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Abstract

Understanding the process and consequences of hybridization is one of the major
challenges in evolutionary biology. A growing body of literature has reported evidence of
ancient hybridization events or natural hybrid zones in primates, including humans; however,
we still have relatively limited knowledge about the pattern and history of admixture because
there have been little studies that simultaneously achieved genome-scale analysis and a
geographically wide sampling of wild populations. Our study applied double-digest restriction
site-associated DNA sequencing to samples from the six localities in and around the provisional
hybrid zone of rhesus and long-tailed macaques and evaluated population structure,
phylogenetic relationships, demographic history, and geographic clines of morphology and
allele frequencies. A latitudinal gradient of genetic components was observed, highlighting the
transition from rhesus (north) to long-tailed macaque distribution (south) as well as the presence
of one northern population of long-tailed macaques exhibiting unique genetic structure.
Interspecific gene flow was estimated to have recently occurred after an isolation period, and
the migration rate from rhesus to long-tailed macaques was slightly greater than in the opposite
direction. Although some rhesus macaque-biased alleles have widely introgressed into long-
tailed macaque-populations, the inflection points of allele frequencies have been observed as
concentrated around the traditionally recognized interspecific boundary where morphology
discontinuously changed; this pattern was more pronounced in the X-chromosome than in
autosomes. Thus, due to geographic separation before secondary contact, reproductive isolation
could have evolved, contributing to the maintenance of an interspecific boundary and species-

specific morphological characteristics.

Keywords

hybridization, Indochina, RAD-seq, reproductive isolation, speciation

1. Introduction
Historically, hybridization has been considered rare in animals, but recent molecular
studies have revealed that hybridization is rampant in both captivity and nature (Mallet, 2005;

Taylor & Larson, 2019). Primates, including humans, are no exception, and a growing body of



72
73
74
75
76
77
78
79
80
81

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

97
98
99
100

literature has reported evidence of ancient hybridization events and natural hybrid zones
associated with various primate taxa (Arnold & Meyer, 2006; Cortés-Ortiz et al., 2007, 2019;
Zinner et al., 2009, 2011; Ackermann & Bishop, 2010; Roos et al., 2011; Priifer et al., 2014;
Malukiewicz et al., 2015; Svardal et al., 2017). Hybridization causes genetic introgression,
which is not always maladaptive, that could be a fundamental source of evolutionary novelty
and phenotypic diversity (Barton, 2001; Seehausen, 2004; Bell & Travis, 2005; Parnell ef al.,
2008; Parsons et al., 2011; Genner & Turner, 2012; Abbott et al., 2013, 2016; Soltis, 2013;
Pereira et al., 2014; Simonti et al., 2016; Svensson et al., 2016; Arnold & Kunte, 2017; Meier
et al., 2017; Taylor & Larson, 2019). Thus, hybridization has been recognized as one of the

most intriguing topics in evolutionary biology (Abbott et al., 2016).

Rhesus macaques (Macaca mulatta) and long-tailed macaques (M. fascicularis), also
known as cynomolgus or crab-eating macaques, are closely-related species that are widely
distributed in Asia (Fooden, 2006). These species are also two of the most commonly-used
monkey models in experimental and biomedical studies (Sibal & Samson, 2001; Osuna et al.,
2016). The natural distribution of rhesus macaques ranges from Afghanistan to China and in
the northern part of Indochina (Fooden, 2000), while long-tailed macaques are found in
southern Indochina, Sumatra, Borneo, and the Philippines (Fooden, 1995; Malaivijitnond &
Hamada, 2008). The two species can be distinguished by their relative tail length (the ratio of
tail length and head-body length) and the color pattern on their backs. Rhesus macaques have
a relative tail length of approximately 0.4 and tend to have a bipartite back coat that is grayish-
brown anteriorly and tawny on the rump; long-tailed macaques have a relative tail length of
approximately 1.1 and a back coat that is more or less uniformly colored, ranging from pale
brown to dark brown (Fooden, 1964, 2006; Hamada et al., 2005, 2007, 2008). The geographical
distributions of the two species meet at approximately 17°N (Fig. 1), where they appear to

produce a natural hybridization (Fooden, 2006).

Evidence of the hybridization of the two species has been reported in both
morphological and molecular studies. The first reports were morphological studies (Fooden,
1964), where some specimens along the boundary line of distributions showed an intermediate

relative tail length between the two species, suggesting that they were hybrids (Fooden, 1997).
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Dorsal pelage color, lateral facial crest pattern, and head-body and skull lengths in Indochinese
long-tailed macaques are somewhat similar to rhesus macaques, supporting the existence of
hybridization between the two species (Fooden, 1995, 1997). Molecular studies revealed that
the blood protein frequency of the Indochinese long-tailed macaques was more similar to that
of rhesus macaques than that of non-Indochinese (Philippine) long-tailed macaques, although
it was initially interpreted as the consequence of symplesiomorphies (Melnick et al., 1985).
Tosi et al. (2002) compared Y-chromosome data with mitochondrial DNA (mtDNA) markers
and found that Indochinese long-tailed macaques clustered more closely with rhesus macaques
than with non-Indochinese long-tailed macaques, implying that male-mediated gene flow from

rhesus to Indochinese long-tailed macaques had occurred.

Recent studies based on large numbers of genetic markers and/or geographical
sampling sites have revealed a more detailed picture of gene introgression between the two
species (Street et al., 2007; Kanthaswamy et al., 2008, 2010; Malaivijitnond et al., 2008;
Bonhomme et al., 2009; Stevison & Kohn, 2009; Osada et al., 2010; Barr et al., 2011; Yan et
al.,2011; Satkoski Trask et al., 2013; Jadejaroen et al., 2016; Bunlungsup et al., 2017b; a; Oldt
et al., 2019). Restricted or whole-genome data supported Tosi et al.’s (2002) suggestion that
gene introgression was biased toward the direction from rhesus to long-tailed macaques
(Bonhomme et al., 2009; Stevison & Kohn, 2009; Yan et al., 2011). It was also suggested that
ancient gene introgressions occurred far beyond the traditionally recognized area of
introgression, i.e., a zone between the (morphology-based) interspecific boundary (ca. 17°N)
and Isthmus of Kra (ca. 10°N). Osada et al. (2010), analyzing 54 autosomal loci, demonstrated
ancient bidirectional gene flow between Indonesian—Malaysian long-tailed and Burmese rhesus
macaques. Bunlungsup and her colleagues analyzed widely- and densely-collected samples and
revealed that gene introgression from rhesus to long-tailed macaques was beyond the Isthmus
of Kra (Bunlungsup et al., 2017a; b), which had traditionally been considered a significant
biogeographical barrier. Gene introgression was found to be heterogeneous across the genome;
some genes may have experienced adaptive introgression across species, while others may be
responsible for reproductive isolation (Osada et al., 2010; Yan et al., 2011; Satkoski Trask et
al.,2013). Various approaches have been used to estimate the divergence time between the two

species; for instance, the mtDNA molecular clock suggested a divergence time of
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approximately 2 MYA (Hayasaka et al., 1996; Blancher et al., 2008; Liedigk et al., 2015; Yao
et al., 2017). However, the mtDNA studies may have overestimated the divergence time
because they did not consider the effect of ancestral polymorphisms. In fact, demographic
analyses considering this have consistently suggested much younger divergence times of
approximately 43 KYA (Bonhomme et al., 2009), 0.9 MYA (Osada et al., 2008), 1.3 MYA
(Stevison & Kohn, 2009), and 1.5 MYA (Osada et al., 2010). These demographic studies were
based on an isolation with migration model that assumed constant migration after divergence

(Bonhomme et al., 2009; Stevison & Kohn, 2009; Osada et al., 2010).

As stated above, the pattern and history of hybridization between rhesus and long-
tailed macaques have been intensively studied and are relatively well understood. However,
there remain critical questions and inscrutable mysteries that should be answered. Firstly, how
can we interpret the difference between the geographic clines of morphological and nuclear
genomic data? Although intermediate phenotypes were detected at the boundary line of
distributions and a latitudinal cline of morphological characteristics were observed in the
Indochinese populations, morphological characteristics appear to considerably and
discontinuously change at the interspecific boundary (Fooden & Albrecht, 1999; Fooden, 2006;
Hamada et al., 2015). In contrast, population genetic analysis using 48 ancestry-informative
single nucleotide polymorphisms (SNPs) demonstrated that the global ancestry of autosomes
appeared to show a gradual shift from rhesus macaque- to long-tailed macaque-biased allele
frequencies along latitude, with no clear abrupt change at the interspecific boundary
(Bunlungsup et al., 2017b). The mechanism and process that caused this inconsistency between
the morphological characteristics and the nuclear genome remain unelucidated. Secondly, when
and how did hybridization between the two species occur? Previous studies have detected
evidence of hybridization and evaluated divergence time and migration rates under the
assumption of an isolation with migration model; however, more complex demographic models,
including the timing of migration, have not been evaluated. Such limitations appear to be partly
due to the fact that genome-wide genotyping and wide regional sampling have not been

simultaneously achieved.

The present study applied double-digest restriction site-associated DNA sequencing
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(ddRAD-seq) (Peterson et al., 2012) to the samples used in Bunlungsup et al.’s (2017b) study,
which were widely sampled in and around the provisional area of introgression. ddRAD-seq
enables low-cost discovery and genotyping of tens or hundreds of thousands of genetic markers
(Peterson ef al., 2012; Andrews et al., 2016). Using the genome-wide markers of samples that
were widely collected geographically, we re-evaluated the genetic structure and phylogenetic
relationship of populations in and around the provisional area of introgression. Then, we
estimated when and how hybridization occurred based on demographic models that assumed
migration and non-migration periods. Finally, we evaluated the geographic clines of

morphological characteristics and allele frequencies across the genome.

2. Materials and Methods

2.1. Samples
The 142 blood-extracted DN A samples used in the present study were a part of those

used in Bunlungsup et al. (2017b). Of them, 95 were obtained from wild individuals from six
locations in Thailand (Table 1; Fig. 1). The samples also included 23 rhesus macaques derived
from Suzhou/Kunming, China and 24 long-tailed macaques derived from around Palembang,
Sumatra Island, Indonesia, all of which were maintained at USA breeding facilities (for details
see the footnote in Table 1). The survey in Thailand was permitted by the National Research
Council of Thailand and the Department of National Parks, Wildlife and Plant Conservation of
Thailand. The experimental protocol was approved by the Institutional Animal Care and Use
Committee of the Faculty of Science in accordance with the guidelines for the care and use of
laboratory animals prepared by Chulalongkorn University, Thailand (protocol review no.
1423010). Further details regarding the samples can be found in Malaivijitnond et al. (2008),
Smith et al. (Smith et al., 2014), and Bunlungsup et al. (2017b).
2.2. Sequencing and SNP calling

The DNA samples were submitted to the Genomic Sequencing and Analysis Facility
(GSAF) at The University of Texas at Austin, Texas, USA, where the ddRAD library was
prepared and sequenced according to a protocol based on Peterson’s original paper (Peterson et
al., 2012). Briefly, the restriction enzymes Nlalll and MIuCI were used to digest the genomic
DNA, and fragments of 290-340 bp were selected using the Blue Pippin DNA Size Selection
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System (Sage Science, Beverly, MA, USA). The library (pooled with other samples that were
not used in this study) was sequenced on seven lanes of an [llumina HiSeq 4000 (Illumina, San

Diego, USA) with 2x150 paired-end reads.

The raw reads were demultiplexed and filtered for overall sequence quality using the
process_radtags program of the Stacks 2.2 software pipeline (Rochette & Catchen, 2017) with
the following parameter settings: -c (clean data, remove any read with an uncalled base), -q
(discard reads with low-quality scores), -r (rescue barcodes and RAD-tags), -s 20 (discard reads
if the average score within the sliding window drops below this value), -t 140 (truncate final
read length to this value). The filtered reads were mapped to the RefSeq of rhesus macaque
[Mmul 10 (GCF_003339765.1)] using Bowtie2 2.3.5 (Langmead & Salzberg, 2012) with --
very-sensitive option. The mapped reads were filtered to retain uniquely mapped reads with a

minimum mapping quality of 20 using SAMtools 1.9 (Li ef al., 2009; Li, 2011).

SNP calling was performed using the Stacks 2.5 software pipeline. The reads
uniquely mapped to the autosome, X-chromosome, and Y-chromosome in bam format were
used as input, and the marukilow model (Maruki & Lynch, 2017) in the gstacks program was
applied to search variant sites with a relatively stricter criteria than the default setting: --var-
alpha 0.01 (a significant level for calling variant sites) and --gt-alpha 0.01 (a significant level
for calling genotypes). Next, the populations program was used for calling SNPs with the
following parameter settings: -R 0.9 (minimum percentage of individuals across populations)
and --write-single-snp (restrict data analysis to only the first SNP per locus). Because the Stacks
software is designed to call SNPs on diploid chromosomes, homogeneous SNPs on the sex
chromosome of males were transformed to be haploid using a custom script of Python
programming language (Python Software Foundation, https://www.python.org/) wherein
heterogeneous SNPs (1.5% in the Y-chromosome and 0.9 % in the X-chromosome,

respectively) were removed.

For autosomal and X-chromosomes, we removed SNPs with a significant deviation
from the Hardy—Weinberg equilibrium (--hwe) in any one of the eight populations (a P-value
threshold was set for each population to 0.05 divided by the number of chromosomes that were

surveyed within a population) and a low minor allele frequency (--maf 0.01). We then filtered
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out individuals with >20% missing data (--mind 0.2). Finally, we removed SNPs in strong
linkage disequilibrium (--indep-pairwise 10 3 0.5). This resulted in 109,068 autosomal SNPs in
138 individuals and 3,549 X-chromosome SNPs in 137 individuals. For demographic analysis,
minor allele frequency filtering was skipped because it skewed the allele frequency spectrum,
resulting in 234,051 autosomal SNPs. For the Y-chromosome, Hardy—Weinberg equilibrium
filtering and LD pruning were skipped, resulting in 171 SNPs in 55 individuals.
2.4. Population structure and phylogenetic relationships

Population structure was estimated using a variety of approaches. First, the non-
parametric approach was used to visualize the pattern of genetic similarity between populations
and between individuals. The pairwise fixation index (Fst) between populations was calculated
from the 109,068 autosomal SNPs using the gl.basic.stats function of the dartR package in R
software (R Developmental Core Team, 2019), and multidimensional scaling analysis was
performed to visualize the inter-population genetic distances using the cmdscale function of the
stats package in R. Principal component (PC) analysis was also performed based on the
autosomal SNPs to visualize inter-individual genetic variations using the adegenet package in
R. The hybrid index, the proportion of individual’s ancestry belonging to one of the parental
populations [ Sumatra long-tailed macaques (LT-Sumatra)], and interspecific heterozygosity, the
proportion of loci with alleles from both parental populations [China rhesus macaques (RH-
China) and LT-Sumatra], were calculated based on the 1,248 autosomal SNPs that showed an
allele frequency difference (A) between RH-China and LT-Sumatra > 0.8 using the Hlest
package (Fitzpatrick, 2013) in R.

Second, model-based approaches were used to reconstruct historical events more
directly. The global ancestry for each individual was estimated using the autosomal and X-
chromosome SNPs based on the maximum likelihood estimation of ADMIXTURE 1.3.0
(Alexander & Novembre, 2009), with 10-fold cross-validation for K ranges from 1 to 8.
Furthermore, a haplotype-based approach was used to achieve high-resolution inference of
recently shared coancestry; this was done based on the Stacks output (the haplotype data of
autosomes) using fineRADstructure software (Malinsky et al., 2018), wherein loci with >20
SNPs and individuals with >20% missing loci were removed. We performed 100,000 Markov

chain Monte Carlo (MCMC) sampling steps with 1,000 thin intervals after a burn-in period of
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100,000. Because inbreeding may skew the estimation, we repeated these analyses by excluding

the samples of captive populations (RH-China and LT-Sumatra).

Finally, the phylogenetic relationship was estimated. The SNP dataset was
transformed into PHYLIP format using vef2phylip.py (Ortiz, 2019) with some modifications,
and neighbor-joining tree was estimated with 200 bootstrap resampling based on uncorrected

P-distance (wherein negative edge length was prohibited), using PAUP* 4.0al66

(http://phylosolutions.com/paup-test/). For autosome, phylogenetic network was also estimated
based on the uncorrected P-distance matrix, using SplitsTree4 (Huson, 1998; Huson & Bryant,
2006).
2.5. Demographic modeling

The demographic history was assessed using the 234,051 autosomal SNPs (minor
allele frequency filtering-skipped dataset). A folded joint site frequency spectrum (SFS) was
obtained using the easySFS program (https://github.com/isaacovercast/easySFS). To simplify
the modeling and based on the results of the population structure and phylogenetic network
analysis, we combined the populations of each species into a single population for each species.
Because the dataset contained missing values, the sample sizes were projected down to be 20
(rhesus macaques) and 25 (long-tailed macaques). We tested four demographic models using
fastsimcoal2 software (Excoffier et al., 2013). The isolation (I) model assumed no migration
after the divergence between rhesus and long-tailed macaques, the isolation and migration (IM)
model assumed consistent migration after the divergence, the isolation and ancient migration
(IAM) model assumed that the migration stopped at some point (7wmiG), and the isolation and
recent migration (IRM) model assumed there was no migration until some point (7wmic), after
which migration continued. All the models allowed asymmetric migration between the two
species (2Nm), and constant population sizes were assumed. Because the SNP dataset used in
this study lacked monomorphic sites, we fixed the effective population size of rhesus macaques
at 110,000, the estimate of the effective population size for Burmese rhesus macaques by Osada
etal. (2010). It is considered to be reasonable as Stevison & Kohn (2009) estimated the effective
population size of Chinese and Indochinese rhesus macaques at similar value, 113,000. The
effective population size of long-tailed macaques was Nir, and that of an ancestor was Nanc.

The two species diverged at Tprv.

10
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For each model, 100 replicate runs were performed with the following settings: -n
100,000 (number of simulations), -m (computes the SFS for minor allele), -M (perform
parameter estimation by maximum composite likelihood from the SFS), -L 30 (number of error
correction model cycles to be performed when estimating parameters from SFS), -0 (does not
consider monomorphic sites in observed SFS for parameter inference), -u (use
multidimensional SFS), --nosingleton (ignore singletons in likelihood computation). A run with
the highest likelihood was selected for each model, and Akaike’s information criterion (AIC;
Akaike, 1998) was used to select the best model among the four models. Non-parametric
bootstraps were used to assess the credible intervals of the parameter estimate of the best models,
wherein 100 pseudo-observed SFSs were generated by resampling SNPs with replacement
using the easySFS program with some modifications. For each of the 100 pseudo-observed
SFSs, 10 replicate runs were carried out with the same settings as the initial estimate, except
for changing -L to 20 and adding the --initValues (containing initial parameter values for
parameter estimation) option. The maximum likelihood parameters were used for calculating

confidence intervals.

To consider the effects of sampling bias, the projection size of SFS, and the pre-
defined population size of rhesus macaques on model selection and parameter estimation, we
repeated the analysis with different settings as follows. First, we tested three types of sample
subsets: (1) Wat Tham Pa Mak Ho rhesus macaques (RH-WTPMH), Ban Sang School rhesus
macaques (RH-BSS), and Wat Haad Moon long-tailed macaques (LT-WHM) were removed to
consider potential bias caused by the difference in the distance from the interspecific boundary;
(2) LT-Sumatra population was further removed as it was disproportionately far away from the
interspecific boundary; and (3) RH-China and LT-Sumatra were removed to consider the
potential bias caused by inbreeding in these captive populations. Then, we tested with two
different projection sizes of SFS: the sample sizes of rhesus and long-tailed macaques were
projected down to be 10 and 13 (half) and 40 and 50 (two-fold). Finally, we tested with two
different population sizes of rhesus macaques: 71,000 (Xue et al, 2016) and 239,704
(Hernandez et al., 2007). Predefined parameters other than these changes are the same as those

of the main analysis.

11
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2.6. Geographic cline analysis

Geographic clines along latitude were assessed for the hybrid index of the 1,248
autosomal and 178 X-chromosome’s diagnostic SNPs (A > 0.8) using the hzar package
(Derryberry et al., 2014) in R. The hzar package fits molecular and morphological data from
hybrid zone to cline models using MCMC algorithm. We also examined the clines of relative
tail length, mtDNA, and Y-chromosome ancestries using data from the previous studies (Table
1 of Hamada et al., 2015; Figure 2 of Bunlungsup ef al., 2017a). Data from localities with
precisely defined geographic positions (reported in Table 1 of Bunlungsup et al., 2017a; b) as
well as that from China were used. Because the geographic position of the RH-China was
unknown, it was set at 25° latitude. Distances (km) from China were calculated by multiplying
degrees latitude by 111 km. Because of the small sample sizes, exponential tails were not
implemented at both sides. For the relative tail length, minimum and maximum values were
fixed at 0 and 1, respectively. We assessed MCMC convergence by Rhat, confirming that it was
<1.1 except for three autosomal SNPs, which were removed from the following analyses. The
distribution of cline center and width were visualized using kernel density, and their differences
between autosomes and the X-chromosome were evaluated using the kde.test function of the
ks package in R. The kde.test is Kernel density-based global two-sample comparison test
(Duong et al., 2012). We further tested whether SNPs near genes showed less introgression or
vice versa, using Chi-square test. Herein, the SNPs near genes were identified as those in which
a range from 10 kb downstream to 10 kb upstream overlaps with any of genes, using
GenomicRanges, ChIPpeakAnno, and TxDb.Mmulatta.UCSC.rheMac10.refGene packages in
R. Introgression level was defined in two ways by the cline center: 1) south or north of the
Isthmus of Kra (10°N); 2) within or without a 100 km north-south range around the interspecific
boundary (midway between RH-WTPMH and LT-WHM).

3. Results

3.1. Basic statistics, population structure, and phylogenetic relationships
Our analyses based on genome-wide SNPs present complex pictures of population

structure and phylogenetic relationships in Indochinese rhesus and long-tailed macaques.

The samples from RH-China and LT-Sumatra, which were derived from captive

12
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colonies, showed some indication of inbreeding (positive inbreeding coefficient [Fis]). The LT-
WHM population showed negative Fis, and the Fis estimate of the other wild populations was
relatively close to zero (Table S1). No clear difference in genetic diversity was detected between

populations; © ranged from 0.025 (LT-WHM) to 0.046 (LT-Sumatra) at variant sites.

Inter-population and inter-individual variations are presented in Figure 2. Pairwise
Fsr and its multidimensional scaling analysis showed substantial genetic differences between
the two species; the LT-WHM population was considerably differentiated from the other
populations of long-tailed macaques. The first two PCs accounted for 26.6% of the total
variance. In PC1 (15.0 %), the score tended to be gradually larger at lower latitudes, while intra-
specific variation was much larger in long-tailed than rhesus macaques. PC2 (11.6 %)
represented a considerable difference in the LT-WHM population compared with the other
populations. A triangle plot of the hybrid index and interspecific heterozygosity indicated that
there were no young generation hybrids, except for one individual of RH-WTPMH, which
appeared to be the backcross of F1 and rhesus macaques. The hybrid index, like PC1, showed

a latitudinal cline.

Population structure was also assessed using model-based approaches, namely,
ADMIXTURE and fineRADstructure. The cross-validation error in the ADMIXTURE analysis
of autosomal SNPs was the smallest when K = 5 (Fig. S1a). Rhesus macaques were classified
into two clusters (RH-BSS and the other two). Long-tailed macaques constituted three clusters
(LT-WHM, Wat Khao Thamon [LT-WKT], and LT-Sumatra), and Suan Somdet Prasrinakharin
Chumphon (LT-SSD) and Khao Noi/Khao Tang Kuan (LT-KNKTK) were likely admixed
populations between LT-WKT and LT-Sumatra. There was little evidence of current or recent
admixture between the two species, except for the one individual in RH-WTPMH. For the X-
chromosome, the cross-validation error was the smallest at K = 8, representing the
independence of local populations (Fig. S1b). The coancestry matrix of RAD-loci inferred by
fineRADstructure supported the ADMIXTURE analysis, representing much more shared
coancestry within each population than between populations (Fig. 3). The three populations of
rhesus macaques shared more coancestry with each other than with the long-tailed macaques,

except for the one individual of RH-WTPMH. In long-tailed macaques, LT-WHM shared little

13
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coancestry with the other populations, while the other four shared coancestry relatively well
with each other. Even excluding the samples from captive colonies (RH-China and LT-Sumatra),

the analyses showed similar patterns (Figs. S2 and S3).

Phylogenetic networks demonstrated a clear division between the two species (Fig.
4). The inter-population (intra-specific) diversity was larger in long-tailed macaques than in
rhesus macaques. Rhesus macaques exhibited a polytomic pattern between the three
populations, while the phylogenetic relationship in the long-tailed macaques was structured,
and LT-WHM was placed outside the other populations. Neighbor-joining trees show a similar
pattern with the phylogenetic networks, while, in Y-chromosome tree, LT-WHM, LT-WKT, and
LT-SSD are more closely related with rhesus macaques than the other populations of long-tailed
macaques (Fig. S4).
3.3. Demographic modeling

The IRM model was strongly selected based on AIC (Tables 2 and S2). In the IRM
model, the population size of ancestor and long-tailed macaques were estimated to be 14,850
and 122,658, respectively (Table 3). The divergence between the two species was estimated to
have occurred 82,315 generations ago (Table 3). The migration start was estimated to be much
younger than this, at 16,922 generations ago. The migration rate (2Nm) was slightly larger in
the direction from rhesus to long-tailed macaques (1.8) than in the opposite direction (1.6).
When excluding the populations close to the interspecific boundary (RH-BSS, RH-WTPMH,
and LT-WHM) and/or LT-Sumatra, the asymmetry in the migration rate was strengthened (Table
S3). As predefined population size of rhesus macaques increased, divergence time became older,
and the population sizes of ancestry and long-tailed macaques became larger. Although halving
projection size skewed parameter estimates, doubling it has little influences; therefore, SFS
projection seems reasonable unless extremely downsizing.
3.4. Geographic clines

Geographic cline analysis showed that the relative tail length and the type of mtDNA
were drastically changed at the traditionally recognized interspecific boundary, approximately
17°N (Fig. 5). The Y-chromosome boundary was located at approximately 10°N (around the

Isthmus of Kra). The hybrid index of diagnostic markers showed a gradual change, wherein the
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center of a cline was located approximately halfway between the mtDNA and Y-chromosome’s
boundaries. Although the clinal center of each locus generally tended to shift more southwards
than the interspecific boundary, they were concentrated around the interspecific boundary (Figs.
5 and S5). This tendency was more remarkable in the X-chromosome markers than the
autosomal markers (kde.test: Z = 4.89,P = 5.1e — 7). The cline widths were smaller in the
X-chromosome (mean = 650.6, standard deviation [SD] = 709.9) compared with the autosomes
(mean = 1037.0, SD = 616.5) (kde.test: Z = 13.45,P = 1.50e — 41 ; fttest: ty1686 =
6.90, P = 5.6e — 11). Also, with a two-dimensional kernel density, the difference between the
X-chromosome and autosomes was significant (kde.test: Z = 19.73,P = 6.2e — 87). There
was no significant difference between SNPs near genes and the other SNPs in the position of
cline center (Table S4): south or north of the Isthmus of Kra (y? = 0.15, P = 0.69); within or
without the interspecific boundary range (y? = 3.20,P = 0.07).

4. Discussion

4.1. Population structure

Our analysis did not reveal the early generation of hybrids between rhesus and long-
tailed macaques, except for one individual of RH-WTPMH, which was likely the consequence
of backcross between F1 and a rhesus macaque. This interpretation was strongly suggested
because, except for that particular individual, coancestry was hardly shared between the two
species, and interspecific heterozygosity was relatively low (<0.3). The results of
ADMIXTURE also supported the hypothesis that current or recent interspecific admixture was
rare. This finding was in accordance with a previous morphological study that demonstrated
the rarity of contact-zone specimens in which the relative tail length was intermediate between
that of the two species (Fooden, 1997). In contrast, the PCI score and the hybrid index of
diagnostic markers showed latitudinal cline, and the long-tailed macaque’s populations north
of the Isthmus of Kra, namely, LT-WHM and LT-WKT, showed intermediate scores between
their putative parental populations, namely, RH-China and LT-Sumatra, which was in
accordance with the results of the previous study that analyzed 48 diagnostic SNPs (Bunlungsup
et al., 2017b). This contrast was likely because commonly-used model-based programs, such

as ADMIXTURE, are designed for detecting recent or current admixture and cannot necessarily
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detect historical admixture if the genetic admixture was pervasive and homogeneous across
individuals (Lawson et al., 2018). These findings suggested that the hybrid zone between the
two species had been formed by historical admixture and that recent or current hybridization

was rarc.

The pattern of population structure reveals the direction and sex bias of gene flow.
Long-tailed macaques exhibited larger variations in PC1 score and in the hybrid index than
rhesus macaques, which supported gene introgression from rhesus to long-tailed macaques
being more pervasive than in the opposite direction (Roos & Zinner, 2015; Bunlungsup et al.,
2017b). The present study also confirmed that the boundary of Y-chromosome ancestry was
located around the Isthmus of Kra, between LT-SSD and LT-KNKTK, supporting genetic
introgression from rhesus to long-tailed macaques as being male-induced (Tosi et al., 2002;
Bunlungsup et al., 2017a). Male rhesus macaques could be more frequently accepted by female
long-tailed macaques than in the opposite situation because rhesus macaques are seasonal
breeders and are larger in body size, while long-tailed macaques tend to be continuous breeders
and are relatively small in body size (Herndon, 1983; Kavanagh & Laursen, 1984; Weinbauer
et al., 2008).

In long-tailed macaques, phylogenetic relationships between populations are
structured, and the uniqueness of the most outside lineage, the LT-WHM population, was
detected. On the other hand, rhesus macaques showed polytomic phylogeny and relatively
homogeneous genetic variations between populations. LT-WHM was largely differentiated in
genetic components from the other populations. Considering the negative Fis (excess
heterozygosity) in LT-WHM, LT-WHM might have been influenced by an isolate-breaking
effect; i.e., gene flow from a genetically differentiated unknown population may have occurred.
Although we do not have any clues regarding an unknown source population, it is noteworthy
that LT-WHM appears to be located in or close to the area heterogeneous for lateral facial crest
pattern (Fig. 9 in Fooden, 1995). In this area, both the transzygomatic lateral facial crest pattern
typical to common long-tailed macaques (M. fascicularis fascicularis) and infrazygomatic
pattern typical to Burmese long-tailed macaques (M. fascicularis aurea) (Bunlungsup et al.,

2016; Matsudaira et al., 2018; Gumert et al., 2019) have been observed (Fooden, 1995).
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Unfortunately, our present study did not examine samples from Burmese long-tailed macaques.
Thus, future research is expected to depict a more complex admixture history between the
rhesus, common, and Burmese long-tailed macaques (or their relatives).
4.2. Demographic history of hybridization

Our demographic analysis demonstrated that the IRM model more likely better
explained the observed data compared with the I, IM, and IAM models, suggesting that rhesus
and long-tailed macaques contacted secondarily, resulting in gene flow after long-time isolation.
Although the scenario that the hybridization between the two species was likely due to
secondary contact has already been suggested in a prior study (Stevison & Kohn, 2009), the
significance of the present study is that we directly tested and confirmed this hypothesis.
Support for the IRM model remained regardless of differences in pre-settings of the population
size of rhesus macaques, the projection size of SFS, and samples. Therefore, it is reasonable to
suggest that the gene flow between the two species occurred recently (in a historical sense) after

a period of complete isolation or limited gene flow.

The divergence between rhesus and long-tailed macaques was estimated at
approximately 82,000 generations ago when using all the samples and assuming rhesus
macaque population size at 110,000. Although the generation time of macaques is still not fully
understood, population genomic studies have often assumed it as six years (Osada et al., 2010)
or 11 years (Xue et al., 2016). The divergence time was approximately 0.49 MYA when
assuming a generation time of six years and approximately 0.90 MYA when assuming a
generation time of 11 years. These estimates were slightly younger than or comparable to those
estimated based on IM models using DNA sequences (approximately 0.9—-1.3 MYA) (Osada et
al., 2008; Stevison & Kohn, 2009) and were much older than those using microsatellites
(approximately 43 KYA) (Bonhomme et al., 2009). Considering the substantial level of
homoplasy in microsatellites, the estimation based on microsatellites might be downwardly
biased. The slight discrepancy between the estimates of the present study and the previous
studies based on DNA sequences might be partly attributed to the differences in the model

(between IM and IRM) or different sampling locations.

In contrast with the previous studies, which did not use samples close to the
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interspecific boundary (although Stevison & Kohn (2009) used Indochinese long-tailed
macaques), the present study included samples from northern Thailand that were close to the
interspecific boundary. When including the samples from the Indochinese long-tailed macaques,
the estimate of Stevison & Kohn (2009) was approximately 0.45 MYA, close to the estimate of
the present study. Also, when the populations living close to the interspecific boundary were
removed, the older divergence time (about 120,000 generations ago) was obtained. The
drawback of the present study was that we fixed the effective population size of rhesus
macaques. When these values changed, the divergence time estimates would covary. Therefore,
the absolute values of the estimates of the present study should be interpreted with care because
they depend on several uncertain assumptions. Future research using genome-level sequences,
instead of only polymorphic SNPs, from samples of various localities, are expected to elucidate

this.

Asymmetric gene flow was observed, meaning that the migration rates from rhesus
to long-tailed macaques were larger than in the opposite direction. Stevison and Kohn (2009)
and Bonhomme et al. (2009) also detected unidirectional gene flow from rhesus to long-tailed
macaques, although Osada et al. (2010) detected symmetric gene flow. The migration rate from
rhesus to long-tailed macaques detected in the present study (2Nm = 2) was smaller than those
detected in Bonhomme et al. (2009) and Kanthaswamy et al. (2008) (2Nm =~ 10) and was
slightly more significant than those (2Nm = 1) detected in Osada et al. (2010) and Stevison and
Kohn (2009). These discrepancies might be attributed to the homoplasy in microsatellite data,
which were used in Bonhomme et al. (2009) and Kanthaswamy et al. (2008), and to the
differences in sampling locations. The present study included the two rhesus macaque
populations close to the interspecific boundary (RH-BSS and RH-WTPMH) and therefore,
likely detected weaker asymmetry than Stevison and Kohn (2009). In fact, the present study
showed that when the populations close to the interspecific boundary were removed, the
estimated migration rates and the degree of asymmetry increased. When RH-China and LT-
Sumatra were removed from the analysis, asymmetry was inverted, probably because the
remaining two populations of rhesus macaques are both close to the interspecific boundary.
Together, these findings suggested that gene flow from rhesus to long-tailed macaques was

more widespread than in the opposite direction.
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4.3. Heterogeneity of introgression

Heterogeneity of introgression between genotype and phenotype and between genetic
loci were observed. While the types of morphological characteristics (relative tail length) and
mtDNA abruptly changed around the traditionally recognized interspecific boundary, the Y-
chromosome boundary was far south, around the Isthmus of Kra. In contrast, genomic average
ancestry, as inferred by the hybrid index and PCI1 scores, gradually changed along latitude
across the interspecific boundary and the Isthmus of Kra. These findings were in accordance
with previous studies (Tosi ef al., 2002; Hamada et al., 2015; Bunlungsup et al., 2017b; a). The
significance of the present study is that we detected the heterogeneity of introgression between
genetic loci, giving hints to interpret discrepancies between the geographic variations of
morphological characteristics and average genomic ancestry. While the center and width (slope)
of geographic clines were considerably varied across loci, the centers for some loci were
concentrated around the interspecific boundary, and many of them had a small width (steep
slope). These loci were probably responsible for reproductive isolation, contributing to the
persistence of the interspecific boundary at which morphological characteristics (including
relative tail length and pelage color pattern) discontinuously change. Most of the other loci
appeared to have experienced genetic introgression of various degrees, likely due to genetic
drift, while a portion of the others showed considerable introgression exceptionally far south
beyond the Isthmus of Kra and might have experienced adaptive introgression. However, there
is no significant difference in the degree of introgression between SNPs near genes and the
other SNPs, and thus it still remains unclear whether heterogeneity of introgression is caused
by genetic drift or natural selection. Further research using a larger number of markers are
expected to elucidate this issue and clarify the properties of genes experiencing reproductive

isolation and adaptive introgression if any.

The difference between the introgression patterns of the autosomes and the X-
chromosome is also intriguing. The present study revealed that the cline centers were more
frequently concentrated around the interspecific boundary, and cline widths were smaller in the
loci of X-chromosomes than in autosomes. Such a difference in the introgression pattern
between the X-chromosomes and autosomes is commonly observed in the hybrids of mammals,

including mice (Tucker et al., 2006) and humans (Sankararaman et al., 2014). This phenomenon

19



941
942
943
244
945
246

947
248
249
550
551
952
953
254
959
256
257
258
259
560
561

262

263
264
969
266
267
268
269
570
571
572
973

probably represents the larger contribution of the X-chromosomes than autosomes to
reproductive isolation (the so-called large X-effect). Like many cases in mammals (including
the hybridization between Homo sapiens and H. neanderthalensis), the X-chromosomes might
have contributed more significantly to reproductive isolation than autosomes in the contact zone
between rhesus and long-tailed macaques. Alternatively, sex bias in migration also contributes

to the discrepancy between the degrees of introgression of the X-chromosomes and autosomes.

4.4. Conclusion

The present study analyzed genome-wide SNPs to elucidate the population structure,
demographic history, and geographic clines of morphological characteristics and allele
frequencies in the rhesus and long-tailed macaques in the Indochina Peninsula. The genetic
structure of the Indochinese long-tailed macaque-populations could not be solely explained by
the admixture between Chinese—Indochinese rhesus and Indonesian common long-tailed
macaques and might have been influenced by an unknown third lineage. The hybridization
between the two species probably occurred by secondary contact after a period of isolation.
Although many genes are largely introgressed from rhesus to long-tailed macaques, some genes
are likely responsible for reproductive isolation and might have contributed to the maintenance
of an interspecific boundary along with species-specific morphological characteristics. This is
likely the mechanism underlying the inconsistency that genetic components (on average)
gradually changed along latitude while morphological characteristics discontinuously changed
at the interspecific boundary. These findings are expected to help in the understanding of

hybridization and its consequences as well as speciation in primates, including humans.
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Tables

Table 1. Samples used in this study.

Species Abbreviation ~ Location N Latitude  Longitude
Rhesus RH-China Suzhou/Kunming’ 23 25.0 —
RH-BSS Ban Sang School 27 17.9 104.0
RH-WTPMH  Wat Tham Pa Mak Ho 10 17.2 101.8
Long-tailed LT-WHM Wat Haad Moon 29 16.9 100.5
LT-WKT Wat Khao Thamon 12 13.0 100.0
LT-SSD Suan Somdet 7 9.9 99.0
Prasrinakharin Chumphon
LT-KNKTK Khao Noi/Khao Tang 10 7.2 100.6
Kuan
LT-Sumatra near Palembang, Sumatra? 24 -2.9 104.7

1 The samples were obtained from the California National Primate Research Center,

California, USA. These animals are descendants of those imported from Kunming and

Suzhou, China.

I The samples were provided by the Primate Products Inc., Immokalee, Florida, USA.

These animals are those imported from near Palembang, Sumatra, Indonesia and their

descendants.
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Table 2. Evaluation of demographic models.

Model MaxEstLhood Number of AIC AAIC
parameters (K)

I -74023 3 340895 13166

M -71324 5 328468 739

IAM -71681 6 330114 2385

IRM -71163 6 327729 0

MaxEstLhood is the maximum composite likelihood estimated according to the model

parameters. MaxObsLhood (the maximum possible value for the likelihood if there was a

perfect fit of the expected to the observed SFS) is -70576. Note that these values are in

log10, while AIC was calculated based on normal logarithm.

Table 3. Parameter estimation for the best demographic model (IRM).

Parameters Point 95% CI
estimation Lower bound Upper bound

Nanc 14,850 13,022 16,070
Nir 122,658 113,968 143,203
2Nm (from rhesus to long-tailed 1.8 1.6 1.9
macaques)

2Nm (from long-tailed to rhesus 1.6 1.4 1.7
macaques)

Torv 82,315 81,452 92,452
Twvig 16,922 16,648 21,425
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Figure 1. The locations of eight populations, color-coded by rhesus (orange) and long-tailed
macaques (sky blue). A solid line denotes the traditionally recognized (morphology-
based) interspecific boundary (Fooden, 2006; adapted from Bunlungsup et al., 2017b;
Matsudaira et al., 2018).
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Figure 2. Pairwise Fst between populations (upper left), its multidimensional scaling scores

(upper right), PC scores (lower left), and the triangle plot of the hybrid index and

interspecific heterozygosity (lower right). For scatter plots, species are coded by color:

rhesus (orange) and long-tailed macaques (sky blue); symbols are coded by localities. An

arrow in the triangle plot denotes the individual that is likely a backcross generation

between F1 and rhesus macaques.
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822 centers and widths overlaid by their kernel density contours of autosomes and X-

823 chromosomes, respectively.
824
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Supplementary materials

Table S1. Summary statistics of variant sites for autosome.

Population Ho Hs T Fis
Mean SD Mean SD Mean SD Mean SD

RH-China 0.0344 0.0002 0.0367 0.0002 0.0375 0.0002 0.0182 0.0026
RH-BSS 0.0330 0.0002 0.0315 0.0002 0.0321 0.0002 -0.0019 0.0022
RH- 0.0399 0.0002 0.0374 0.0002 0.0394 0.0002 -0.0007 0.0010
WTPMH

LT-WHM 0.0264 0.0002 0.0245 0.0002 0.0250 0.0002 -0.0037 0.0023
LT-WKT 0.0415 0.0002 0.0409 0.0002 0.0429 0.0002 0.0042 0.0020
LT-SSD 0.0458 0.0003 0.0410 0.0002 0.0455 0.0002 -0.0004 0.0019
LT-KNKTK 0.0424 0.0002 0.0399 0.0002 0.0428 0.0002 0.0012 0.0025
LT-Sumatra 0.0419 0.0002 0.0452 0.0002 0.0462 0.0002 0.0200 0.0025

Ho, obserbed heterozygosity; Hs, expected heterozygosity; z, nucleotide diversity; Fis,

inbreeding coefficient
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Table S2. Evaluation of demographic models in various presettings on the projection size of SFS, the population size of rhesus macaque,

and samples.

Projection  Nru Samples MaxObsLhood Model MaxEstLhood Number of AlIC AAIC
size of SFS parameters
(K)
10, 13 110,000 All -35418 1 -36560 3 168369 4221
(half) M -35698 5 164407 259
IAM -35798 6 164868 720
IRM -35642 6 164148 0
40, 50 (2- 110,000 All -130095 1 -139152 3 640824 33847
fod) M -132246 5 609025 2047
IAM -133434 6 614499 7521
IRM -131801 6 606978 0
20, 25 71,000 All -70576 1 -74023 3 340892 13161
M -71322 5 328458 727
IAM -71675 6 330086 2355
IRM -71163 6 327731 0
20, 25 239,704 All -70576 1 -74009 3 340832 13102
M -71321 5 328458 728
IAM -71684 6 330130 2400
IRM -71163 6 327730 0
20, 25 111,000 -74062 1 -78806 3 362919 15407
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20, 25 111,000 Populations close to and
disproportionately-far-away from
interspecific boundary (RH-BSS,
RH-WTPMH, LT-WHM, and LT-
Sumatra) are excluded

20, 25 111,000 Captive populations (RH-China

and LT-Sumatra) are excluded
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MaxEstLhood is the maximum composite likelihood estimated according to the model parameters. MaxObsLhood is the maximum

possible value for the likelihood if there was a perfect fit of the expected to the observed SFS. Note that these values are in log10, while

AIC was calculated based on normal logarithm.
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Table S3. Parameter estimation for the best demographic model (IRM) in various presettings on the projection size of SFS, the

population size of rhesus macaque, and samples.

Projection size  Nru Samples Parameters ) o
Point estimation
of SFS
10, 13 110,000 All Nanc 6,915
(half) Nt 39,515
2Nm (from rhesus to long-tailed macaques) 1.3
2Nm (from long-tailed to rhesus macaques) 1.9
Torv 45,179
Tvig 10,924
40, 50 110,000 All Nanc 14,429
(2-fod) Nt 150,694
2Nm (from rhesus to long-tailed macaques) 2.1
2Nm (from long-tailed to rhesus macaques) 1.8
Torv 77,715
Tvig 15,456
20, 25 71,000 All Nanc 9,016
NLT 78,944
2Nm (from rhesus to long-tailed macaques) 1.6
2Nm (from long-tailed to rhesus macaques) 1.4
Torv 54,823
Twvic 12,712
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20, 25

20, 25

20, 25

20, 25

239,704

111,000

111,000

111,000

All

Populations close to interspecific boundary
(RH-BSS, RH-WTPMH, and LT-WHM) are

excluded

Populations close to and disproportionately-
far-away from interspecific boundary (RH-
BSS, RH-WTPMH, LT-WHM, and LT-

Sumatra) are excluded

Captive populations (RH-China and LT-

Sumatra) are excluded
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Nanc

Nit

2Nm (from rhesus to long-tailed macaques)
2Nm (from long-tailed to rhesus macaques)
YN\

Twvig

Nanc
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Nit

2Nm (from rhesus to long-tailed macaques)

2Nm (from long-tailed to rhesus macaques)

31,667
273,305
1.6

1.4
189,147
44,173
17,205
206,371
2.4

0.6
123,459
15,217
11,787
139,091
1.5

0.7
97,376
23,795
17,259
103,768
1.1
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Tpv 100,270
Tvig 33,796
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832

Table S4. Cross-tabulation table of SNPs.

SNPs near genes (< 10kb) SNPs not near genes
Cline center is south of the Isthmus of Kra (10° N)
Yes 54 334
No 134 901
Cline center is around the interspecific boundary (100 km north—south range)
Yes 46 230
No 142 1005
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838  Figure S2 fineRADstructure coancestry matrix for wild-derived samples only. The heatmap
839  of fineRADstructure depicts variation in pairwise coancestry between individuals according
840  to the scale shown on the right.
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844  samples only. The cross-validation error is the smallest when K = 5 for autosome and K =7
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