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ABSTRACT

Endemic to the island of Madagascar, the enigmatic aye-aye is amongst the most endangered primates on the planet. Due to

their nocturnal and arboreal lifestyle and large geographic ranges, much remains unknown about these lemurs. The publication

of a recent high-quality reference assembly with gene-level annotations, together with whole-genome population-level

sequencing data, has facilitated a number of studies modeling the fundamental evolutionary processes shaping the patterns and

levels of genetic variation in aye-ayes. In this review, we survey these recent findings, highlighting new insights into the

selective and demographic history of the species, as well as into genome-wide patterns of mutation and recombination as

assessed from both pedigree-based and divergence-/polymorphism-based analyses.

1 | Introduction

First described in 1780 by the French zoologist Louis J. M.
Daubenton (Gotch 1995), the aye-aye (Daubentonia mada-
gascariensis) is 1 of over 100 species of lemur endemic to
Madagascar (IUCN 2024), an island maintaining one of the
highest levels of unique biodiversity across the globe. Aye-ayes
are perhaps best known for their highly unusual anatomical
features specialized for extractive foraging, including continu-
ously growing incisors used to gnaw through tree bark, an
elongated middle digit for extracting insect larvae, and the
largest relative brain size amongst strepsirrhines (Cartmill 1974;
Martin 1990; Simons 1995). As the sole extant member of the
Daubentoniidae family, a lineage for which the last common
ancestor with humans was approximately 53.8-74.7
million years ago (mya; Yoder 1997; Horvath et al. 2008;
Perelman et al. 2011; McLain et al. 2012)—with recent evidence
supporting that lower bound (Soni, Versoza, Terbot,
et al. 2025)—aye-ayes therefore represent a relatively basal

primate split. This unique position renders this charismatic
species of considerable evolutionary interest.

The rapid deforestation characterizing recent decades in Mad-
agascar has contributed to severe population decline in aye-ayes
(Louis et al. 2020; Suzzi-Simmons 2023). Consequently, the
species is now amongst the 25 most endangered primates in the
world, with fewer than 1000-10,000 individuals estimated to
remain in the wild according to the International Union for
Conservation of Nature (IUCN) and the Natural Resources
Species Survival Commission Primate Specialist Group
(Schwitzer et al. 2013; Louis et al. 2020; and see the discussion
in Gross 2017). Given their large individual home ranges rela-
tive to other lemurs (Ganzhorn et al. 1985; Schiilke 2005;
Benadi et al. 2008; Volampeno et al. 2011), low population
densities (Mittermeier et al. 2010), and amongst the lowest
genetic diversity of any primate measured to date (Kuderna
et al. 2023), the fragmentation and erosion of their habitat puts
aye-ayes at considerable risk of extinction. Initial estimates of
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Summary

« Recent research has elucidated the evolutionary
genomics of aye-ayes, following the publication of a
high-quality, annotated reference assembly and
whole-genome polymorphism data.

« Results suggest a demographic history shaped by
anthropogenic influences, as well as the action of
positive and balancing selection targeting sensory-
related genes.

« Both pedigree-based direct approaches and divergence-/
polymorphism-based indirect approaches have quantif-
ied mutation and recombination processes in the spe-
cies, providing one of the first estimates in
strepsirrhines.

genetic diversity in the species as a whole ranged from 0.051%
based on heterozygous sites within a single individual genome
(Perry, Melsted, et al. 2012) to 0.073% based on synonymous
sites within transcriptome data of 1175 genes from 2 individuals
(Perry, Reeves, et al. 2012). Though the aye-aye's range covers
the North-South axis of Madagascar, the species’ arboreal life-
style restricts their range to the rainforests found in the north,
east, and central west of the island, and dry forests in the west
(Sterling 1994; Louis et al. 2020). This geography has resulted in
appreciable levels of genetic structuring, with initial diversity
levels estimated from low-coverage synonymous site data (Perry
et al. 2013) being consistent with the species-wide estimates
(with the Northern [n = 4], Eastern [n = 5], and Western [n = 3]
populations estimated at 0.054%, 0.057%, and 0.049%,
respectively).

These early estimates of genetic diversity were the result of a
series of studies which generated the first draft genome
assembly (DauMad_1.0, based on ~20x coverage 100 bp paired-
end Illumina Genome Analyzer IIx sequence data; Perry,
Reeves, et al. 2012) and population genomic data (Perry,
Melsted, et al. 2012; Perry et al. 2013) in aye-ayes. In addition to
measures of genetic diversity, Perry et al. (2013) described high
levels of population differentiation between the Northern and
Eastern populations, despite their being separated by < 250 km,
positing the existence of a long-term barrier to gene flow. Up-
dated assemblies for the species were published in 2020
(DauMad_v1_BIUU, based on ~75X coverage 250 bp paired-end
Illumina HiSeq 2500 sequence data; Zoonomia Consor-
tium 2020) and 2023 (ASM2378347v1, based on ~60X coverage

PacBio RSII sequence data; Shao et al. 2023), though the latter
was at the contig-level, whilst previous assemblies were at the
scaffold-level. The most recent and highest quality assembly to
date (DMad_hybrid) is based on a sample from a female aye-aye
housed at the Duke Lemur Center, and was generated using a
combination of Oxford Nanopore Technologies long reads and
Nlumina short reads and scaffolded using chromatin confor-
mation data (Versoza and Pfeifer 2024). Table 1 compares the
contiguity and completeness of these aye-aye genome
assemblies.

Importantly, the genomic assembly of Versoza and Pfeifer
(2024) is the first with protein-coding gene annotations, facili-
tating the potential for inference of various neutral and selective
population genomic processes and their relative effects on
genetic variation. More specifically, it is well established that
different evolutionary processes can produce similar patterns
and levels of genetic variation, making it frequently difficult to
distinguish amongst them. For instance, demographic change
can confound and bias the inference of natural selection,
and vice versa (e.g., B. Charlesworth et al. 1993;
B. Charlesworth 1996, 2013; Jensen et al. 2005; Kaiser and
Charlesworth 2009; O'Fallon et al. 2010; Crisci et al. 2012, 2013;
Zeng 2013; Poh et al. 2014; Ewing and Jensen 2016; Harris and
Jensen 2020; Johri et al. 2021; Jensen 2023; Soni et al. 2023;
Soni, Terbot, Jensen 2024; Soni and Jensen 2025). Recent
studies have therefore highlighted the need for an evolutiona-
rily appropriate baseline model (Johri, Eyre-Walker, et al. 2022;
Johri, Aquadro, et al. 2022) that incorporates constantly oper-
ating processes such as genetic drift (as modulated by popula-
tion history), variation in mutation and recombination rates,
and purifying and background selection (BGS) effects. With
such a model acting as the “null” expectation, one can more
accurately identify rare evolutionary events such as recent
positive and balancing selection. To generate a baseline model
as described, however, one requires information on where such
processes are occurring in the genome, and thus, protein-coding
gene annotations are necessary. For example, knowledge of the
location of functional elements enables the identification of
genomic regions in which purifying selection and BGS are
operating, allowing for an accounting of these processes in the
baseline model. Furthermore, protein-coding gene annotations
are naturally of great value for performing genomic scans to
identify recent targets of positive or balancing selection.

The annotated assembly of Versoza and Pfeifer (2024), com-
bined with subsequent high-quality, whole-genome,
population-level sequencing, has thus facilitated the detailed
inference of population genomic processes in aye-ayes. This

TABLE 1 | Published aye-aye genome assemblies.
DauMad_1.0 DauMad_vl_BIUU ASM2378347v1 DMad_hybrid
Study Perry, Reeves, Zoonomia Shao et al. (2023) Versoza and

et al. (2012)

NCBI accession no. GCA_000241425.1

Consortium (2020)
GCA_004027145.1

Pfeifer (2024)

GCA_023783475.1 GCA_044048945.1

Assembly level Scaffold Scaffold Contig Scaffold
Gene annotation No No No Yes (18,858 genes)
Complete BUSCOs 12.96% 90.31% 94.46% 99.19%
(primates)

Note: The BUSCO (Benchmarking Universal Single-Copy Orthologs) score is a quantitative assessment of the completeness of a genome assembly.
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inference has included improved estimates of population his-
tory, sex-specific pedigree-based and fine-scale divergence-
based mutation rates, as well as sex-specific pedigree-based and
fine-scale polymorphism-based crossover (CO) and non-
crossover (NCO) recombination rates, the characterization of
the distribution of fitness effects (DFE) of new mutations in
coding regions, and the identification of genomic regions tar-
geted by the recent action of positive and balancing selection. In
this review, we summarize these recent advances in aye-aye
population genomics, interpret these estimates within a com-
parative primate framework, and discuss their implications for
future conservation management of this critically endangered
species.

2 | Direct and Indirect Estimates of Mutation
Rates

Germline mutations are the ultimate source of novel genetic vari-
ation within and between species. Research over recent decades
has revealed that mutation rates are highly variable, exhibiting
differences across multiple biological scales. These differences
occur within genomes (between specific sites), among individuals
in a population, between populations of the same species, and
across species (see the reviews of Baer et al. 2007; Lynch 2010;
Hodgkinson and Eyre-Walker 2011; Pfeifer 2020a). Thus, quanti-
fication of the rate and variability in the input of new mutations is
fundamental to understanding patterns and levels of genetic vari-
ation. Although it is common practice to utilize a single, species-
averaged mutation rate when constructing evolutionary models,
failing to account for the heterogeneity in mutation rate can result
in misinference in downstream analyses, as has recently been
demonstrated for the inference of both population history and the
DFE (Soni, Pfeifer, et al. 2024; Soni and Jensen 2025; and see
Ghafoor et al. 2023).

2.1 | Inferring Mutation Rates From Population
Genomic Data

Broadly speaking, mutation rate inference strategies in large
organisms such as primates fall into the categories of direct or
indirect inference approaches (though note that in humans, disease
incidence approaches [e.g., Haldane 1932, 1935] were largely used
prior to the advent of DNA sequencing technologies). Given that
selectively neutral mutations (i.e., those that do not impact fitness)
are expected to occur at a rate that is relatively constant over short
to moderate evolutionary timescales, the degree of neutral genetic
divergence between two species is expected to be directly correlated
with the time elapsed since their last common ancestor (though see
Moorjani et al. 2016). The theoretical underpinnings of this
Molecular Clock hypothesis were posited by The Neutral Theory of
Molecular Evolution (Kimura 1968, 1983), and—since the advent of
genome sequencing—have been used to indirectly infer mutation
rates from species-level divergence data in a wide range of orga-
nisms (e.g., between humans and chimpanzees; Nachman and
Crowell 2000; The Chimpanzee Sequencing and Analysis Consor-
tium 2005). Specifically, mutation rates averaged across time can be
inferred from phylogenetic sequence data in neutrally evolving
genomic regions, given that the per-generation mutation rate y is
equal to the substitution rate (Kimura 1968, 1983).

As these indirect approaches therefore require neutrally evolving
sites, it is necessary to mask functional regions from such analyses.
To date, high-quality annotated genomes are available for a rela-
tively small number of organisms. Furthermore, numerous factors
impact local genomic mutation rates, including GC-content
(Hwang and Green 2004), the recombination landscape (Agarwal
and Przeworski 2019), as well as more general life history traits (see
the discussion of Tran and Pfeifer 2018). Moreover, uncertainties in
divergence and generation times must be considered, and therefore
indirect mutation rates will generally be given as a range ac-
counting for the degree of these uncertainties. That said, an
important advantage of such indirect inference approaches is that
mutation rates can be calculated across genomic windows, facili-
tating the fine-scale mapping of mutation rate heterogeneity across
the genome in a way that is generally not feasible with direct
approaches. Because mutation rate heterogeneity can bias the
inference of both demographic and selective histories if
unaccounted for (Soni, Pfeifer, et al. 2024), these fine-scale muta-
tion rate maps are an important feature of any evolutionary base-
line model.

By contrast, the direct estimation of mutation rates via observation
of de novo mutations (DNMs) in parent-offspring trios has become
a viable approach given the reduction in sequencing costs, as well
as the development of novel computational pipelines necessary to
identify genuine DNMs (see the review of Pfeifer 2020a). As the
name suggests, the number and distribution of spontaneous
mutations occurring in the offspring relative to the parental gen-
eration are directly observed, and as such this approach is not
dependent upon divergence- or generation-time assumptions as is
the case with indirect approaches. This advantage, however, is also
a trade-off in that such approaches track mutations over short
evolutionary timescales (i.e., a small number of generations).
Across such timescales, DNMs are extremely rare in primates. This
means that fine-scale genomic rate mapping is generally not fea-
sible, given that relatively few mutations can be observed across the
entire genome in a given pedigree. Moreover, sequencing error
rates are generally much higher than the spontaneous mutation
rate itself. Therefore, a central challenge of direct mutation rate
estimation lies in identifying these sequencing errors in order to
avoid their misidentification as DNMs (Pfeifer 2017a). Although
experimental validation via orthogonal sequencing technologies
can aid in the reduction of the false positive rate, this approach
necessitates additional sequencing which is often problematic due
to the limited samples available for many species, in particular
those of conservation concern. An alternative strategy involves the
application of carefully selected statistical filter criteria as part of a
computational pipeline in order to remove false positives. Such
computational approaches necessitate caution though, as genuine
DNMs may also be lost with stringent filtering (Ségurel et al. 2014),
and it is therefore necessary to infer both the false-positive and
false-negative rates of the experiment, which can prove challenging
(Pfeifer 2017b).

2.2 | Direct Pedigree-Based Estimates of the
Germline Mutation Rate in Aye-Ayes

Recent years have witnessed the quantification of DNMs in humans
and numerous nonhuman primates (Roach et al. 2010; Conrad
et al. 2011; Campbell et al. 2012, 2021; Kong et al. 2012; Michaelson
et al. 2012; Venn et al. 2014; Francioli et al. 2015; Besenbacher
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et al. 2016, 2019; Goldmann et al. 2016; Rahbari et al. 2016; Wong
et al. 2016; Jonsson et al. 2017; Pfeifer 2017b; Tatsumoto et al. 2017;
Thomas et al. 2018; Sasani et al. 2019; Kessler et al. 2020; Wang
et al. 2020; Wu et al. 2020; Bergeron et al. 2021, 2023; C. Yang
et al. 2021), revealing substantial—though < 10-fold—variation in
mutation rates between species, and lower rates in strepsirrhines
(see the reviews of Tran and Pfeifer 2018; Chintalapati and
Moorjani 2020). Earlier this year, Wang et al. (2025) performed a
direct estimation of the mutation rate in aye-ayes from DNMs
identified in 12 trios, finding, unexpectedly, a female mutation bias.
Notably though, this observation was driven by only three in-
dividuals, all of which harbored a much larger number of DNMs
(83, 108, and 117 DNMs) than the remaining individuals included
in the study (median: 30 DNMs). As such, this conclusion—which
is in contrast to multiple findings of male-biased mutation in other
primate species, and across amniotes in general (e.g, Kong
et al. 2012; Venn et al. 2014; Wong et al. 2016; Jénsson et al. 2017;
Thomas et al. 2018; Besenbacher et al. 2019; Sasani et al. 2019; Wu
et al. 2020; Bergeron et al. 2021)—should be interpreted with great
caution. In fact, once these three individuals were excluded from
their study, the authors observed a male mutation bias («) in aye-
ayes that is within the range of those observed in other mammals
(ax=12.82; Wang et al. 2025).

Concurrently, another pedigree-based study was conducted by
Versoza, Ehmke, et al. (2025), based on whole-genome
sequencing of seven trios from a three-generation pedigree.
Although smaller in sample size, the study included a wide range

of parental ages (from 7.4 to 26.5 years old). Given that aye-ayes
have a reproductive lifespan that ranges from 30 months to over
30 years of age, this wide age range provided valuable insights
into the impact of parental age on mutation rates in the species.
In order to address the challenges of identifying DNMs described
in the above section, Versoza, Ehmke, et al. (2025) developed a
computational pipeline based on the pan-genome approach of
Eggertsson et al. (2017), and then visually inspected candidate
DNMs for errors related to sequencing, read mapping, variant
calling, and genotyping. A total of 323 DNMs passed 2 rounds of
visual inspection, with the majority found within intergenic and
intronic regions as expected from the overall genome composi-
tion. Consistent with previous studies, Versoza, Ehmke, et al.
(2025) found that the per-site, per-generation germline mutation
rate increased with parental age (maternal age: r* =0.7440 at
p<0.005; paternal age: r*=0.5936 at p<0.05). The mean
inferred mutation rate was 1.1 x 10~° per base pair per genera-
tion (/bp/gen), with rates ranging from 0.4x10™® (maternal
age = 9.2 years; paternal age = 11.2 years) to 2.0 X 10™® (maternal
age =26.5 years; paternal age =24.4 years) across the studied
trios. As the age of reproduction in the wild likely tends toward
younger parents, this lower estimate may be the more appro-
priate for evolutionary studies. Contrary to the Wang et al. (2025)
study discussed above, Versoza, Ehmke, et al. (2025) observed a
male mutation bias of between 2.6 and 2.8 in aye-ayes, consistent
with other primate species (Bergeron et al. 2023). Figure 1
compares the germline mutation rate in aye-ayes with those
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FIGURE 1 | Primate germline mutation rates plotted against (a) male body mass; (b) divergence from humans; (c) paternal age; and (d) mating system.

Germline mutation rates and paternal age were obtained from Jénsson et al. (2017) for humans; Tatsumoto et al. (2017) for chimpanzees; Besenbacher et al.
(2019) for gorillas and orangutans; Wu et al. (2020) for baboons; Bergeron et al. (2021) for rhesus macaques; Thomas et al. (2018) for owl monkeys; and
Versoza, Ehmke, et al. (2025) for aye-ayes. Male body masses were obtained from Smith and Jungers (1997). Estimates of divergence from humans were
obtained from the 233-way primate alignment of Kuderna et al. (2023), updated with the aye-aye genome of Versoza and Pfeifer (2024).
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estimated in numerous other primates, with mutation rates
plotted against body mass, divergence, parental age, and mating
system.

2.3 | Indirect Divergence-Based Estimates of the
Fine-Scale Mutation Rate in Aye-Ayes

Unlike pedigree-based approaches for mutation rate estimation,
indirect approaches track mutations over much longer evolutionary
timescales and are therefore suitable for generating fine-scale maps
of the mutation rate across the genome, as discussed above. To infer
mutation rate maps in aye-ayes, Soni, Versoza, Terbot et al. (2025)
calculated the divergence along the aye-aye branch by replacing the
outdated aye-aye genome in the 447-way multiple species alignment
(Zoonomia Consortium 2020; Kuderna et al. 2023) with the high-
quality, chromosome-level genome assembly of Versoza and Pfeifer
(2024), and counting fixations along this branch. Crucially, because
the updated aye-aye genome is annotated at the gene level, the
authors were able to mask functional regions in order to avoid the
potentially confounding effects of selection. Mutation rates could
then be calculated across genomic windows, considering a likely
range of possible generation times in aye-ayes and divergence times
of the aye-aye branch. Utilizing previous estimates of generation
times in aye-ayes of between 3 and 5 years (Ross 2003; Louis
et al. 2020), and divergence times ranging from 54.9 to 74.4 mya
(Horvath et al. 2008), Soni, Versoza, Terbot, et al. (2025) inferred a
mutation rate map with a mean, fine-scale, autosomal mutation rate
of between 0.173x10™° and 0.393 x 10~% /bp/gen. Additionally,
Soni, Versoza, Terbot, et al. (2025) utilized the pedigree-based
mutation rates inferred by Versoza, Ehmke, et al. (2025), in order to
infer divergence times. Given the wide range of parental ages in the
pedigrees, this yielded divergence times spanning from 53.8 to
6.45 mya. This supports the likelihood of a younger mean age of
reproduction, as the more recent portion of this divergence range
(corresponding to older parents) is incompatible with the fossil
record, which has been interpreted to suggest a split ~55mya
(Hartwig 2011).

Taken together, there is thus an encouraging convergence between
different mutation rate inference approaches in aye-ayes. First, the
earliest divergence time of 53.8 mya based on the pedigree-based
mutation rates of Versoza, Ehmke, et al. (2025) from young parents
corresponds well with the fossil record and with the likely split of
this branch near the time of origin of primates (Tavaré et al. 2002;
Zhang et al. 2008; and see Pozzi et al. 2014). Second, the indirectly
estimated mutation rate corresponding to this divergence time
aligns with the directly inferred mutation rate from young parents,
suggesting ~0.4 X 10~® /bp/gen to be a well-supported mean auto-
somal mutation rate in aye-ayes.

Finally, Terbot, Soni, Versoza, Milhaven, et al. (2025) applied the
approach of Soni, Versoza, Terbot, et al. (2025) outlined above to
additionally study the fine-scale mutation rate on the X chromo-
some in aye-ayes. They inferred a mean mutation rate of
0.378 X107 /bp/gen, consistent with the autosomal mutation rates
inferred via both direct and indirect estimation approaches.

2.4 | Prevalence of Structural Variation Across
the Aye-Aye Genome

Structural variants, including duplications, deletions, and
inversions of at least 50 bp in size, form the largest source of

heritable variation, affecting more sites than single nucleotide
variants in primates (Redon et al. 2006; Conrad et al. 2010; Pang
et al. 2010; Sudmant et al. 2010, 2013, Sudmant, Mallick,
et al. 2015; Sudmant, Rausch, et al. 2015; Zarrei et al. 2015; Mao
et al. 2024), and have the potential to impact coding and reg-
ulatory genomic regions, which can in turn have important
effects on genome structure and gene expression (Chaignat
et al. 2011; Chiang et al. 2017). However, due to challenges
related to identification and genotyping, structural variation
remains relatively poorly characterized in many species. In
primates, structural variant detection has largely focused on the
great apes (Mao et al. 2024) as well as biomedically relevant
species (e.g., rhesus macaques; Thomas et al. 2021), with the
recent study of Versoza, Jensen, et al. (2025) that characterized
the landscape of structural variation in aye-ayes in fact repre-
senting the first such study in a strepsirrhine.

Utilizing high-coverage genomic data of 14 individuals,
Versoza, Jensen, et al. (2025) employed an ensemble approach
for identifying and genotyping structural variants from short-
read data. A total of 1133 autosomal structural variants were
identified, with the majority consisting of deletions (88.3%) with
a median length of 172bp. As longer deletions are likely to
experience stronger purifying selection, owing to the increased
likelihood of functionally altering expressed proteins, this rel-
atively diminutive length may be expected (Taylor et al. 2004;
Itsara et al. 2010; Mills et al. 2011; Y. Yang et al. 2024). Con-
versely, while duplications and inversions made up a smaller
proportion of the identified structural variants (7.2% and 4.5%,
respectively), the median length for these genomic elements
together was considerably longer (424 bp). Notably, the pro-
portions of each variant type were similar to those observed
previously in humans and rhesus macaques (89.4% and 88.3%
deletions, and 10.6% and 11.7% duplications, respectively;
Brandler et al. 2016; Thomas et al. 2021). Of the 1133 structural
variants identified in aye-ayes, 45 were predicted to exhibit
major effects, with a number of these disrupting immune
response genes.

3 | Direct and Indirect Estimates of
Recombination Rates

In terms of evolutionary processes and outcomes,
recombination is an important force that shuffles genetic vari-
ation into novel combinations and breaks up linkage blocks
thereby increasing the efficacy of natural selection (Hill and
Robertson 1966; Felsenstein 1974; and see the review of B.
Charlesworth and Jensen 2021). The rate of recombination has
been shown to vary at multiple scales, including between spe-
cies, populations within species, individuals within a popula-
tion, and sites within the genome (see the reviews of Ritz
et al. 2017; Stapley et al. 2017). As in the case of mutation rates
discussed above, it is common practice to use a species-averaged
recombination rate when constructing evolutionary models,
though failing to account for recombination rate heterogeneity
has also been shown to result in misinference of both popula-
tion history and the DFE (Soni, Pfeifer, et al. 2024; Soni and
Jensen 2025; and see Dapper and Payseur 2018; Samuk and
Noor 2022). Moreover, it has been well appreciated for decades
that the interaction between recombination and selection is an
important dictator of observed levels of local genomic variation
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(Begun and Aquadro 1992; B. Charlesworth et al. 1993; and see
Cutter and Payseur 2013).

3.1 | Inferring Recombination Rates From
Population Genomic Data

As with mutation rate inference, approaches for inferring the
recombination rate from population genomic data fall into the
categories of direct and indirect approaches. Direct pedigree-
based approaches involve the counting of CO (i.e., a reciprocal
exchange of genetic material between homologs) and NCO (i.e.,
a unidirectional transfer and replacement of genetic material,
with the donor left unmodified) events between the parental
and offspring generations. As such, male and female
recombination rates can be separately estimated. However,
similar to direct pedigree-based mutation rate inference ap-
proaches, the low number of recombination events within a
single generation means that there is relatively coarse resolu-
tion and a recombination rate map cannot be constructed
without an exceptionally large number of pedigreed individuals
(see the review of Clark et al. 2010).

To infer maps of fine-scale recombination rate heterogeneity
across the genome, indirect, population-based inference ap-
proaches are commonly used. Leveraging patterns of linkage
disequilibrium (LD), these approaches can infer historical pat-
terns of recombination and therefore offer sufficient resolution
to generate fine-scale recombination maps (see the reviews of
Stumpf and McVean 2003; Pefialba and Wolf 2020). There are,
however, a number of limitations. First, because recombination
events are not directly counted from parent to offspring, sex-
specific rates cannot be inferred. Second, whilst the per-
generation recombination rate, 7, can be estimated using direct
approaches, indirect population-based approaches can only
infer the population recombination rate, p = 4N,r, where N, is
the effective population size. Thus, processes that alter patterns
of genetic variation—particularly LD—can confound indirect
recombination rate inference, including both population history
and natural selection (Dapper and Payseur 2018; Samuk and
Noor 2022). It is therefore necessary to work within the context
of a fit demographic model and to mask out directly selected
genomic regions as well as any linked sites (which in turn
require access to an annotated genome) prior to performing
recombination rate inference (Johri et al. 2020; Johri, Eyre-
Walker, et al. 2022).

3.2 | Direct Pedigree-Based Estimates of CO and
NCO Rates in Aye-Ayes

The rate and distribution of CO and NCO events across the
genome have been shown to vary across taxonomic groups (see
the reviews of Paigen and Petkov 2010; Stapley et al. 2017), and
therefore estimating patterns and levels of recombination across
the primate clade is key to understanding broader patterns of
primate evolution. Thus far however, recombination rate esti-
mation within primates has been focused upon the haplorrhine
suborder (see Kong et al. 2002, 2010; Coop et al. 2008; Pratto
et al. 2014; Williams et al. 2015; Halldorsson et al. 2016; Palsson
et al. 2025 for humans; Auton et al. 2012; Stevison et al. 2016;
Pfeifer and Jensen 2016 for chimpanzees; Stevison et al. 2016;

Wall et al. 2022 for bonobos and gorillas; Rogers et al. 2006; Xue
et al. 2016, 2020; Versoza et al. 2024 for rhesus macaques;
Rogers et al. 2000; Cox et al. 2006 for baboons; Jasinska
et al. 2007; Pfeifer 2020b for vervet monkeys). Recently,
Versoza, Lloret-Villas, et al. (2025) provided the first direct es-
timation of rates of CO and NCO events in a strepsirrhine (in
aye-ayes). The authors tracked recombination events across 6
three-generation pedigrees and 3 two-generation nuclear fami-
lies, identifying 305 (163 maternal and 142 paternal) CO and
200 (95 maternal and 105 paternal) NCO events across the aye-
aye autosomes, yielding a genome-wide, sex-averaged CO rate
of 0.85cM/Mb (0.77 and 0.94 cM/Mb in males and females,
respectively) and a sex-averaged NCO rate of 6.8 X 10~/bp/gen
(95% CI: 2.9%x 1077 to 1.1 x107®/bp/gen). The estimated CO
rate is considerably lower than the rate estimated in humans by
Bhérer et al. (2017) of 1.3 and 2.0 cM/Mb in males and females,
respectively. This reduced recombination rate may partially
explain the lower levels of genetic diversity observed in aye-ayes
relative to other primates (Figure 2a; Perry et al. 2013; Terbot,
Soni, Versoza, Pfeifer, et al. 2025). However, the parental age
effect observed in humans (Porubsky et al. 2025) and chim-
panzees (Venn et al. 2014), whereby the number of CO events
decreases with parental age, was also observed in aye-ayes
(Figure 2b). Furthermore, the sex-averaged mean NCO tract
length was similar to those observed in other primates (Jeffreys
and May 2004; Palsson et al. 2025 for humans; Wall et al. 2022
for baboons; Versoza et al. 2024 for rhesus macaques)—see
Figure 2c for a comparison with humans. Finally, Versoza,
Lloret-Villas, et al. (2025) identified a putative sequence motif of
a PRDM9 binding site in aye-ayes that bore similarities to the
human PRDM9 binding motifs identified by Altemose
et al. (2017).

3.3 | Indirect Polymorphism-Based Estimates of
the Fine-Scale Recombination Rate in Aye-Ayes

The first maps of fine-scale recombination rates in aye-ayes
(and again the first in a strepsirrhine species) were inferred by
Soni, Versoza, Terbot, et al. (2025), utilizing the LD-based,
demography-aware recombination rate estimator pyrho (Spence
and Song 2019). It has previously been shown that pyrho un-
derestimates the population-scaled recombination rate when a
population has undergone a recent decline, particularly when
the sample size is small (Dutheil 2024). Given that the Soni,
Versoza, Terbot, et al. (2025) study sampled five individuals,
and that the demographic model inferred in aye-ayes by Terbot,
Soni, Versoza, Pfeifer, et al. (2025) suggested a population
bottleneck followed by an extremely recent population decline
(see Section 4), an underestimate of the population-scaled
recombination rate would thus be expected, as confirmed by
benchmarking performed by the authors under this demo-
graphic model. To account for this underestimation, the authors
performed recombination rate estimation using pyrho under the
Terbot, Soni, Versoza, Pfeifer, et al. (2025) aye-aye demographic
model and rescaled the estimated recombination rates such that
the total inferred genetic map length was equal to the length
observed in the pedigree-based study of Versoza, Lloret-Villas,
et al. (2025). This rescaling procedure maintained the inferred
variation in recombination rates across the aye-aye genome,
which found elevated recombination rates near the telomeric
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FIGURE 2 | (a) Levels of genetic variation (as represented by 6,,)
plotted against pedigree-based recombination rates. Pedigree-based
recombination rates were obtained from Kong et al. (2002) for humans;
Stevison et al. (2016) for bonobos, chimpanzees, and gorillas; and Soni,
Versoza, Terbot, et al. (2025) for aye-ayes. (b) Number of CO events
plotted against parental age at birth in humans (Williams et al. 2015)
and aye-ayes (Versoza, Lloret-Villas, et al. 2025). Solid linear regression
lines represent females, dotted lines represent males. (c) Distribution of
NCO tract lengths in humans (Palsson et al. 2025) and aye-ayes
(Versoza, Lloret-Villas, et al. 2025). Short tract lengths are those that are
< 1kb in length, whilst extended are > 1 kb.

ends, and reduced rates within centromeric and pericentromic
regions—a pattern of heterogeneity that has also been observed
in other primates (Auton et al. 2012; Stevison et al. 2016;
Pfeifer 2020a; Wall et al. 2022; Versoza et al. 2024; Soni,

Versoza, Jensen, et al. 2025; Terbot, Calahorra-Oliart,
et al. 2025). The mean rescaled genome-wide recombination
rate was 0.68 cM/Mb, which is notably lower than previous
estimates in haplorrhines (~1cM/Mb for humans [Kong
et al. 2002] and ~1.2cM/Mb for bonobos, chimpanzees, and
gorillas [Stevison et al. 2016]).

Finally, in primates, one would expect lower levels of
recombination on sex chromosomes relative to autosomes, owing
both to the lower N, in the former as well as to the absence of
recombination in the non-pseudoautosomal region (non-PAR)
whilst in males (Singh et al. 2007; D. Charlesworth 2017; Olito and
Abbott 2025). In agreement with these expectations, Terbot, Soni,
Versoza, Milhaven, et al. (2025) found that the population-scaled
recombination rate on the aye-aye X chromosome was roughly 70%
lower than the autosomal rate inferred by Soni, Versoza, Terbot,
et al. (2025).

4 | Inference of Historical Population Size
Change and Structure

As an important determinant of genetic variation, genetic drift is a
fundamental evolutionary process. Per-generation genetic drift
effects are stronger in smaller populations, with larger expected
stochastic fluctuations in allele frequencies from one generation
to the next. Though levels and patterns of genetic variation were
once assumed to be primarily shaped by selective forces such as
purifying and balancing selection (see Crow 1987 and
Lewontin 1987 for details of the classical/balanced debate), The
Neutral Theory of Molecular Evolution argued that observed var-
iation and divergence were likely largely explained by genetic
drift alone (Kimura 1968, 1983). Subsequent empirical analysis
has generally confirmed Kimura's view (see the commentary of
Jensen et al. 2019). Moreover, in primate genomes specifically,
our improved understanding of genome architecture since Ki-
mura’s initial proposal has demonstrated the great majority of the
genome to be nonfunctional and thus neutrally evolving. Infer-
ring a well-fitting demographic model, including details of pop-
ulation size change, population structure, and gene flow between
populations, is therefore an important aspect of population
genetic inference in explaining genome-wide patterns of
variation.

A central challenge when performing demographic inference is
disentangling the relative roles of both neutral and selective
processes in shaping variation. Failure to do so can result in
misinference of the demographic model itself and/or of under-
lying model parameters. For instance, BGS (B. Charlesworth
et al. 1993) and recurrent selective sweeps (Maynard Smith and
Haigh 1974) can both result in a skew in the site frequency
spectrum (SFS) toward rare alleles, which is also characteristic of
neutral population growth (Kim 2006; Jensen et al. 2007;
Nicolaisen and Desai 2012, 2013; Ewing and Jensen 2016; Johri
et al. 2021; Soni et al. 2023; and see the reviews of B.
Charlesworth and Jensen 2021, 2024), with the effects of these
processes further modified by the underlying variation in muta-
tion and recombination rates across the genome (Dapper and
Payseur 2018; Samuk and Noor 2022; Soni, Pfeifer, et al. 2024).

An important first question when performing demographic
inference is thus how one might account for the biasing effects
of natural selection, with the primary concern being the effects
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generated by the dominant action of purifying selection and
BGS in and around functional genomic elements. The most
appropriate approach will depend on the genomic architecture
of the species in question. For example, species with coding-
dense genomes (meaning genomes composed of a large pro-
portion of functional regions that are experiencing direct
selection) may have few or no genomic regions unaffected ei-
ther directly by selection, or by the effects of selection at linked
sites (e.g., Irwin et al. 2016; Sackman et al. 2019; Jensen 2021;
Morales-Arce et al. 2022; Terbot, Johri, et al. 2023; Terbot,
Cooper, et al. 2023; Howell et al. 2023; Soni, Terbot,
Jensen 2024). In such cases, selection must be directly and
simultaneously modeled along with population history. For
example, Johri et al. (2020, 2023) developed an approximate
Bayesian computation approach for joint inference of demog-
raphy and the DFE. This approach utilizes information from
multiple aspects of the data, including the SFS, LD, and diver-
gence. However, because of the need to jointly infer the
parameters of demography and selection, this approach has
been limited thus far to inferring relatively simple demographic
models, in which a single step-size change in population size is
fit to the data.

In species with coding-sparse genomes however (i.e., in which a
large proportion of the genome is nonfunctional), such as that
characterizing primates as mentioned above, demographic and
selection inference can be performed separately in a step-wise
approach. Such “two-step” inference approaches (see Soni and
Jensen 2025; Soni, Versoza, Vallender, et al. 2025; Soni
et al. 2025a) involve first performing demographic inference on
neutral intergenic regions that are at a sufficient
recombinational distance from functional sites such that they
are not subject to BGS effects (B. Charlesworth et al. 1993),
followed by the inference of selective processes on functional
sites in the second step conditional on the inferred demographic
history. Because these processes are separately inferred, neutral
demographic estimators (e.g., Gutenkunst et al. 2009; Excoffier
et al. 2013) can be utilized to infer more parameter-rich
demographic models, though mutation and recombination rate
heterogeneity must also be carefully modeled.

4.1 | Inferring the Population History of Aye-
Ayes From Population Genomic Data

Perry et al. (2013) provided the first genetic insights into the
population history of aye-ayes, primarily focusing on population
structuring. The authors generated low-coverage (7.1-10.6X)
sequencing data from 12 aye-ayes sampled from across the
North (n =4), West (n = 3), and East (n =5) regions of Mada-
gascar. Calculating single nucleotide polymorphism (SNP) dis-
tances from their estimated neighbor-joining tree, Perry et al.
(2013) found that the East and West populations were more
similar to one another than to the North population. This pat-
tern was consistent when limiting analysis to synonymous sites
only. Consistent with previous studies (Perry, Melsted,
et al. 2012; Perry, Reeves, et al. 2012), the authors also found
that aye-ayes exhibit the lowest levels of genetic diversity of any
studied primate species to date.

More recently, Terbot, Soni, Versoza, Pfeifer, et al. (2025)
inferred the population history of aye-ayes based on a combined

data set of the low-coverage data for the 12 individuals
sequenced by Perry et al. (2013), together with new high-
coverage (> 50x) sequence data obtained from five individuals
housed at the Duke Lemur Center (either wild-born or from
wild-born parents). The authors called variants from sequence
reads mapped to the high-quality, fully annotated,
chromosome-level aye-aye assembly of Versoza and Pfeifer
(2024). Importantly, this reference enabled the masking of sites
likely impacted by purifying and background selection, given
the inference concerns discussed above (e.g., Ewing and
Jensen 2014, 2016; Johri et al. 2020, 2021; and see the reviews of
B. Charlesworth and Jensen 2021, 2024). More specifically, the
authors masked functional regions, and 10kb flanking each
functional region, which is a likely sufficient recombinational
distance to avoid the strongest BGS effects in primate genomes
(see Johri et al. 2020 for an analytical approach to calculating
sufficient distances).

As identifying the number of populations in a data set is an
important first step when performing demographic inference,
in that it limits the number of candidate demographic models
on which to perform inference, this was first investigated. In
agreement with Perry et al. (2013), Terbot, Soni, Versoza,
Pfeifer, et al. (2025) found that two populations best explained
the population in their combined data set, putatively titled the
North and non-North populations. Working from this two-
population model, Terbot, Soni, Versoza, Pfeifer, et al. (2025)
then inferred well-fitting population histories using two widely
applied neutral SFS-based estimators, fastsimcoal2 (the
coalescent-based approach of Excoffier et al. 2013) and dadi (the
diffusion approximation-based approach of Gutenkunst
et al. 2009). Reassuringly, both approaches inferred similar best-
fitting models in terms of the underlying population sizes and
timing of population size change. The fit of these models was
further verified by simulating the best-fitting models for direct
comparison to the empirically observed SFS, and a strong cor-
respondence was observed between simulated and observed,
with the fastsimcoal2 model providing the best fit (Figure 3).
This model inferred an ancestral population of size ~11,750
individuals that split into 2 daughter populations, together with
experiencing a population bottleneck 1133 generations ago.
These North and non-North daughter populations were of size
1410 and 3453 individuals, respectively, at the time of the split,
though both underwent a further recent decline in size,
beginning 7 generations ago. Taken together, this model
resulted in a current-day North population size of 262 in-
dividuals and a non-North population size of 642 individuals.

Notably, this model corresponds well to the history of Mada-
gascar itself. Louis et al. (2020) estimated an aye-aye generation
time of 5 years, suggesting that the population bottleneck at the
time of the population split occurred roughly 5500 years ago,
which coincides with the estimated time of human arrival to
Madagascar (Dewar and Richard 2012; Salmona et al. 2017;
Hansford et al. 2020; Balboa et al. 2024). The timing of the more
recent population decline, which was estimated to have begun
~35 years ago, falls within the 20-40 year range in which aye-
aye populations have been observed to have experienced a
further ~50% reduction in population size owing largely to
habitat destruction (Louis et al. 2020). Whilst this well-fitting
demographic model facilitates further population genetic
inference in aye-ayes (see Section 5), it also draws attention to
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FIGURE 3 | Best-fitting demographic models for aye-aye population history as inferred by fastsimcoal2 (top) and dadi (bottom) by Terbot, Soni,

Versoza, Pfeifer et al. (2025). X-axes are scaled in log generations.

the current critical juncture in which this rapid and ongoing
decline in aye-aye populations has resulted in an effective size
likely below 2000 individuals.

4.2 | Comparing the Autosomal and X
Chromosomal Population Histories of Aye-Ayes

The evolutionary history of sex chromosomes can deviate from
that of the autosomes due to a myriad of factors including the
population sex ratio as well as sex-biased migration (Bachtrog
et al. 2009; and see the reviews of Ellegren 2011 and Bachtrog
et al. 2014 for a detailed discussion of factors). Furthermore, the
ratio of N, on the X chromosome relative to the autosomes in
primates is expected to be 3:4 (though this may vary depending
on the mating system), with this factor alone leading to an
expectation of a 25% reduction in genetic variation on the
X. Deviations from this expected diversity have been observed
in humans (e.g., Keinan et al. 2009) as well as in gorillas and
orangutans (Prado-Martinez et al. 2013). Given the aye-ayes'
endangered status and nocturnal lifestyle, comparing genomic
patterns observed in the X chromosome to those of the auto-
somes therefore provides an opportunity to estimate these
otherwise difficult to observe sex ratios.

By first identifying the pseudoautosomal boundary in aye-ayes,
Terbot, Soni, Versoza, Milhaven, et al. (2025) studied the evo-
lutionary dynamics of the non-PAR in the 12 non-North in-
dividuals described in Terbot, Soni, Versoza, Pfeifer, et al.
(2025). Simulating under the demographic model inferred in
that study (with a rescaled mutation rate of 2.22 X 102 /bp/gen,

in order to account for the differing male and female mutation
rates inferred by Versoza, Ehmke, et al. 2025), the authors
found that the autosomal model indeed fit the empirical non-
PAR data well after rescaling, and therefore the inferred pop-
ulation history was consistent across both autosomes and the
X chromosome. Furthermore, a 1:1 male-to-female sex ratio was
found to be most consistent with the observed data, despite the
ecological and territorial range differences (with male ranges
thought to be ~50 times larger than those of females).

5 | Inference of Selective Dynamics

The inference of natural selection from population genomic
data consists of both the characterization of commonly acting
selective dynamics as captured by the DFE (e.g., purifying
selection) as well as recent, comparatively rare episodic selec-
tive dynamics such as the selective sweep effect potentially
generated by positive selection. The DFE describes the spec-
trum of mutational selection coefficients, and a DFE may thus
be described that characterizes all newly arising mutations, only
segregating variation, or only fixations. Because it is largely a
description of selective constraint—that is, there are far more
deleterious mutations occurring than beneficial mutations—the
DFE is expected to remain relatively stable over long evolu-
tionary timescales. By quantifying the relative proportion of
neutral, weakly deleterious, and strongly deleterious mutations,
as well as the fraction of beneficial variants, the DFE thus
describes general selective dynamics in functional regions of the
genome (see the reviews of Eyre-Walker and Keightley 2007;
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Keightley and Eyre-Walker 2010; Bank et al. 2014), and as such
is essential for developing a population-specific evolutionary
baseline model from which to perform downstream inference
(Comeron 2014, 2017; Johri, Aquadro, et al. 2022; Soni and
Jensen 2025).

The DFE can be modeled as a continuous or discrete distribution of
mutational selection coefficients. Two main approaches have been
developed for inferring the DFE from polymorphism and/or
divergence data. The most commonly used is the two-step SFS-
based approach (see Keightley and Eyre-Walker 2010). First, a
demographic model is inferred from the SFS of synonymous sites,
then in Step 2, a DFE is fit to the nonsynonymous SFS, conditional
on the demographic model inferred in Step 1 (Eyre-Walker and
Keightley 2007, 2009; Boyko et al. 2008; Schneider et al. 2011;
Galtier 2016; Tataru et al. 2017). Hence, a crucial assumption of
these approaches is that synonymous sites are evolving neutrally,
though there is indeed considerable evidence that this may not be
the case in many organisms (e.g., Chamary and Hurst 2005). In
addition, BGS effects generated from direct selection on neigh-
boring nonsynonymous variants are likely to skew the SFS of
synonymous sites, and Johri et al. (2021) demonstrated that
neglecting to account for these BGS effects can lead to demo-
graphic misinference. Furthermore, Soni, Pfeifer, et al. (2024)
found that assuming a single mutation and recombination rate (i.e.,
neglecting to account for mutation and recombination rate het-
erogeneity across the genome), as is common practice, can also
result in misinference of the DFE. In order to address some of these
inference difficulties, Johri et al. (2020) developed an approximate
Bayesian computation approach for jointly inferring demography
and the DFE, thereby accounting for the biasing effects of selection
on demographic inference and demography on DFE inference,
whilst also modeling fine-scale mutation and recombination
heterogeneity.

Whilst the DFE largely models constantly operating selective pro-
cesses, selective sweeps and balancing selection are relatively
ephemeral on evolutionary timescales. These processes leave dif-
fering genomic signatures in terms of patterns of local variation.
The time that it takes for a beneficial mutation to reach fixation,
and the size of the genomic neighborhood that is affected by the
resulting selective sweep effect, are dependent on the strength of
selection and the local recombination rate. The characteristic sig-
natures of a selective sweep include a local reduction in nucleotide
diversity (Berry et al. 1991) and a localized skew in the SFS toward
both low and high frequency derived alleles (Braverman et al. 1995;
Simonsen et al. 1995). The theoretical expectations of these
dynamics under a model of a single, recent selective sweep form
the basis of the composite likelihood ratio (CLR) test of Kim and
Stephan (2002). Many commonly used methods for performing
genome scans for recent positive selection are based on this original
CLR framework (e.g., SweepFinder and its successor SweepFin-
der2; Nielsen et al. 2005; DeGiorgio et al. 2016). These imple-
mentations utilize the empirically observed SFS as a null model,
thereby partially accounting for underlying demographic processes
that can impact inference and result in an excess of false positives
(e.g., Jensen et al. 2005; B. Charlesworth and Jensen 2022).

Though balancing selection may also be considered an episodic
process, a mutation can be maintained under balancing selec-
tion across much greater timescales. Fijarczyk and Babik (2015)
characterized recent balancing selection as that in which the
balanced mutation has been segregating for <O0.4N,

generations, whilst at the other extreme, ancient balancing
selection has been acting for > 4N, generations. Furthermore,
whilst selective sweeps reduce variation in their genomic
neighborhood, balancing selection maintains variation that has
accrued on the balanced haplotype (see the reviews of Fijarczyk
and Babik 2015; Bitarello et al. 2023). This maintenance of
variation at intermediate frequencies results in a local skew in
the SFS toward intermediate frequency alleles; as such, the
inference of balancing selection can be confounded by both
population history and other forms of selection that replicate
these patterns. Soni and Jensen (2024) demonstrated via sim-
ulation that the initial trajectory of a beneficial mutation is
identical whether its ultimate fate is that of a hard selective
sweep or to be maintained under balancing selection, whilst
population contraction (Soni and Jensen 2024) and population
structure (Lewontin and Krakauer 1973; B. Charlesworth
et al. 2003; de Filippo et al. 2016; and see the review of Bitarello
et al. 2023) have both been shown to potentially replicate these
patterns neutrally, again necessitating a careful consideration of
population history when performing such genomic scans.

5.1 | Inferring the DFE in Aye-Ayes From
Population Genomic Data

Utilizing the 447-way multiple species alignment (Zoonomia
Consortium 2020; Kuderna et al. 2023), updated by Soni, Versoza,
Terbot, et al. (2025) to include the high-quality annotated aye-aye
genome of Versoza and Pfeifer (2024; see Section 2.3 for further
details), Soni et al. (2025b) estimated levels of exonic divergence in
aye-ayes. Consistent with expectations of the action of purifying
selection in functional regions, mean genome-wide exonic diver-
gence was found to be lower than mean neutral divergence. On an
individual gene basis, Soni et al. (2025b) also quantified genes with
high levels of divergence as candidates for long-term positive
selection, though notably relaxed selective constraint can also
generate these patterns. Via gene function analysis, the authors
identified sensory-related and immune-related functions to be
rapidly evolving. Given that aye-ayes are nocturnal, with dichro-
matic vision aiding moonlight foraging (Perry et al. 2007), and
scent used both to attract mates (Winn 1994) and to identify one
another (Price and Feistner 1994), rapid evolution of sensory-
related genes is consistent with aye-aye behavior, physiology, and
morphology. Meanwhile, high evolutionary rates in immune-
related genes have been observed across many vertebrate species,
as they engage in an evolutionary arms race with various patho-
gens (e.g., George et al. 2011; Rausell and Telenti 2014).

Although the DFE can be inferred from polymorphism data
alone, divergence is important for capturing long-term patterns
of selection. Thus, Soni et al. (2025b) used a combination of
exonic divergence data together with polymorphism data in
order to infer a well-fitting discrete DFE consisting of effectively
neutral and weakly deleterious (2NypcestrasS < 10, Where Nypeestral
is the ancestral aye-aye population size inferred by Terbot, Soni,
Versoza, Pfeifer, et al. 2025, and s is the reduction in fitness of
the mutant homozygote relative to the wildtype), moderately
deleterious (10 < 2Ngucesrais < 100), and strongly deleterious
(100 < 2Ngpcestrais < 1000) mutational classes in aye-ayes. Spe-
cifically, they simulated a 54.9-million-year divergence time
(Horvath et al. 2008), followed by the Terbot, Soni, Versoza,
Pfeifer, et al. (2025) aye-aye demographic model, performing a
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FIGURE 4 | Proportion of moderately and strongly deleterious
exonic mutations (i.e., mutations experiencing a population-scaled
strength of selection 2NgcestraiS > 10, Where Nypcesirar 1S the ancestral
population size, and s is the reduction in fitness of the mutant homo-
zygote relative to the wildtype) for humans (Homo sapiens), the com-
mon marmoset (Callithrix jacchus) and aye-ayes (Daubentonia
madagascariensis). Nypcesira1 Values were obtained from inferred demo-
graphic models for humans (Soni and Jensen 2025), common marmo-
sets (Soni, Versoza, Vallender, et al. 2025), and aye-ayes (Terbot, Soni,
Versoza, Pfeifer, et al. 2025), whilst the proportion of moderately and
strongly deleterious mutations were obtained from DFEs inferred in
humans (Johri et al. 2023), common marmosets (Soni et al. 2025a), and
aye-ayes (Soni et al. 2025b).

grid search of DFE parameters to fit simulated divergence to the
observed levels of exonic divergence. The best-fitting DFE is
characterized by 60% of mutations being effectively neutral or
weakly deleterious, 20% moderately deleterious, and 20%
strongly deleterious. The inferred proportion of moderately and
strongly deleterious mutations (i.e., 2NgpcesiraiS > 10) is depicted
in Figure 4, along with the proportions from the DFEs inferred
for humans by Johri et al. (2023) and for common marmosets by
Soni et al. (2025a) for comparison. Although DFE inference has
been performed in numerous other primates (e.g., Castellano
et al. 2019), these examples presented here utilize common
inference approaches and are therefore readily comparable.
Notably, the proportion of moderately and strongly deleterious
mutations scales with Ngcesirqr across the three species, with
humans having the lowest ancestral population size and pro-
portion of moderately and strongly deleterious mutations, and
common marmosets having the highest. This is consistent with
the theoretical expectation of stronger selective effects in spe-
cies with larger N,.

5.2 | Targets of Recent Positive Selection and
Balancing Selection in Aye-Ayes

For more episodic forms of selection such as selective sweeps
and balancing selection, it is common to scan the genome for
localized signatures of selection in a given genomic window.
Soni, Terbot, Versoza, et al. (2025) performed whole-genome
scans in aye-ayes on a data set of five unrelated individuals

sequenced to high-coverage (> 50%). Though outlier approaches
are popular for identifying selection candidates, such ap-
proaches are not only associated with high false positive rates
(Teshima et al. 2006; Thornton and Jensen 2007), but also rely
on an arbitrary choice of outlier threshold (often 1% or 5%). As
any evolutionary model will result in a distribution of variation,
and as it is not a given that selected loci will reside in the tails of
the distribution under a given demographic history, these out-
lier approaches are unsatisfactory (see Harris et al. 2018;
Jensen 2023). Instead, Soni, Terbot, Versoza, et al. (2025) sim-
ulated each full-length aye-aye autosome 10 times under the
inferred evolutionarily baseline model (Johri, Aquadro,
et al. 2022), utilizing the Terbot, Soni, Versoza, Pfeifer, et al.
(2025) aye-aye population history, and performed inference for
selective sweeps and balancing selection. The maximum CLR
value across these simulations was set as the null threshold for
empirical inference, under the logic that this represents the
highest value that can be generated in the absence of positive or
balancing selection. As such, any region in excess of that value
in the empirical data is a selection candidate (see Soni
et al. 2023).

Having generated null thresholds, Soni, Terbot, Versoza, et al.
(2025) identified 3462 recent positive selection candidates using
SweepFinder2 (DeGiorgio et al. 2016), with inference performed
at each SNP, mapping onto 71 genes. Scans for balancing
selection using the Bppar approach of Cheng and DeGiorgio
(2020), with inference performed across 100 SNP windows,
yielded 163 candidate windows mapping to 60 candidate genes.
A gene functional analysis on selective sweep candidate genes
yielded no gene ontology (GO) terms that passed both the
p value and false discovery rate thresholds of 0.05. However, 14
GO terms from the balancing selection candidate genes met
both thresholds. Figure 5a,b depicts the results of these genome
scans. Seven of the 14 GO terms were related to olfaction, with
a> 5-fold enrichment. Furthermore, several olfactory receptor
genes were candidates for balancing selection. As discussed
above, aye-ayes use scent-marking behaviors when attracting
mates (Winn 1994) and discriminate based on scent (Price and
Feistner 1994). It is therefore interesting to note that these
recent studies in aye-ayes have identified genes related to
olfaction as evolving rapidly over evolutionary timescales, and
as also being maintained by balancing selection. Six functions
related to G protein-coupled receptors (GPCRs) were also im-
plicated as experiencing balancing selection by Soni, Terbot,
Versoza, et al. (2025), with a > 3.75-fold enrichment. GPCRs are
involved in multiple physiological processes and are responsible
for activating cellular responses when extracellular molecules
are detected. They are thus important in terms of how aye-ayes
interact with their environment. Two of these GPCR-related
functions were related to the opsin responsible for mediating
dim light vision, rhodopsin (Litman and Mitchell 1996), again
suggesting that functions with a rapid long-term evolutionary
rate have also been implicated as experiencing balancing
selection in aye-ayes. Figure 5c provides the proportion of sig-
nificant, enriched gene function categories that are related to
olfaction and vision. Finally, genes from the PATE family were
identified as candidates for both recent positive and balancing
selection. These genes are thought to be involved in sperm
maturation (Soler-Garcia et al. 2005) and sperm-oolemma
fusion (Margalit et al. 2012). As multiple primate species have
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FIGURE 5 | (a) Genomic scans for selective sweeps across aye-aye autosomes. (b) Genomic scans for balancing selection across aye-aye auto-

somes. Candidate loci are marked in red to indicate their contribution to enriched functional categories. (c) Pie chart showing the number of
enriched gene function categories. Data from Soni, Terbot, Versoza, et al. (2025).

been shown to use coagulated ejaculate to prevent sperm
competition by blocking out sperm from rival males, particu-
larly in polygynandrous species such as aye-ayes (Dixson
et al. 2005; Quinn and Wilson 2004; Martinez and Garcia 2020),
it may be hypothesized that sexual selection is shaping the
PATE family of genes.

Finally, Terbot, Soni, Versoza, Milhaven, et al. (2025) followed the
approach of Soni, Terbot, Versoza, et al. (2025) in order to identify
patterns of exonic divergence and perform genomic scans for
recent positive selection and balancing selection on the aye-aye
X chromosome. However, the authors found no evidence of rapidly
evolving exonic regions on this sex chromosome. This result
implies that, if positive or balancing selection are operating on this
chromosome, these processes are not detectable within the context
of the X chromosome baseline model (Poh et al. 2014; Johri, Eyre-
Walker, et al. 2022; Jensen 2023).

6 | Concluding Thoughts

Although the first aye-aye reference genome was published over
a decade ago (Perry, Reeves, et al. 2012), it was only with the
publication of the chromosome-level reference genome with
gene annotations of Versoza and Pfeifer (2024), and the gen-
eration of novel high-coverage population genomic data, that
in-depth population genetic modeling of the evolutionary pro-
cesses shaping variation in aye-ayes became feasible. The vari-
ety of analyses summarized here has well elucidated the general
population genetic environment shaping levels and patterns of
variation and divergence in this species, including its under-
lying population history, as well as mutation rates, crossover
and noncrossover rates, and purifying selection effects. Utilizing
the baseline model characterized by these constantly operating
processes, further studies have additionally characterized the
episodic effects of positive and balancing selection, identifying
in particular genes implicated in both olfaction and vision.

Taken together, these findings also highlight the precarious situa-
tion of aye-ayes in the wild, with low levels of variation shaped by
both a population decline upon initial human contact on Mada-
gascar, as well as a recent severe decline likely driven by persistent
deforestation (Suzzi-Simmons 2023; Terbot, Soni, Versoza, Pfeifer,
et al. 2025), together with amongst the lowest mutation rates
observed in primates (Soni, Versoza, Terbot et al. 2025; Versoza,
Ehmke, et al. 2025) and relatively low sex-averaged recombination
rates (Versoza, Lloret-Villas, et al. 2025). Furthermore, the char-
acterization of long-term and episodic selection dynamics has shed
some light on the potentially changing selection pressures that aye-
ayes are facing with ongoing habitat destruction. These recent,
novel insights into the landscape of evolutionary processes in aye-
ayes thus represent a valuable resource for future conservation
management strategies, as well as for virtually any primate com-
parative genomics given the unique position of aye-ayes in the
primate clade.
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