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Abstract

Lemurs, the living primates most distantly related to humans, demonstrate incredible
diversity in behaviour, life history patterns and adaptive traits. Although many lemur spe-
cies are endangered within their native Madagascar, there is no high-quality genome
assembly from this taxon, limiting population and conservation genetic studies. One criti-
cally endangered lemur is the blue-eyed black lemur Eulemur flavifrons. This species is
fixed for blue irises, a convergent trait that evolved at least four times in primates and was
subject to positive selection in humans, where 5 regulatory variation of OCA2 explains
most of the brown/blue eye colour differences. We built a de novo genome assembly for
E. flavifrons, providing the most complete lemur genome to date, and a high confidence
consensus sequence for close sister species E. macaco, the (brown-eyed) black lemur. From
diversity and divergence patterns across the genomes, we estimated a recent split time of
the two species (160 Kya) and temporal fluctuations in effective population sizes that
accord with known environmental changes. By looking for regions of unusually low diver-
sity, we identified potential signals of directional selection in E. flavifrons at MITF, a mela-
nocyte development gene that regulates OCA2 and has previously been associated with
variation in human iris colour, as well as at several other genes involved in melanin biosyn-
thesis in mammals. Our study thus illustrates how whole-genome sequencing of a few
individuals can illuminate the demographic and selection history of nonmodel species.
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resources are available, notably reference genomes. Until
recently, building a genome for a new species was
prohibitively expensive and computationally intractable
for individual laboratories, but this situation has been
upended with the advent of next-generation sequencing
technologies and assembly programs. These develop-
ments promise to transform the study of nonmodel
organisms. The assembly of even a single diploid genome
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allows unprecedented investigations into evolutionary
processes that are largely inaccessible by other
approaches. For instance, data from one diploid genome
can be used to infer linkage disequilibrium and recombi-
nation (Reich et al. 2002; Haubold et al. 2010), as well as
demographic history (Miller et al. 2012; Zhan et al. 2013)
and evolutionary relationships (Gnerre et al. 2011;
Amemiya et al. 2013). Moreover, when closely related
species differ in a positively selected trait with a simple
genetic architecture, whole-genome sequencing may be
used to evaluate candidate loci influencing the trait.
Here, we use a de novo assembly of the blue-eyed
black lemur (Eulemur flavifrons) and a reference-based
assembly of its close relative, the black lemur
(E. macaco), to investigate the two species’ evolutionary
history (Fig. 1). The blue-eyed black lemur inhabits a
narrow range of northwestern Madagascar (Andrian-
jakarivelo 2004; Randriatahina & Rabarivola 2004) and
is one of at least 60 lemurs that are endangered or criti-
cally endangered (Schwitzer et al. 2013). Despite the
lemurs’ diversity and conservation significance, there is
still no high-quality genome assembly of a lemur spe-
cies (Yoder 2013). Many lemurs are separated by large
phylogenetic distances; for instance, the blue-eyed black
lemur is 5.8% divergent (39 MY; based on 35 kb of
sequence data from 54 nuclear genes; Perelman et al.
2011) from the mouse lemur (Microcebus murinus; Lind-
blad-Toh et al. 2011) and 6.5% (59 MY, Perelman et al.
2011) from the aye-aye (Daubentonia madagascariensis;
Perry et al. 2012b), the only lemurs for which draft gen-
ome assemblies are available. Thus, as is the case for
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Fig. 1 Samples and demographic parameters estimated. (A)
Pictured at left is the blue-eyed black lemur (Harlow)
sequenced to high coverage in this study; at right is the high-
coverage black lemur (Harmonia); pictures are courtesy of
David Haring (Duke Lemur Center). (B) This diagram displays
the split time and effective population sizes inferred from
diversity and divergence data from the two individuals
(Appendix S14, Supporting information).

most nonmodel organisms, genomewide studies of any
lemur species currently require a de novo assembly.

In addition to its conservation importance, the blue-
eyed black lemur is of particular interest because it is
fixed for blue iris pigmentation, whereas its sister spe-
cies, the black lemur, is fixed for brown irises. Blue
irises evolved independently in at least three other pri-
mate lineages, in which iris colour is currently polymor-
phic: humans (Homo sapiens; Eiberg et al. 2008),
Japanese macaques (Macaca fuscata; Yamagiwa 1979)
and spider monkeys (brown: Ateles hybridus, formerly
Ateles belzebuth hybridus; and closely related Colombian
black: Ateles geoffroyi or fusciceps, subspecies rufiventris;
Hernandez-Camacho & Cooper 1976). Examples of con-
vergent evolution such as this provide opportunities to
query the extent of constraint on the evolution of a par-
ticular trait, by determining whether the same or differ-
ent genetic mechanisms have been responsible for the
acquisition of this trait in different lineages.

Because the blue iris phenotype is highly similar
across primate species (Meyer et al. 2013) and human iris
pigmentation loci are well characterized, these loci pro-
vide the natural focal points for testing whether the same
genetic mechanisms are involved in lemurs. Several loci
have been associated with natural iris pigmentation vari-
ation in humans, and most of these play known roles in
the melanin synthesis pathway (Frudakis et al. 2003;
Sulem et al. 2007; Sturm et al. 2008; Liu et al. 2010). Yet
unlike many complex human traits, the majority of blue
vs. brown variation in iris colour can be explained by a
single locus. The human causal site is a regulatory vari-
ant of the OCA2 gene located within an intron of HERC2
(Eiberg et al. 2008; Sturm et al. 2008), and thus,
previous studies aimed at identifying iris pigmentation-
associated differences between the two lemur species
have focused on the ortholog of this region. We found
no fixed differences in 1.2 kb orthologous to the human
causal site (Meyer et al. 2013; see also Bradley et al.
2009), although we were unable to investigate the full
OCA2 region because of the size of the gene (344 kb,
including introns, in humans, 297 kb in mouse). In order
to extend the search for a causal locus beyond this
region, as well as to query both coding and noncoding
variation within it for potentially causal sites, genome-
wide data in large scaffolds are particularly helpful.

Materials and methods

We assembled the blue-eyed black lemur genome de
novo, and we then assembled the black lemur genome
using this de novo assembly as a reference. A schematic
overview of our assembly and analysis pipeline, along
with a brief glossary of assembly-related terms, may be
found in Fig. S1 (Supporting information).

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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Samples

DNA was obtained from frozen blood or tissue for four
blue-eyed black lemurs and four black lemurs from the
Duke Lemur Center (Appendix S1, Supporting informa-
tion). One blue-eyed black lemur and one black lemur
were sequenced to high fold coverage to generate
genome assemblies. All lemurs were outbred from
wild-caught ancestors.

Short read sequencing, error correction and genome
assembly

Library preparation and sequencing were performed
using the recommended Illumina protocols at the Univer-
sity of Chicago, the core sequencing facility at Princeton
University, and the Keck Center for Comparative Geno-
mics, University of Illinois (Appendix S2, Supporting
information). Redundant mate pair (MP) reads were
removed, and paired end (PE) reads with called bases
were stripped of adapters and trimmed using FASTX
(http:/ /hannonlab.cshl.edu/fastx_toolkit/; Appendix S3,
Supporting information). Trimmed reads were error-cor-
rected using QUAKE (Kelley et al. 2010) and assembled
using SOAPDENOVO v1.05 (Li et al. 2010) with a k-mer size of
33 (Appendices S4-S5, Supporting information). After
estimating insert sizes for each library and resolving
bimodal distributions (Appendix S6, Supporting informa-
tion), PE and MP information was loaded onto the graph
sequentially from shortest to longest estimated insert size
to join unique contigs into scaffolds, and the ‘Gap Clo-
sure’ module was run to resolve repeats. Final contigs
were extracted by breaking scaffolds at the remaining
gaps. See Appendix S7 (Supporting information) for com-
mand line parameters and Appendix S8 and Fig. S2 (Sup-
porting information) for memory consumption at each
step.

Evaluation of assembly quality and accuracy

As a measure of assembly quality, we calculated N50, or
the size of the largest contig or scaffold with the property
that 50% of the assembly is contained in contigs or scaf-
folds of that size or greater. To assess scaffold accuracy,
we calculated the proportion of PE reads that were cor-
rectly oriented and within three standard deviations of
the mean insert size (Li & Durbin 2009; Li et al. 2009;
Appendix S4, Supporting information). Additionally, we
employed two other methods to assess assembly quality:
(i) we aligned contigs from the blue-eyed black lemur
genome assembly to previously sequenced BACs
(Appendix S9, Supporting information), and (ii) we
assessed the proportion of highly conserved, core eukary-
otic genes covered by scaffolds in the assembly (Parra
et al. 2009; Appendix S10, Supporting information).

Reference-based assembly of the black lemur genome

Following quality filtering using Fastx (Appendix S3,
Supporting information), reads were aligned to the
blue-eyed black lemur assembly using BWA (Li &
Durbin 2009) with trimming parameter 15 and all other
parameters set to default values. Reads with mapping
quality <10 were eliminated using samroors (Li et al.
2009), and duplicates were marked wusing PICARD
(http:/ /picard.sourceforge.net). Consensus sequence
was generated using the output from the Genome Anal-
ysis Toolkit (GATK, DePristo et al. 2011, see below),
requiring a minimum filtered depth of three and incor-
porating the higher coverage allele at polymorphic sites,
to mimic the consensus generation for the blue-eyed
black lemur from SOAPDENOVO, using a custom script
(Appendix S7, Supporting information).

Identification of polymorphic sites within and
divergent sites between high-coverage samples

We called single nucleotide polymorphisms (SNPs)
from the alignments of reads to the assembly using the
recommended pipeline for the UNIFIEDGENOTYPER tool of
GATK (DePristo et al. 2011); we used the ‘emit all sites’
option to include nonvariable sites in the resulting Vari-
ant Call Format (VCF) file and allow generation of con-
sensus  files. ~We  subsequently filtered both
heterozygous and homozygous sites by base quality,
read depth and mapping quality as recommended
(Abecasis et al. 2010; Appendix S11, Supporting infor-
mation). We resequenced approximately 9.9 kb (blue-
eyed black lemur) and 15.1 kb (black lemur) of the
high-coverage individuals by Sanger sequencing. Con-
cordance between the GATK-derived sequence and San-
ger sequence suggested that the SNP calling was highly
reliable (Appendix S12, Supporting information).

We estimated heterozygosity by counting the number
of high-quality polymorphic sites per high-quality base
pair within the VCF file for each species and divergence
between species by comparing high-quality sites
between the VCF files, with a single allele chosen at
random for each species at heterozygous sites. We used
a modified version of the vcr2rQ function from
VCFUTILS.PL (Appendix S11, Supporting information) to
generate SNP-inclusive consensuses, which were used
for ancestral N, inference.

Inference of demographic history

We used the pairwise sequentially Markovian coales-
cent (PSMC; Li & Durbin 2011) to infer demographic
history separately in the blue-eyed black lemur and
black lemur, using the sequence of confidently called

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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(quality >30) homozygous and heterozygous sites
within scaffolds >10 kb in length. We summarized
heterozygosity over 75-bp windows, chosen so that ~1%
of windows would contain more than one polymorphic
site; other window sizes yielded similar results
(Fig. S3A, Supporting information). We obtained an
estimate of confidence by resampling scaffolds, with
replacement, to obtain sequence of comparable total
length, splitting large scaffolds into 250-kb segments.
Because PSMC was developed for fully assembled gen-
ome data, we performed simulations to determine the
effect of missing data and nonindependence of scaffolds
(Appendix S13; Fig. S3B, Supporting information).

Estimating species split time

Under a simple isolation model, the probability of indi-
viduals from two species sharing a neutral polymor-
phism at any given locus due to identity by descent
(IBD) is a function of time since the species split. Specif-
ically, this probability is the product of (i) the probabil-
ity of no coalescent events occurring since the species
split and (ii) the probability of the lineages coalescing
within the ancestral population in an order that would
give rise to a shared polymorphism.

These probabilities can be written in terms of t (the
split time scaled by 2N,) and N,/N, (the ratio of N, in
the ancestral branch to current N,). The expected pair-
wise divergence between species can also be written as
a function of t and N,/N,.. We estimated t and N,/N,
by substituting our estimates of genomewide diver-
gence and the proportion of shared polymorphic sites
from the two-sample data set into these two equations
(i.e. assuming that any shared SNPs were due to IBD,
which is reasonable given the species’ recent split) (Ap-
pendix 514, Supporting information). We then estimated
the split time from 1 under plausible estimates of muta-
tion rate and generation time (Appendix S15, Support-
ing information).

Scan for selection in the two-sample data set

We identified initial candidate regions for recent posi-
tive selection in one lineage by searching for large
regions with low within-species diversity relative to the
total number of polymorphic sites. Specifically, we con-
sidered the statistic Py = (hg; + s5)/(hs; + hgp + 55 + fd),
where hg; represents the number of sites heterozygous
only within the focal species, hy, the number of sites
heterozygous only within the other species, ss the num-
ber of shared heterozygous sites and fd the number of
sites at which the two species are homozygous for dif-
ferent alleles (Appendix S16, Supporting information).
To determine the empirical genomewide significance

for each region, we summarized Pg; across 20-kb
nonoverlapping windows.

Annotation of pigmentation genes

We identified exons of the lemur orthologs of ASIP,
MITF, OCA2 and TYR by comparing the human coding
sequence (downloaded from Ensembl GRCh37) to our
draft assembly using BLASTN 2.2.26+ (Altschul et al. 1990)
(Appendix S17, Supporting information).

Additional resequencing and regulatory annotation of
scaffold containing the ortholog of OCA2

We resequenced 18 ~1.1-kb regions from this scaffold in
the two high-coverage-sequenced individuals, eight
additional blue-eyed black lemurs and six additional
black lemurs by Sanger sequencing (Appendix 512,
Supporting information). We used these data to assess
the reliability of our SNP calls and to estimate local
genetic differentiation between the two species. We
identified candidate differential transcription factor
binding sites by assessing the position weight matrix
(PWM) scores for the E-box (MITF), LEF1 and RUSH
(HLTF) PWMs for each species at each site within the
scaffold (Appendix S18, Supporting information). We
focused on sites at which the black lemur PWM score
was in the 10% tail scaffoldwide and was log(10)
greater than the blue-eyed black lemur PWM score, and
where the blue-eyed black lemur allele was inferred to
be derived (Appendix S18, Supporting information). In
the combined data set, we specifically considered sites
with posterior probability >0.8 (from aNGsD and
NGSTOOLS, see below) of being fixed differences between
species.

Resequencing of additional individuals at low fold
coverage

We sequenced three additional individuals of each spe-
cies, chosen to minimize relatedness among samples
(Appendix S1, Supporting information), to low-to-med-
ium depth (4-15x). Following raw read quality control
and read mapping as for the high-coverage black lemur
sample, alignments were processed following the rec-
ommended pipeline for GATK (DePristo et al. 2011)
and then input to aNcsp (http://popgen.dk/wiki/
index.php/ANGSD) and NGsroors (https:/ /github.com/
mfumagalli/ngsTools), which use an empirical Bayesian
approach to estimate within-population allele frequen-
cies, heterozygosity, divergence and the number of seg-
regating sites from low-coverage sequencing data,
accounting for uncertainty (Fumagalli 2013; Fumagalli
et al. 2013; Korneliussen et al. 2014).

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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Estimation of Fsr and Py from the combined sample

We estimated Fsy and Pg; from the sample of all high- and
low-coverage samples, using the output from AnGsD and
NGstooLs. We calculated single species Fsr as 1 — H,,/Hjp,
where H,, represents within-species heterozygosity and
Hyg represents between-species heterozygosity (reported
by NGsToOLS as dxy). We calculated Pg; as ss1/Pyar, where
ss; represents the probability of a segregating site in spe-
cies 1, and Py, represents the probability of a site being
variable in the whole sample. We summarized Fgr as
1-2H,/2Hg, and Py, as 2ss;/2 Py, across regions of
20 kb, excluding sites that had a posterior probability <0.8
of being polymorphic within the whole sample (Appendix
S19, Supporting information).

Assessment of admixture in the combined sample

We performed principal components analysis (PCA) and
an estimation of admixture proportions by applying
ngsCovar (Fumagalli 2013; Fumagalli ef al. 2013) and
NGSadmix (Skotte et al. 2013), respectively, to a subset
of high confidence polymorphic sites in the combined
sample (Appendix S20, Supporting information).

Empirical P-values for a region including multiple
windows

For each pigmentation gene, we first calculated the
maximum Fsr among all windows overlapping its
exons (annotated as in Appendix S17, Supporting infor-
mation). We then drew 10 000 regions with the same
number of consecutive windows at random from the
genome, excluding the gene region, and determined the
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maximum Fgr for each region. We considered the
empirical P-value for the pigmentation gene to be
the proportion of all randomly drawn regions with
maximum Fgr greater than or equal to that observed for
the gene region. We used the same procedure, focusing
on the regional minimum statistic, to determine an
empirical P-value for Pg;.

Gene ontology enrichment analysis

We annotated genes overlapping the 1% blue-eyed Fsr
tail from the combined sample using TBLASTN 2.2.22+,
retaining only those genes whose best match for any
subset of the sequence fell within the Fgr tail regions
(Appendix S21, Supporting information). We used the
functional annotation chart produced by the Database
for Annotation, Visualization and Integrated Discovery
(pAviD) v6.7 (Huang et al. 2008, 2009) to determine fold
enrichment and EASE score (adjusted Fisher’s exact test
P-value). To correct for gene lengths, we selected sub-
sets of all genes whose medians matched those of the
categories of interest (Appendix S21, Supporting infor-
mation).

Results

We assembled the blue-eyed black lemur genome de
novo from Illumina PE and MP read libraries using the
de Bruijn graph assembler soappenovo (Li et al. 2010)
(see Appendix S1-S8 for details, Supporting informa-
tion). We obtained 205 Gbp total raw sequence from
2.26 billion raw reads using 11 lanes of sequencing
(Table S1, Supporting information). We used a range of
target insert sizes (180, 500, and 1000-bp PE and 3- and
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400 =—
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300 — \
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Fig. 2 Libraries of multiple insert sizes contributed to overall assembly quality. (A) Coverage of raw reads and reads corrected by
Quake or SOAP (Appendix S4, Supporting information), calculated using the genome size estimated from the k-mer distribution
(Appendix S22, Supporting information). The number of low-quality raw reads in the 500-bp library far exceeded those in other
libraries, as evidenced by the drop in coverage in the corrected reads. (B) Increase in scaffold N50 and decrease in total scaffold num-
ber with the addition of paired end (PE) and mate pair (MP) libraries of increasing insert size.
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8-kb MP) to achieve a draft genome with large
contiguous sequences (contigs) and scaffolds (Fig. 2),
representing approximately 79% of the 2.68 Gb genome
(Appendix S22, Supporting information) at an average
coverage of 52X.

We generated a reference-based assembly for the
black lemur genome by mapping one lane of 500-bp PE
reads to the blue-eyed black lemur draft genome (Li &
Durbin 2009; Li et al. 2009). The resulting genome
(based on 65 Gbp of raw sequence data from 650 mil-
lion raw reads) has 21X average coverage. Based on
current prices for Illumina HiSeq2500 sequencing,
obtaining the same total sequence length for these two
individuals would cost around $10 000 today—within
the reach of individual laboratories.

The draft assembly of the blue-eyed black lemur con-
sists of large contigs and scaffolds, and several lines of
evidence indicate that this assembly is of high quality
and completeness. The contig N50 of the assembly was
16.3 kb and the scaffold N50 was 421.5 kb (Table S2,
Supporting information), 96% of base pairs had at least
20X coverage (Fig. S4A, Supporting information), and
99.95% of corrected reads mapped with mapping qual-
ity at least 20. Previously sequenced black lemur bacte-
rial artificial chromosomes (BACs) aligned to the
assembly across 88% of their length, and alignable
blocks shared on average 99.4% identity with the blue-
eyed black lemur contigs (Appendix S9, Supporting
information), as expected based on previous resequenc-

@ Coquerels sifaka

ing data (Perelman et al. 2011) and the divergence esti-
mate from our own data. Moreover, of the 248 core
single-copy genes that are highly conserved in a wide
range of taxa (Parra et al. 2009), 94.7% were present in
the assembly as full-length ortholog matches or frag-
ments of genes (Appendix S10, Supporting information).

Genome assemblies of single diploid individuals pro-
vide an opportunity to estimate a key population
genetic parameter: the nucleotide diversity or heterozy-
gosity (Hartl & Clark 2007). This quantity is informative
for conservation purposes, because an extremely low
level of genetic diversity, as is sometimes observed in
critically endangered species, may inhibit species’
response to novel selective pressures (Lynch & Lande
1998). Increased reporting of this information will also
enable evaluation of possible determinants of species
diversity levels (Leffler et al. 2012; Romiguier et al. 2014;
Corbett-Detig et al. 2015). Few recent genome assembly
papers have reported such estimates, however, possibly
because of the difficulty of confidently assessing both
heterozygous and homozygous sites. We estimated
heterozygosity in the two species by calling heterozy-
gous sites from the mapping of reads to the blue-eyed
black lemur genome assembly; Sanger sequencing con-
firmed a low error rate for these calls (Materials and
Methods; Appendix S11 and S12, Supporting informa-
tion). We estimated a genomewide diversity (n) of
0.174% per bp in blue-eyed black lemurs and 0.219% in
black lemurs (Fig. 3).

Fig. 3 Intraspecific diversity () across
primates. Values other than those calcu-
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lated in this study are from Leffler et al.
(2012) and represent average nuclear
diversity estimates based on data from at
least three autosomal regions. Red dots
represent diversity estimates for lemurs.
x-axis: m in %/base pair; y-axis: rank
among primate species included.
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Beyond average diversity levels, patterns of variation
along the genome can be used to infer demographic his-
tory, notably using the PSMC (46), even when the
assembly consists of scaffolds rather than a linear
genome (Appendix S13, Supporting information). Dur-
ing the time interval within which demographic histo-
ries can be well-characterized by this approach (i.e.
excluding very recent and ancient time periods within
which the method is unreliable: Li & Durbin 2011;
MacLeod et al. 2013), the estimated effective population
size (N,) of each species fluctuates between ~20 000 and
~60 000 (Fig. 4). Such a range of N is comparable to
that inferred for primates such as great apes, with a
slightly higher minimum N, (Prado-Martinez et al.
2013). The two lemur species share a similar trajectory
from the distant past until approximately 250 kya,
including a drop in population size around 1 Mya and
subsequent population growth around 400 Kya. Some
changes in N, correspond to known environmental
changes; for instance, the decrease approximately
1 Mya accords with the timing of a shift to a more arid
climate and corresponding loss of vegetation in south-
ern and eastern Africa, the locations with paleoclimate

—— Blue-eyed black lemur
— Black lemur

—— Inferred split time
Avridity shift

Effective population size (x10%)

T T T T T T TTT T T T T TTTT
2x10* 10° 10°
Years

Fig. 4 Inferred demographic history for blue-eyed black lemur
and black lemur. The thick blue line and thick brown line rep-
resent the inferred trajectories for blue-eyed black lemur and
black lemur, respectively, with light lines representing demo-
graphic histories inferred from 100 bootstrap resamplings. The
split time (black arrow) was estimated from diversity and
divergence between the species (Appendix S14, Supporting
information). The orange arrow represents the time at which
African paleoclimate records indicate a shift towards more
arid, open conditions (deMenocal 1995). The generation time
was taken to be 5 years and the mutation rate per base pair
per generation 2 x 10°® in blue-eyed black lemurs and
1.951 x 107® in brown-eyed black lemurs, with the reduction
in black lemurs due to reduced power to call heterozygous
sites in lower coverage data (Appendix S15, Supporting infor-
mation).

data nearest Madagascar (deMenocal 1995). Following
the species split, the two demographic histories appear
to be negatively correlated, although the sum of the
two Nes remains nearly constant. This may indicate a
limit to the carrying capacity of a shared habitat range.

Focusing on the divergence between the two species,
we estimated a genomewide value of 0.366% per bp,
less than two-fold higher than diversity within species
(see Materials and Methods). Assuming a simple demo-
graphic model, we used the number of shared SNPs
and pairwise differences between the two genomes
together with the within-species heterozygosities to esti-
mate the split time and ancestral effective population
size N, (see Materials and Methods). Given a mutation
rate of 2.0 x 10® substitutions per bp per generation
and a generation time of 5 years (Appendix S15, Sup-
porting information), the estimated date of the species
split is approximately 160 kya, and the estimate of N, is
30 000 (Appendix S14, Supporting information; Fig. 1B).
Although this is somewhat more recent than the time at
which the two species’” PSMC-inferred trajectories begin
to overlap (Fig. 4), this discrepancy may be explained
by a tendency of PSMC to overestimate the time of pop-
ulation splits due to smoothing (Appendix S13, Sup-
porting information). We note that gene flow since the
species split would lead us to underestimate the true
time at which the populations initially split and to over-
estimate the true N, (Wall 2003; Leman ef al. 2005; Bec-
quet & Przeworski 2007); however, these effects should
not bias our subsequent analyses.

The recent split between the blue-eyed black lemur
and black lemur suggests a natural approach to look for
targets of recent positive selection within one of the two
lineages. Shortly after the fixation of a beneficial substi-
tution, neutral diversity at linked sites should be
reduced but neutral divergence unaffected (Smith &
Haigh 1974; Birky & Walsh 1988). If the substitution is
caused by a selective sweep, the signature should per-
sist for roughly N, generations (Przeworski 2002),
which is comparable to the estimated split time of the
blue-eyed black lemur and black lemur, and, if the
selection coefficient were as large as 1%, could affect as
much as 0.1 cM (Appendix S16, Supporting informa-
tion). In order to identify regions that may have been
subject to recent selective pressures, we therefore
located windows of at least 20 kb (corresponding to on
average ~0.02 cM in humans; Kong et al. 2004) in which
one species had unusually few polymorphic sites rela-
tive to the other species and to divergence levels (Mate-
rials and Methods, Appendix S16, Supporting
information).

We were particularly interested in using the results of
this scan for selection to test whether the convergent evo-
lution of blue irises in lemurs occurred via a similar
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genetic mechanism to that operating in humans. Similar
selective pressures operating in distinct lineages can fre-
quently lead to convergent evolution, and in humans,
there is evidence for a partial selective sweep in Euro-
peans at the causal locus for blue irises (Donnelly et al.
2012). Blue irises have fixed in the blue-eyed black
lemurs since their recent split with black lemurs, and this
fixation may also have been due to selection. Although
an advantage of blue irises in lemurs has not been
directly demonstrated, plausible hypotheses include sex-
ual selection and species recognition (Bradley et al. 2009).
We therefore looked for signals of selection in the lemur
genome overlapping known human iris pigmentation

—— Blue-eyed black lemur diversity
Black lemur diversity

Divergence

>

—— Fixed differences

genes. Our analysis identified the scaffold containing the
orthologs of human genes OCA2 and HERC2 among
regions with the most extreme signatures of selection in
the blue-eyed black lemur lineage (1 = 3.73 x 10"°, com-
pared to 1.74 x 10~° genomewide; Fig. 5A). This region
contained multiple windows with extreme statistics for
Fsr and Py, the proportion of all polymorphisms that are
heterozygous only in the blue-eyed black lemur (see
Materials and Methods). Of 47 nonoverlapping 20-kb
windows in the region, 26 had Fsr = 1 in blue-eyed black
lemur (the upper 9.1%-tile of windows genomewide),
and 34 had Pg; = 0, that is no SNPs in the blue-eyed black
lemur (the lower 10.7%-tile).
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Fig. 5 The region surrounding the ortholog of OCA2 displays a tentative signature of selection in the blue-eyed black lemur. (A) In
the two-sample data set, diversity within the blue-eyed black lemur (blue) is low throughout the scaffold containing the ortholog of
OCA2 and adjacent scaffolds (Appendix 523, Supporting information), in contrast to diversity within the black lemur (orange) and
divergence (grey) or fixed differences (black) between species. Dashed lines show genomewide mean values for summary statistics.
Regions Sanger sequenced in a larger sample (Appendix S12, Supporting information) are shown as points with colours representing
the magnitude of blue-eyed black lemur Fsr from Sanger sequencing. (B) When incorporating both low-coverage and high-coverage
whole-genome sequenced individuals, diversity within the blue-eyed black lemur sample is reduced relative to black lemur diversity
and between-species divergence, yet the difference is less extreme and more localized. The region contains several candidate muta-
tions inferred to influence the binding of transcription factors that regulate OCA2 in humans (Appendix S18, Supporting informa-
tion); these are displayed as red lines, with those in the strongly differentiated region starred. Other fixed differences are displayed
as black vertical lines. In all plots, exons of the orthologs of HERC2 and OCA2 are shown in dark green and purple, respectively.
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Unusually low diversity in blue-eyed black lemurs
relative to diversity within black lemurs and divergence
between species is consistent with a recent selective
sweep in this region. We examined whether such a
sweep may have acted on coding changes by determin-
ing the amino acid sequence of OCA2 in both
sequenced individuals (Materials and Methods, Appen-
dix S17, Supporting information). Observing no fixed
amino acid changes, we further annotated potential reg-
ulatory changes by computational inference of differen-
tial binding sites for the transcription factors that
regulate OCA2 in humans (Appendix S18, Supporting
information). These analyses, in combination with addi-
tional Sanger sequencing in a larger sample (Appendix
S12, Supporting information), yielded a list of 26 candi-
date causal regulatory mutations within two regions of
extremely reduced diversity totalling 140 kb in length.

To evaluate the potential signal of directional selec-
tion in the HERC2/OCA2 region further, we sequenced
the genomes of three additional individuals per species
to a mean depth of 7X and used likelihood-based meth-
ods to estimate summaries of genetic diversity from the
reads (Fumagalli 2013; Fumagalli et al. 2013; Kor-
neliussen ef al. 2014) (Materials and Methods; Appendix
S19, Supporting information). In this larger data set, the
strongest signal within the region is in a 20-kb window
overlapping OCA2 with blue-eyed Fsr = 0.90 (upper
4.2%-tile) and Pg; = 0.16 (5.7%-tile). Given that there are
as many as eight windows to consider, the evidence for
selection in this region is highly tentative. Notably, if
we correct for multiple testing using an empirical
approach (see Materials and Methods), there is no
longer good evidence for unusually reduced diversity
in this region (Fsr, P = 0.211; Py P = 0.283). Intrigu-
ingly, however, the peak of high differentiation in the
larger data set lies above a promising functional candi-
date, namely a fixed difference in which the derived
blue-eyed allele is predicted to reduce HLTF binding
34-fold and MITF binding 119-fold. Such a regulatory
site is therefore a candidate for the substitution driving
the local increase in population differentiation (Fig. 5B).

Beyond OCA2, we investigated patterns of genetic
variation at 16 genes that had been associated with iris
pigmentation variation in humans or mice, reasoning
that a priori these represent good candidate genes (Ap-
pendix S17, Supporting information). One window of
nine overlapping MITF, one of the transcription factors
directly regulating OCA2 (Sturm et al. 2008; Visser et al.
2012), had Fsr = 0.96 (upper 0.5%-tile) and Pg = 0.05
(lower 0.3%-tile). Moreover, at another direct binding
target of MITF, TYR, one of five windows had
Fsr = 0.84 (11.4%-tile) and Pg; = 0.14 (3.7%-tile). Other
than the signals at OCA2, MITF, and TYR, the only
candidate iris pigmentation genes with unusual

differentiation were ASIP, which lies farther upstream
in the pathway (one of seven windows had Fsr = 0.88,
6.4%-tile; Py = 0.17, 6.6%-tile), as well as LYST (of six
windows, one had Fgr = 0.88, 6.1%-tile; Py = 0.15,
4.3%-tile, and another Fgr = 0.90, 4.0%-tile, Ps; = 0.16,
5.0%-tile) and NPLOC4 (one of three windows had
Fsr = 0.92, 2.5%-tile, Ps; = 0.15, 4.3%-tile), which reside
within regions recently associated with quantitative iris
colour but whose function in melanin biosynthesis is
not yet understood (Liu et al. 2010). After our correction
for multiple windows, however, diversity patterns at
TYR, LYST and NPLOC4 were no longer unusual,
whereas the signal at MITF (P =0.029 for Fsr and
P = 0.014 for Py;) remained genomewide significant.

A further complication in this analysis is the number
of candidate genes considered, as one of 16 genes dis-
playing empirical significance is expected by chance. To
address this, we performed a gene ontology (GO)
enrichment analysis on the set of genes overlapping
regions in the 1% tail of blue-eyed Fsr. Through this
analysis, we found an enrichment of genes in two pig-
mentation-related categories, even after matching the
background set for gene length to account for the possi-
bility that pigmentation genes are simply longer (KEGG
melanogenesis pathway: 7.3-fold enrichment, P = 0.056;
Biocarta melanocyte development: 25.0-fold enrichment,
P = 0.065) (Materials and Methods; Appendix S1, Sup-
porting information). These enriched GO categories
highlighted a few additional candidate genes: notably,
signals at KITLG and TCF7 that are somewhat unlikely
by chance, even after correcting for number of windows
(Fsr P=0033 and Py P =0.052 for KITLG; Fsr
P =0.021 and Pg; P = 0.020 for TCF7). We also observed
tentative signals at two other loci recently implicated in
melanogenesis but not included in the GO categories,
namely SERPINB2 (Fsr P =0.014 and Ps; P =0.007),
which was demonstrated through a siRNA screen to
influence melanogenesis (Ganesan et al. 2008) and FIG4
(Fst P =0.005 and Pg; P = 0.006), mutations in which
influence melanosome distribution in mouse hair folli-
cles (Chow et al. 2007).

Two of the candidate genes with potential signatures
of selection in the larger data set play well-understood
and important roles in the development of melanocytes
and the production of melanin. Specifically, MITF is the
primary transcription factor regulating melanocyte dif-
ferentiation, proliferation and survival (Levy et al.
2006), and binds the OCA2 enhancer (Sturm ef al. 2008;
Visser et al. 2012). MITF has been associated with Waar-
denburg and Tietz syndrome phenotypes in humans
(Smith ef al. 2000; Pingault ef al. 2010). We found no
fixed differences in amino acid sequences of MITF
between the two lemur species (Appendix S17, Support-
ing information), indicating that if it is involved in
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lemur iris pigmentation, regulatory changes must be
responsible. KITLG is a member of the MAPK signalling
pathway, and interactions between KIT and KITLG are
essential for melanocyte proliferation and melanin pro-
duction (Picardo & Cardinali 2011). KITLG has been
strongly associated with hair pigmentation variation
and tentatively associated with skin pigmentation varia-
tion in European human populations (Sulem ef al. 2007;
Guenther et al. 2014).

Discussion

We provide the most complete assembly of a lemur
genome to date, representing 79% of the total genome
length with a scaffold N50 of 421 kb. These statistics
compare favourably to several other de novo genome
assemblies of nonmodel organisms obtained by consor-
tia using similar coverage with Illumina and/or 454
technology (Atlantic cod: Star et al. 2011; Heliconius
butterfly: The Heliconius Genome Consortium 2012;
African coelacanth: Amemiya et al. 2013), even though
the blue-eyed black lemur genome is substantially lar-
ger than several of these (Star et al. 2011; The Helico-
nius Genome Consortium 2012). We attribute the
completeness and large scaffold length of the assembly
in part to the use of multiple insert size libraries, partic-
ularly the inclusion of 3 and 8-kb MPs, which substan-
tially increased our N50 (Fig. 2B). Estimating the insert
size of libraries from the alignment of reads to the
assembly also enabled us to provide more accurate
prior information about the insert size distribution,
which improved contiguity (Table S2, Supporting infor-
mation). The resulting high-quality draft genome is a
first for the lemur clade and will provide a valuable
resource for future studies within this taxon (Yoder
2013). We also provide a list of well-supported poly-
morphic and divergent sites within and between the
blue-eyed black lemur and black lemur, which will
assist in continued conservation efforts in these species.

We leveraged the high-quality diploid genome
sequences for these two individuals to learn about the
species’” demographic and selective history. In contrast
to traditional methods relying on data from many indi-
viduals at a few loci, we used the information from
many loci for a few individuals to perform similar evo-
lutionary inferences. Because our assembly represents
the majority of the species’ approximately 2.6 Gb gen-
ome, these sequences should represent the many dis-
tinct evolutionary histories of chromosomal segments
within our sampled individuals. We first used these
data to estimate genomewide genetic diversity, which,
assuming the majority of the genome is neutrally evolv-
ing, provides a way of estimating effective population
sizes. The estimated mean diversity levels for the blue-

eyed black lemur and black lemur suggest current effec-
tive population sizes of approximately 23 000 and
28 000, respectively (Fig. 1B).

Using variation in diversity levels along the genome,
we were also able to infer with confidence changes in
effective population size throughout most of the past
million years. These values have fluctuated by approxi-
mately three-fold, with several notable periods of
change corresponding to contemporaneous changes in
environment (Fig. 4). When considering the influence of
more recent changes in environment on the lemurs’
genetic diversity, it is interesting to note that our esti-
mates of current nucleotide diversity for both species
fall in the middle of population-specific estimates for
both lemurs and all primates (Fig. 3). Moreover, the
diversity of the two species is almost identical, despite
the blue-eyed black lemur being categorized as ‘criti-
cally endangered’” and the black lemur as ‘vulnerable’
(Schwitzer ef al. 2013). Such a discrepancy between cen-
sus and effective population size may indicate a recent
rapid decline in blue-eyed black lemurs; diversity in the
wild may be further reduced if this species suffered an
extreme bottleneck since the collection of samples in the
1960s-1980s. Studies of the two species in the wild
highlight their tiny habitat distribution and decreasing
numbers (Mittermeier ef al. 2006; Volampeno et al.
2010), indicating that they will require intensive conser-
vation efforts, and the residual diversity in blue-eyed
black lemurs may be seen as a positive sign in that
regard (Perry et al. 2012a).

In estimating demographic parameters from captive-
bred individuals, we are assuming that these individu-
als are a representative sample of their respective spe-
cies, an assumption that may be violated if, for example,
the samples are unusually inbred. Alternatively, the
ancestors of the sample may have experienced admix-
ture due to hybridization with their sister species, a pro-
cess that has been noted in the wild (Rabarivola et al.
1991). High levels of inbreeding would result in an
underestimate of intraspecific genetic diversity, whereas
extensive admixture would lead to an overestimate, as
well as a corresponding overestimate of historic N.. To
minimize the effects of inbreeding, we used individuals
indicated as outbred according to recorded pedigrees.
The results of our PCA and admixture proportion esti-
mation further indicated that our samples are not
admixed (Fig. S5, Supporting information).

The recent split between these two species enabled us
to use reduced heterozygosity in one lineage to identify
signatures of recent positive selection. Unlike signatures
such as increased dyn/ds (Kimura 1977) or extreme
McDonald—Kreitman test values (McDonald & Kreitman
1991), which rely on an enrichment of fixed noncoding
substitutions in genes, our test can identify signatures
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of more recent selection in both genic and nongenic
regions. Because of the large size of our assembly’s scaf-
folds, we were able to summarize the evidence for
selection across regions at least 20 kb in length and to
identify the orthologs of human genes overlapping
these regions. Notably, this genomewide scan in the
two initially sequenced individuals identified a signal
surrounding the ortholog of OCA2, the gene whose
expression determines most of the blue-brown iris pig-
mentation variation in humans (Duffy et al. 2007; Eiberg
et al. 2008; Sturm et al. 2008). This suggested that a simi-
lar genetic mechanism may have led to the convergent
evolution of blue irises in lemurs and in humans. When
we performed further resequencing of a larger sample
to investigate this signal in more detail, however, the
signal weakened, and instead the lowest diversity sig-
nal was seen at MITF, among loci known to contribute
to iris pigmentation variation in humans. We also
observed signals at FIG4, KITLG, SERPINB2 and TCF7,
which play roles in melanogenesis but have not been
previously associated specifically with iris pigmenta-
tion. Given the prior evidence for the role of these
genes in influencing pigmentation and the tentative evi-
dence for recent selection in the blue-eyed black lemur
lineage, these regions are therefore candidates for the
location of the mutation or mutations causing blue
irises in blue-eyed black lemurs. Alternatively, strong
differentiation at these genes may be due to an influ-
ence on coat colour, which also differs subtly between
lemur species in the lighter coloured females (Mitter-
meier et al. 2008).

Neither changes in the ortholog of the human OCA2
enhancer (Bradley et al. 2009; Meyer et al. 2013) nor
amino acid changes in OCA2, ASIP, MITF or TYR
(Materials and Methods, Appendix S17, Supporting
information) are fixed between the two lemur species,
indicating that, if these genes also play a role in iris col-
our in lemurs, distinct regulatory changes are likely to
be responsible. The repeated use of regulatory, rather
than coding, changes, to achieve the same phenotype
suggests that potential coding changes may be subject
to deleterious pleiotropy (Stern 2011). Such negative
pleiotropy is consistent with the association of other
mutations leading to blue irises, particularly coding
changes in ASIP, MITF, OCA2 and TYR, with disease
phenotypes in humans (Oetting & King 1999; Smith
et al. 2000; Pingault et al. 2010) and domesticated spe-
cies (Bultman et al. 1992; Juraschko et al. 2003; Haus-
wirth et al. 2012).

Using our genome assembly together with results
from targeted Sanger sequencing and computational
identification of transcription factor binding site
changes, we were able to identify a small number of
candidate causal regulatory sites in the OCA2 region.

Analysis of variation in the larger sample, including
individuals sequenced to low depth, further enabled
the identification of fixed differences in the sample of
eight chromosomes in all pigmentation regions, as well
as narrowing the candidate list at OCA2. This resulted
in 14 candidate sites in the OCA2 region, three of which
lie under peaks in Fgr (Fig. 4B). Given the difficulty of
functional studies in the appropriate tissue (developing
iridial melanocytes) in a nonmodel organism, popula-
tion genetic analyses of this kind can therefore provide
a key step in narrowing down the genetic basis of adap-
tations in natural populations.

More generally, our study demonstrates the feasibility
of building de novo assemblies of nonmodel organisms
and illustrates how they can be used for population
genetic inferences about demographic history and selec-
tion as well as for the more widespread analyses of
molecular evolution. Thus, our study provides both a
valuable resource for further research in the genetics of
lemurs and a model for potential uses of genome
sequence data in nonmodel organisms.
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