software Unfazed (https://github.com/jbelyeu/unfazed; [32]). Unfazed uses “extended” read
tracing to find parent-of-origin informative heterozygous SNPs that may not be in the same
read or read-pair as the DNM. Instead, SNPs that are informative about haplotypic phase in
the child and that connect the DNM to parent-of-origin informative SNPs effectively “extend”
the region that can be used. Again, we used data in a window 1,000 bp upstream and 1,000 bp
downstream of each DNM site.

Estimating effects of parental age

To estimate the effects of parental age on the mutation rate in each species, we used two
approaches. Our first approach models the number of mutations assigned (phased) to each
parent in a trio, controlling for the fraction of all mutations that were phased in that trio. We
estimated the parental age effect using a Poisson regression with the number of phased muta-
tions from each parent separately as response variables. That is, the number of maternally and
paternally phased mutations were modeled as N, ~ Poisson(y,,) and N, ~ Poisson(y,), and fit
to a generalized linear model with an identity link function. Here 1, and y, account for both
the total number of sites and the total number of phased mutations in a trio i as

lu’i = /80 + /BPCP,,' (4)

where 8 and B, are the intercept and paternal coefficients, respectively, for paternally phased
mutations. We also have

CP,i = LiSiXP,i (5)

where L, is the diploid callable genome size in trio 7 (equivalent to the denominator in equa-
tion 1), S, is the total number of mutations identified in the trio, and X, is the paternal age

of parents for the same trio. The regression for maternally phased mutation used the same
formula with separate intercept and maternal coefficients (8, and 3,,). In practice, we added a
pseudocount of 1 to the number of maternally and paternally phased mutations, respectively,
when performing this regression in order to avoid non-positive values while using an identity
link function.
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Our second approach considered the total number of mutations, N, in each trio with a
Poisson regression, N ~ Poisson(y). These mutations do not have to be assigned to a parent of
origin. We applied an identity link function and modeled the per site mutation rate for a given
trio i as:

1y = By + B Zp; + B, (6)
where S8, B, B, are the intercept, paternal, and maternal coefficients, respectively. And

Z, . =LX

P,i i“7P,i

ZM,i i M,i (7)
where X, and X|  are the paternal and maternal age of parents, respectively, for trio i, and L,
is the diploid callable genome size from the same trio.

In Fig 2, we plotted the inferred the number of mutations each parent transmitted by divid-
ing the number of mutations phased to a given parent by the fraction of mutations phased
in that trio (e.g., inferred paternal count = paternally phased mutations/(paternally phased +
maternally phased)). These inferred numbers are not used in any regression.

Estimating sex-biased substitution from comparative data

We used the 241-way mammalian alignment from the Zoonomia Consortium (v2; [59]), which
offers the advantage of allowing any species of interest to be used as a reference. We converted the
hierarchial alignment format (HAL) file to multiple alignment format (MAF) using the hal2maf
tool (https://github.com/ComparativeGenomicsToolkit/hal/; [60]), selecting M. murinus (gray
mouse lemur) as the reference genome. During this initial step, we extracted a subset of all strep-
sirrhine species present in the original alignment of 241 species, each of which was then assessed
for the number of aligned sites. Based on this assessment, we selected 10 species with sufficient
high-quality alignments for further analysis. To ensure that our estimates of substitution rates
reflected mostly mutational processes, we focused on non-coding regions that are orthologous
across all these species. Additionally, we excluded regions in the reference genome that were not
assembled to the chromosome level, as well as their homologous regions in the other species, to
avoid potential biases in our comparison between the X chromosome and autosomes. Likewise,
sequences overlapping with pseudo-autosomal regions on the X chromosome were discarded
since they behave like autosomes due to their homology with the Y chromosome. This filtering
was performed using the maf_parse tool in PHAST (http://compgen.cshl.edu/phast/; [61,62]),
using BED files annotated in the reference genome.

Branch lengths (a proxy for substitution rate) for the X chromosome and autosomes were
estimated using the phyloFit program in PHAST (http://compgen.cshl.edu/phast/; [61]), with
the tree topology from Zoonomia. The analysis employed an unrestricted single nucleotide
model (UNREST) using the expectation-maximization algorithm. We executed six indepen-
dent runs of phyloFit, each with random parameter initialization, and selected the replicate
with the highest likelihood to ensure robustness. These analyses were carried out separately
for the X chromosome and each autosome, with the average of all autosomes used as the final
value.

To infer the male-to-female substitution rate ratio («), we used the equation [34]:

3]
= (8)
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where X represents the length of a branch on the X chromosome and A represents the length
of the same branch for the autosomes. This equation assumes that the underlying mutation
rate is the same on the X and autosomes within a single sex, so that any difference in long-
term substitutions is driven by the amount of time the X spends in males relative to females.
Male-biased mutation then results in values of « > 1, while female-biased mutation results in
values of a < 1.

To calculate confidence intervals on « for the branch leading to aye-ayes, we calculated
separate branch lengths for each of 31 autosomes (one chromosome was excluded for having
too few aligned bases). An « value was then calculated for each chromosome, and a 95% confi-
dence interval around the mean was estimated using these values.

Candidate DNA repair genes for female mutation bias

To investigate whether differences in DNA repair mechanisms contribute to the observed shift
in the sex-specific mutation bias in aye-ayes, we focused on a set of 219 genes known to be
involved in DNA repair (https://www.mdanderson.org/documents/Labs/Wood-Laboratory/
human-dna-repair-genes.html; S4 Table). This list represents an inventory of human DNA
repair genes initially published by Wood and colleagues [63] and subsequently expanded by
incorporating additional work (e.g., [64]). These genes are associated with critical DNA repair
processes, including those linked to genetic instability and sensitivity to DNA-damaging

agents.

Identifying variants in DNA repair genes

We looked for variants in the 219 candidate genes in two datasets. To find aye-aye and
lemuriform-specific substitutions, we extracted 239 primate species from the 447-way
whole-genome multiple sequence alignments in Kuderna and colleagues [65]. Alignment
data from aye-aye, 30 lemur species, and 7 sifaka species were downloaded as MAF files. The
software MafFilter [66] was used to extract sub-alignments of the 219 candidate genes based
on human GENCODE v46 annotations and human genome coordinates from the MAF files.
To find allelic variants unique to the two aye-aye mothers that gave birth at the oldest ages
(100943 and 100949), we examined all SNPs in the 219 genes using coordinates based on the
human GENCODE v46 annotations.

We generated variant call format (VCF) files for any variants found in the primate species
included in the MAF alignments using MafFilter, as well as a VCF files for SNPs specific to
the two focal mothers. The resulting VCF files were annotated using the Ensembl Variant
Effect Predictor v108 [67] and CADD v1.6 [35], which predict the potential impact of variants
on gene function. The annotated VCF files were used to identify substitutions seen only in
aye-aye, substitutions in aye-aye and any other of the 37 lemuriforms compared to all other
primates, or SNPs specific to the two focal mothers.

Supporting information

S1 Fig. Identifying X-linked contigs and confirming the sex of each aye-aye individual. For
each of the 6,289 contigs greater than 100 kilobases in length, the read-depth and heterozy-
gosity in each individual was measured. Each contig is shown here represented by two points:
one for the male mean and one for the female mean. Colored points represent contigs that
have significantly (P < 0.05) different read-depth OR heterozygosity between the sexes AND
that have <25X read-depth in males; these were inferred to be X-linked and were not used to
identify mutations. Contigs with significant differences in read-depth or heterozygosity but
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that did not have read-depth <25X in males are in darker gray (“unfiltered”). No individuals
were observed whose assigned sex was discordant with their expected read-depth and hetero-
zygosity. The data underlying this figure can be found in S1 Data.

(JPEG)

S2 Fig. Mutation spectrum in aye-ayes. (A) The frequency of each mutation type is shown,
among all 647 DNMs identified. (Mutation types represent their reverse-complement as well.)
Mutations at CpG sites accounted for 17.7% of all mutations. (B) The frequency of all muta-
tions assigned as coming from male parents. (C) The frequency of all mutations assigned as
coming from the two female parents at the three oldest ages of birth. (D) The frequency of all
mutations assigned as coming from all other female parents and births. The data underlying
this figure can be found in S1 Data.

(JPEG)

S3 Fig. Relationship between parental age and number of transmitted mutations in aye-
ayes using alternative methods. (A) This figure contains the same data as are represented

in Fig 2A, again showing mutations assigned to parents using the software package POOHA.
(B) This figure contains the same data as are represented in Fig 2A, but observed mutation
counts are from assignments to parents using the software package Unfazed. Significance of
coefficients for age effect in Poisson regression: Paternal P = 0.24, Maternal P = 0.04. The data
underlying this figure can be found in S1 Data.

(JPEG)

S$4 Fig. Total number of mutations in each aye-aye offspring as a function of (A) maternal
age or (B) paternal age. The data underlying this figure can be found in S1 Data.
(JPEG)

S5 Fig. An example of a mutation in aye-ayes confirmed by Sanger sequencing. Electro-
pherograms for the region around an inferred de novo mutation (indicated by an arrow in
the proband) are shown for the family in which the mutation appeared. Only the proband is
heterozygous at this position. ID numbers refer to Fig 1A.

(JPEG)

S6 Fig. Relatedness among all parents in the first generation (“founders”). We estimated
the coefficient of relatedness (CoR) between all pairs of founders based on their genotypes at a
random sample of 100,000 variable sites. The CoR of the two mothers in our sample that had
children at the oldest ages is shown as a red dot. Our estimate of the CoR follows the formula
from Pedersen and Quinlan [69], in which a CoR of 0 or less indicates unrelated individuals.
The data underlying this figure can be found in S1 Data.

(JPEG)

S7 Fig. Allelic balance of candidate and final mutations in aye-ayes. Distribution of allelic
balance for candidate mutations is shown, highlighting the set of DNMs accepted after apply-
ing the threshold of 0.35. All candidates less than this threshold were discarded (gray), while
all candidates greater than this threshold were kept as the final set (pink and red). The red bars
indicate the allelic balance of all maternally transmitted mutations for the three oldest ages of
maternal conception. The data underlying this figure can be found in S1 Data.

(JPEG)

S8 Fig. Relationship between parental age and number of transmitted baboon mutations.
(A) Data from the same trios analyzed and used in Wu and colleagues [12]. (B) Data from all
trios sequenced in Wu and colleagues [12]. The datapoints that have been added relative to
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panel A are highlighted in red. (C) All data used here, including all datapoints from panel B
plus trios sequenced for the first time in this study (highlighted in green). The data underlying
this figure can be found in S1 Data.

(JPEG)

S1 Data. Data underlying all figures.
(XLSX)

S1 Table. Mutations in aye-ayes. The chromosome, position, and parent-of-origin for each
of the mutations identified in aye-ayes.
(CSV)

S2 Table. Heterozygosity in aye-ayes. Statistics on single-nucleotide variants from aye-ayes
in our sample.
(DOCX)

$3 Table. Mutations in baboons. The chromosome, position, and parent-of-origin for each
of the mutations identified in baboons.
(CSV)

S4 Table. Candidate DNA replication and repair genes. List of genes that were analyzed for
their possible mechanistic role in the aye-aye mutation bias.
(CSV)

§5 Table. Polymorphisms in candidate genes among aye-aye mothers. List of polymor-
phisms found in mothers that transmitted a “high” number of mutations compared to other
mothers, and all other parents.

(CSV)

S6 Table. Deleterious candidates unique to aye-ayes. List of all predicted deleterious substi-
tutions in candidate genes unique to the aye-aye.
(CSV)

S7 Table. Deleterious candidates unique to lemuriforms. List of all predicted deleterious
substitutions in candidate genes unique to lemuriforms.
(CSV)

Acknowledgments

We thank Donna Muzny, Harsha Doddapaneni, Richard Gibbs and all the members of the
sequence production teams at the Baylor College of Medicine Human Genome Sequencing
Center for their efforts and expertise. We also thank the staff at the Duke Lemur Center and
the Keeling Center for Comparative Medicine and Research for their efforts. This is DLC
publication number 1608.

Author contributions

Conceptualization: Richard J. Wang, Jeffrey Rogers, Matthew W. Hahn.

Data curation: Yadira Pena-Garcia, Muthuswamy Raveendran, R. Alan Harris, Thuy-Trang
Nguyen.

Formal analysis: Richard J. Wang, Yadira Pefia-Garcia, R. Alan Harris.

Funding acquisition: Richard J. Wang, Jeffrey Rogers, Matthew W. Hahn.

Investigation: Richard J. Wang, Yadira Pena-Garcia, Muthuswamy Raveendran, R. Alan
Harris, Thuy-Trang Nguyen, Matthew W. Hahn.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003015  February 7, 2025 20/24



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s009
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s012
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s013
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s015
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003015.s016

PLOS BIOLOGY

Female bias in aye-ayes

Methodology: Richard J. Wang, Matthew W. Hahn.

Project administration: Matthew W. Hahn.

Resources: Anne D. Yoder, Joe H. Simmons.

Software: Richard ]. Wang, Yadira Pefa-Garcia.

Supervision: Marie-Claude Gingras, Jeffrey Rogers, Matthew W. Hahn.

Validation: Muthuswamy Raveendran, Marie-Claude Gingras, Yifan Wu, Lesette Perez.

Writing - original draft: Matthew W. Hahn.

Writing - review & editing: Richard ]. Wang, Yadira Pefia-Garcia, Muthuswamy Raveendran,

R. Alan Harris, Anne D. Yoder, Jeffrey Rogers, Matthew W. Hahn.

References

1.

10.

1.

12.

13.

14.

Bergeron LA, Besenbacher S, Zheng J, Li P, Bertelsen MF, Quintard B, et al. Evolution of the germ-
line mutation rate across vertebrates. Nature. 2023;615(7951):285-91. hitps://doi.org/10.1038/s41586-
023-05752-y PMID: 36859541

de Manuel M, Wu FL, Przeworski M. A paternal bias in germline mutation is widespread in amniotes
and can arise independently of cell division numbers. Elife. 2022;11:e80008. https://doi.org/10.7554/
eLife.80008 PMID: 35916372

Wilson Sayres MA, Venditti C, Pagel M, Makova KD. Do variations in substitution rates and male
mutation bias correlate with life-history traits? A study of 32 mammalian genomes. Evolution.
2011;65(10):2800-15. https://doi.org/10.1111/].1558-5646.2011.01337.x PMID: 21967423

Bergeron LA, Besenbacher S, Bakker J, Zheng J, Li P, Pacheco G, et al. The germline mutational pro-
cess in rhesus macaque and its implications for phylogenetic dating. GigaScience. 2021;10:giab029.
https://doi.org/10.1101/2020.06.22.164178

Besenbacher S, Hvilsom C, Marques-Bonet T, Mailund T, Schierup MH. Direct estimation of mutations
in great apes reconciles phylogenetic dating. Nat Ecol Evol. 2019;3(2):286-92. https://doi.org/10.1038/
$41559-018-0778-x PMID: 30664699

Jénsson H, Sulem P, Kehr B, Kristmundsdottir S, Zink F, Hjartarson E, et al. Parental influence on
human germline de novo mutations in 1,548 trios from Iceland. Nature. 2017;549(7673):519-22.
https://doi.org/10.1038/nature24018 PMID: 28959963

Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G, et al. Rate of de novo muta-
tions and the importance of father’s age to disease risk. Nature. 2012;488(7412):471-5. https://doi.
org/10.1038/nature 11396 PMID: 22914163

Thomas GWC, Wang RJ, Puri A, Harris RA, Raveendran M, Hughes DST, et al. Reproductive longev-
ity predicts mutation rates in primates. Curr Biol. 2018;28(19):3193-3197.e5. https://doi.org/10.1016/].
cub.2018.08.050 PMID: 30270182

Venn O, Turner |, Mathieson I, de Groot N, Bontrop R, McVean G. Nonhuman genetics. Strong
male bias drives germline mutation in chimpanzees. Science. 2014;344(6189):1272-5. https://doi.
org/10.1126/science.344.6189.1272 PMID: 24926018

Wang RJ, Raveendran M, Harris RA, Murphy WJ, Lyons LA, Rogers J, et al. De novo mutations in
domestic cat are consistent with an effect of reproductive longevity on both the rate and spectrum
of mutations. Mol Biol Evol. 2022;39(7):msac147. https://doi.org/10.1093/molbev/msac147 PMID:
35771663

Wang RJ, Thomas GWC, Raveendran M, Harris RA, Doddapaneni H, Muzny DM, et al. Paternal age
in rhesus macaques is positively associated with germline mutation accumulation but not with mea-

sures of offspring sociability. Genome Res. 2020;30(6):826—34. https://doi.org/10.1101/gr.255174.119
PMID: 32461224

Wu FL, Strand Al, Cox LA, Ober C, Wall JD, Moorjani P, et al. A comparison of humans and baboons
suggests germline mutation rates do not track cell divisions. PLoS Biol. 2020;18(8):e3000838. https://
doi.org/10.1371/journal.pbio.3000838 PMID: 32804933

Goldmann JM, Wong WS, Pinelli M, Farrah T, Bodian D, Stittrich AB. Parent-of-origin-specific signa-
tures of de novo mutations. Nat Genet. 2016;48(8):935-9.

Wong WSW, Solomon BD, Bodian DL, Kothiyal P, Eley G, Huddleston KC, et al. New observations
on maternal age effect on germline de novo mutations. Nat Commun. 2016;7:10486. hitps://doi.
org/10.1038/ncomms 10486 PMID: 26781218

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003015  February 7, 2025 21/24



https://doi.org/10.1038/s41586-023-05752-y
https://doi.org/10.1038/s41586-023-05752-y
http://www.ncbi.nlm.nih.gov/pubmed/36859541
https://doi.org/10.7554/eLife.80008
https://doi.org/10.7554/eLife.80008
http://www.ncbi.nlm.nih.gov/pubmed/35916372
https://doi.org/10.1111/j.1558-5646.2011.01337.x
http://www.ncbi.nlm.nih.gov/pubmed/21967423
https://doi.org/10.1101/2020.06.22.164178
https://doi.org/10.1038/s41559-018-0778-x
https://doi.org/10.1038/s41559-018-0778-x
http://www.ncbi.nlm.nih.gov/pubmed/30664699
https://doi.org/10.1038/nature24018
http://www.ncbi.nlm.nih.gov/pubmed/28959963
https://doi.org/10.1038/nature11396
https://doi.org/10.1038/nature11396
http://www.ncbi.nlm.nih.gov/pubmed/22914163
https://doi.org/10.1016/j.cub.2018.08.050
https://doi.org/10.1016/j.cub.2018.08.050
http://www.ncbi.nlm.nih.gov/pubmed/30270182
https://doi.org/10.1126/science.344.6189.1272
https://doi.org/10.1126/science.344.6189.1272
http://www.ncbi.nlm.nih.gov/pubmed/24926018
https://doi.org/10.1093/molbev/msac147
http://www.ncbi.nlm.nih.gov/pubmed/35771663
https://doi.org/10.1101/gr.255174.119
http://www.ncbi.nlm.nih.gov/pubmed/32461224
https://doi.org/10.1371/journal.pbio.3000838
https://doi.org/10.1371/journal.pbio.3000838
http://www.ncbi.nlm.nih.gov/pubmed/32804933
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1038/ncomms10486
http://www.ncbi.nlm.nih.gov/pubmed/26781218

PLOS BIOLOGY

Female bias in aye-ayes

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Crow JF. The origins, patterns and implications of human spontaneous mutation. Nat Rev Genet.
2000;1(1):40-7. https://doi.org/10.1038/35049558 PMID: 11262873

Gao Z, Moorjani P, Sasani TA, Pedersen BS, Quinlan AR, Jorde LB, et al. Overlooked roles of DNA
damage and maternal age in generating human germline mutations. Proc Natl Acad Sci U S A.
2019;116(19):9491-500. https://doi.org/10.1073/pnas.1901259116 PMID: 31019089

Hahn MW, Pena-Garcia Y, Wang RJ. The “faulty male” hypothesis for sex-biased mutation and dis-
ease. Curr Biol. 2023;33(22):R1166—72. hitps://doi.org/10.1016/j.cub.2023.09.028 PMID: 37989088

Fernandez D, Kerhoas D, Dempsey A, Billany J, McCabe G, Argirova E. The current status of the
world’s primates: mapping threats to understand priorities for primate conservation. Int J Primatol.
2022;43(1):15-39. https://doi.org/10.1007/s10764-021-00242-2 PMID: 34744218

Campbell CR, Tiley GP, Poelstra JW, Hunnicutt KE, Larsen PA, Lee H-J, et al. Pedigree-based and
phylogenetic methods support surprising patterns of mutation rate and spectrum in the gray mouse
lemur. Heredity (Edinb). 2021;127(2):233-44. https://doi.org/10.1038/s41437-021-00446-5 PMID:
34272504

Fleagle JG. The prosimians: lemurs, lorises, galagos and tarsiers. In: Fleagle JG, editor. Primate
adaptation and evolution. 3rd ed. San Diego: Academic Press; 2013. p. 57—-88.

Bankoff RJ, Jerjos M, Hohman B, Lauterbur ME, Kistler L, Perry GH. Testing convergent evolution in
auditory processing genes between Echolocating mammals and the aye-aye, a percussive-foraging
primate. Genome Biol Evol. 2017;9(7):1978-89. https://doi.org/10.1093/gbe/evx140 PMID: 28810710

Cartmill M. Daubentonia, Dactylopsila, woodpeckers, and klinorhynchy. In: Martin RD, Doyle GA,
Walker AC, editors. Prosimian biology. London: Duckworth; 1974. p. 655-70.

Zehr SM, Roach RG, Haring D, Taylor J, Cameron FH, Yoder AD. Life history profiles for 27
strepsirrhine primate taxa generated using captive data from the Duke Lemur Center. Sci Data.
2014;1:140019. hitps://doi.org/10.1038/sdata.2014.19 PMID: 25977776

Reis MD, Gunnell GF, Barba-Montoya J, Wilkins A, Yang Z, Yoder AD. Using phylogenomic data

to explore the effects of relaxed clocks and calibration strategies on divergence time estimation:
primates as a test case. Syst Biol. 2018;67(4):594—615. https://doi.org/10.1093/sysbio/syy001 PMID:
29342307

Kuderna LFK, Gao H, Janiak MC, Kuhlwilm M, Orkin JD, Bataillon T, et al. A global catalog of
whole-genome diversity from 233 primate species. Science. 2023;380(6648):906—13. https://doi.
org/10.1126/science.abn7829 PMID: 37262161

Bergeron LA, Besenbacher S, Turner TN, Versoza CJ, Wang RJ, Price AL, et al. Mutationathon:
towards standardization in estimates of pedigree-based germline mutation rates. 2021. https://doi.
0rg/10.1101/2021.08.30.458162

Schrider DR, Hourmozdi JN, Hahn MW. Pervasive multinucleotide mutational events in eukaryotes.
Curr Biol. 2011;21(12):1051—4. hitps://doi.org/10.1016/j.cub.2011.05.013 PMID: 21636278

Robinson JT, Thorvaldsdottir H, Turner D, Mesirov JP. igv.js: an embeddable JavaScript implemen-
tation of the Integrative Genomics Viewer (IGV). Bioinformatics. 2023;39(1):btac830. https://doi.
org/10.1093/bioinformatics/btac830 PMID: 36562559

Maretty L, Jensen JM, Petersen B, Sibbesen JA, Liu S, Villesen P, et al. Sequencing and de novo
assembly of 150 genomes from Denmark as a population reference. Nature. 2017;548(7665):87-91.
https://doi.org/10.1038/nature23264 PMID: 28746312

Versoza CJ, Ehmke EE, Jensen JD, Pfeifer SP. Characterizing the rates and patterns of de novo ger-
mline mutations in the aye-aye (Daubentonia madagascariensis). bioRxiv. 2024. 2024.11.08.622690.
https://doi.org/10.1101/2024.11.08.622690

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV, et al. Signatures
of mutational processes in human cancer. Nature. 2013;500(7463):415-21. https://doi.org/10.1038/
nature12477 PMID: 23945592

Belyeu JR, Sasani TA, Pedersen BS, Quinlan AR. Unfazed: parent-of-origin detection for large and
small de novo variants. Bioinformatics. 2021;37(24):4860—1. hitps://doi.org/10.1093/bioinformatics/
btab454 PMID: 34146087

Orkin JD, Kuderna LFK, Hermosilla-Albala N, Fontsere C, Aylward ML, Janiak MC, et al. Ecolog-

ical and anthropogenic effects on the genomic diversity of lemurs in Madagascar. Nat Ecol Evol.
2025;9(1):42-56. https://doi.org/10.1038/s41559-024-02596-1 PMID: 39730835

Miyata T, Hayashida H, Kuma K, Mitsuyasu K, Yasunaga T. Male-driven molecular evolution: a model
and nucleotide sequence analysis. Cold Spring Harb Symp Quant Biol. 1987;52:863-7. https://doi.
org/10.1101/sgb.1987.052.01.094 PMID: 3454295

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003015  February 7, 2025 22/24



https://doi.org/10.1038/35049558
http://www.ncbi.nlm.nih.gov/pubmed/11262873
https://doi.org/10.1073/pnas.1901259116
http://www.ncbi.nlm.nih.gov/pubmed/31019089
https://doi.org/10.1016/j.cub.2023.09.028
http://www.ncbi.nlm.nih.gov/pubmed/37989088
https://doi.org/10.1007/s10764-021-00242-2
http://www.ncbi.nlm.nih.gov/pubmed/34744218
https://doi.org/10.1038/s41437-021-00446-5
http://www.ncbi.nlm.nih.gov/pubmed/34272504
https://doi.org/10.1093/gbe/evx140
http://www.ncbi.nlm.nih.gov/pubmed/28810710
https://doi.org/10.1038/sdata.2014.19
http://www.ncbi.nlm.nih.gov/pubmed/25977776
https://doi.org/10.1093/sysbio/syy001
http://www.ncbi.nlm.nih.gov/pubmed/29342307
https://doi.org/10.1126/science.abn7829
https://doi.org/10.1126/science.abn7829
http://www.ncbi.nlm.nih.gov/pubmed/37262161
https://doi.org/10.1101/2021.08.30.458162
https://doi.org/10.1101/2021.08.30.458162
https://doi.org/10.1016/j.cub.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21636278
https://doi.org/10.1093/bioinformatics/btac830
https://doi.org/10.1093/bioinformatics/btac830
http://www.ncbi.nlm.nih.gov/pubmed/36562559
https://doi.org/10.1038/nature23264
http://www.ncbi.nlm.nih.gov/pubmed/28746312
https://doi.org/10.1101/2024.11.08.622690
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.1093/bioinformatics/btab454
https://doi.org/10.1093/bioinformatics/btab454
http://www.ncbi.nlm.nih.gov/pubmed/34146087
https://doi.org/10.1038/s41559-024-02596-1
http://www.ncbi.nlm.nih.gov/pubmed/39730835
https://doi.org/10.1101/sqb.1987.052.01.094
https://doi.org/10.1101/sqb.1987.052.01.094
http://www.ncbi.nlm.nih.gov/pubmed/3454295

PLOS BIOLOGY

Female bias in aye-ayes

35.

36.

37

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rentzsch P, Schubach M, Shendure J, Kircher M. CADD-Splice-improving genome-wide variant
effect prediction using deep learning-derived splice scores. Genome Med. 2021;13(1):31. hitps://doi.
org/10.1186/s13073-021-00835-9 PMID: 33618777

Kirilenko BM, Munegowda C, Osipova E, Jebb D, Sharma V, Blumer M, et al. Integrating gene anno-
tation with orthology inference at scale. Science. 2023;380(6643):eabn3107. https://doi.org/10.1126/
science.abn3107 PMID: 37104600

Stendahl AM, Sanghvi R, Peterson S, Ray K, Lima AC, Rahbari R, et al. A naturally occurring variant
of MBD4 causes maternal germline hypermutation in primates. Genome Res. 2023;33(12):2053-9.
https://doi.org/10.1101/gr.277977.123 PMID: 37984997

Sasani TA, Ashbrook DG, Beichman AC, Lu L, Palmer AA, Williams RW, et al. A natural mutator
allele shapes mutation spectrum variation in mice. Nature. 2022;605(7910):497-502. https://doi.
org/10.1038/s41586-022-04701-5 PMID: 35545679

Young CL, Beichman AC, Mas-Ponte D, Hemker SL, Zhu L, Kitzman JO, et al. A maternal germline
mutator phenotype in a family affected by heritable colorectal cancer. Genetics. 2024;228(4):iyae166.
https://doi.org/10.1101/2023.12.08.23299304

Harland C, Charlier C, Karim L, Cambisano N, Deckers M, Mni M, et al. Frequency of mosaicism
points towards mutation-prone early cleavage cell divisions in cattle. bioRxiv. 2017. 079863. https://doi.
0rg/10.1101/079863

Lindsay SJ, Rahbari R, Kaplanis J, Keane T, Hurles ME. Similarities and differences in patterns of
germline mutation between mice and humans. Nat Commun. 2019;10(1):40583. https://doi.org/10.1038/
$41467-019-12023-w PMID: 31492841

Porubsky D, Dashnow H, Sasani TA, Logsdon GA, Hallast P, Noyes MD, et al. A familial,
telomere-to-telomere reference for human de novo mutation and recombination from a four-
generation pedigree. bioRxiv. 2024. 2024.08.05.606142. https://doi.org/10.1101/2024.08.05.606 142
PMID: 39149261

Sasani TA, Pedersen BS, Gao Z, Baird L, Przeworski M, Jorde LB, et al. Large, three-generation
human families reveal post-zygotic mosaicism and variability in germline mutation accumulation. Elife.
2019;8:€46922. https://doi.org/10.7554/eL.ife.46922 PMID: 31549960

Wang RJ, Pena-Garcia Y, Bibby MG, Raveendran M, Harris RA, Jansen HT, et al. Examin-
ing the effects of hibernation on germline mutation rates in Grizzly Bears. Genome Biol Evol.
2022;14(10):evac148. https://doi.org/10.1093/gbe/evac148 PMID: 36173788

Palinkas HL, Pongor L, Balajti M, Nagy A, Nagy K, Békési A, et al. Primary founder mutations in the
PRKDC gene increase tumor mutation load in colorectal cancer. Int J Mol Sci. 2022;23(2):633. hitps:/
doi.org/10.3390/ijms23020633 PMID: 35054819

Blanco MB. Timely estrus in wild brown mouse lemur females at Ranomafana National Park, south-
eastern Madagascar. Am J Phys Anthropol. 2011;145(2):311-7. https://doi.org/10.1002/ajpa.21503
PMID: 21469075

HALDANE JBS. The mutation rate of the gene for haemophilia, and its segregation ratios in males
and females. Ann Eugen. 1947;13(4):262—71. https://doi.org/10.1111/j.1469-1809.1946.tb02367.x
PMID: 20249869

Hurst LD, Ellegren H. Sex biases in the mutation rate. Trends Genet. 1998;14(11):446-52. https://doi.
org/10.1016/s0168-9525(98)01577-7 PMID: 9825672

Li WH, Yi S, Makova K. Male-driven evolution. Curr Opin Genet Dev. 2002;12(6):650—6. hitps://doi.
org/10.1016/s0959-437x(02)00354-4 PMID: 12433577

Reid JG, Carroll A, Veeraraghavan N, Dahdouli M, Sundquist A, English A, et al. Launching genomics
into the cloud: deployment of Mercury, a next generation sequence analysis pipeline. BMC Bioinfor-
matics. 2014;15:30. https://doi.org/10.1186/1471-2105-15-30 PMID: 24475911

Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv. 2013.
1303.3997.

ShaoY, Zhou L, Li F, Zhao L, Zhang B-L, Shao F, et al. Phylogenomic analyses provide insights into
primate evolution. Science. 2023;380(6648):913-24. https://doi.org/10.1126/science.abn6919 PMID:
37262173

Rogers J, Raveendran M, Harris RA, Mailund T, Leppéala K, Athanasiadis G, et al. The comparative
genomics and complex population history of Papio baboons. Sci Adv. 2019;5(1):eaau6947. https://doi.
org/10.1126/sciadv.aau6947 PMID: 30854422

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-Moonshine A, et al. From
FastQ data to high confidence variant calls: the Genome Analysis Toolkit best practices pipeline. Curr

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003015  February 7, 2025 23/24



https://doi.org/10.1186/s13073-021-00835-9
https://doi.org/10.1186/s13073-021-00835-9
http://www.ncbi.nlm.nih.gov/pubmed/33618777
https://doi.org/10.1126/science.abn3107
https://doi.org/10.1126/science.abn3107
http://www.ncbi.nlm.nih.gov/pubmed/37104600
https://doi.org/10.1101/gr.277977.123
http://www.ncbi.nlm.nih.gov/pubmed/37984997
https://doi.org/10.1038/s41586-022-04701-5
https://doi.org/10.1038/s41586-022-04701-5
http://www.ncbi.nlm.nih.gov/pubmed/35545679
https://doi.org/10.1101/2023.12.08.23299304
https://doi.org/10.1101/079863
https://doi.org/10.1101/079863
https://doi.org/10.1038/s41467-019-12023-w
https://doi.org/10.1038/s41467-019-12023-w
http://www.ncbi.nlm.nih.gov/pubmed/31492841
https://doi.org/10.1101/2024.08.05.606142
http://www.ncbi.nlm.nih.gov/pubmed/39149261
https://doi.org/10.7554/eLife.46922
http://www.ncbi.nlm.nih.gov/pubmed/31549960
https://doi.org/10.1093/gbe/evac148
http://www.ncbi.nlm.nih.gov/pubmed/36173788
https://doi.org/10.3390/ijms23020633
https://doi.org/10.3390/ijms23020633
http://www.ncbi.nlm.nih.gov/pubmed/35054819
https://doi.org/10.1002/ajpa.21503
http://www.ncbi.nlm.nih.gov/pubmed/21469075
https://doi.org/10.1111/j.1469-1809.1946.tb02367.x
http://www.ncbi.nlm.nih.gov/pubmed/20249869
https://doi.org/10.1016/s0168-9525(98)01577-7
https://doi.org/10.1016/s0168-9525(98)01577-7
http://www.ncbi.nlm.nih.gov/pubmed/9825672
https://doi.org/10.1016/s0959-437x(02)00354-4
https://doi.org/10.1016/s0959-437x(02)00354-4
http://www.ncbi.nlm.nih.gov/pubmed/12433577
https://doi.org/10.1186/1471-2105-15-30
http://www.ncbi.nlm.nih.gov/pubmed/24475911
https://doi.org/10.1126/science.abn6919
http://www.ncbi.nlm.nih.gov/pubmed/37262173
https://doi.org/10.1126/sciadv.aau6947
https://doi.org/10.1126/sciadv.aau6947
http://www.ncbi.nlm.nih.gov/pubmed/30854422

PLOS BIOLOGY

Female bias in aye-ayes

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Protoc Bioinformatics. 2013;43(1110):11.10.1-33. https://doi.org/10.1002/0471250953.bi1110s43 PMID:
25431634

Wang RJ, Radivojac P, Hahn MW. Distinct error rates for reference and nonreference genotypes
estimated by pedigree analysis. Genetics. 2021;217(1):1-10. hitps://doi.org/10.1093/genetics/iyaa014
PMID: 33683359

Li H. Toward better understanding of artifacts in variant calling from high-coverage samples. Bioinfor-
matics. 2014;30(20):2843-51. https://doi.org/10.1093/bioinformatics/btu356 PMID: 24974202

Li H. A statistical framework for SNP calling, mutation discovery, association mapping and population
genetical parameter estimation from sequencing data. Bioinformatics. 2011;27(21):2987-93. https://
doi.org/10.1093/bioinformatics/btr509 PMID: 21903627

Koressaar T, Lepamets M, Kaplinski L, Raime K, Andreson R, Remm M. Primer3_masker: integrat-
ing masking of template sequence with primer design software. Bioinformatics. 2018;34(11):1937-8.
https://doi.org/10.1093/bioinformatics/bty036 PMID: 29360956

Zoonomia C, Genereux DP, Serres A, Armstrong J, Johnson J, Marinescu VD, et al. A comparative
genomics multitool for scientific discovery and conservation. Nature. 2020;587(7833):240-5. https://
doi.org/10.1038/s41586-020-2876-6 PMID: 33177664

Hickey G, Paten B, Earl D, Zerbino D, Haussler D. HAL: a hierarchical format for storing and analyzing
multiple genome alignments. Bioinformatics. 2013;29(10):1341-2. https://doi.org/10.1093/bioinformat-
ics/btt128 PMID: 23505295

Hubisz MJ, Pollard KS, Siepel A. PHAST and RPHAST: phylogenetic analysis with space/time mod-
els. Brief Bioinform. 2011;12(1):41-51. hitps://doi.org/10.1093/bib/bbg072 PMID: 21278375

Siepel A, Haussler D. Phylogenetic estimation of context-dependent substitution rates by maximum
likelihood. Mol Biol Evol. 2004;21(3):468-88. https://doi.org/10.1093/molbev/msh039 PMID: 14660683

Wood RD, Mitchell M, Sgouros J, Lindahl T. Human DNA repair genes. Science.
2001;291(5507):1284-9. https://doi.org/10.1126/science. 1056154 PMID: 11181991

Lange SS, Takata K, Wood RD. DNA polymerases and cancer. Nat Rev Cancer. 2011;11(2):96-110.
https://doi.org/10.1038/nrc2998 PMID: 21258395

Kuderna LFK, Ulirsch JC, Rashid S, Ameen M, Sundaram L, Hickey G, et al. Identification of con-
strained sequence elements across 239 primate genomes. Nature. 2024;625(7996):735-42. hitps://
doi.org/10.1038/s41586-023-06798-8 PMID: 38030727

Dutheil JY, Gaillard S, Stukenbrock EH. MafFilter: a highly flexible and extensible multiple genome
alignment files processor. BMC Genomics. 2014;15:53. https://doi.org/10.1186/1471-2164-15-53 PMID:
24447531

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The ensembl variant effect
predictor. Genome Biol. 2016;17(1):122. https://doi.org/10.1186/s13059-016-0974-4 PMID: 27268795

Kumar S, Stecher G, Suleski M, Hedges SB. TimeTree: a resource for timelines, timetrees, and
divergence times. Mol Biol Evol. 2017;34(7):1812-9. https://doi.org/10.1093/molbev/msx116 PMID:
28387841

Pedersen BS, Quinlan AR. Who's Who? Detecting and resolving sample anomalies in human DNA
sequencing studies with Peddy. Am J Hum Genet. 2017;100(3):406—13. https://doi.org/10.1016/].
ajhg.2017.01.017 PMID: 28190455

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003015  February 7, 2025 24/24



https://doi.org/10.1002/0471250953.bi1110s43
http://www.ncbi.nlm.nih.gov/pubmed/25431634
https://doi.org/10.1093/genetics/iyaa014
http://www.ncbi.nlm.nih.gov/pubmed/33683359
https://doi.org/10.1093/bioinformatics/btu356
http://www.ncbi.nlm.nih.gov/pubmed/24974202
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btr509
http://www.ncbi.nlm.nih.gov/pubmed/21903627
https://doi.org/10.1093/bioinformatics/bty036
http://www.ncbi.nlm.nih.gov/pubmed/29360956
https://doi.org/10.1038/s41586-020-2876-6
https://doi.org/10.1038/s41586-020-2876-6
http://www.ncbi.nlm.nih.gov/pubmed/33177664
https://doi.org/10.1093/bioinformatics/btt128
https://doi.org/10.1093/bioinformatics/btt128
http://www.ncbi.nlm.nih.gov/pubmed/23505295
https://doi.org/10.1093/bib/bbq072
http://www.ncbi.nlm.nih.gov/pubmed/21278375
https://doi.org/10.1093/molbev/msh039
http://www.ncbi.nlm.nih.gov/pubmed/14660683
https://doi.org/10.1126/science.1056154
http://www.ncbi.nlm.nih.gov/pubmed/11181991
https://doi.org/10.1038/nrc2998
http://www.ncbi.nlm.nih.gov/pubmed/21258395
https://doi.org/10.1038/s41586-023-06798-8
https://doi.org/10.1038/s41586-023-06798-8
http://www.ncbi.nlm.nih.gov/pubmed/38030727
https://doi.org/10.1186/1471-2164-15-53
http://www.ncbi.nlm.nih.gov/pubmed/24447531
https://doi.org/10.1186/s13059-016-0974-4
http://www.ncbi.nlm.nih.gov/pubmed/27268795
https://doi.org/10.1093/molbev/msx116
http://www.ncbi.nlm.nih.gov/pubmed/28387841
https://doi.org/10.1016/j.ajhg.2017.01.017
https://doi.org/10.1016/j.ajhg.2017.01.017
http://www.ncbi.nlm.nih.gov/pubmed/28190455
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

