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ABSTRACT

The rate of input of new genetic mutations, and the rate at which that variation is reshuffled, are key evolutionary processes shap-
ing genomic diversity. Importantly, these rates vary not just across populations and species but also across individual genomes.
Despite previous studies having demonstrated that failing to account for rate heterogeneity across the genome can bias the infer-

ence of both selective and neutral population genetic processes, mutation and recombination rate maps have to date only been

generated for a relatively small number of organisms. Here, we infer such fine-scale maps for the aye-aye (Daubentonia mada-

gascariensis)—a highly endangered strepsirrhine that represents one of the earliest splits in the primate clade and thus stands
as an important outgroup to the more commonly studied haplorrhines—utilizing a recently released fully annotated genome
combined with high-quality population sequencing data. We compare our indirectly inferred rates to previous pedigree-based
estimates, finding further evidence of relatively low mutation and recombination rates in aye-ayes compared to other primates.

1 | Introduction

The rate of input of new genetic variation, and the rate at which
that variation is shuffled into potentially novel combinations
via crossover and non-crossover events, are fundamental evo-
lutionary forces shaping observed genomic diversity. Over
the past decades, it has become clear that mutation rates vary
at a variety of scales, from between sites in a genome, to be-
tween individuals in a population, to between populations of a
species, as well as broadly across the Tree of Life (see the re-
views of Baer et al. 2007; Lynch 2010; Hodgkinson and Eyre-
Walker 2011; Pfeifer 2020b). The same is true of recombination,

with modifications of underlying rates observed to occur at
even more rapid timescales (see the reviews of Ritz et al. 2017;
Stapley et al. 2017). Importantly, heterogeneity in both mutation
and recombination rates across a genome can significantly alter
interactions between other evolutionary processes; for example,
modifying Hill-Robertson effects (Hill and Robertson 1966;
Felsenstein 1974), thereby modulating the genomic impact
of selection at linked sites (Maynard Smith and Haigh 1974;
Begun and Aquadro 1992; Charlesworth et al. 1993; and see
Charlesworth and Jensen 2021, 2022). Furthermore, neglect-
ing this underlying rate heterogeneity in favor of using single,
species-averaged rates for mutation and recombination—as
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is common practice in evolutionary models—has been shown
to result in potentially misleading inference when perform-
ing downstream analyses that rely on these estimates (e.g., for
inferring both population history and distributions of fitness
effects, Soni et al. 2024; Soni and Jensen 2025; Soni, Versoza,
Pfeifer, et al. 2025; and see Dapper and Payseur 2018; Samuk
and Noor 2022; Ghafoor et al. 2023).

Aside from classical disease-incidence approaches (e.g.,
Haldane 1932, 1935), there are generally two classes of experi-
ments to infer mutation rates in primates and other large organ-
isms. Direct mutation rate estimation relies on high-throughput
genome sequencing of parent-offspring trios or multi-generation
pedigrees, counting the number of de novo mutations oc-
curring from one generation to the next (see the review of
Pfeifer 2020b). As mutations are rare, this generally results in
only a genome-wide estimate over the limited number of gen-
erations considered, rather than providing a finer-scale map.
Relatedly, tremendous caution must be exercised in the applied
computational approach as errors introduced during sequencing
will generally far outnumber genuine spontaneous mutations
(Pfeifer 2021; Bergeron et al. 2022). Alternatively, indirect mu-
tation rate estimation from species-level divergence data instead
relies on Kimura's (1968) observation that the neutral mutation
rate is equal to the neutral divergence rate. Specifically, the num-
ber of substitutions K that accumulate in a lineage in time T is
equal to (u/G)T, where u is the per-generation mutation rate and
G the generation time. As such, historically averaged mutation
rates can be inferred from phylogenetic sequence data in neutral
genomic regions, with the caveat that such estimates must gen-
erally be couched within the context of underlying uncertainties
in both divergence and generation times (thus generally result-
ing in a range of possible mutation rates). Complicating matters
further, the identification of neutral regions necessary for this
indirect rate estimation requires high-quality genome annota-
tions that are not yet widely available for many organisms.

Similarly for recombination, taking a pedigree-based approach
enables the detection of contemporary crossover and non-
crossover events in males and females separately. As with direct
mutation rate estimation, these approaches have the advantage of
direct observation, though the genome-scale resolution is again
relatively coarse given the small number of meiotic exchanges
that can be observed within a pedigree (see the review of Clark
et al. 2010). By contrast, population-based approaches using un-
related individuals can indirectly infer historical recombination
rates from patterns of linkage disequilibrium (LD) observed in
the sample (see the reviews of Stumpfand McVean 2003; Pefialba
and Wolf 2020). As such, these approaches offer a higher ge-
nomic resolution and may thus provide for fine-scale mapping,
though inferred rates are necessarily sex-averaged and may be
confounded by other population-level factors that can alter lev-
els of LD (e.g., population history or selective effects; Dapper and
Payseur 2018; Samuk and Noor 2022). For this reason, it is im-
portant to both directly model a fit demographic history when
performing such inference and to carefully annotate neutral ge-
nomic regions prior to analysis (Johri et al. 2020, 2022).

In primates, many of the highest quality estimates of both mu-
tation and recombination rates have been obtained in humans
and their closest relatives (i.e., non-human great apes) as well as

in species of biomedical relevance (e.g., Kong et al. 2002; Auton
et al. 2012; Stevison et al. 2016; Pfeifer 2020a; Xue et al. 2020;
Wall et al. 2022; Versoza et al. 2024; Soni, Versoza, Jensen,
et al. 2025). In humans, for example, large-scale sequencing of
pedigrees has yielded mutation rate estimates of ~107% per base
pair per generation (see the review of Ségurel et al. 2014), which
is roughly two-fold lower than the initial indirect estimates ob-
tained from phylogenetic data (Nachman and Crowell 2000;
Kondrashov 2003); while crossover rates have been inferred
to range from 0.96 to 2.11cM/Mb for the longest and shortest
autosomes, respectively, with an overall sex-averaged rate of
~1cM/Mb (Kong et al. 2002). Recently, however, owing to the
generation of high-quality population genomic data from ped-
igreed individuals, combined with the release of a fully an-
notated, chromosomal-level genome assembly (Versoza and
Pfeifer 2024), we now additionally have direct mutation and
recombination rate estimates for aye-ayes (Daubentonia mada-
gascariensis), a highly endangered strepsirrhine that represents
one of the earliest splits in the primate clade (Versoza, Ehmke,
et al. 2025; Versoza, Jensen, and Pfeifer 2025; Versoza, Lloret-
Villas, et al. 2025). These direct estimates suggested an average
genome-wide mutation rate of ~1.1x 1078 per base pair per gen-
eration for the species—although mutation rates in the wild may
be closer to a rate of ~0.4x 1078 per base pair per generation,
as was estimated for individuals in the pedigree reproducing at
an early age—and a sex-averaged crossover rate of 0.85cM/Mb.
Importantly, utilizing polymorphism data from unrelated indi-
viduals, Terbot, Soni, Versoza, Pfeifer, et al. (2025) additionally
estimated a well-fitting population history for aye-ayes (and see
Soni, Terbot, Versoza, et al. 2025), describing a severe and rela-
tively ancient population decline in the species coinciding with
the arrival of humans to Madagascar, as well as a far more re-
cent decline likely associated with habitat destruction and frag-
mentation over the past few decades.

Taking advantage of this newly available high-coverage genome-
wide polymorphism data from both unrelated and pedigreed
individuals, the recent annotation of the genome enabling the
masking of functional (i.e., directly selected) regions, as well as
these pedigree-based direct coarse-scale estimates allowing for
meaningful comparison, we here infer indirect fine-scale mu-
tation and recombination rate maps across the aye-aye genome
utilizing both levels and patterns of variation as well as diver-
gence from other closely related primate species. Aside from the
biological insight into the rates of mutation and recombination
gained in this study, by allowing for the incorporation of the
observed rate heterogeneity, these newly developed fine-scale
maps will thus also be vitally important to improve future pri-
mate evolutionary models.

2 | Results and Discussion
2.1 | Fine-Scale Mutation Rate Map

We calculated divergence by removing the existing (but out-
dated) aye-aye genome from the 447-way multiple species
alignment, consisting of the combined mammalian multiple
species alignment of the Zoonomia Consortium (2020) and the
primate multiple species alignment of Kuderna et al. (2024),
and replaced it with the current NCBI reference genome for
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the species (i.e., the high-quality, fully annotated aye-aye ge-
nome of Versoza and Pfeifer (2024); see Section 4 for details).
By masking both functional regions and segregating variants,
we calculated neutral divergence across accessible sites for
a range of window sizes (1, 10, 100kb, and 1Mb), yielding a
mean neutral divergence rate of 0.043 at the 1 Mb scale rela-
tive to the reconstructed ancestor (Figure S1). Utilizing lower
and upper bounds of aye-aye divergence times (54.9 mil-
lion years ago [mya] and 74.7 mya; Horvath et al. 2008) and
bounds of likely generation times (3 and 5years; Ross 2003;
Louis et al. 2020), we calculated neutral mutation rates across
these genomic windows, as depicted in Table 1. The average
mutation rate varied from 1.73 X 10~° mutations per base pair
per generation (under a divergence time of 74.7 mya and a
generation time of 3years) to 3.93x10~° mutations per base
pair per generation (under a divergence time of 54.9 mya and a
generation time of 5years). Figure 1a provides density plots of
mutation rates for these divergence and generation times and
Figure 1b displays the heterogeneity in mutation rates across
the genome (and see Figure S2 for the mutation rate heteroge-
neity across each individual autosomal scaffold).

Taking the reverse tack, we additionally estimated aye-aye di-
vergence times utilizing the recently inferred mutation rates
from multi-generation aye-aye pedigree data (Table 1; Versoza,
Ehmke, et al. 2025). These rates ranged from 0.4 x 10~% muta-
tions per base pair per generation in individuals born to younger
parents (< 12years of age) to 2.0 X 1078 mutations per base pair
per generation in individuals born to older parents (>24years
of age) in the pedigree, with an average rate of ~1.1 x 10~® muta-
tions per base pair per generation, resulting in estimated diver-
gence times spanning the very large range from 53.8 to 6.45 mya
(when considering the highest and lowest generation times as
well). These results suggest that average ages of reproduction in
the wild are comparatively young, given that the rates associated
with older parents in captivity provide unrealistically recent
divergence times relative to the fossil record (Gingerich 2006;
Smith et al. 2006; and see the review of Gingerich 2012)—an
observation in agreement with previous ecological studies that
reported average reproductive ages of 3-5years in the wild
(Ross 2003; Louis et al. 2020). That said, if mean generation
times were indeed considerably longer in reality, the higher
mutation rate observed in older parents would help offset the
disparity generated by the correspondingly fewer generations
since the split of the aye-aye branch. However, taken together,
and given that the times associated with younger parents are
also consistent with previous estimates of divergence based on
a limited set of genetic markers encompassing ~9kb of nuclear

sequence (Horvath et al. 2008), the lower direct pedigree muta-
tion rate of 0.4 x 1078 per base pair per generation is likely the
more appropriate long-term estimate for the species (thereby
also supporting a generation time estimate of ~5years).

Given that this direct mutation rate estimate falls within our in-
directly inferred mean mutation rate in this study as well, and
that prosimians have been shown to have generally lower mu-
tation rates compared to other primates (Tran and Pfeifer 2018;
Chintalapati and Moorjani 2020), these results represent an
accumulating body of evidence in support of relatively low
mutation rates in aye-ayes. Importantly, there is a consider-
able discordance in divergence time estimates of the strepsir-
rhine-haplorrhine split between those based on molecular
data and the sparse fossil record—with the former placing the
split as early as 90 mya and the latter at 55 mya (Hartwig 2011).
Hence, with our improved inference of mutation rates from both
pedigree-based and divergence data, our estimate of ~53.8 mya
is in agreement with the origin of primates (Tavaré et al. 2002;
Zhang et al. 2008), and thus with strepsirrhines representing
one of the earliest splits in the primate clade (Pozzi et al. 2014).

2.2 | Fine-Scale Recombination Rate Map

We inferred fine-scale rates of recombination using pyrho
(Spence and Song 2019), a re-implementation of the soft-
ware package LDhat (McVean et al. 2002, 2004; Auton and
McVean 2007) employed in earlier studies investigating the
landscape of recombination in non-human primates (e.g.,
Auton et al. 2012; Stevison et al. 2016; Pfeifer 2020a) but that,
unlike the original approach, can explicitly account for the
population size change history when performing inference. To
assess the performance of pyrho, we first simulated a region of
1.6 Mb (i.e., the longest accessible intergenic stretch in the aye-
aye genome) based on a fixed recombination rate (0.85cM/Mbj;
Versoza, Lloret-Villas, et al. 2025) and mutation rate (0.4x1078
and 1.1x1078 per base pair per generation; Versoza, Ehmke,
et al. 2025), under two different demographic models, sampling
five individuals to match our empirical data. The first model is
the recently estimated demographic history for the species con-
sisting of multiple population declines (Terbot, Soni, Versoza,
Pfeifer, et al. 2025). Specifically, in the bottleneck-decline model
of Terbot, Soni, Versoza, Pfeifer, et al. (2025), an ancestral pop-
ulation size of 11,695 individuals experienced a bottleneck 1133
generations in the past, followed by a further decline at a con-
stant rate, resulting in a population of 1285 individuals. For
comparison, the second model represents a constant equilibrium

TABLE1 | Inferred aye-aye divergence times based on the observed mean neutral divergence rate of 0.043 for two different possible generation

times (3 and 5years; Ross 2003; Louis et al. 2020) and three different pedigree-based mutation rates estimated for parents of differing ages by Versoza,

Ehmke, et al. (2025) (shown in blue). Relatedly, the resulting divergence-based mutation rate estimates based on two possible divergence times (54.9
million years ago [mya] and 74.7 mya; Horvath et al. 2008) and two possible generation times (3 and 5 years; Ross 2003; Louis et al. 2020) are given

for comparison (shown in orange).

Pedigree-based mutation rate

Divergence time

4.0E-09 1.1E-08 2.0E-08 54.9 mya 74.7 mya
Generation time (years) 3 32.3 mya 11.7 mya 6.45 mya 2.36E-09 1.73E-09
5 53.8 mya 19.5 mya 10.8 mya 3.93E-09 2.89E-09
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FIGURE1 | (a)Density plots of the per base pair per generation (/bp/gen) mutation rate implied by neutral divergence for two possible generation

times (3 and 5years; Ross 2003; Louis et al. 2020) and two possible divergence times (54.9 million years ago [mya] and 74.7 mya; Horvath et al. 2008).
(b) Genome-wide mutation rates for windows of size 1 Mb, with a 500kb step size (and see Figure S2 for mutation rate heterogeneity across each
individual autosomal scaffold). (c) Genome-wide recombination rates for windows of size 1 Mb, with a 500kb step size (and see Figure S5 for recom-

bination rate heterogeneity across each individual autosomal scaffold).

model with a population size of 11,695 individuals (i.e., the in-
ferred ancestral population size). Our simulations demonstrate
that pyrho consistently underestimates recombination rates
across all parameter combinations (Figure S3), despite utilizing
the defined demographic model during inference. This obser-
vation is in broad agreement with a recent study examining the
performance of recombination rate estimators under a variety
of increasingly complex scenarios, showing that pyrho gener-
ally underestimates the population-scaled recombination rate
in declining populations if the sample size is small (see figure 1
in Dutheil 2024). These results once again emphasize the im-
portance of evaluating the performance of statistical inference
approaches within the context of the specific population and
species in question for any given analysis (see Johri et al. 2022).

With these simulation-based benchmarks on hand, we then
estimated recombination rates from patterns of LD observed
in the empirical data, taking into account the population size
change history previously inferred by Terbot, Soni, Versoza,
Pfeifer, et al. (2025). Thereby, pyrho utilizes a user-specified,
species-specific mutation rate—here 0.4x10~% per base pair
per generation as estimated by Versoza, Ehmke, et al. (2025)
for individuals reproducing at a young age, as likely the case
in the wild (Ross 2003)—to convert the internally estimated
population-scaled recombination rate p to a per-generation
recombination rate r. Given the uncertainty in the historical
effective population size (N,) of the species required for this
conversion and given the underestimation in rate observed
during our performance benchmarks of pyrho, we rescaled the
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recombination rate estimates in a way such that the total genetic
map length estimated by pyrho was equal to the pedigree-based
genetic map length recently inferred by Versoza, Lloret-Villas,
et al. (2025) while retaining the relative rates across the ge-
nome (see Section 4 for details). After this rescaling, the aver-
age genome-wide recombination rate was 0.68cM/Mb at the
1Mb-scale (Figure S4)—lower than the average rate reported
for anthropoid apes (~10~® recombination events per base pair
per generation, or ~1cM/Mb for humans and ~1.2c¢cM/Mb for
bonobos, chimpanzees, and gorillas; Kong et al. 2002; Auton
et al. 2012; Stevison et al. 2016). However, despite the reduction
in overall rate, aye-ayes exhibit a landscape of recombination
similar to those of other primates (Auton et al. 2012; Stevison
et al. 2016; Pfeifer 2020a; Wall et al. 2022; Versoza et al. 2024);
for example, recombination rates are generally elevated towards
the telomeric ends and depressed within centromeric and peri-
centromeric regions of each autosomal scaffold (see Figure 1c
for genome-wide recombination rates and Figure S5 for the fine-
scale variation in recombination rates across each individual
autosomal scaffold).

2.3 | Correlations Between Fine-Scale Rates
of Recombination With Genomic Features

In order to gain a better understanding of the evolution of the
recombination landscape in aye-ayes, we studied the impact of
several genomic features on scale-specific recombination rates.
To this end, we calculated nucleotide diversity and divergence
based on the aye-aye population genomic data and the 447-way
mammalian multiple species alignment as noted above, as well
as GC-content (as a measure for genome composition) and exon-
content (as a proxy for evolutionary constraint) based on the
annotated aye-aye assembly in 1kb-regions along the genome.
We applied a discrete wavelet transformation in order to obtain
information on the heterogeneity in each feature, with detail
coefficients providing scale-specific information at a range of
(2") scales. After transformation, we performed a linear model
analysis of these detail coefficients to study the scale-specific re-
lationships between the heterogeneity in each genomic feature
and recombination rate.

Figure 2a provides the detail coefficients for each genomic fea-
ture (diagonal plots) as well as their pairwise correlations (off-
diagonal plots) at scales ranging from 2! to 2!2, and Figure 2b
the corresponding linear model analysis of the detail coeffi-
cients for one of the scaffolds as an illustrative example (for all
autosomal scaffolds, see Figures S6-S19; for the X-chromosome,
see Terbot, Soni, Versoza, Milhaven, et al. 2025). Similar to hap-
lorrhines (Spencer et al. 2006; Pfeifer 2020a), aye-ayes exhibit
the highest level of heterogeneity in nucleotide diversity and
neutral divergence at the finest (2kb) scale; similarly, the larg-
est heterogeneity in recombination rate occurs over scales of
2-8kb, the same range previously observed in monkeys (2kb;
Pfeifer 2020a) and humans (8 kb; Spencer et al. 2006). Focusing
on the pairwise correlations between the detail coefficients at
the fine (2-8kb) scale, nucleotide diversity is significantly posi-
tively correlated with both neutral divergence and GC-content,
as expected given that the rate of mutation, which jointly im-
pacts diversity and divergence, varies depending on the local
base composition in the genome (Figure 1b, and see the review

of Hodgkinson and Eyre-Walker 2011). The rates of divergence
are also significantly negatively correlated with exon-content at
the fine (2kb) scale, as anticipated from evolutionary constraint
to maintain proper gene function, thereby subjecting these re-
gions to purifying selection (see the reviews of Charlesworth
and Jensen 2021, 2022). In addition to mutation, and similar to
other primates (Spencer et al. 2006; Auton et al. 2012; Pfeifer and
Jensen 2016; Stevison et al. 2016), GC-rich genomic regions are
generally associated with higher rates of recombination in aye-
ayes. Contributing to this positive correlation at the fine scale is
GC-biased gene conversion, an evolutionary process associated
with meiotic recombination that elevates the GC-content of a re-
gion through the preferential transmission of GC over AT alleles
(Duret and Galtier 2009), thus leading to a higher GC-content in
regions of frequent recombination (i.e., recombination hotspots).
Additionally, in regions of high recombination, the effects of se-
lection at linked sites (e.g., background selection and selective
sweeps) will be reduced, allowing more genetic diversity to per-
sist in close proximity (Maynard Smith and Haigh 1974; Begun
and Aquadro 1992; Charlesworth et al. 1993). However, recom-
bination hotspots are highly localized (within 1-2kb regions;
Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010) and
often flanked by regions of low recombination which, in turn,
extend genetic hitchhiking effects, reducing nucleotide diversity
at intermediate scales. While the small sample size and low SNP
density of the dataset on hand do not allow for a detailed char-
acterization of the hotspot landscape in aye-ayes, higher recom-
bination rates were observed in regions harboring the putative
PRDM?9 binding motif recently predicted in silico by Versoza,
Lloret-Villas, et al. (2025) (average recombination rates: 0.92cM/
Mb vs. 0.75cM/Mb; t =27.448, df =116,494, p-value < 2.2e-16).

3 | Concluding Thoughts

In this study, we have characterized the underlying heteroge-
neity in mutation and recombination rates across the genome
of aye-ayes. We found that mutation rates in this species are
lower than in other primates, which is in agreement with
previous studies showing lower mutation rates in prosimi-
ans (Tran and Pfeifer 2018; Chintalapati and Moorjani 2020).
Notably, this indirect divergence-based estimate supports the
recent pedigree-based estimate of 0.4x 1078 per base pair per
generation characteristic of younger parents (Versoza, Ehmke,
et al. 2025), suggesting a relatively young long-term reproduc-
tive age in the wild, as might be expected from previous studies
of the life history and socioecology of the species (Ross 2003).
This rate also implies a split time of ~54 mya, consistent with
the earliest primates in the fossil record, as opposed to the much
older and difficult-to-reconcile split times previously proposed.
Importantly, while the previously published pedigree-based ap-
proach provided a high-quality snapshot of contemporary rates
in a single generation, because de novo mutations are rare in
primates, this analysis did not provide information on mutation
rate variation across the genome itself. However, by considering
longer evolutionary timespans as captured from neutral diver-
gence data, the analyses presented here have provided the first
high-quality, fine-scale rate map across the aye-aye genome,
thereby uniquely describing comparatively high and low muta-
tion rate regions. It is nonetheless reassuring to observe a cor-
respondence between the single genome-wide averaged rate as
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FIGURE2 | (a)The detail coefficients of each genomic feature (diagonal plots) on the left and right halves of one of the autosomal scaffolds as an il-
lustrative example (shown in dark and light yellow, respectively) as well as their pairwise correlations based on Kendall's rank correlation (off-diagonal
plots with the bottom left showing the left-half and the top right showing the right-half of the scaffold) at a range of (2") scales. Correlations significant
at the 1%-level under a two-tailed test are highlighted by crosses. (b) Linear model analysis of the detail coefficients. Red and blue coloring indicate
significant positive and negative relationships under a two-sided t-test, with the color intensity being proportional to the significance level. Adjusted
r? specifies the proportion of heterogeneity that can be explained by the linear model. All individual autosomal scaffolds are shown in Figures S6-S19.
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provided by direct estimation and the mean of the fine-scale rate
variation described here via indirect estimation.

We similarly found a notable reduction of recombination rate in
aye-ayes compared to the great apes (Auton et al. 2012; Stevison
et al. 2016), despite overall similarities in the recombination
landscape and its correlation with genomic features. Given the
recently reported enrichment of crossover events in regions
harboring a predicted binding motif for PRDM9 (a zinc-finger
protein controlling the activation of hotspots in primates) in ped-
igreed aye-aye individuals (Versoza, Lloret-Villas, et al. 2025),
together with our observation of higher recombination rates in
these regions based on polymorphism data, the future charac-
terization of the hotspot landscape in this species should thus be
of great interest to the comparative primate genomics commu-
nity. Furthermore, as with mutation rates, this polymorphism-
based indirect approach has provided the first fine-scale map
of recombination rate variation across the aye-aye genome, as
compared to the single genome-wide averaged rate provided by
previous pedigree-based analyses.

With rate maps available in only a limited number of species, it is
common practice to use a single, species-averaged rate for both
mutation and recombination when modeling population genetic
processes. However, failing to account for the underlying het-
erogeneity in mutation and recombination rates has been shown
to potentially bias the inference of both population history as
well as the distribution of fitness effects (e.g., Soni et al. 2023,
2024). Thus, the rate maps provided here will facilitate more ro-
bust inference of population genetic processes in the highly en-
dangered aye-aye specifically, as well as in evolutionary models
of primate evolution more broadly.

4 | Materials and Methods
4.1 | Population Genomic Data

To infer fine-scale rates of mutation and recombination, we
took advantage of whole-genome sequencing data from five
unrelated aye-aye (D. madagascariensis) individuals sequenced
on an Illumina NovaSeq to a genome-wide average coverage of
> 50x per individual (Terbot, Soni, Versoza, Pfeifer, et al. 2025)
to identify variants segregating in the population. Following
standard quality control practices (Pfeifer 2017), we removed se-
quence adapters and trimmed low-quality ends with TrimGalore
v.0.6.10 (https://github.com/FelixKrueger/TrimGalore) prior to
mapping the reads to the species' reference genome (DMad_hy-
brid; Versoza and Pfeifer 2024) with BWA-MEM v.0.7.17 (Li
and Durbin 2009). Afterward, we called, jointly genotyped,
and filtered variants following the Genome Analysis Toolkit
(GATK v.4.2.6.1) recommendations for germline variant dis-
covery (van der Auwera and O'Connor 2020), adjusting pa-
rameters as needed to reflect our study design. Specifically, we
set (1) the “--pcr-indel-model” parameter to NONE as a PCR-
free library protocol was followed during sequencing, (2) the
“--heterozygosity” parameter to 0.0005 to reflect the species’
genetic diversity (Perry et al. 2013), and (3) the “-ERC” param-
eter to BP_RESOLUTION to obtain genotype information at all
sites (i.e., variant as well as invariant). Supplementing GATK's
recommended pipeline, we implemented a set of stringent filter

criteria to eliminate spurious single nucleotide polymorphisms
(SNPs) that may lead to artificial breaks in patterns of LD.
Specifically, following the guidelines described in earlier stud-
ies investigating the landscape of recombination in non-human
primates (Auton et al. 2012; Stevison et al. 2016; Pfeifer 2020a),
we removed both SNP clusters—defined here as three or more
SNPs within a 10bp window (calculated using the GATK
v.4.2.6.1 VariantFiltration function together with the parame-
ters “--cluster-size 3” and “--cluster-window-size 10”)—as well
as SNPs exhibiting an excess of heterozygosity—defined here as
sites with a Hardy-Weinberg equilibrium p-value of <0.01 (cal-
culated using the “--hardy” option in VCFtools v.0.1.14; Danecek
et al. 2011). Additionally, we excluded all SNPs located within
regions blacklisted by the ENCODE Project Consortium (2012)
(i.e., within regions prone to artifacts in high-throughput se-
quencing experiments) by lifting the data between the aye-aye
(DMad_hybrid) genome assembly and the human (hg38) ge-
nome assembly using the UCSC liftOver tool (Raney et al. 2024).
The resulting high-quality, population-level dataset consisted
of 3,454,304 autosomal biallelic SNPs (transition-transversion
ratio: 2.53) in the accessible genome (Table S1).

4.2 | Updating the Aye-Aye Genome in the 447-Way
Mammalian Multiple Species Alignhment

We obtained the 447-way multiple species alignment, consist-
ing of the combined mammalian multiple species alignment
of the Zoonomia Consortium (2020) and the primate multiple
species alignment of Kuderna et al. (2024), from https://cglge
nomics.ucsc.edu/november-2023-nature-zoonomia-with-expan
ded-primates-alignment/ and removed the outdated aye-aye
genome assembly using the halRemoveGenome function imple-
mented in HAL v.2.2 (Hickey et al. 2013). Next, we added the
current NCBI reference genome for the species—that is, the
high-quality, fully annotated aye-aye assembly of Versoza and
Pfeifer (2024) (DMad_hybrid; GenBank accession number:
GCA_044048945.1)—to the alignment, by first extracting the
ancestral genomes PrimatesAnc005 and PrimatesAnc011 from
the 447-way alignment using HALSs hal2fasta function, and
then aligning these ancestral genomes with the new aye-aye ge-
nome in Cactus v.2.9.2 (Armstrong et al. 2020) using the branch
lengths previously inferred in the 447-way alignment. Finally,
we attached this alignment back into the 447-way alignment
using HALSs halReplaceGenome function.

4.3 | Inferring Fine-Scale Rates of Neutral
Divergence and Mutation

To infer fine-scale rates of neutral divergence and mutation, we
first used the halSummarizeMutations function implemented
in HAL v.2.2 (Hickey et al. 2013) to retrieve “point mutations”
along the aye-aye branch (i.e., substitutions between the aye-aye
and PrimateAnc005, a group consisting of several haplorrhines),
and masked any sites within 10 kb of functional regions to avoid
the potentially confounding effects of selection. From these
point mutations, we then removed all sites associated with seg-
regating polymorphisms in the species (Terbot, Soni, Versoza,
Pfeifer, et al. 2025), resulting in a final dataset from which
we calculated neutral divergence by dividing the number of
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divergent sites by the number of accessible sites in any given ge-
nomic window (Soni, Terbot, Versoza, et al. 2025). Specifically,
divergence was estimated genome-wide, as well as in windows
of size 1, 10, 100kb, and 1 Mb using a sliding window approach
with a step size of 1, 5, 50, and 500kb, respectively. To obtain
mutation rates for each genomic window, we divided by the di-
vergence time in generations, using divergence times of 54.9 and
74.7 mya (Horvath et al. 2008) and generation times of 3 and
5years (Ross 2003; Louis et al. 2020) for comparison.

4.4 | Inferring Fine-Scale Rates of Recombination

We utilized the demography-aware estimator pyrho v.0.1.7
(Spence and Song 2019) to estimate recombination rates from
patterns of LD observed in the sequencing data. To this end, we
first generated a likelihood lookup table using pyrho's make_
table function, taking into account the population size change
history previously inferred by Terbot, Soni, Versoza, Pfeifer,
et al. (2025) (“--popsizes 2570, 2944.784, 3374.224, 3866.288,
4430.111, 5076.157, 5816.415, 6585, 23389 --epochtimes
1,2,3,4,5,6,71,133”), and then ran the hyperparam function
with the species-specific mutation rate estimated by Versoza,
Ehmke, et al. (2025) for individuals reproducing at a young
age (“--mu 0.4e-8”), as likely the case in the wild (Ross 2003),
to determine the optimal parameter settings for window size
and block penalty. We then used pyrho's optimize function with
the recommended window size of 30 (“--windowsize 30”) and
block penalty of 45 (“--blockpenalty 45”) to estimate recom-
bination rates across the genome. Thereby, pyrho internally
estimates the population recombination rate p=4 N, r, where
N, is the effective population size and r is the per-generation
recombination rate, and then uses a user-specified mutation
rate/N, to convert p to r. Importantly though, while the relative
recombination rates estimated across the genome are expected
to be stable to this conversion, the actual scaling factor often
needs to be further adjusted for organisms with mutation rates
different from those observed in humans (see the discussion of
the developers: https://github.com/popgenmethods/pyrho). To
assess the estimates, we thus plotted the cumulative genetic
map length of each autosomal scaffold in R v.4.2.2 (Figure S20).
After visual inspection, we removed five regions that exhibited
recombination rate estimates ~100- to 300-fold higher than the
genome-wide average (scaffold 3: 202,577,091-202,579,537;
scaffold 7: 4,045,278-4,047,880; scaffold 7: 55,184,220-
55,189,875; scaffold 11: 78,064,486-78,079,259; scaffold 12:
62,800,537-63,003,926) as the extreme estimates observed
in these regions are likely the result of local assembly errors.
Similar to a previous study in another non-human primate that
exhibits a lower mutation rate than humans (Wall et al. 2022),
we observed that the total genetic map length estimated indi-
rectly from patterns of LD by pyrho was considerably shorter
than that recently directly inferred from crossover events ob-
served in a three-generation pedigree (Versoza, Lloret-Villas,
et al. 2025). Given the uncertainty in N,, we thus followed the
procedure outlined in Wall et al. (2022) and rescaled the recom-
bination rate estimates in a way such that the total genetic map
length estimated by pyrho was equal to the pedigree-based ge-
netic map length (sex-averaged autosomal genetic map length:
1525cM; Versoza, Lloret-Villas, et al. 2025) by multiplying the
pyrho estimates by a factor of 14.444.

4.5 | Assessing the Performance of Pyrho Using
Simulations

To assess the performance of the demography-aware recombina-
tion rate estimator pyrho, we used msprime v.1.3.2 (Baumdicker
et al. 2022) to simulate 10 replicates of a 1.6 Mb region (i.e., the
longest uninterrupted accessible intergenic region in the aye-
aye genome) with multiple parameter combinations and sam-
pling five individuals to match our empirical data. Specifically,
to test the robustness of the tool with regard to the underlying
demographic history, we implemented two models in our sim-
ulations. The first is the bottleneck-decline model from Terbot,
Soni, Versoza, Pfeifer, et al. (2025) in which an ancestral popu-
lation size of 11,695 individuals experienced a bottleneck 1133
generations in the past, followed by a further decline at a con-
stant rate, resulting in a population of 1285 individuals. The sec-
ond is a constant equilibrium model with a population size of
11,695 individuals (i.e., the estimated ancestral population size).
Moreover, in addition to the species-specific average mutation
rate recently estimated from a 14-individual three-generation
pedigree in Versoza, Ehmke, et al. (2025) (1.1 x 1078 per base pair
per generation), we also considered the lowest reported pedigree
estimate (0.4 X 1078 per base pair per generation) in our models
to account for individuals potentially reproducing at a young age
in the wild. Finally, we used the coarse-scale recombination rate
estimate from pedigreed individuals (0.85cM/Mb) reported in
Versoza, Lloret-Villas, et al. (2025) in all models.

4.6 | Assessing the Correlation of Fine-Scale Rates
of Recombination With Genomic Features

Following previous work in humans (Spencer et al. 2006), we
first calculated nucleotide diversity and divergence based on
the aye-aye population genomic data and the 447-way mamma-
lian multiple species alignment as noted above, as well as GC-
content (as a measure of base composition) and exon-content
(as a proxy for evolutionary constraint) based on the annotated
aye-aye (DMad_hybrid) genome assembly (GenBank accession
number: GCA_044048945.1; Versoza and Pfeifer 2024) in 1kb
windows along the 14 autosomal scaffolds (i.e., scaffolds 1-8
and 10-15), taking into account the number of sites accessible
to this study. We then applied a discrete (Haar) wavelet transfor-
mation using the Rwave and wavethresh packages implemented
in R v.4.2.2 to obtain information on the heterogeneity in each
genomic feature at varying scales. To study scale-specific cor-
relations, we additionally performed a linear model analysis on
the log-transformed recombination, nucleotide diversity, and
divergence rates with the intercept forced through the origin.
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