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We performed a population genomics study of the aye-aye, a
highly specialized nocturnal lemur from Madagascar. Aye-ayes
have low population densities and extensive range requirements
that could make this flagship species particularly susceptible to
extinction. Therefore, knowledge of genetic diversity and differ-
entiation among aye-aye populations is critical for conservation
planning. Such information may also advance our general under-
standing of Malagasy biogeography, as aye-ayes have the largest
species distribution of any lemur. We generated and analyzed
whole-genome sequence data for 12 aye-ayes from three regions
of Madagascar (North, West, and East). We found that the North
population is genetically distinct, with strong differentiation from
other aye-ayes over relatively short geographic distances. For com-
parison, the average FST value between the North and East aye-aye
populations—separated by only 248 km—is over 2.1-times greater
than that observed between human Africans and Europeans. This
finding is consistent with prior watershed- and climate-based hy-
potheses of a center of endemism in northern Madagascar. Taken
together, these results suggest a strong and long-term biogeogra-
phical barrier to gene flow. Thus, the specific attention that should
be directed toward preserving large, contiguous aye-aye habitats in
northern Madagascar may also benefit the conservation of other
distinct taxonomic units. To help facilitate future ecological- and
conservation-motivated population genomic analyses by noncom-
putational biologists, the analytical toolkit used in this study is avail-
able on the Galaxy Web site.

conservation genomics | landscape species concept | genomics of
non-model species

Madagascar maintains one of the highest levels of unique
biodiversity—coupled with imminent extinction risk—in

the world (1–4). The endemic primates, lemurs, are among the
most diverse faunal groups on Madagascar, with ∼100 distinct
extant taxa (5). Because of a unique ecological and demographic
profile, the lemur species with the largest geographical dis-
tribution, the aye-aye (Daubentonia madagascariensis) (6), may
also be among the most sensitive to continuing degradation of
Madagascar’s forests. Specifically, aye-ayes have very large in-
dividual home-range size requirements relative to other lemurs
(7–11), population densities that are inferred to be very low (12),
a relatively slow life history (13), and the lowest nuclear genetic
diversity of any primate yet studied (14). Therefore, their ability
to maintain sufficient individual numbers for long-term pop-
ulation viability in remaining forest patches may be at risk.
Aye-ayes are highly specialized extractive foragers, with rela-

tively large, continuously growing incisors that are used to gnaw
through decaying tree bark (deadwood) or bamboo to access
wood-boring insect larvae and through the endocarp of seeds
from the ramy tree (Canarium) to access endosperm (7, 15–17).
A slender, flexible, probing third digit is used to extract these
foods and bring them to the mouth (18, 19). Limitations in the
availability of either deadwood or Canarium resources may ex-
plain the large individual home-range requirements, but this has

not yet been shown. Aye-ayes are also nocturnal, cryptic, and
primarily solitary, making them difficult to study and sample in
the wild. As a result, no comparative population studies of this
species have been published previously.
Adequate conservation planning requires knowledge of both

long-term landscape dynamics and patterns of species distribu-
tion in suitable habitats (20). Wider geographic scale assessments
are particularly important for species with large-range require-
ments (e.g., refs. 21 and 22), such as aye-ayes. Thus, it is im-
portant to understand the patterns of genetic differentiation that
exist among surviving aye-aye populations. Because of their ex-
tensive individual home-range sizes and low population densities,
conservation efforts relevant to aye-ayes will need to prioritize
the preservation of large and contiguous forests. Although such
protected areas do exist in Madagascar [albeit many of them
currently under stress (23)], prior to this study we have not been
able to assess whether current protected areas and conservation
strategies maximize the preservation of distinct aye-aye populations
and overall genetic diversity, because the genetic relationships
among aye-aye populations have been unknown.
The analysis of population-level genome sequence data offers

potentially powerful insights into both demographic and evolu-
tionary processes. Although such analyses could thus benefit be-
havior, conservation, and ecological research across many taxa
(24–27), large-scale whole-genome sequencing population stud-
ies conducted to date have typically focused on humans and
model organisms (e.g., refs. 28–30). With continued increases in
sequencing capacity, genomic-scale population studies of non-
human, nonmodel organisms are increasingly feasible. Indeed,
transcriptome sequencing, other reduced representation methods,
and whole-genome sequencing approaches have been used in
multiple recently published studies (14, 31–35).
In this study, we have generated and analyzed intermediate-

coverage whole-genome sequence data for 12 aye-aye individuals
from three regions of Madagascar (Fig. 1). We investigated
population structure and quantified population differentiation
using an analytical toolkit that we have made available through
the Galaxy Web site (36, 37) to facilitate similar, future studies
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of other species. Although the analyses in this study benefitted
from our previous assembly of an aye-aye reference genome
(38) and high-quality DNA samples isolated from blood and
tissue, the absence of such resources would not preclude the
application of a similar pipeline to other nonmodel species (SI
Text). For example, for this study we collected a total of more
than twice as much genome sequence data than we had used
to assemble the aye-aye reference genome (38). As an initial
step in analyzing other species, a genome assembly could be con-
structed, benefitting from continually improving genome-assem-
bly algorithms. For analyses like those reported in this article,
long-range contiguity of the assembly is immaterial and thus
relatively simple assembly methods are adequate. Alternatively,
analyses can use the available genome sequence and gene anno-
tations of a related species, such as analyzing bear sequences
using the dog assembly and genes (34), possibly restricting at-
tention to gene-coding regions (39) and focusing on synonymous
sites. Finally, once sequence data are available from one in-
dividual of a species, genomic-scale population analyses can then
be accurately performed with noninvasive samples using a DNA
capture approach (40).

Results
We analyzed intermediate-coverage whole-genome sequence data
for 12 aye-aye individuals from three regions of Madagascar: North
(n = 4 individuals), West (n = 3), and East (n = 5) (Fig. 1). We
identified SNPs following sequence-read alignment to an aye-aye
reference genome (38). To limit the incorporation of erroneous
genotypes into our analyses, we focused on the genotypes of
666,256 SNPs (of a total of 4,555,737 SNPs) that were covered by
a minimum of four sequence reads per individual (see Materials
and Methods).

Aye-Aye Population Structure.To examine relationships among the
aye-aye individuals from the three regions of Madagascar, we
constructed a neighbor-joining tree based on genome-wide SNP
genotype distances. Individuals from each of the three pop-
ulations cluster, and the East and West population clusters are
more similar to each other than either is to the North (Fig. 2A).
In addition, we constructed a rooted neighbor-joining tree by
first aligning the aye-aye and human genome sequences (hg19).
Given the relatively high levels of sequence divergence in introns
and intergenic regions, to ensure orthology it was necessary to
focus on gene coding regions. We then analyzed only autosomal
synonymous SNPs from the gene-coding regions, because such
SNPs do not affect amino acid sequences and are thus pre-
sumably neutral. Although the resulting tree is based on a dis-
tance matrix constructed from magnitudes of fewer SNPs than
that of the genome-wide dataset (857 vs. 666,256), the patterns
of aye-aye population structure are the same and the root of the
tree separates the North from the East and West populations

Fig. 1. Aye-aye geographical species range and sampling locations. Remain-
ing forests (light green) and presumed current species distribution of aye-
ayes (dark green) in Madagascar. Capture locations for the North (blue
squares), West (yellow triangles), and East (red circles) aye-aye population
samples included in this study are indicated. Species distribution is based on
the selection of remaining forest [identified from classified satellite imagery,
deforestation data from Harper, et al (2007), courtesy of Cambridge Univer-
sity Press (51)] using a vector polygon of aye-aye distribution from Andrai-
narivo et al. (71), which was then further modified according to our field
observations of aye-aye feeding traces and occasional sightings. Nonforested
areas were not represented in the aye-aye distribution.
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Fig. 2. Aye-aye population structure. Analyses of estimated genotype SNPs
with minimum 4× sequence coverage in each of the 12 individuals studied,
and maximum 120× coverage in those individuals combined (Materials and
Methods). (A) Neighbor-joining tree estimated from a genotype distance
matrix based on all 666,256 genome-wide SNPs. Pairwise distances were
calculated as total SNP genotype distance, with distance for an individual
SNP the difference between two individuals’ genotypes scored as 0, 0.5, and
1 (e.g., AA, AT, and TT, respectively). (B) Rooted neighbor-joining tree esti-
mated from a distance matrix based on 857 autosomal synonymous SNPs
from gene coding regions that could be aligned to the human genome
(hg19). Pairwise distances were calculated as described above. The nucleo-
tide of the human reference sequence was different from both aye-aye
alleles for 73 of the 857 SNPs; in these cases the human genotype was scored
as 0.5. (C) Population structure analyses based on all 666,256 genome-wide
SNPs. Cluster membership proportions for each individual are depicted for
both k = 2 and k = 3 populations. Each individual is represented as a vertical
bar with population origins indicated below the bars.
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(Fig. 2B). A population structure analysis produced consistent
results, with the North individuals distinguished from all others
at k = 2 populations, and individuals from each of the three
regions completely separated at k = 3 (Fig. 2C). Results from
a principal component analysis are also similar. The first prin-
cipal component clearly separates the North individuals from all
others, and the second principal component separates West and
East individuals (Fig. S1).

Population Differentiation. To quantify the level of genetic dif-
ferentiation between aye-aye populations, or the amount of total
genetic variation that can be explained by population structure,
we estimated FST for each SNP that was not fixed for the same
allele in each of the two populations being compared. We cal-
culated FST values using an unbiased estimator from Reich et al.
(41) that is not adversely affected by small population sample
sizes (42). The average FST values were 0.169 for the North vs.
East populations (596,785 SNPs), 0.194 for the North vs. West
populations (517,323 SNPs), and 0.129 for the East vs. West
populations (536,734 SNPs).
We next assessed the level of observed genetic differentiation

between aye-aye populations in a comparative context. To do so,
we created an equivalent dataset for humans based on publicly
available data. Specifically, we obtained genome sequence data
for a total of 12 human individuals from three populations that
were, as were our aye-aye data, generated using Illumina se-
quencing technology. The sampled human populations were sub-
Saharan African agriculturalists (n = 4 individuals), European
(n = 5 individuals), and Southeast Asian (n = 3 individuals). We
matched sequence coverage levels to the aye-aye data at both the
individual and population levels (Fig. S2), and used the same
pipeline for sequence alignment, SNP genotype estimation, data
filtering (e.g., minimum fourfold sequence coverage per indi-
vidual), and FST analysis.
The average FST values were 0.078 for the African vs. Euro-

pean populations (1,061,671 SNPs), 0.091 for the African vs.
Asian populations (988,646 SNPs), and 0.069 for the European
vs. Asian populations (748,232 SNPs). Thus, the level of genetic
differentiation between aye-aye populations from the North and
East regions of Madagascar is more than 2.1-times greater than
that between human Africans and Europeans based on an
equivalent dataset (Fig. 3). The relative level of aye-aye versus
human population differentiation was similar for each of the
other equivalent comparisons. Furthermore, the two least-dif-
ferentiated aye-aye populations, East and West (average FST =
0.129), are likely more genetically differentiated than Africans
and Asians (average FST = 0.091), the two most differentiated
human populations in our analysis. We obtained consistent re-
sults from SNP subsets generated using sequence coverage cut-
offs of five-, six- and sevenfold per individual, and when using
Weir and Cockerham’s unbiased estimator for FST (43) or
Wright’s original FST definition (44) instead of Reich et al.’s
unbiased FST estimator (41) (Fig. S3).

Neutral Genetic Diversity.Aye-ayes have the lowest level of genetic
diversity of any studied primate species (14, 38, 45), which is
likely a function of large individual range requirements and low
population densities throughout the aye-aye species distribution.
Alternatively, because the previous genetic diversity estimates
were based primarily on individuals with ancestry from only one
region of Madagascar (equivalent to our East population), they
could reflect population-specific rather than species-wide de-
mographic processes. We sought to address this issue by estimating
neutral genetic diversity separately for each of the three aye-aye
populations in our study. Although we expect to underestimate
true genetic diversity with the intermediate coverage sequence
data (because of the undercalling of rare SNPs and heterozygous
sites), these estimates should be generally comparable both across

aye-aye populations and against humans (using our sample size
and sequence coverage-matched human dataset).
We identified the total number of autosomal synonymous sites

covered by a minimum of four sequence reads per individual for
each species (aye-aye = 368,675 synonymous sites; human =
915,245 sites) (SI Materials and Methods) and computed average
pairwise genetic diversity (π) for each population: aye-aye North
π = 0.054%, aye-aye East π = 0.057%, aye-aye West π = 0.049%,
human African π = 0.093%, human European π = 0.070%, hu-
man Asian π = 0.066%. As expected, these estimates are lower
than those from previous studies that used higher coverage se-
quence data (14), but the magnitude of the between-species
differences are similar. Moreover, in contrast to the variability
observed among human populations [as expected, with higher
genetic diversity in Africa (46)], genetic diversity levels are similar
among aye-aye populations suggesting that relatively low genetic
diversity is a species-wide characteristic.

Discussion
We conducted this study to characterize patterns and levels of
genetic differentiation among aye-aye populations for conser-
vation planning purposes as well as to contribute to the general
understanding of biogeographical processes in Madagascar, as
this species has the widest geographical distribution of any lemur
(6, 12). The aye-aye’s demographic profile suggests a particular
sensitivity of this species to the rapid degradation and frag-
mentation of Madagascar’s forests. Specifically, aye-aye home-
range sizes of 120–215 ha for males and 30–40 ha for females
[with travel distances up to 4.4 km/night (47)] are very large for
a solitary animal only ∼2.5 kg in size and considerably larger
than those of other lemurs across a diversity of activity patterns,
social systems, and body sizes [for example, 1–2 ha for woolly
lemurs (8), 5 ha for fork-marked lemurs (9), 5.3 ± 5.2 ha for
blue-eyed black lemurs (10), and 5.7–10.1 ha for Verreaux’s
sifakas (11)]. Because there is minimal same-sex overlap in fe-
male home ranges (47), aye-aye population densities are inferred
to be relatively very low (12). Perhaps unsurprisingly, the level of
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Fig. 3. Cross-species FST frequency distribution comparison. Frequency dis-
tributions of FST values for the North vs. East aye-aye populations and the
African vs. European human populations for SNPs meeting sequence cov-
erage requirements (Materials and Methods). SNPs that were fixed for the
same allele in both of the two compared populations were excluded (i.e.,
some SNPs were variable only among or the East aye-aye population sample
or the Asian human population sample, or between these populations and
the analyzed populations). There were 596,785 and 1,061,671 SNPs analyzed
for aye-ayes and humans, respectively. FST values were computed using the
unbiased estimator from Reich et al. (41). For the figure, SNPs with negative
FST values were included in the first bin (FST ≤ 0.1). The average FST value for
the two aye-aye populations (0.169) is 2.17-times greater than the average
human FST (0.078).
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estimated nuclear genomic diversity in aye-ayes is the lowest of
any primate yet studied (14). Thus, the ability of aye-ayes to
maintain sufficient individual numbers for long-term population
viability in remaining forest patches may be at risk.
Our analyses revealed that although aye-ayes from the East

and West coasts of Madagascar are distinguished readily by their
genome sequences, divergence between either of these pop-
ulations and the northern Madagascar population is greater.
Although connected forests between the habitats of the North
and East sampled populations no longer exist (Fig. 1), the level of
genetic differentiation between the populations in these regions
implies a longer-term reproductive barrier than that which could
be attributed to the human-mediated habitat loss that began only
within the past 2,300 y (48, 49) before accelerating rapidly over
the past century (50, 51). We found that the level of genetic dif-
ferentiation between the North and East populations is sub-
stantially greater than that between, for example, human African
and European populations, based on the analysis of an equiva-
lently curated human SNP database. Although the relative level
of aye-aye genetic differentiation—across only a relatively small
geographic distance (248 km), representing a small part of the
total aye-aye range (Fig. 1)—is intriguing, what relevance does
this result have for conservation planning? In particular, the level
of genetic differentiation among human populations is not typi-
cally considered high among primates (52). In addition, the ob-
served level of aye-aye population differentiation may not be
unusual for a species with low population sizes and geographical
barriers across its range. Future expectations of an expanded
population genomic database that will include many additional
endangered taxa will help us to better contextualize this result.
As a starting point, we also computed the average FST between

populations of Alaskan and Norwegian polar bears using data
from a recent genomics study (34). Although the polar bear se-
quence coverage levels could not be matched precisely to our aye-
aye and human datasets, the average North vs. East aye-aye FST
was more than five-times greater than that for polar bears (SI
Materials andMethods), strengthening the belief that the observed
aye-aye FST values may be unusual for a wide-ranging animal over
such a small geographic distance. For now, we are not suggesting
that the North aye-aye population should necessarily be consid-
ered a distinct taxonomic unit. However, if general goals of
conservation planning include preserving distinct populations and
maximizing overall species-level genetic diversity, then this pop-
ulation merits particular protection, especially for a species with
a demographic profile that suggests high extinction risk.
Because aye-ayes have a geographical species distribution that

only excludes the central highlands and the southwest of Mada-
gascar [the largest distribution of any lemur (6, 12)], these results
are also particularly valuable for our broader understanding of the
island’s biogeography. Indeed, the distinctiveness of the North
aye-aye population accords well with 1 of 12 proposed cross-taxa
centers of endemism, based on an analysis of elevation, the loca-
tion of watersheds, and Quaternary climatic shifts (53). Multiple
river systems, such as the Manambato, Bemarivo, and Ankava-
nana, have the potential to limit the dispersal of aye-ayes and other
species between northern Madagascar and adjacent regions.
Furthermore, the Tsaratanana Massif, which includes the highest
peak in Madagascar, rises above the known elevational limits of
aye-ayes (54), and thus may form at least a partial barrier to gene
flow. We have sampled from only a portion of the total aye-aye
species distribution. The cryptic, nocturnal nature of this species
and low population densities constrain sampling efforts, but future
population genomic studies that include populations from further
south along the west and east coasts of Madagascar would likely
contribute further to biogeographic knowledge and to aye-aye
conservation efforts.
Preservation of the distinctive aye-aye populations in northern

Madagascar would likely have indirect benefits for the conservation

of other taxa within this center of endemism, the genetic diversity
and structure of which are not yet fully characterized. The geo-
graphical correspondence of this northern region with patterns
of species turnover in other lemur taxa (53) suggests similar
underlying biogeographic processes and responses to landscape
variation. Although the use of surrogate species for conservation
management is strongly debated (55, 56), carefully selected in-
dividual species or groups may serve as appropriate indicators
of overall biodiversity, although these applications are often
highly context-dependent (57). Similarly, protecting species at
the highest trophic levels and with large home ranges (e.g., apex
predators) can serve ecosystem-level conservation goals and
preserve disproportionate amounts of diversity in other taxa
(58). Although not strictly predatory, aye-ayes maintain an eco-
logical niche that necessitates large individual ranges, which can
incorporate entire communities and populations of other en-
demic fauna, including other lemurs. Thus, any efforts to pre-
serve contiguous forests large and diverse enough to support
a viable population of aye-ayes would be very likely to also meet
or exceed the space requirements for other taxa. Additionally,
because of their relatively slow life history, aye-ayes may be
particularly sensitive to rapid habitat changes. The combination
of these factors would make aye-ayes a strong candidate for
a focal species in a “landscape species” approach to conservation
planning (59, 60).

Conclusion
In this study, we generated and analyzed complete genome
sequences from 12 aye-aye individuals to characterize levels and
patterns of genetic differentiation and to highlight a distinct
population in northern Madagascar. This work serves as a po-
tential model for future conservation- and ecology-motivated
population genomic studies of nonmodel species; such research
is expected to become more feasible with continuing advances in
sequencing technology and capacity. Thus, we have made the
analytical toolkit used for our analyses available on the Galaxy
Web site. We argue that conservation attention should be di-
rected toward an important center of endemism in northern
Madagascar. Such efforts would preserve distinct populations of
a species that is one of the world’s most unusual and highly
specialized mammals, as well as other potentially distinct pop-
ulations and taxa in the region.

Materials and Methods
DNA Samples. DNA samples from 13 wild-caught aye-aye individuals were
initially included in this study. Genomic DNA was extracted from liver-tissue
samples collected at necropsy or whole venous blood from wild-born
founders at the Duke Lemur Center (Durham, NC) and from whole venous
blood samples collected from free-ranging individuals in Madagascar. In
Madagascar, aye-ayes were immobilized with a CO2 projection rifle or
blowgun with 10 mg/kg of Telazol (Fort Dodge Animal Health), and 1.0 cc/kg
whole blood was collected and placed in storage buffer [0.1 M Tris, 0.1 M
NA2EDTA, 2% (vol/vol) SDS] at room temperature until transferred to the
laboratory for storage at −80 °C. All collection and export permits were
obtained from Madagascar National Parks, formerly Association Nationale
pour la Gestion des Aires Protégées, the Ministère des Eaux et Forêts of
Madagascar. All rules and regulations were followed according to Malagasy
law. Samples were imported to the United States under Convention for In-
ternational Trade in Endangered Species permits 08US121039/9,
08US121040/9, and 08US121041/9 from the US Fish and Wildlife Service.
Capture and sampling procedures were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Omaha’s Henry Doorly Zoo and
Aquarium under IACUC #12–101. Genomic DNA was isolated from the
samples using a standard Phenol-chloroform extraction protocol (61).

Sequencing, Sequence Alignment, and SNP Identification. For detailed descrip-
tions of the library preparation, sequencing, alignment, and SNP identifi-
cation methods see SI Materials and Methods. Each sample was pair-end
sequenced for 101 bp from each end using one lane of the Illumina HiSEq.
2000 sequencing system. We obtained an average of 204,202,246 total reads
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per lane (SD = 40,714,120) (Dataset S1), or ∼20 Gb of raw sequence data per
individual. Sequence data have been deposited in the National Center for
Biotechnology Institute short read archive under accession no. SRA066444.
Sequence reads were aligned to the aye-aye reference genome sequence
(38) using the Burrows–Wheeler Aligner (62). On average, we mapped 16 Gb
of sequence data per individual (SD 4.1 Gb) (Dataset S1), corresponding to
an average of ∼5.6-fold coverage of the 2.9-Gb aye-aye reference genome
sequence. We used SAMtools (63) to identify the locations of SNPs and es-
timate genotypes at all SNPs for each individual, regardless of sequence
coverage for that SNP and individual.

Quality Control and SNP Filtering. We selected an intermediate-coverage
population genomics study design, using one HiSeq lane per individual
(resulting in an average of ∼5.6× per-individual mapped sequence coverage).
For analyses of these data, our approach was to focus on the subset of
identified SNPs with a minimum of 4× sequence coverage for each individual
in the study. In doing so, we ignored the majority of our data, but we have
more confidence in the accuracy of the estimated genotypes of the SNPs
that we do analyze. The number of SNPs remaining after this filtering step is
still large (see below), sufficient for accurate population genetics inference
(e.g., ref. 64). In future population genomics studies, it may become possible
to extend the analysis to a larger proportion of variable sites in the genome
by generating high-coverage sequence data for each individual. However,
such a design would have been economically and computationally inefficient
for our study, given current output of the Illumina HiSEq. 2000 sequencing
system and data storage and analysis computing resource needs.

With only 4× coverage, some error in the estimated genotypes is expected
(e.g., the probability of observing both SNP alleles among four reads for
a heterozygous individual = 0.875). However, the 4× threshold is the mini-
mum coverage for each individual; thus for any given SNP, the coverage
levels for most individuals are higher. At this coverage threshold, overall
genotype estimate qualities are expected to be high.

Before applying the 4× minimum coverage filter, we considered the
coverage distributions (for the 4,555,737 identified SNPs) for each individual
(Fig. S2A). One individual, North5, was a coverage outlier, with a mode of
only twofold coverage and 70% of the SNP sites covered by fewer than four
reads. North5 also had the fewest mapped reads of any individual in the
study (Dataset S1). Accordingly, we excluded North5 from further analyses.
We also examined the sum total coverage distribution for the remaining 12
individuals (North1 to -4, West1 to -3, East1 to -5) (Fig. S2B). SNPs with rel-
atively low sum total coverage will be filtered because they would not meet
the 4× per-individual threshold. Some proportion of the SNPs with relatively
high sum total coverage could be located in duplicated regions of the ge-
nome, and thus potential false-positives. Therefore, we chose tofilter all SNPs
with >120× sum total coverage. With this step, we likely excluded many true
SNPs, but the remaining number of SNPs was large. Specifically, there were
666,256 SNPs with minimum 4× coverage in each of the 12 individuals, and
notmore than 120× coverage in those individuals combined. These SNPs were
the focus of our population genomic analyses.

Galaxy Tools. We created tools on the Galaxy Web site usegalaxy.org (36, 37)
to facilitate ecological- and conservation-motivated analyses of population
genomics datasets such as ours, by noncomputational biologists. The user
uploads SNP genotype calls with coverage and genotype quality information
(alternatively, SAMtools functionality is also available through Galaxy). From
the uploaded SNP table, the user may specify populations, compute and
display coverage distributions at the individual and population levels, filter
SNPs based on individual and population minimum and maximum sequence
coverage levels, as well as minimum genotype quality, examine population
structure, and perform analyses based on FST. Several popular population
genetics and genomics analysis programs, including SMARTPCA (65) and
ADMIXTURE (66), have been integrated into the Galaxy functionality. For

detailed descriptions of the population genomic analyses used in this study,
see SI Materials and Methods.

Human SNP Comparative Data. To understand the significance of the average
FST value between the North and East aye-aye populations, we created
a similar dataset of human sequence data. Specifically, given the relatively
small sample sizes for each population in our study and the use of inter-
mediate-coverage sequence data, unknown false-positive and false-negative
SNP call error rates and genotyping errors may have affected the accuracy of
our aye-aye average FST estimate. Therefore, it was inappropriate to com-
pare our result for the two aye-aye populations to published reports of
average FST from other species that were based on microarray-based SNP
genotyping data or Sanger sequencing data (or high-coverage massively-
parallel sequencing data, but to our knowledge such datasets have not
yet been published). To address this issue, we downloaded Illumina se-
quence reads for four African agriculturalist (e.g., Bantu-speaking) individuals,
five individuals of European descent, and three Southeast Asian individuals
from published and publicly available genome-sequencing studies (28,
29, 67–70) (Dataset S2). For our comparative purposes, we considered the
African sample equivalent to the aye-aye North population sample (as
described in Results, the aye-aye North population is more distinct from
the West and East populations than either of the West and East populations
are from each other; this is equivalent to the relationship among human
African versus European and Southeast Asian populations), the European
sample equivalent to the East, and the Southeast Asian sample to the West.
We included varying numbers of reads for each individual (Dataset S3) to
match the aye-aye coverage distributions, at both the individual and pop-
ulation levels (Fig. S2C).

We aligned reads, identified SNPs, and estimated genotypes in a manner
identical to that used for the aye-aye data, except using the human genome
(hg19) as a reference. A total of 8,598,051 SNPs were identified. There are at
least two reasonswhy the number of identified human SNPs was greater than
the number of identified aye-aye SNPs. First, nuclear genetic diversity is lower
in aye-ayes than in humans (14). Second, although the total size (∼2.9 Gb) of
the aye-aye reference genome sequence (38) is similar to that of humans, it
is comprised of ∼2.6 million scaffolds. Thus, the effective size of the genome
for SNP analysis is lower for aye-ayes because of expected reductions in
mapability and coverage levels near scaffold ends. We filtered the human
SNPs to a subset of 1,146,658 SNPs with a minimum of 4× sequence coverage
per individual and a maximum of 120× sum total coverage for all individuals.
Population structure analyses performed on these genotype data produced
the expected results (Fig. S4).
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