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A B S T R A C T

The biogeographical history of Southeast Asia is complicated due to the continuous emergences and dis-
appearances of land bridges throughout the Pleistocene. Here, we use long-tailed macaques (Macaca fascicularis),
which are widely distributed throughout the mainland and islands of Southeast Asia, as a model for better
understanding the biogeographical patterns of diversification in this geographically complex region. A reliable
intraspecific phylogeny including individuals from localities on oceanic islands, continental islands, and the
mainland is needed to trace relatedness along with the pattern and timing of colonization in this region. We used
high-throughput sequencing techniques to sequence mitochondrial genomes (mitogenomes) from 95 Southeast
Asian M. fascicularis specimens housed at natural history museums around the world. To achieve a compre-
hensive picture, we more than tripled the mitogenome sample size for M. fascicularis from previous studies, and
for the first time included documented samples from the Philippines and several small Indonesian islands.
Confirming the result from a previous, recent intraspecific phylogeny for M. fascicularis, the newly reconstructed
phylogeny of 135 specimens divides the samples into two major clades: Clade A includes haplotypes from the
mainland and some from northern Sumatra, while Clade B includes all insular haplotypes along with lineages
from southern Sumatra. This study resolves a previous disparity by revealing a disjunction in the origin of
Sumatran macaques, with separate lineages originating within the two major clades, suggesting that at least two
major migrations to Sumatra occurred. However, our dated phylogeny reveals that the two major clades split
∼1.88 Ma, which is earlier than in previously published phylogenies. Our new data reveal that most Philippine
macaque lineages diverged from the Borneo stock within the last ∼0.06–0.43 Ma. Finally, our study provides
insight into successful sequencing of DNA across museums and shotgun sequencing of DNA specimens as a
method to sequence the mitogenome.

1. Introduction

Southeast Asia is made up of a region of the Asian mainland along
with thousands of islands varying in size (Fig. 1). Faunas differ fun-
damentally between the Sunda islands (Sundaland)—the biogeo-
graphical region encompassing the continental shelf that was exposed
as a continuous landmass during Pleistocene glacial periods—and
oceanic islands, those that have never been connected to the mainland
(Wallace, 1863). These two major biogeographical regions are sepa-
rated by what is called the Wallace Line (Fig. 1a). At the southern end,
this line separates Bali and Lombok islands at the Strait of Lombok,
which is only ∼24 km wide. In the north, the separation occurs at the

129–370 km wide Makassar Strait between Borneo and Sulawesi (for-
merly Celebes) and extends east into the ∼201 km wide and
∼1500–2500 m deep strait in the Pacific Ocean between Mindanao and
the Sanghir Islands (Bergman et al., 1996; George, 1981; Wallace,
1863). The islands to the east of the Wallace Line make up Wallacea.
Huxley (1868) corroborated this division but drew the line directly
north so that the Philippines, except for Palawan and its associated is-
lands, lie to the east of the Wallace Line.

The colonization patterns and timing in this region are influenced
by continuous geographical changes, especially throughout the
Pleistocene (Heaney, 1986; Steppan et al., 2003; Jansa et al., 2006;
Outlaw and Voelker, 2008; Delson, 1980; Fooden, 2006). Multiple
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glaciation periods allowed for the Sunda islands to be connected to the
current mainland, creating land bridges on which organisms were able
to migrate to the various islands. Within some primate groups, there is a
unique split within or between species on the continental island of
Sumatra. Specifically, a southernmost Sumatran orangutan population
of the species Pongo abelii is in fact more closely related to the Bornean
orangutan, Pongo pygmaeus, than it is to the northern populations of P.
abelii (Nater et al., 2011, 2015). This divergence is also seen in gibbons,
with the white-handed gibbon (Hylobates lar) occurring to the north and
the mountain agile gibbon (Hylobates agilis) occurring to the South on
Sumatra (Whittaker et al., 2007; Thinh et al., 2010). But there do not
appear to be other studies that have identified splits like these in other
taxa on Sumatra.

It is unlikely that any major land bridges formed between the
Philippines and Sundaland, aside from a possible connection between
Borneo and Palawan (Heaney, 1985). So humans are thought to have
influenced the colonization of oceanic islands by bringing non-volant
organisms to these islands in the very recent past (Heaney et al., 2016).
However, if specific species were able to migrate to the Philippine is-
lands without human aid, it is possible they would be able to easily
colonize this oceanic region since several of the islands within the
Philippines were likely connected via land bridges during glaciation
periods (Heaney, 1985). In order to shed light on the patterns and
timing of colonization throughout both Sunda and oceanic islands in
Southeast Asia, it is necessary to study an organism that is widespread
throughout the region. There appears to be a disjunction in faunal

occurrences on either side of Huxley’s line, but M. fascicularis is an
exception as one of the few species of non-volant mammals that occurs
widely on the mainland, Sundaland, and on oceanic islands, making
this species an excellent organism for studying biogeographical di-
versification throughout this entire region (Fig. 1).

Macaca species belong to one of the most widely distributed primate
genera, occurring on two continents and multiple islands. Fossil evi-
dence indicates that this highly successful genus originated in Africa
around 7 million years ago (Ma) (Delson, 1980), after which macaques
expanded into Asia approximately 5.5 Ma (Alba et al., 2014; Delson,
2000). Twenty-two species subdivided into seven species groups are
currently recognized based on distribution, morphology, behavior and
genetics (Li et al., 2009; Tosi et al., 2003). Based mostly on morpho-
logical data, three of these groups are monospecific: M. sylvanus, which
is the only extant macaque in northern Africa and southern Europe, M.
fascicularis, and M. arctoides. The remaining four groups are poly-
specific, with six species in the Sulawesi group, five in the M. silenus
group, three in the M. mulatta group, and five in the M. sinica group
(Zinner et al., 2013a). However, classification into species groups has
changed over time in tandem with extensive debate. Originally, M.
mulatta, M. cyclopis, M. fuscata, and M. fascicularis were all included in
the M. fascicularis species group (Fooden, 1976). Groves (2001) and
Zinner et al. (2013a) then combined M. mulatta, M. cyclopis, and M.
fuscata in a M. mulatta species group. Groves (2001) also added M.
arctoides to the M. fascicularis species group, but Zinner et al. (2013a)
subsequently classified M. arctoides and M. fascicularis as two separate

Fig. 1. Maps of Southeast Asia. (a) A map of Southeast Asia derived from Liedigk et al. (2015) marked with specimens from the current study and Liedigk et al.’s (2015) study. The black,
dark grey and light grey regions respectively indicate the ranges of M. f. aureus, M. f. fascicularis and M. f. philippinensis. The region colored in light and dark grey lines is the putative area
of intergradation of M. f. fascicularis and M. f. philippinensis based on studies by Fooden (1995, 2006). White circles represent approximate location whereas black circles represent exact
location. ID numbers of M. fascicularis museum specimens in green correspond to samples sequenced in Liedigk et al. (2015) and those in purple are the newly sequenced samples in this
study. Lake Toba is marked with a blue star. (b) A map of the Philippines (Philippines region in rectangular box from (a) magnified), derived from Heaney (1986), marked with specimens
from the current study. The circles and colored ID numbers of M. fascicularis specimens are labeled according to the description in map (a). All ID numbers correspond to those in Fig. 2
and Supplementary Data 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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monotypic groups.
A study investigating species-level relationships within the genus

Macaca by detecting the presence and absence pattern of Alu elements,
the most abundant short interspersed elements (SINEs) in primates,
concluded thatM. fascicularis is the sister group to a clade containingM.
fuscata and M. mulatta (Li et al., 2009). Detailed studies have demon-
strated that there have been major hybridization events between M.
fascicularis and M. mulatta, most likely reflecting overlapping geo-
graphical distribution on the Indo-Chinese peninsula (Bonhomme et al.,
2009; Fooden, 1964, 2000; Kanthaswamy et al., 2009; Stevison and
Kohn, 2009; Tosi et al., 2002). In a study comparing the genomes and
divergence rates of these two species, Yan et al. (2011) found that ap-
proximately 30% of the M. fascicularis genome originates from M. mu-
latta. This gene flow appears to be non-maternal in origin as mi-
tochondrial analyses show no signs of such hybridization. Macaca
fascicularis and M. nemestrina have overlapping geographical distribu-
tions on the Southeast Asian islands, but no cases of natural

hybridization between these two species have been reported.
Ten subspecies have been recognized within the species M. fasci-

cularis, but there are few visible differences aside from pelage color, tail
length and the shape of the cheek whiskers (Groves, 2001; Ong and
Richardson, 2008). Seven of these subspecies are allopatric, with lo-
calized distributions on small islands (M. f. atriceps, M. f. condorensis, M.
f. fuscus, M. f. karimondjawae, M. f. lasiae, M. f. tua, M. f. umbrosus),
while the remaining three are widely distributed throughout Southeast
Asia (M. f. fascicularis, M. f. philippinensis, M. f. aureus). Macaca f. aureus
is geographically isolated from M. f. fascicularis and M. f. philippinensis,
but there is a putative area of intergradation of M. f. fascicularis and M.
f. philippinensis on some of the Philippine islands, including southern
Negros and Mindanao (Fooden, 1995; see Fig. 1).

It has been inferred that M. fascicularis first colonized Sundaland
during global cooling in the Pliocene (∼5.3–2.6 Ma) (Delson, 1980),
and that subpopulations became isolated on those islands once sea le-
vels rose. During the Pleistocene glacial periods, M. fascicularis was able

Fig. 1. (continued)
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to expand its range even further throughout the continental shelf is-
lands (Delson, 1980; Fooden, 2006), as is evidenced by fossil remains of
M. fascicularis on Java dated to the early Holocene or middle Pleisto-
cene (Aimi and Aziz, 1985; Fooden, 2006) and the extensive genetic
diversity in Sunda shelf populations in comparison to those on the
mainland (Smith et al., 2007). Time-calibrated molecular phylogenies
indicate a time frame within the last 5 million years for the arrival of
both M. fascicularis and other primates on the larger Sunda shelf islands
(Chan et al., 2010; Chatterjee, 2006; Liedigk et al., 2015; Tosi and Coke,
2007). Tosi and Coke (2007) inferred from a 1.5 kb fragment of mtDNA
and two Y-chromosome loci that M. fascicularis colonized Sumatra in
multiple waves throughout the Pleistocene, starting at about 1.2 Ma
and continuing until the most recent glacial maximum. This study
analyzed the mtDNA fragment and Y-chromosome loci separately.
mtDNA analyses indicated that separation of macaques on the Sunda
shelf islands from the mainland occurred approximately 1.2 Ma, and
there was later a bifurcation in the Y-chromosome loci at around
0.4 Ma. The separation based on mtDNA is the deepest intraspecific
bifurcation within M. fascicularis. Moreover, the mtDNA-based phylo-
geny reconstructed by Tosi and Coke (2007) clustered Sumatran in-
dividuals with conspecifics on other islands, whereas the Y-chromo-
some analyses indicate that the Y-chromosomal loci of Sumatran
individuals cluster with those of mainland individuals as well as with
other insular individuals. The authors reconciled this difference with
the explanation of secondary contact. Overall, they found that M. fas-
cicularis individuals from Sumatra are split into some that cluster with
other islands and some that cluster with the Southeast Asian mainland
in general.

The most recently published intraspecific phylogeny for M. fasci-
cularis is based on entire mitogenomes (Liedigk et al., 2015). Using five
fossil calibrations and a relaxed molecular clock approach, Liedigk et al.
found the divergence between the mainland-Sumatran clade and the
clade containing other insular individuals to be ∼1.7 Ma. However,
their results differ from those of Tosi and Coke’s (2007) study in that all
Sumatran individuals represented cluster with the mainland samples
rather than the insular individuals. Their mitogenome phylogeny again
indicates the presence of two separate clades. Clade A includes all
mainland and Sumatran lineages in a paraphyletic array, while Clade B
includes the lineages from all other islands in monophyletic groups
except for their only Philippine individual, which was nested within the
Borneo clade.

Even though M. fascicularis is widespread throughout most of
Southeast Asia, very few studies have examined the timing of coloni-
zation of oceanic islands by this species (Fooden, 2006). Additionally,
intraspecific relationships of M. fascicularis have been resolved only for
the mainland, the larger Sunda islands and a single Philippine island
(Liedigk et al., 2015; Tosi and Coke, 2007). A genetic study of M. fas-
cicularis in the Philippines concluded that those populations had natu-
rally colonized the islands in two major waves separated in time (Smith
et al., 2014). On the other hand, Fooden (2006) and Heaney et al.
(2016) hypothesized that the lineages on the Philippines east of the
Huxley-Wallace Line were introduced by humans approximately
4000–3500 years ago. Because M. fascicularis are able to swim well, it is
thought that they could have swum between islands that are in close
proximity (Gumert and Malaivijitnond, 2012). The single Philippine
individual included in the study by Liedigk et al. (2015) apparently
diverged from the Borneo lineages approximately 0.21 Ma, con-
siderably earlier than the hypothesized date for human introduction.
The exact origin of this Philippine individual was unclear, although it
was marked as a specimen from Mindanao on their map (Fig. 1 in
Liedigk et al., 2015).

The aim of the present study was to better understand the biogeo-
graphical diversification of mammals throughout Southeast Asia by
using M. fascicularis as a model organism due to its widespread geo-
graphical range. Understanding the phylogeographic relationships
within this species provides clarification of colonization patterns and

timing in a region with a complicated biogeographical history. To
achieve this objective, we used tissue samples from museum specimens
of M. fascicularis from many distinct localities throughout the Southeast
Asian region, focusing particularly on the Philippines and small Sunda
islands, and sequenced their entire mitochondrial genomes (mitogen-
omes) using high-throughput sequencing. This more comprehensive
intraspecific phylogeny provides a more robust understanding of colo-
nization of this extensive geographical region by long-tailed macaques.

2. Methods

All molecular lab work along with associated computational pro-
cessing was conducted at two major locations: (1) Malhi ancient DNA
lab and the Malhi Molecular Anthropology lab at the University of
Illinois at Urbana-Champaign (UIUC), and (2) the Pritzker Lab for
Molecular Systematics and Evolution at the Field Museum of Natural
History (FMNH). To minimize contamination, at each extraction and
amplification setup step a clean-room facility (the Malhi ancient DNA
lab), contamination prevention protocols, and negative experimental
controls were used (as in Lindo et al., 2016). No animals were sacrificed
for this study.

Mitochondrial DNA (mtDNA) is widely used in population genetic
studies because its sequences evolve relatively rapidly and are inherited
maternally, such that they lack recombination (Brown et al., 1979).
Because evolution on islands may occur comparatively quickly (Evans
et al., 2012), mtDNA is an excellent tool for studying diversity within
populations of Southeast Asian mammals. Specifically, we examined
the mitogenome of M. fascicularis (approximately 16,500 bp) using
next-generation sequencing, because the mitogenome can provide finer
phylogenetic resolution and precision compared to traditional localized
mtDNA markers. Using different regions of the mitogenome can yield
incongruent results concerning divergence dates, taxonomy and phy-
logeography (Pacheco et al., 2011; Rohland et al., 2007). Additionally,
there are numerous copies of the mitogenome in each cell whereas
there are only two copies of the nuclear genome in diploid organisms,
making the mitogenome easier to sequence, especially with low-quality
samples such as in ancient DNA (Briggs et al., 2009; Guschanski et al.,
2013; Higuchi et al., 1984; Krause et al., 2010; Mason et al., 2011;
Pääbo, 1989; Pääbo et al., 1989; Rowe et al., 2011).

2.1. Sample collection

Recent tissue samples from Southeast Asian M. fascicularis are dif-
ficult to obtain, especially from museum collections, because the most
recent specimens collected from the region (late 1990s) were not pre-
pared for DNA extraction, and current regulations now restrict tissue
collection and importation from live primates. Samples for DNA se-
quencing in this project were therefore collected from fragments of
dried tissue of 50- to 150-year-old wild M. fascicularis specimens at the
Field Museum of Natural History (FMNH) in Chicago, American
Museum of Natural History (AMNH) in New York, Smithsonian
Institution National Museum of Natural History (NMNH) in
Washington, and the Naturalis Biodiversity Center (RMNH) in Leiden,
Netherlands. Skins and toe pads were not sampled because some mu-
seums forbid this type of sampling from all specimens within a species,
and other scientists study these anatomical parts, whereas the dried
tissues left on skeletal remains are normally not used for any other
analyses. Using a scalpel and tweezers, which were sanitized between
specimens with heat or bleach, dried tissue fragments comparable in
size to 1–2 grains of rice were carefully excised either from cranial bone
surfaces or within the braincase of both male and female skulls of
museum specimens. Efforts were made to collect tissue samples from as
many localities as possible. Tissue samples representing 196 specimens
were obtained from the mainland and from 22 Southeast Asian islands
(see Fig. 1 and Supplementary Data 1 for geographical localities of
successfully sequenced specimens in this study).
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2.2. DNA extraction

DNA was extracted from the tissue samples following the ancient
DNA extraction protocol established in the Malhi Lab (Cui et al., 2013).
To eliminate contamination problems, all extraction work was per-
formed in the sterile ancient DNA lab at UIUC. Dried tissue samples
were first digested overnight in a rotating 37 °C incubator in 4 mL 0.5 M
EDTA, 150 μl of 33.3 mg/ml proteinase K and 300 μl of 10% N-lauryl
sarcosine. All DNA extractions were accompanied by negative controls
to permit detection of contamination during the extraction process.
Once the samples were digested, DNA was extracted using silica col-
umns and reagents from a Qiagen extraction kit following the manu-
facturer’s protocol and eluted to 100 μl per sample.

Because DNA from dried tissue is fragmented and often degraded, it
is important to confirm that usable DNA is present. Accordingly, we
designed primers for a 200 bp section of M. fascicularis cytochrome b
(cytb) based on previously published mitogenomes (Liedigk et al.,
2015). These primers (MFAS_F: 5′-TACGCAAATCCAACCCAATC-3′;
MFAS_R: 5′-GGTGATGTGTGCAATTGAGG-3′) were successfully tested
onM. fascicularis tissues excised from two frozen cadavers in Dr. Callum
Ross’s biomechanics laboratory at the University of Chicago and on
three ancient DNA samples. We set up each sample of extracted DNA
with negative controls in a PCR reaction using these primers. These
samples were then taken in an airtight container to the Malhi Molecular
Anthropology laboratory two blocks away where a positive control was
added. The samples were placed in an Eppendorf Mastercycler (thermal
cycler) for Polymerase Chain Reaction (PCR) amplification using an
optimized 52 °C annealing temperature and 35 cycles.

All PCR-amplified samples along with negative and positive controls
were run on agarose gels in the Pritzker Lab to determine the samples
with the best preserved DNA. We then proceeded with the preparation
of genomic libraries for those specimens.

2.3. Genomic libraries and high-throughput sequencing

Genomic libraries with Illumina platform-specific oligonucleotide
adapters unique to each library were created in the ancient DNA lab
using 50 μl of extracted DNA per sample and the NEBNext Ultra DNA
Library Prep Kit for Illumina following the TruSeq DNA Sample
Preparation V2 protocol by Illumina. Due to the particular nature of
DNA extracted from museum specimens, certain modifications were
made to the protocol. First, the DNA extract was not sheared because
the DNA is already highly fragmented. The concentration of DNA in
each extract was expected to be low, so the adapters were diluted 1:20
(Cui et al., 2013). Adapter dimers often form during ligation, so mul-
tiple AMPure Bead XP clean ups were conducted.

PCR setup of the genomic libraries using unique NEBNext Multiplex
Dual Index primers was also conducted in the Malhi ancient DNA la-
boratory. Dual index primers were used to avoid cross-contamination
when multiplexing samples on a single HiSeq lane (Kircher et al., 2012).
The samples were transferred to thermal cyclers in an airtight container
in the Malhi Molecular Anthropology lab for amplification. NEBNext
High Fidelity 2X PCR Master Mix was used to amplify the libraries
because its proof-reading properties limit nucleotide misincorporations
resulting from cytosine deamination (Ginolhac et al., 2011). The am-
plified genomic libraries were cleaned using the Qiagen MinElute
Purification Kit.

The libraries were then assessed for fragment size and quantification
using the Agilent 2100 Bioanalyzer or the AATI Fragment Analyzer.
Nucleic acid concentrations were determined using a Qubit 2.0
Fluorometer. Finally, the samples were pooled and shotgun sequenced
at the Keck Biotech Center at UIUC, using an ILLUMINA HiSeq2500,
which generated lanes of 100-bp single-end reads for 24–30 samples per
lane.

2.4. Alignment and assessment

The Trimmomatic program was used to trim DNA sequences and
remove adaptors along with the sequences that entered the sample after
the clean room preparation. This step reduces false variant discovery by
ignoring reads that are below standard quality due to DNA damage
(Kircher et al., 2012). BOWTIE 2 (Langmead and Salzberg, 2012) was
used to assemble each sample against a M. fascicularis reference mito-
genome (GenBank ID: KJ567052.1; Liedigk et al., 2015). The program
SAMtools was utilized for sorting, indexing, and quantifying con-
tamination by examining informative sites (Malström et al., 2007) and
removing potential duplicate reads that could result from PCR ampli-
fication.

2.5. Phylogenetic reconstruction

To reconstruct the phylogenetic relationships of M. fascicularis we
included mitogenome sequences for 95 samples successfully sequenced
as part of this current study (Supplementary Data 1), 40 M. fascicularis
mitogenome sequences from Liedigk et al. (2015), and 17 mtDNA
genome sequences from other macaques (10 individuals from six spe-
cies) and non-macaque primate taxa (seven individuals from different
genera) included in Liedigk et al. (2015) as outgroups to expand the
phylogenetic perspective.

All sequences were aligned with MAFFT version 7 (Katoh, 2013)
and corrected by hand in Mesquite (Maddison and Maddison, 2011).
We then manually removed poorly aligned positions and indels along
with missing data from coding regions. For maximum likelihood and
Bayesian analyses, we evaluated two different partition schemes of the
mitogenome: (1) no partition and (2) 66 partitions, which included the
2 rRNA partitions, 22 tRNA partitions, one partition per codon for the
D-loop (three partitions), and one partition per codon for each of the 13
different protein-coding genes (39 partitions). The nucleotide sub-
stitution model for the two partition schemes was selected from 56
models using the corrected Akaike Information Criterion (AICc) im-
plemented in PartitionFinder 2.1.1 (Lanfear et al., 2012).

To perform the maximum likelihood and Bayesian reconstructions,
we used RAxML 8.2.4 (Stamatakis, 2006), and MrBayes 3.2.2 (Ronquist
and Huelsenbeck, 2003), respectively, through the CIPRES Science
Gateway V3.3 (Miller et al., 2010). Both RAxML and MrBayes were run
using the GTR+I+G model based on results from PartitionFinder
(Supplementary Data 2). Maximum likelihood calculations were run
with 100 bootstrapping replications in RAxML. The parameters for
MrBayes included four Markov Chain Monte Carlo (MCMC) runs. All
analyses were run for 10 million generations with a parameter sampling
frequency of 1000 generations, with the first 10% of samples discarded
as burn-in.

In order to estimate divergence dates, we implemented BEAST 1.8.3
(Drummond and Rambaut, 2007; Suchard and Rambaut, 2009) with the
Bayesian MCMC method and relaxed molecular clock model
(Drummond et al., 2006) using CIPRES Science Gateway V3.3 (Miller
et al., 2010). We assumed a Birth-Death Process prior for branching
rates, as was previously done in Liedigk et al. (2015). We used the same
five fossil calibration points as in Liedigk et al. (2015) with a lognormal
distribution prior for all nodes: (1) Homo – Pan divergence at 6.5 Ma
with 95% CI of 0.5 Ma (Brunet et al., 2005; Lebatard et al., 2008;
Vignaud et al., 2002), (2) Pongo – Homo+ Pan clade divergence at
14 Ma with 95% CI of 1.0 Ma (Kelley, 2002), (3) Theropithecus – Papio
divergence at 5 Ma with 95% CI of 1.5 Ma (Delson, 2000; Leakey,
1993), (4) African – Asian macaques at 5.5 Ma with 95% CI of 1.0 Ma
(Delson, 2000; Alba et al., 2014), and (5) hominoids – cercopithecoids
at 27.5 Ma with 95% CI of 3.5 Ma (Stevens et al., 2013 and Zalmout
et al., 2010; but see also Pozzi et al., 2011). Hard lower boundary
constraints were applied to all fossil calibrations as the true divergence
can only be older than the fossil, not younger. A total of four replicates
were run for 700 million generations for the non-partitioned dataset
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and 600 million generations for the partitioned dataset, and the tree
and parameter sampling was performed every 5000 generations. We
used Tracer to check that a 10% burn-in is sufficient and all ESS values
suggested convergence. TreeAnnotator 1.8.3 was used to reconstruct a
consensus topology based on the distribution of trees, and we visualized
the phylogeny with FigTree 1.4.2 (Rambaut). We also conducted a
pairwise distance analysis in PAUP (Swofford, 2002) to check if any
specimens were driving an increase in diversity.

3. Results

From a total of 196 tissue samples collected, we successfully ex-
tracted DNA from 151 (77%), of which the mitogenomes of 95 M.
fascicularis individuals were successfully sequenced by shotgun se-
quencing using the Illumina HiSeq2500 (see Supplementary Data 1 for
list of specimens sequenced here and their Genbank accession num-
bers). All raw sequences are available on Genbank. The mitogenomes of
56 samples for which we had built libraries were not fully sequenced
and had relatively low-quality scores and were excluded from the
analyses. The bioanalyzer or AATI results for the overall set of samples
were not indicative of how well the libraries would perform during
shotgun sequencing. On seven HiSeq 2500 lanes, we obtained an
average of 674,364 (49,852–2,064,668) total reads. The average per-
centage of mitogenome reads compared to the total reads is 0.14%
(0.01–0.9%), with an average 40.95 × (3.28 − 125.03) coverage for
the mitogenomes that were successfully sequenced per sample. All
mitogenomes that we generated and included in the following analyses
ranged between 15,185 and 16,690 bp. It is important to note that there
was a range of extraction and sequencing success for the museums
where they were collected (Table 1).

All steps that we took to check for contamination gave negative
results. At the extraction stage, all negative controls were found to be
clean, and the positive controls using DNA extracted from the two fresh
cadavers of M. fascicularis indicated that the extraction process was
successful when amplifying the 200 bp of Cytb. After sequencing, the
BLAST results for each sequence revealed that the sequences of interest
matched those of M. fascicularis mitogenomes.

In total, we aligned 95 newly generated M. fascicularis mitogenomes
(Supplementary Data 1), 40 M. fascicularis mitogenomes previously
sequenced by Liedigk et al. (2015), and 17 mitogenomes of outgroup
taxa. The latter two sets of mitogenomes were downloaded from Gen-
bank with the accession numbers provided in Liedigk et al. (2015). The
final alignment had a total length of 16,690 bp (Supplementary Data 3).
Some portions of the mitogenome from five specimens, specifically
from Bali (AMNH 107568), Simeulue (NMNH 114163), Bawean
(NMNH 151830), Banggi (FMNH 140939), and Java (RMNH 34314),
were incomplete. However, the missing base pairs were not from the
same regions. We do not believe that missing short sections of the mi-
togenomes in those specimens severely affected the results at the in-
traspecific level because only 1505 bp were missing at most from a
single specimen, and those specimens cluster within the phylogeny as
would be expected (see Fig. 2). One specimen from Thailand (NMNH

251661) that was sequenced, which is not included in the 95 speci-
mens, was the only specimen found to be an outgroup to all M. fasci-
cularis samples. Although no other specimens from the same locality
were sequenced to test whether or not this one specimen is re-
presentative of its source population, the specimens from nearby lo-
calities do not cluster with this single specimen from Nakhon Si
Thammarat in Thailand. Therefore, this specimen was removed from
the alignment and further phylogenetic analyses.

Nearly identical phylogenies with strongly supported nodes (ML
bootstrap values:> 95%, Bayesian posterior probabilities: 1.0) were
reconstructed based on maximum-likelihood and Bayesian analyses
(Supplementary Data 4 and 5, respectively). The newly reconstructed
phylogeny included samples from regions with known localities that
had not previously been sampled at the mitogenome level. They include
DNA of M. fascicularis from small Sunda islands such as Bali, Bintan,
Banggi, Penida, Siantan, Bawean, Nias, Simeulue, and Koh Kut islands
and from the Philippine islands, which include Mindanao, Negros,
Bohol, Maripipi, Luzon, Leyte, Palawan, Busuanga, and Balabac islands.
The phylogeny splits the specimens into two major clades, with Clade A
from Liedigk et al. (2015) containing all mainland specimens, northern
Sumatran specimens, specimens from Bintan, Siantan and Koh Kut is-
lands, and a single specimen from Mindanao. Clade B contains all other
insular specimens including those from southern Sumatra.

Based on the analyses in this study, the divergence dates for most
divergences are earlier than had been previously estimated but overlap
in their confidence intervals (Fig. 2; Table 2; Supplementary Data 6 and
7). The following are the divergence dates for the phylogeny re-
constructed from the partitioned dataset, which are very similar to
those in the phylogeny reconstructed from the non-partitioned dataset
(see Table 2 and Supplementary Data 6 and 7). At the root, Hominidae
and Cercopithecidae separated 31.16 Ma (95% credibility interval [CI]:
27.95–36.57). Within the hominids, Homo and Pan split 6.98 Ma
(6.68–7.40), and Pongo diverged from Homo + Pan 14.94 Ma
(14.29–15.98). Within Cercopithecidae, Colobus diverged first 22.52 Ma
(19.18–26.45) followed by the divergence of Chlorocebus 14.70 Ma
(12.74–17.01). Papionini split from Macaca 12.50 Ma (10.81–14.40),
and within Papionini Theropithecus and Papio diverged 5.64 Ma
(5.23–6.21). Within the macaques, the African and Asian macaques
diverged 6.83 Ma (6.02–7.84). M. silenus and M. tonkeana diverged next
from the other Asian macaques 6.15 Ma (5.37–7.08). These two species
split from each other 4.18 Ma (3.41–5.01). M. thibetana split from the
group including M. fascicularis, M. mulatta and M. arctoides 4.65 Ma
(3.98–5.39). M. fascicularis then diverged from M. mulatta and M. arc-
toides 3.85 Ma (3.28–4.49) and these latter two species split 3.42 Ma
(2.86–4.04).

Within M. fascicularis, Clades A and B diverged early at 1.88 Ma
(1.60–2.20). Clade A’s splitting events began approximately 1.03 Ma
(0.88–1.20). Within this clade, the individuals are not grouped into
monophyletic clades by geographic localities. The northern Sumatran
specimens that we sequenced form a cluster, which also contains
lineages from mainland Malaysia, Thailand, and Bintan and Siantan
islands, diverging from mainland populations between 0.25–0.43 Ma

Table 1
Extraction and sequencing success of specimens. Number ofM. fascicularis samples collected and percentage of successful specimens sequenced for samples from four museum collections.
FMNH = The Field Museum of Natural History in Chicago, IL; AMNH = American Museum of Natural History in New York, NY; NMNH= Smithsonian Institution National Museum of
Natural History in Washington, DC; RMNH= Naturalis Biodiversity Center in Leiden, Netherlands. % sequenced represents the % of successfully sequenced samples of the successfully
extracted samples.

Museum # Sampled # Successful extractions % Extracted # Successfully sequenced % Sequenced

FMNH 71 55 77 34 62
AMNH 51 34 67 28 82
NMNH 54 44 81 22 50
RMNH 20 19 95 11 58

Total 196 152 78 95 63
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(0.20–0.51). There are four other insular specimens within Clade A, and
those include specimens from Koh Kut, Siantan, Bintan, and Mindanao
islands. The divergence of the specimen in Mindanao from Thailand
specimens is the most recent of the four, at 7.6 kya (1.4–16.5 kya).

Liedigk et al. (2015) had found Clade B to contain distinct mono-
phyletic lineages based on geographic regions, but the results in this
study reveal that this is not the case, especially for specimens from
Borneo, the Philippines, and Java and its surrounding islands. The
Timor specimens that Liedigk et al. (2015) sequenced diverged as a
single clade within Clade B 1.03 Ma (0.88–1.19). The specimens from
Java and its surrounding islands diverged as two major groups. The first
group, which contains solely specimens from Java and its surrounding
islands, diverged 0.96 Ma (0.82–1.10). The second group, which also
includes specimens from Nias, Simeulue and Mauritius islands, then
diverged 0.93 Ma (0.80–1.07). The Mauritius lineage split off 0.14 Ma
(0.10–0.19), while the monophyletic group of specimens from Nias and
Simeulue islands diverged from the Javan specimens earlier at 0.91 Ma
(0.78–1.05). The split of the lineages from these two islands to the west
of Sumatra occurred 0.87 Ma (0.74–1.01). After the paraphyletic Javan
clade, a group containing specimens from Borneo, Bangka and southern

Sumatra diverged within Clade B 0.69 Ma (0.59–0.80). The Bangka and
southern Sumatra lineages diverged from a western Borneo lineage
0.55 Ma (0.45–0.65), and the former lineages split 0.37 Ma
(0.29–0.44). The clade containing specimens from Borneo and the
Philippine islands began splitting 0.43 Ma (0.37–0.50). The Philippine
specimens do not form a monophyletic clade. One group containing
lineages from Banggi, Balabac and Mindanao islands diverged from
other Bornean specimens 0.38 Ma (0.32–0.44). Additionally, there are
Borneo specimens nested within this particular group. The remaining
Philippine specimens form a monophyletic group with the exception of
a single specimen from northern Borneo, which diverged from two
Mindanao specimens 0.07 Ma (0.04–0.10). The lineages from Negros
Island diverged from other Philippine specimens 0.15 Ma (0.12–0.18).
Although these divergence dates are earlier than previously noted in
other studies of M. fascicularis, the results of the pairwise distance
analysis in PAUP (Swofford, 2002) show that no specimens stood out in
the analysis (Supplementary Data 8).

Fig. 2. Phylogeny of Macaca fascicularis. Newly reconstructed phylogeny of 135 M. fascicularis museum specimens with divergence dates based on partitioned dataset. Samples starting
with MFAS are from Liedigk et al. (2015) while samples beginning with museum specimen numbers were newly sequenced for this study. Green = mainland, orange = Sundaland,
blue = oceanic islands. All significant nodes are marked with a red circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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4. Discussion

DNA extracted from museum specimens is usually highly degraded
(Burrell et al., 2015; Liedigk et al., 2015; Mason et al., 2011), but with
the development of next-generation sequencing techniques it has be-
come faster and less costly to sequence such fragmented DNA. Although
many studies use DNA-capture techniques to target the region of in-
terest, such as the mitogenome, we have found that shotgun sequencing
the genomes will yield high coverage of entire mitogenomes if the ge-
netic libraries are of high quality. An additional advantage of shotgun
sequencing is that it is possible to sequence the nuclear genomes at low
coverage (approximately 1x if multiplexing samples in this particular
study), which can be used for further studies. But, as past studies have
emphasized, there are only two copies of the nuclear genome in a cell in
comparison to the tens to thousands of copies of mitogenomes in each
cell, so it is inherently more difficult to achieve coverage of the nuclear
genome than the mitogenome when sequencing ancient DNA
(Guschanski et al., 2013; Hagelberg and Clegg, 1991; Mason et al.,
2011; Rowe et al., 2011). As we have found, next-generation sequen-
cing does not achieve high-quality and/or high-precision results for
every specimen. Few studies have looked at extraction and sequencing
success of specimens across museums and collectors (Bailey et al.,
2015). Because we collected tissues from the same species in the same
region from four different natural history museums, this study sheds
some light on variation in the success of sequencing museum specimens
across various collections (Table 1). The highest success for extractions of
high quality DNA (95%) was for specimens from the collections at
RMNH, and the lowest extraction of high quality DNA (67%) was for
specimens housed at AMNH. Sequencing success of the entire mito-
genome differed from that for extraction, with the greatest success (82%)
in AMNH specimens and the lowest success (50%) for NMNH specimens.
The differences in successful extraction and sequencing among various
museums may be due to the effects of various chemicals used for cleaning
the skeletal materials on the preservation of dried tissues. Unfortunately,
how the specimens were cleaned and prepared when they were first
collected is not recorded. These results are not indicative of how well
DNA from other species may be sequenced across museums.

Although the relationships among individuals in the expanded in-
traspecific phylogeny (Fig. 2) is in close agreement with the results
reported by Liedigk et al. (2015), we did not find neatly monophyletic

lineages based on geography in Clade B, and the divergence dates are
slightly earlier than previously inferred (See Table 2). Because the only
major difference between our analyses and those of Liedigk et al. is
sample size and composition, we believe this may account for the dis-
parity between the two sets of results. Pozzi et al. (2014) demonstrated
that extensive taxon sampling can recover phylogenetic relationships
that are consistent with morphological and nuclear data in primates.
This is consistent with previous studies that raise the concern that in-
complete or biased taxon sampling results in phylogenetic error (Hillis
et al., 2003; Nabhan and Sarkar, 2012; Plazzi et al., 2010; Townsend
and Leuenberger, 2011; Zwickl and Hillis, 2002). So the non-mono-
phyletic relationships we recovered, particularly in Clade B, may be the
result of increased and more complete taxon sampling of M. fascicularis
throughout Southeast Asia. Moreover, various studies indicate that
under-sampling taxa in phylogenetic analyses will lead to under-
estimation of divergence dates, while more complete taxon sampling
will recover earlier node ages (Crête-Lafrenière et al., 2012; Milne,
2009; Schulte, 2013), especially when using a relaxed molecular clock
model (Soares and Schrago, 2015). This may be the case for this study,
as we have more than tripled the sample size of the most recent in-
traspecific study of M. fascicularis (Liedigk et al., 2015).

The inferred intraspecific phylogeny revealed a number of biogeo-
graphic patterns as a result of increased taxon sampling. In particular, it
emerged from our overall phylogeny based on mitogenomes that the
polyphyletic clustering of individuals on Sumatra can now be explained
on a geographical basis: Northern Sumatran individuals fall within the
mainland cluster (Clade A), whereas southern Sumatran individuals are
nested within the insular cluster with populations from Borneo (Clade
B). This corroborates the suggestion made by Liedigk et al. (2015) that
this could be why Tosi and Coke’s (2007) samples from southern Su-
matra clustered in a different clade from their own samples from
northern Sumatra. Inclusion of museum samples from both the northern
and southern ends of Sumatra in this study permitted clear resolution of
this issue. Accordingly, Sumatran M. fascicularis have two distinct
geographic origins. The northern stock most likely originated from the
Indo-Chinese Peninsula in the east while the southern lineages appear
to be of insular origin, by way of Java and Borneo (through Bangka
Island). This is in accord with the Y-chromosomal data from Tosi and
Coke (2007), which revealed that both haplogroups are present on
Sumatra.

Table 2
Divergence dates. Comparison of major divergence dates for M. fascicularis inferred in Liedigk et al. (2015) study and in the present study. Divergence dates for partitioned and non-
partitioned dataset reconstructions are provided.

Clades Liedigk et al. (Ma) Current study (Ma) with partitioning Current study (Ma) without partitioning

Hominidae – Cercopithecidae 28.60 (25.31–31.78) 31.16 (27.95–36.57) 31.13 (27.99–36.35)
Pongo – Homo+ Pan 13.82 (12.68–14.86) 14.94 (14.29–15.98) 14.92 (14.27–15.96)
Homo – Pan 6.32 (5.73–6.89) 6.98 (6.68–7.40) 6.98 (6.69–7.40)
Colobus – other Cercopithecidae 19.89 (16.17–23.87) 22.52 (19.18–26.45) 22.40 (18.96–26.45)
Chlorocebus – Papionini +Macaca 12.81 (10.59–15.22) 14.70 (12.74–17.01) 14.70 (12.53–16.92)
Papionini – Macaca 10.90 (8.92–12.90) 12.50 (10.81–14.40) 12.51 (10.73–14.38)
Theropithecus – Papio 4.77 (3.87–5.72) 5.64 (5.23–6.21) 5.65 (5.23–6.24)
M. sylvanus – Asian macaques 6.10 (5.23–6.92) 6.83 (6.02–7.84) 6.83 (6.02–7.80)
M. silenus+ M. tonkeana – other Asian Macaca 5.49 (4.69–6.34) 6.15 (5.37–7.08) 6.15 (5.38–7.04)
M. silenus – M. tonkeana 3.70 (2.80–4.54) 4.18 (3.41–5.01) 4.19 (3.41–5.00)
M. thibetana – M. fascicularis +M. mulatta + M. arctoides 4.16 (3.47–4.85) 4.65 (3.98–5.39) 4.66 (4.01–5.38)
M. fascicularis – M. mulatta + M. arctoides 3.42 (2.83–4.01) 3.85 (3.28–4.49) 3.86 (3.30–4.47)
M. mulatta – M. arctoides 3.02 (2.42–3.60) 3.42 (2.86–4.04) 3.43 (2.88–4.00)
Clade A – Clade B 1.70 (1.36–2.04) 1.88 (1.60–2.20) 1.88 (1.60–2.19)
Clade A splitting events 0.96 (0.78–1.16) 1.03 (0.88–1.20) 1.03 (0.88–1.19)
N. Sumatran specimens – mainland specimens – 0.25–0.43 (0.20–0.51) 0.25–0.43 (0.20–0.50)
Clade B splitting events (Timor specimens – rest of Clade B) 0.93 (0.74–1.12) 1.03 (0.88–1.19) 1.02 (0.88–1.82)
Javan and surrounding insular specimens – rest of Clade B
(excluding Timor specimens) 0.87 (0.70–1.05) 0.93–0.96 (0.80–1.10) 0.93–0.95 (0.80–1.10)
Nias and Simeulue specimens – Javan specimens – 0.91 (0.78–1.05) 0.90 (0.78–1.04)
S. Sumatran + Bangka specimens – Borneo specimens – 0.55 (0.45–0.65) 0.54 (0.45–0.64)
S. Sumatran specimens – Bangka specimens – 0.37 (0.29–0.44) 0.36 (0.30–0.44)
Philippine specimens – Borneo specimens 0.21 (0.15–0.28) 0.06–0.43 (0.04–0.50) 0.06–0.43 (0.04–0.50)
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Although this split in populations on Sumatra is rare in vertebrates
(Leonard et al., 2015), orangutans also exhibit this phylogeographic
pattern intraspecifically on Sumatra (Nater et al., 2011, 2015). Suma-
tran orangutans (Pongo abelii) currently reside only in northern Su-
matra, although the subfossil record indicates that their distribution
had been widespread across Asia, including the entirety of Sumatra
(Delgado and Van Schaik, 2000). This species is particularly diverse in
comparison to the other species (Pongo pygmaeus) on the island of
Borneo (Steiper, 2006). In a series of genetic studies, Nater et al. (2011,
2015) found that one extant population of Sumatran orangutans di-
verged more recently from P. pygmaeus at ∼2.09 Ma than from the
other populations on Sumatra ∼3.50 Ma. This particular population
from Batang Toru is the only extant group located to the south of Lake
Toba, a large lake that is the site of the recent Toba supereruption
approximately 73 kya, along with four other major eruptions within the
last 1.2 million years (Chesner et al., 1991). Williams et al. (2009)
demonstrated that the supereruption resulted in climatic cooling and
prolonged deforestation, which had significant consequences for plants
and animals in the region, one of which was to seal off the region north
of Lake Toba from the rest of Sumatra (Ambrose, 2003). This boundary
at Lake Toba has led to a split that is seen in other taxa. For example,
the mountain agile gibbon (Hylobates agilis) occurs only south of Lake
Toba while the white-handed gibbon (Hylobates lar) occurs only to the
north (Whittaker et al., 2007; Thinh et al., 2010). The split we see
within M. fascicularis may also be the result of the Toba eruptions, as
the northern Sumatran lineages are north of Lake Toba while the
southern Sumatran lineages are well to the south of the lake. While
according to our study northern and southern Sumatran lineages di-
verged approximated 1.88 Ma, which is earlier than the set of major
Toba eruptions, it could be possible that the survival of M. fascicularis
was affected by the Toba supereruption on Sumatra. Once the en-
vironment began thriving again, new M. fascicularis lineages could
migrate to the northern and southern ends of Sumatra via Malaysia and
Borneo, respectively, but were still separated by the supereruption site.
Although the populations may have met once the forest around Lake
Toba was restored after the eruptions, it is unlikely that there would be
merging in the mitochondrial genome as M. fascicularis are female
philopatric (Gerber et al., 2016; Melnick and Hoelzer, 1991; Ruiter and
Geffen, 1998). Future studies should examine the nuclear DNA, with a
focus on the Y chromosome, to look for patterns of male dispersal in this
species.

The hypothesis that the Toba eruption is the cause of the split in the
northern and southern Sumatran specimens is, however, questionable
because there is no evidence of this division in the mitochondrial DNA
of most other Sumatran vertebrates, including rodents, carnivores and
birds (Leonard et al., 2015). Leonard et al. (2015) analyzed 28 verte-
brate taxa that ranged in body size from rodents to elephants dis-
tributed throughout the continental shelf region in Southeast Asia.
Sixteen of those taxa had Bornean populations that were basal to Su-
matran and Malay Peninsular populations. The divergence dates varied
between taxa. All other taxa in their analyses, except for M. fascicularis,
were either unresolved or had no geographical structure, although this
may be due to the fact that only a few mitochondrial genes were ana-
lyzed. If the Toba eruption had such a great impact in the distribution of
organisms on the Sunda Shelf, it would be expected that many more
species, especially terrestrial vertebrates, would display the divide in
Sumatra as is seen in long-tailed macaques, orangutans and gibbons.

The majority of the island-living individuals sampled are nested
within Clade B, the insular cluster. However, there are four exceptions.
The population from Koh Kut, a continental shelf island off the coast of
Thailand, is sister to all Thai samples north of the island. The Thai
samples that were collected close to the Malaysia-Thailand political
border form a sub-cluster within the clade of populations from the
Malay Peninsula and northern Sumatra. Another exception is a single
individual from the Philippine island of Mindanao (FMNH 56161) that
clusters within the populations from northern Thailand. There could be

two explanations for this. First, that particular lineage was recently
introduced to Mindanao by way of human migration ∼2400 years ago.
Second, this specimen may have been labeled incorrectly at some point
in the past because it is the only specimen out of 12 specimens we had
sequenced from Mindanao that nests within Clade A. The final excep-
tions are the lineages from Bintan and Siantan Islands, both of which
are small continental shelf islands off the coast of the Malay Peninsula.
These populations likely originated from the mainland stock.

But the majority of insular lineages are clustered within Clade B. As
expected, the lineages from islands near Java, such as Bali, Penida and
Bawean islands share a common ancestor with lineages from east Java.
The Javan specimens form two major groups in Clade B, one of which
includes the specimens from Nias and Simeulue Islands to the west of
northern Sumatra. This is unexpected as Nias and Simeulue are not
geographically close to Java. Additionally, they are considered to be
oceanic islands, but whether or not they were connected to the con-
tinental shelf during glacial periods in the Pleistocene is unclear. The
Nias basin is ∼500 m. deep (Deighton et al., 2014), and there do not
appear to be any non-volant species that are strictly endemic to the
island (Barbour, 1912), so natural colonization of Nias Island may have
been possible. The Simeulue basin is deeper at ∼1000 m (Milsom,
2005) with very few endemic species, including three snake species,
one bird species, one pig species, and a subspecies of M. fascicularis, M.
f. lasiae (Whitten et al., 2000). Because the strait between these islands
and Sumatra is narrow, certain populations may have been able to
migrate naturally from the continental shelf by swimming (Gumert and
Malaivijitnond, 2012).

The Philippine samples in Clade B appear to have originated from
Borneo, which supports previous hypotheses for Philippine colonization
by way of Borneo (Abegg and Thierry, 2002; Smith et al., 2014).
However, our dating analyses indicate that the Philippines were colo-
nized by long-tailed macaques between ∼0.06 and 0.43 Ma, which is
much earlier than dating suggested for human-mediated dispersals
(Fooden, 2006; Heaney et al., 2016). This indicates that there were
multiple waves of migrations likely without human aid. If populations
arrived via a land bridge between Borneo and Palawan (Heaney, 1985),
then it would be possible for other taxa to cross over to this group of
oceanic islands as well, although major faunal differences on either side
of the Huxley-Wallace line indicate that this is likely not the case. On
the other hand, long-tailed macaques could have swam over and dis-
persed throughout the oceanic islands via subsequent land bridges
amongst these islands. This is a possibility as long-tailed macaques are
one of the only non-volant species that is found on either side of this
biogeographical divide. Most node support between individuals from
the Philippine islands is lacking in statistical significance (Fig. 2). A
very recent date of introduction, as is the case with these lineages from
the Philippines, could explain the absence of statistically significant
node support within certain Philippines macaque groups (Guschanski
et al., 2013; Liedigk et al., 2012, 2014; Roos et al., 2011; Zinner et al.,
2013b).

In their study using both short tandem repeat (STR) and mtDNA
sequences, Smith et al. (2014) suggested that there were at least two
paths of dispersal by M. fascicularis into the Philippines from Borneo:
(1) through Palawan to the northern Philippine islands, and (2) through
the Sulu archipelago to the southern Philippine islands. The newly in-
ferred phylogeny indicates that dispersal event (1) through Palawan to
the Northern Philippine islands likely led to the distribution of M. fas-
cicularis to Luzon in the north but also resulted in the distribution of M.
fascicularis to some of the more southern islands such as Negros, Bohol,
Leyte, and perhaps even Mindanao. The potentially human-mediated
dispersal to these southern islands may have been directly through
Palawan or through Luzon and Samar (and the adjacent islands). Future
studies including samples from Mindoro and Panay Islands would help
clarify the dispersal passage to these more southern islands.

Dispersal event (2) of Smith et al. (2014) through the Sulu archi-
pelago to the southern Philippine islands is also consistent with the
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results in this study, as individuals from Mindanao cluster with some of
the Borneo individuals; but they are monophyletic within a clade that
includes an individual from Balabac, an island associated with Palawan.
Additionally, the single individual that Liedigk et al. (2015) sequenced
from the Philippines appears to be from the southern Philippines, based
on its genetic makeup, and clusters with the Mindanao and Borneo
individuals from this particular dispersal event. Since we were only able
to sequence the mitogenome of one individual from Palawan and no
individuals from the islands in the Sulu archipelago—although they do
occur in that region (Musser and Heaney, 1985)—future analysis of
more individuals from those islands would be useful in determining
whether the majority of current lineages in Mindanao had arrived by
way of Palawan, through the Sulu archipelago, or both.

In their study, Liedigk et al. (2015) pointed out that the divergence
date of approximately 0.93 Ma for the Timor clade that they had se-
quenced is inconsistent with the hypothesis that lineages to the east of
the Wallace line were introduced within the last 4000 years (Fooden,
2006; Heaney et al., 2016). However, based on genetic data, modern
humans had colonized the Timor region by 37 ka (Gomes et al., 2015),
so M. fascicularis could have been introduced by humans much earlier.
The present study estimates an even earlier divergence date of Timor
individuals from all other insular individuals of approximately 1.03 Ma
for this clade from the rest of Clade B, although the most recent
common ancestor within the Timor clade is estimated to be 0.03 Ma.
The divergence date and placement of this clade in the phylogeny im-
plies an unexpected history for this lineage. Liedigk et al. (2015) sug-
gested that the Timor lineage was the sister group in Clade B because
the Timor haplotypes had originated from an area somewhere in Sun-
daland that they had not sampled in their study. However, our thor-
ough sampling throughout Sundaland (Fig. 2) does not suggest a lo-
cality for the origin of the Timor clade. Still, this does not eliminate the
possibility that the Timor lineage had naturally colonized the island.
Future studies that include specimens from islands near Timor, such as
Lombok, Sumbawa, Flores, and Sumba may help illuminate the bio-
geographic history of this clade.

It must be borne in mind that the inferred phylogeny is based on
mtDNA alone. It therefore reflects population-level cladogenic events
attributable to the sedentary nature of female macaques (de Ruiter and
Geffen, 1998; Pusey and Packer, 1987) and cannot reveal any influ-
ences exerted by the typical wide dispersal of males. Additionally, the
mitogenome is a single marker, so incomplete lineage sorting can lead
to a discrepancy between the phylogeny reconstructed in the study and
the species tree (Roger and Gibbs, 2014). Analyses of the nuclear
genome could help further clarify the dispersal of M. fascicularis
throughout Southeast Asia and would reveal at least some of the genetic
selection throughout the colonization of this region.

5. Conclusion

In this study, we have elucidated biogeographic patterns of M. fas-
cicularis throughout Southeast Asia by using thorough sampling of
museum specimens from the region, and in the process, we have
identified avenues that still need to be pursued in order to fully un-
derstand this widespread species: It is necessary to examine the nuclear
DNA, especially the Y chromosome, to determine patterns of male
dispersal in this species. We were not able to determine the origins of
the Timor specimens, and including specimens from islands near Timor,
such as Lombok, Sumbawa, Flores, and Sumba could illuminate the
biogeographic history of this clade. Although we have sampled widely
throughout the Philippines, it appears that there may be two major
migration routes into this region. Analyzing samples from Mindoro,
Panay, Palawan, and the islands in the Sulu archipelago would help
determine dispersal passages through this chain of oceanic islands.

We have shown here that the use of next-generation sequencing,
particularly shotgun sequencing, on museum specimens proves to be a
successful way of sequencing entire mitogenomes at high coverage due

to the nature of ancient DNA. The newly reconstructed intraspecific
phylogeny demonstrates that lineages within M. fascicularis diverged
earlier than previously inferred, that there is a separation in Sumatran
macaques, and that there is a colonization pattern in the Philippines.
The results of this study demonstrate the importance of extensive
geographic sampling for a widespread species for understanding bio-
geographic diversification in Southeast Asia because it expands
knowledge about the relationships and divergence dates throughout the
entire region rather than the limited geographic ranges for most taxa.
M. fascicularis is commonly studied for both evolutionary and biome-
dical purposes, and we hope these findings will be of use to future
studies that use this species as a model as well.
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