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Abstract

Gibbons (Family Hylobatidae) are a suitable model for exploring hybridization in pair-living
primates as several species form hybrid zones. In Khao Yai National Park, Thailand, white-
handed gibbons (Hylobates lar) and pileated gibbons (Hylobates pileatus) are distributed
parapatrically and hybridize in a narrow zone. Their phenotypic characteristics suggest lim-
ited inter-species gene flow, although this has never been assessed. To uncover the history
and degree of gene flow between the two species, we studied the genetic structure of gib-
bons in the hybrid zone by analyzing fecal DNA samples, phenotypic characteristics, vocali-
zations and individuals’ social status. We determined eight autosomal single nucleotide
variant (SNV) loci, and mitochondrial DNA (mtDNA) and Y-chromosomal haplotypes of 72
gibbons. We compared these markers with reference types of wild pureblood white-handed
gibbons (n=12) in Kaeng Krachan National Park and pureblood pileated gibbons (n=4) in
Khao Soi Dao Wildlife Sanctuary. Autosomal genotypic analyses confirmed the various lev-
els of mixed ancestry for several adult gibbons with or without atypical phenotypic traits in
Khao Yai National Park. In some other adult gibbons, the mixed ancestry was not detected
in either autosomal SNVs or their phenotypic traits but the mtDNA. Both male and female
adult hybrids formed reproductive units mainly with a phenotypic pureblood partner and
many of them produced offspring. Taken together, our results suggest that once hybridiza-
tion occurs, white-handed-pileated-gibbon hybrids can reproduce with either parental spe-
cies and that the backcrossing and thus introgression may occur in successive generations,
with no drastic changes in phenotypic appearance.
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Introduction

Natural hybridization and introgression are widespread phenomena in animals [1], including
primates [2, 3]. Genome-scale studies have revealed “hidden” ancient (or historical) hybridiza-
tion and introgression among many primate taxa (e.g. chimpanzees and bonobos [4], orangu-
tans [5], baboons [6] and macaques [7]). While genome-scale studies are suitable for
uncovering the historical impact of hybridization and introgression in primate evolution, field
observations in hybrid zones are essential to investigate proximate mechanisms that prevent
(i.e., produce reproductive barriers) or promote hybridization [8]. Integrating field- with lab-
based studies can help to illuminate entire hybridization/introgression histories [9]. For exam-
ple, baboons are one major model of studying hybridization in primates because a long history
of field observations [10], genomic studies [6] and an integration of both exists [11, 12].

Gibbons (family Hylobatidae) provide an equally interesting model for studying hybridiza-
tion. First, among extant apes, only gibbons show ongoing, active hybrid zones [13-15]. Sec-
ond, their typical reproductive system is monogamous pairs, and they reproduce primarily
with the pair-living partner [16, 17], although some variations in social organizations [18-20],
mating patterns [19, 21-23] and reproductive patterns [16, 24] have also been observed. Wild
gibbons start reproduction at about 10 years of age, and an adult female reproduces only once
in about every three years [25]. Considering the low ratio of extra-pair paternity [16, 17, 24],
both female and male gibbons reproduce a limited number of offspring into which they invest
substantially. The monogamous reproductive pattern seems more sensitive to potential disad-
vantages of hybridization [26], such as, for example, testicular dysfunction and sterility in
hybrid males [27], compared to polygamous and multiparous reproductive system. Finally,
gibbon species share basic biological characteristics, such as being adapted to a mainly frugivo-
rous diet and life in the canopy [28]. Competitive inter-species relationships have been sug-
gested for most species [29], which is indirectly supported by the notion of an allopatric
distribution of species, except for the sympatric distribution between large-bodied siamangs
(Symphalangus syndactylus) and smaller gibbons of the genus Hylobates [30]. Species differ-
ences in gibbons appear in their vocal repertoire and pelage coloration [15], which are impor-
tant in social communication and probably as well in species identification.

Hybridization between white-handed gibbons (Hylobates lar) and pileated gibbons (Hylo-
bates pileatus) in Khao Yai National Park, Thailand, has been studied for more than 40 years
[13, 15, 31-33]. Observations have uncovered a limited number of hybrid gibbons that have
been identified by mixed-species vocalizations and external morphology, such as pelage color-
ation, distributed in a narrow zone along the Lam Ta Khong River [13]. Early studies have
argued that the hybrid population could be a “sink population” where introgression (or gene
flow) between the two species is limited [13, 33]. However, since sophisticated molecular
methods were unavailable in the 1970s and 1980s, the argument of an existing “sink hybrid
population” could not be proven at the molecular level. Recently, we analyzed mtDNA of a
population that was thought of as “pure” white-handed gibbons, at the Mo Singto study site in
Khao Yai, only to find confirmation that some phenotypically white-handed gibbons possessed
mtDNA of a typical pileated gibbon haplotype [34]. This characteristic suggested the presence
of several backcross generations and some introgression between the two species even within
the Mo Singto subpopulation of phenotypic white-handed gibbons. Moreover, another recent
study analyzing genome-wide single nucleotide variants (SNVs) among captive gibbons
detected an introgression signal between every combination of the two species individuals
(among 20 white-handed gibbons and 10 pileated gibbons), indicative of a relatively long
hybridization history [35].
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Fig 1. Distribution of white-handed gibbons (Hylobates lar), pileated gibbons (H. pileatus) and study sites. The
approximate species distribution range was manually drawn based on previous studies [15, 36] and the Gibbon
Research Lab (http://www.gibbons.de/main2/). The protected areas, country borders, coastlines and rivers came from
OpenStreetMap and OpenStreetMap Foundation, which was available under the Open Database License.

https://doi.org/10.1371/journal.pone.0264519.9001

To fully understand the pattern of hybridization in a long-established hybrid zone, the pres-
ent study aimed to uncover the degree of introgression and mating patterns between white-
handed and pileated gibbons in the ongoing, active natural hybrid zone in Khao Yai National
Park, Thailand, one of the oldest National Parks in Thailand which since it’s establishment in
1962 has had no meaningful connectivity to other forests in Thailand. We analyzed autosomal
SNVs, together with mtDNA and Y-chromosome polymorphisms among gibbons living in the
natural hybrid zone and assessed the presence of introgression by analyzing the admixture
level of individuals and morphological characteristics. We also compared hybrids with pure-
blood white-handed gibbons in Kaeng Krachan National Park (approximately 250 km South-
west of the Khao Yai hybrid zone) and pureblood pileated gibbons in Khao Soi Dao Wildlife

Sanctuary (approximately 150 km Southeast of the Khao Yai hybrid zone; Fig 1). Based on the
genetic analyses and observations, we assessed hybrid gibbons’ mating patterns to uncover
their reproductivity and direction of introgression, which is potentially biased between the two

species.
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Methods
Ethical statement

We conducted the study under the permission of the National Research Council of Thailand
(NRCT); the Department of National Parks, Wildlife and Plant Conservation of Thailand
(DNP); Khao Yai National Park; Kaeng Krachan National Park; and Khao Soi Dao Wildlife
Sanctuary (NRCT project No. 2757).

Study sites and distribution survey

We conducted a field survey in the natural hybrid zone of white-handed gibbons and pileated
gibbons in Khao Yai National Park, Thailand (N 14.43872°, E 101.37238°) (Fig 1), from Febru-
ary to December 2014. In this study, we selected three survey areas: (1) Mo Singto, (2) the
western side of the valley of Lam Ta Khong River and (3) the northern slope of Khao Khiao
(Fig 2), where the high potential of the presence of hybrid gibbons was expected based on pre-
vious studies and accessibility.

We estimated the presence of gibbon groups and their putative species identity by their
prominent vocalization [37]. We set up 21 listening posts each about 500 m apart from one
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Fig 2. Three study areas in Khao Yai National Park. Black solid lines in the main map represent motorways. Light
blue lines represent rivers. Light green areas represent grasslands. The border of Khao Yai National Park, roads, rivers
and grasslands came from OpenStreetMap and OpenStreetMap Foundation, which was available under the Open
Database License.

https://doi.org/10.1371/journal.pone.0264519.g002
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another along nature trails and motorways. We conducted initial listening survey from only
one listening post at a time, spending one to three days at each listening post based on listening
conditions. When we noticed gibbons’ vocalizations, we recorded start and end times, song
category (i.e. duets, OA duets, disturbance-induced songs, male solos and others), the songs’
putative species identity, and approximate distance and direction from the listening post to the
singing location. In addition to listening post surveys, we also recorded the same gibbon vocal-
ization parameters whenever we were in the forest.

After the initial listening survey, we also directly followed and observed gibbon groups, and
collected fecal samples. Whenever we encountered gibbons, we recorded the start and end
times of direct observation. We obtained encounter locations from a GPS data logger
(GPSMAP60CSx, Garmin, KS) brought by the observer. GPS coordinates were extracted in 5
min intervals and plotted on a map to estimate gibbon groups’ home ranges.

We did not know for how long hybridization had occurred in Khao Yai. Thus, we suspected
that many white-handed and pileated gibbons’ morphospecies in Khao Yai might have some
amount of mixed genetic background. Therefore, Khao Yai gibbons could not be considered
good comparative sample to represent pureblood white-handed or pureblood pileated gib-
bons. To avoid this problem in our genetic analysis of identifying hybrids, we selected our
comparative samples from populations more than a hundred kilometers distant to the hybrid
zone, from deep within each species’ distribution range, and conducted field surveys for
white-handed gibbons in Kaeng Krachan National Park (12.88499° N, 99.63266° E) from
March to April 2015, and for pileated gibbons in Khao Soi Dao Wildlife Sanctuary (13.10296°
N, 102.19195° E) from February to April 2016 (Fig 1). These study sites were about 180 km
and 130 km linear distance apart, respectively, from each species’ closest putative historical
species contact zone [38]. Based on the distance far from the hybrid zone and the morphospe-
cies, effects of recent hybridization between the two species were considered negligible.

Group composition and morphological data collection

When we encountered a gibbon group, we identified each group member’s sex and all mem-
bers’ age category: adult (>8 years old and the main adult member), subadult (6-8 years old,
>8 years old and not the main adult member), adolescent (4-6 years old), juvenile (2-4 years
old) and infant (0-2 years old) (modified after [39]). We recorded the gibbons” morphological
characteristics using a digital camera (Lumix FZ-200, Panasonic, Japan).

DNA sample collection, extraction and quantification

Fecal samples were collected as a source of DNA. We used the well established ethanol-silica
two-step method [40]. We kept samples at room temperature at the study sites for up to one
year and later stored them at 4°C in a lab refrigerator until they were processed. We also col-
lected some fecal samples in lysis solution by using cotton buds [41]. We collected 129 fecal
samples in Khao Yai, 71 fecal samples in Kaeng Krachan, and nine fecal samples in Khao Soi
Dao. Because we expected that not every fecal sample would contain sufficient amounts of
DNA for genotyping, multiple samples were collected from the same individuals to ensure suc-
cess in genotyping. Fecal sample collection from non-habituated gibbons was difficult and the
number of samples collected for each individual remained limited. Furthermore, we collected
hundreads of fecal samples in Khao Yain National Park in previous studies [16, 34]. Thus, we
also selected and genotyped DNA samples of adult gibbons from the previous samples. Overall,
88 individuals were genotyped. Of those, 65 adult plus seven non-adult gibbons were geno-
typed from Khao Yai, 12 adult gibbons were genotyped from Kaeng Krachan and four adult
gibbons were genotyped from Khao Soi Dao.
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We extracted DNA using a QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) with
some modifications. About 200 mg feces (or 200 mL lysis buffer) were vortex-mixed with 1
mL InhibitEX® Buffer and incubated overnight at room temperature, shaking with a tube
mixer. We extended the incubation time with proteinase K for 1 h. Furthermore, the final
incubation step with 200 L elution buffer (Buffer ATE) lasted 30 min.

DNA extracted from fecal samples included host and non-host DNA, such as gastrointesti-
nal microbiota. Since the amount of host DNA was critical for the DNA analysis [42], we thus
measured the concentration of host DNA using quantitative real-time PCR targeting c-myc
[42, 43] for quality control. The reaction was conducted in the same way as in a previous study
[16].

SNV genotyping

We searched for SNVs using two approaches. First, the DNA sequences of autosomal noncod-
ing loci [44] were obtained from GenBank. The data set consisted of 11 white-handed and four
pileated gibbons. We selected SNV sites fixed between the two species, and no other SNVs
were detected at least 45 bases upstream and downstream of the target SNV sites, where prim-
ers and probes were designed. In this process, 14 loci were available from the database and
seven of those loci fulfilled the above criteria. Of those, two loci were estimated to be located
on the close position at a chromosome, and thus one of them was excluded and six loci were
tested for genotyping. Genotyping succeeded in five of the six loci. Second, we also screened
autosomal SNV loci by using primers reported by Perelman et al. [45], who determined a
sequence of one white-handed gibbon, one agile gibbon (Hylobates agilis), one Miiller’s gibbon
(Hylobates muelleri) and one siamang. The sequence of 39 autosomal loci was available for the
white-handed gibbon sample. Of those, 17 loci held SNV's which were specific to the white-
handed gibbon sample and different from the other three gibbon species samples and the
genome sequence of a northern white-cheeked gibbon (Nomascus leucogenys), nomLeu3/
Nleu_3.0 [46]. In 12 of the 17 loci, SN'Vs were located in non-coding regions. We determined
the sequences of five of the 12 loci in white-handed and pileated gibbon DNA samples from
our DNA repository by Sanger sequencing and three loci held suitable SNV sites for designing
primers and probes. In both the first and the second approaches, to avoid genotyping linked
loci, we checked the approximate location of each SNV in the white-handed gibbon genome
by comparing it with the northern white-cheeked gibbon genome sequence [46] and the result
of chromosome painting [47]. Based on the sequences, TagMan probes and primers for SNV
loci were designed by Applied Biosystems (MA, United States) (S1 Table).

We genotyped eight SNVs by real-time PCR using TagMan MGB Probes. Each 10 pL reac-
tion mix contained 1x TagMan GTXpress Master Mix (Applied Biosystems), 1x TagMan SNP
Genotyping Assay (Applied Biosystems) and 2 uL of DNA template. PCR cycle conditions
were as follows: preincubation at 25°C for 30 s and at 95°C for 20 s, followed by 45 cycles at
95°C for 15 s and 60°C for 1 min. We conducted the reactions with a StepOnePlus Real-Time
PCR System (Applied Biosystems) or a QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems). We initially duplicated genotyping of a subset of DNA samples for three SNV loci
and obtained the same genotypes for each repetition, except when genotyping failed. This indi-
cates that allelic dropout in our real-time PCR condition was negligible, and thus we con-
ducted only one reaction per locus per sample for further genotyping.

Ancestry analysis

We estimated each individual’s genetic admixture levels by STRUCTURE Version 2.3.4 [48].
We used the admixture model of Pritchard et al. [48] with the number of populations (K),
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from 2 to 5. We performed 10 independent runs for each K. Each run consisted of 1,000,000
generations of Markov chain Monte Carlo with a burn-in period of 100,000 generations. Pro-
portions of each ancestry for each animal were averaged over the 10 independent runs.

Mitochondrial DNA (mtDNA) and Y-chromosome genotyping

We determined the haplotypes of hypervariable region 1 (HVR1) of the mtDNA (631- or
632-base fragment) and the Y-chromosome haplogroups based on an sry indel (2-base indel),
as done in previous studies [34, 49]. Based on the 2-base indel in the non-coding region of the
sry gene, it was possible to distinguish two substantially different sequence groups, which we
named haplogroup YA (2 bases longer) and YB (2 bases shorter) [49]. In the study [49], only
YA was observed among captive white-handed gibbons, but both haplogroups YA and YB
were observed among captive pileated gibbons. The same pattern was reported in another
independent study that focused on different regions of the Y-chromosome [50]. We out-
sourced the sequencing and fragment analyses of PCR products to Macrogen (Korea). The
electropherograms of HVR1 were visualized by MEGA®6 [51] and each sequence was deter-
mined. We made a median-joining network [52] of HVR1 by using PopART 1.7 [53], and
assigned haplotypes based on the network drawn. We determined the sry PCR product’s frag-
ment size using GeneMapper (Applied Biosystems) and assigned haplogroups based on a pre-
vious study [49].

Results
Mixed ancestry of autosomes in Khao Yai gibbons

The STRUCTURE analysis of the eight autosomal SNV's successfully distinguished white-
handed and pileated gibbon ancestry from one another when K was 2 (Fig 3C). When K was 3
to 5, the white-handed gibbon ancestry of each individual was almost evenly divided into 2 to
4 components, and the pileated gibbon ancestry was not changed across the different K values.
Thus, we considered that the genetic makeup of the gibbon individuals was well represented
by result when K = 2. Adult gibbons in Kaeng Krachan (n = 11 of 12) showed 0.995-0.996 for
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Fig 3. White-handed and pileated gibbon ancestry of gibbons in Kaeng Krachan, Khao Yai and Khao Soi Dao. (A)
Y-chromosome. Yellow: haplogroup YA; orange: haplogroup YB. (B) mtDNA and (C) autosome. Green: white-handed
gibbon ancestry; purple: pileated gibbon ancestry. Black triangles represent intermediate hybrid gibbons. Blank
triangles represent hybrid gibbon with low levels of mixed ancestry. Blank circles represent “possible hybrid” gibbons
with marginal mixed ancestry. M: male; F: female; U: sex unidentified.

https://doi.org/10.1371/journal.pone.0264519.g003
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white-handed ancestry and 0.004-0.005 for pileated ancestry, while the remaining individual
showed marginally lower respective higher values of 0.983 for white-handed and 0.017 for pile-
ated ancestry. On the other hand, adult gibbons in Khao Soi Dao (1 = 4) showed 0.004 for
white-handed and 0.996 for pileated ancestry.

In Khao Yai, levels of mixed ancestry were varied. Among 65 adult gibbons, 18 showed a
mixed ancestry of white-handed (0.392 to 0.986) and pileated (0.014 to 0.608) gibbons (Fig
3C). Of those, five (three females, two males) showed intermediate values, approximately a half
white-handed (0.392 to 0.527) and half pileated (0.473 to 0.608) ancestry, and five adult gib-
bons (four females, one male) showed stronger biased ancestry with low levels of pileated
ancestry (0.022 to 0.185). We considered those ten gibbons as hybrid gibbons. The other eight
gibbons (one female, seven males) with low levels of marginal pileated ancestry (0.014 to
0.018) but non-negligible levels of mixed ancestry (0.004 to 0.005), were considered “possible
hybrid” gibbons. We based our decision on the fact that one pureblood white-handed gibbon
in Kaeng Krachan showed pileated ancestry at 0.017, perhaps due to the small number of SNV
loci used in the analysis and an incomplete segregation of SNV markers. Thus, a marginal
value around 0.017 could be found in both hybrid and pureblood gibbons. Among seven non-
adult gibbons observed in groups consisting intermediate hybrid adults, six showed mixed
ancestry, with values of pileated ancestry ranging from 0.255 to 0.607. Another 42 adults and
one non-adult gibbon showed quite low levels of pileated ancestry (0.004 to 0.005) at similar
levels observed also among pureblood white-handed gibbons in Kaeng Krachan, and thus
these individuals were identified as white-handed gibbons. Five adult gibbons showed large
pileated ancestry (0.994 to 0.996) and almost no mixed ancestry of white-handed gibbons
(0.004 to 0.006) at the same levels also observed among pureblood pileated gibbons in Khao
Soi Dao, and thus these individuals were identified as pileated gibbons.

Mitochondrial DNA and Y-chromosome ancestry

We found 32 haplotypes of HVR1 of mtDNA among 88 gibbons from the three study sites (S2
Table). Of those haplotypes, 21 newly found ones were deposited in DDBJ/EMBL/GenBank
(Accession No. LC633853-LC633873). White-handed gibbons at Kaeng Krachan (n = 12) and
pileated gibbons at Khao Soi Dao (n = 4) showed eight white-handed and three pileated typical
mtDNA haplotypes. None of them were shared by Khao Yai gibbons (S1 Fig).

In Khao Yai, among ten adult hybrid gibbons, eight showed white-handed mtDNA haplo-
types, and two showed the pileated mtDNA haplotype (Fig 3). All eight adult “possible hybrid”
gibbons showed white-handed mtDNA haplotypes. Among 42 adult gibbons who were identi-
fied as white-handed gibbons based on the eight autosomal SNV loci, four shared a single pile-
ated mtDNA haplotype (HKY11B) and the others showed white-handed mtDNA haplotypes.
Conversely, among five adult gibbons who identified as pileated gibbons based on the eight
autosomal SNV, all showed only pileated mtDNA haplotypes. MtDNA haplotype of non-
adult hybrid gibbons were identical to that of the adult hybrid female in the same group
(HKY18B in AA1; HKY16A in AC4; HKY15A in AC3), suggesting mother-offspring
relationships.

In the Y-chromosome, among Kaeng Krachan subjects, seven adult male white-handed gib-
bons showed only haplogroup YA. Among Khao Soi Dao subjects, we failed to amplify the Y-
chromosome from the only pilated gibbon male in the sample. Among Khao Yai subjects, 26
adult male white-handed gibbons showed haplogroup YA, while three adult male pileated gib-
bons showed haplogroups YA (n = 2) and YB (n = 1), similar to previous results in captive gib-
bons [49, 50] (Fig 3). Because of the lack of Y-chromosome data for pileated gibbons at Khao
Soi Dao, it was not possible to conclude whether or not the two haplogroups in pileated
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gibbons at Khao Yai occurred because of recent introgression or a natural polymorphism (by
incomplete lineage sorting or ancient introgression). The three adult hybrid males and the
seven “possible hybrid” males showed haplogroup YA.

Morphology and mixed ancestry

Of the five adult intermediate mixed ancestry gibbons, three were female and two were male.
As expected for traits under strong genetic control, these individuals showed mixed/mosaic
characteristics in pelage (Fig 4A-4E) as well as vocalization patterns (S2 Fig). The five hybrid
gibbons showed flufty hair (Fig 4A-4E), which is more characteristic of white-handed gibbons
(S3 Fig) than the straighter hair of pileated gibbons (54 Fig). The pelage coloration of two of
the females was similar to one another (Fig 4A and 4B) while it was different in the third
female. Their main body hair was creamy buff, similar to buff white-handed gibbons, while
their ventral hair was black, similar to adult pileated gibbon females. Their head and face ring
pelage color patterns were similar to those of young adult pileated females who still express
white eyebrows. The hair on the hands and feet was white, which is typical for both species,
but the white hair extended up until the middle of the forearms, which is further than in typical

Fig 4. External morphology of hybrid gibbons. (A) Adult female hybrid of AA1. (B) Adult female hybrid of AB1. (C)
Adult female hybrid of AC4. (D) Adult male hybrid of AA2. (E) Adult male hybrid of AA3. (F) Adult male hybrid of L.
(G) Adult female hybrid of AC3. (H) Adult female hybrid of A. See Fig 3 for the degree of mixed ancestry.

https://doi.org/10.1371/journal.pone.0264519.g004
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white-handed gibbons, on which the white area usually reaches only around the wrists and

ankles only, and more consistent with pileated gibbon’s extent of white hair on the forearm. At
the same time, the black hair on the chest and abdomen also extended to the internal part of
proximal upper limbs, which is absent in typical adult pileated gibbon females. The third
female’s pelage pattern showed much more black hair on the entire body than the other two
females, while her eyebrows, cap, hands and feet hairs resembled the white hair of the other
two females (Fig 4C). The two adult hybrid males were similar to adult male pileated gibbons
in that they expressed a white crown and white genital tuft, but were similar to white-handed
gibbons in the expression of the white face ring and white hands and feet (Fig 4D and 4E).

Aligned with the SNV analysis, other adult hybrid males and females with lower levels of

mixed ancestry of pileated gibbon showed mosaic characteristics. For example, an adult male
with 0.185 pileated ancestry showed a pelage color pattern of the black morph of white-handed
gibbons but also showed a prominent white genital tuft not present in white-handed gibbons
(Fig 4F). One adult female with 0.022 pileated ancestry also showed a color pattern similar to
the black morph of white-handed gibbons, with a thinner white face ring (Fig 4G). One adult
female with 0.088 pileated ancestry showed a typical buff white-handed gibbon pelage color
(Fig 4H). Overall, three hybrid individuals with low levels of pileated ancestry were indistin-
guishable from typical white-handed gibbons, while another two hybrids with low levels of
pileated ancestry showed atypical patterns. Among those, the extent of detected plieated ances-

try and the presence/absence of atypical pelage color pattern were not related.

Pelage coloration of non-adult hybrid gibbons varied (S5 Fig). In addition to the six geneti-

cally analyzed, non-adult hybrid gibbons, there were several non-adult gibbons observed
together with hybrid adults (Table 1). Many of them showed atypical characteristics for either
species and thus appeared to be the offspring of hybrids. Some juveniles and adolescents

Table 1. Gibbon groups with adult hybrid(s).

Group
AAl

AA2
AA3

AB1
AC3
AC4
A

Lt

R (status in 2010)
W (status in 2010)

Adult female
Hybridt

H. lart
H. lart

Hybridt
Hybridt (backcross with H. lar)
Hybridt
Hybrid$ (backcross with H. lar)

H. lar

Hybrid$ (backcross with H. lar)
Hybrid$ (backcross with H. lar)

t: genetically and phenotypically confirmed

i: phenotypically confirmed

Adult male(s)

H. lart (primary)

“Possible hybrid”t (secondary)
Hybridt

Hybridf (primary)

H. lart (secondary)

H. pileatus¥

H. pileatust

“Possible hybrid”$

H. lart (primary)

H. lart (secondary)

Hybridt (backcross with H. lar) (primary)

H. lart (secondary)
H. lart
H. lart

§: mixed status was genetically confirmed, but not detected in phenotypes

¢: based on previous kinship analyses [16]

¥: genetically not tested.

https://doi.org/10.1371/journal.pone.0264519.t001

Offspring of the hybrid
4 (3t and 1%)

2%
1f

1f

3 (2t and 1%)

2 (1t and 1%)

29 (both disperesd before 2010)

1g
20

Other non-adult members

H. lart subadult female

H. lar¥ subsdult female

H. la¥juvenile
H. lar¥ infant
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showed a color pattern similar to pileated gibbons: whitish-grey with black patches on the
abdominal area and the top of the head (S5 Fig).

Vocalization and mixed ancestry

As previously reported, both male and female intermediate hybrid gibbons sang phrases differ-
ent from those of pure white-handed or pileated gibbons [15, 32, 54]. This was especially
detectable in the female great call-male coda sequence (54 Fig) but also other phrases. There
were atypical notes among hybrid gibbons, including non-adult individuals with various levels
of mixed ancestry.

Group composition of white-handed gibbons, pileated gibbons and their
hybrids

Both, adult hybrid females and males formed groups (Table 1). The intermediate hybrid
females formed a pair or a multi-male/one-female trio with varying male types (groups AAL,
ABI and AC4). Intermediate hybrid males formed a pair or a multi-male/one female trio with
a white-handed female and a white-handed secondary male (groups AA2 and AA3). Although
we found no intermediate hybrid male paired with a pileated female, this result was probably
an outcome of our small sample size and white-handed gibbons mainly occupied the study
area. As previously explained (i.e., see sections of external morphology), all five adult interme-
diate hybrid gibbons were assumed to have reproduced because many non-adult gibbons in
their groups equally showed external morphologies inconsistent with either pureblood-species
(S5 Fig).

The other five hybrid gibbons with lower levels of pileated ancestry also formed groups
(Table 1). Four of them formed groups with white-handed gibbons, and the last formed a
group with a pileated gibbon. The presence of putative offspring in several of the groups sug-
gested that at least four of the five gibbons had reproduced.

We found five groups formed with two different species (Table 2), of which four included
individuals who could not be genotyped because of missing fecal samples. However, pelage
color and vocalization of non-genotyped groups suggested no or minimal mixed ancestry. Of
these groups, only one was formed by a pair with one pileated female and one white-handed
male (group AB3). Three were multi-male groups: each with a white-handed and a pileated
gibbon male paired with a white-handed gibbon female (groups AB2, AB5 and AD1). The
remaining group was composed of a white-handed and a pileated gibbon female with two
white-handed gibbon males (group AA10). In those five groups, no hybrid offspring were
detected (Table 2).

Table 2. Gibbon groups made up of heterospecific members.

Group | Adultfemale | Adult male(s) Non-adult members
AA10 H. lar H. lar (primary) None
H. pileatus H. lar (secondary)
AB2 H. lar H. lar (primary?) H. lar juvenile
H. pileatus (secondary?)
AB3 H. pileatus H. lar H. pileatus subadult female
AB5 H. lar H. lar (primary?) H. lar adolescent, H. lar juvenile

H. pileatus (secondary?)
AD1 H. lar H. lar (primary?) H. lar subadult male (?), H. lar adolescent, H. lar juvenile
H. pileatus (secondary?)

https://doi.org/10.1371/journal.pone.0264519.t002
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Discussion

Although, we previously reported the presence of phenotypical white-handed gibbons with a
pileated-type mtDNA among Khao Yai gibbons [34], we were unable to address the levels of
admixture because of a lack of autosomal DNA information at that time. In this study, we have
identified hybrid gibbons with various levels of mixed ancestry by using autosomal SNV mark-
ers and mtDNA. Based on the estimated admixture levels, hybrid gibbons could represent a
spectrum of first filial to plural backcross generations. Interestingly, four adult individuals
(two males, two females) with white-handed typical phenotypic appearance but a pileated
mtDNA haplotype (HKY11B) did not show mixed ancestries in their nuclear genomes, as rep-
resented by eight SNV markers (Fig 3). Thus, hybridization and introgression between white-
handed and pileated gibbons in Khao Yai appears to be a rather non-recent event that has
resulted from a series of repeated admixture events along multiple generations. The small
number of SNV loci used in the present study together with the use of fecal samples restricted
further investigations such as the number of generations passed after the initial hybridization
event between the two species. Recent technological innovations in the use of fecal samples of
wild primates for genome-wide analysis [55, 56] may help to obtain more information on the
hybridization between the two gibbon species in Khao Yai.

We did not detect apparent survival or reproductive disadvantages in hybrid gibbons in the
Khao Yai population and both male and female intermediate hybrids formed pair bonds with
either white-handed or pileated gibbons. Furthermore, intermediate hybrid gibbons were with
one to four non-adult individuals (mean = 2) in their groups with species-atypical phenotypes
consistent with a genetically confirmed mixed ancestry for some individuals. The number of
non-adult individuals (presumably offspring) observed in groups was within the range
observed for white-handed gibbons (0-4) and pileated gibbons (1-3) in Khao Yai, Kaeng Kra-
chan and Khao Soi Dao (the present study and [25]). These findings support the preliminary
conclusion that the reproductive success of hybrids and parental species are not significantly
different from one another. Moreover, the presence of subadult offspring suggests the stable
position of the hybrids in the groups. However, only a molecular parentage analysis of pater-
nity will be able to assess if hybrid males reproduce as effectively as males of parental species
and likewise long-term molecular monitoring will be needed to assess reproducve rates in
hybrid and parental species groups at Khao Yai.

Overall, in Khao Yai, a long history of hybridization and introgression between white-
handed and pileated gibbons is strongly supported by our autosomal SNV analysis. A moder-
ate tempo and mode of hybridization and introgression coupled with no apparent disadvan-
tages in hybrids could have established the introgression pattern seen between the two species
today. After the divergence of white-handed and pileated gibbons around 3-4 million years
ago [35, 44, 57, 58], it is readily conceivable that hybridization and introgression occurred
repeatedly where contact zones had formed along the species’ distribution boundaries.
Together with behavioral data, genome-wide analyses focusing on Khao Yai gibbons, can shed
further light on introgression and the evolutionary consequences of hybridization in small
apes.

Supporting information

S1 Fig. Median-joining network of hypervariable region 1 of mtDNA. Short bars on
branches indicate the number of substitutions between nodes. Node size reflects the number
of each haplotype observed among 88 gibbons. HKY: 21 haplotypes observed at Khao Yai;
HKK: 8 haplotypes observed at Kaneg Krachan; HKSD: 3 haplotypes observed at Khao Soi
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Dao.
(TIF)

S2 Fig. Sonograms of female great call-male coda sequence of white-handed, pileated and
hybrid gibbons. (A) A white-handed gibbon pair at Kaeng Krachan. (B) A pileated gibbon
pair at Khao Soi Dao. (C) A hybrid female and a white-handed male pair at Khao Yai. (D) A
white-handed female and a hybrid male pair at Khao Yai.

(TIF)

S3 Fig. Pelage color of white-handed gibbons. (A) Adult male (black morphotype). (B) Adult
female (buff morphotype) and infant (buff morphotype). (C) Adult female (black morphotype)
and infant (black morphotype). (D) Juvenile (buff morphotype).

(TIF)

S4 Fig. Pelage color of pileated gibbons. (A) Adult male. (B) Adult female. (C) Adult female
and infant. (D) Adolescent.
(TIF)

S5 Fig. Pelage color of non-adult hybrid gibbons. (A) Subadult male of AA1. (B) Adolescent
female of AAL. (C) Juvenile female of AA1 (A-C: putative mother = intermediate hybrid). (D)
Subadult male of AA2. (E) Juvenile of AA2 (D-E: putative father = intermediate hybrid). (F)
Juvenile of AB1 (putative mother = intermediate hybrid). (G) Adolescent female of AC3. (H)
Juvenile of AC3. (I) Infant of AC3 (G-I: putative mother = hybrid with a low level of mixed
ancestry).

(TIF)

S1 Table. Status of SNV sites and primer-probe information.
(XLSX)

$2 Table. Samples and genotypes.
(XLSX)
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