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Abstract

The genus Macaca is widely distributed, occupies a variety of habitats, shows diverse phenotypic characteristics, and is one
of the best-studied genera of nonhuman primates. Here, we reported five re-sequencing Macaca genomes, including one M.
cyclopis, one M. fuscata, one M. thibetana, one M. silenus, and one M. sylvanus. Together with published genomes of other
macaque species, we combined 20 genome sequences of 10 macaque species to investigate the gene introgression and genetic
differences among the species. The network analysis of the SN'V-fragment trees indicates a reticular phylogeny of macaque
species. Combining the results from various analytical methods, we identified extensive ancient introgression events among
macaque species. The multiple introgression signals between different species groups were also observed, such as between
fascicularis group species and silenus group species. However, gene flow signals between fascicularis and sinica group
were not as strong as those between fascicularis group and silenus group. On the other hand, the unidirect gene flow in M.
arctoides probably occurred between the progenitor of M. arctoides and the common ancestor of fascicularis group. Our
study also shows that the genetic backgrounds and genetic diversity of different macaques vary dramatically among species,
even among populations of the same species. In conclusion, using whole genome sequences and multiple methods, we have
studied the evolutionary history of the genus Macaca and provided evidence for extensive introgression among the species.
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Introduction

The genus Macaca, which diverged from other primates in
northern Africa during the late Miocene from 7 to 8 million
Zhenxin Fan and Rusong Zhang have contributed equally to this years ago (mya) (Delson 1980), is one of the most success-
work. ful primate radiations. The invasion of Macaca in Eurasia
occurred about 5.5 mya, followed by the splitting of sev-
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eral phyletic lineages in Asia. Currently, only M. sylvanus
of North Africa serves as the genus' sole representative in
Africa (Fooden 1979).

The extant macaque species were divided into four dis-
tinct species groups: sylvanus, silenus, sinica, and fascicula-
ris, based on evidence from morphology (Delson 1980) and
molecular studies (Hoelzer and Melnick 1996). However,
other studies suggested that they should be classified into
seven species groups, in which three groups were separated,
respectively, from the sinica, fascicularis, and silenus to cre-
ate the arctoides group, mulatta group, and nigra group (Zin-
ner et al. 2013; Roos et al. 2014). In particular, M. arctoides
showed the most uncertain phylogenetic relationship to other
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macaques, either grouped to sinica group, or grouped to fas-
cicularis/mulatta group, or formed its own arctoides group
(Li et al. 2009; Jiang et al. 2016; Fan et al. 2017, 2018;
Roos et al. 2019). The different groupings may reflect the
complex evolutionary history of macaques. The speciation
and radiation of the Asian lineage occurred about 3 mya,
and then was further influenced by natural events, such as
climatic and eustatic changes during the Late Pliocene and
Pleistocene (Abbott et al. 2013). The significant changes of
their habitat disturbance during that period could potentially
promote the hybridization or secondary contact among dif-
ferent macaque lineages (Eudey 1979; Delson 1980; Fan
et al. 2018). In fact, hybridizations have been reported in
various macaques, such as in M. mulatta, M. fascicularis
(Fooden 1995; Hamada et al. 2006; Yan et al. 2011), M.
nemestrina (Ziegler et al. 2007; Vanderpool et al. 2020),
and various nigra group species on the island of Sulawesi
(Ciani et al. 1989; Evans et al. , 2001, 2003). Some interspe-
cies hybridization occurred during secondary contact after
a period of isolation, such as the hybridization between M.
fascicularis and M. mulatta (Ito et al. 2020). Additionally,
ancient hybridizations that occurred between different spe-
cies groups were also reported (e.g., sinica and fascicularis
group) (Tosi et al. 2000, 2003a, b; Tosi et al. 2003a, b).
Using complete genome sequence data of one M. thibetana
and one M. assamensis, Fan et al. (2014) detected ancient
hybridization between M. thibetana and M. mulatta lasiota.
Recently, based on genome re-sequencing data from nine
macaque species, strong gene flow signals were detected
between the fascicularis group and silenus group (Song et al.
2021). Additionally, Zhang et al. (2014) revealed evidence of
ancient hybridization between the sinica and silenus groups,
and suggested that hybridization, rather than introgression,
is the primary factor contributing to the complex evolution-
ary history of the Macaca genus. Different viewpoints have
been proposed by Tan et al. (2023) and Rivas-Gonzalez et al.
(2023), who argue that incomplete lineage sorting (ILS)
plays a significant role in the evolution of macaques. These
studies introduce the notion that shared ancestral polymor-
phisms and the stochastic sorting of genetic variation dur-
ing speciation events contribute to the observed complexity
in macaque phylogenetics. These findings suggest the evo-
lutionary history of macaques is very complex, especially
involving hybridization and secondary contact.

In this study, we sequenced the whole genome of one M.
cyclopis, one M. fuscata, one M. thibetana, one M. silenus,
and one M. sylvanus at high coverage using the Illumina
HiSeq X Ten platform. Combined with published genomes,
we assembled a dataset with 20 macaque genomes to (1)
investigate the genetic differences among macaque species;
(2) confirm their recent demographic decline; and (3) assess
introgression between different macaque species.

Materials and Methods
Samples and Sequencing

Genome re-sequencing was performed for five macaques.
We sequenced the genome of one 20 year-old female M.
cyclopis (TW), one 12 year-old female M. fuscata (JM),
one female M. thibetana (TM, age unknown), as well as
one M. silenus (LTM) and one M. sylvanus (BBM) for
which the sex and age information unknown. Notably,
all samples were collected from the wild. Genomic
DNA was extracted from whole blood using the standard
phenol—chloroform method (Sambrock and Russel 2001).
Paired-end libraries with insert sizes of 300-500 bp
were generated for each sample. Library preparation and
all sequencing runs were performed according to the
manufacturer’s protocols. All samples were sequenced
using Illumina HiSeq X Ten. The M. cyclopis and M.
fuscata were sequenced at Novogene (Beijing, China),
the M. silenus and M. sylvanus were sequenced in New
York Genome Center (New York, USA), and the M.
thibetana was sequenced in Biomarker Technologies
Corporation (Beijing, China). The clean reads of the above
macaques have been deposited in the NCBI Short Read
Archive (SRR11921216-SRR11921219, SRR11927939-
SRR11927943, SRR11927944-SRR11927948).

Combining the five genomes with published macaque
genomes, we generated a data set with 20 macaque
genome sequences (Table S1). These macaques covered
all four species groups within the genus Macaca, including
eleven individuals in fascicularis group (three M. mulatta
lasiota (CR), one M. cyclopis (TW), two M. fuscata (JM),
and five M. fascicularis (CE)), five individuals in sinica
group (two M. thibetana (TM), two M. arctoides (SM), and
one M. assamensis (XH)), three samples in silenus group
(two M. nemestrina (PM) and one M. silenus (LTM)), and
M. sylvanus (BBM) in sylvanus group, which is the only
species within sylvanus group (Table S1). One Guinea
baboon (Papio papio) (NCBI accession No. SRX652597
and SRX652598) was used as an outgroup.

Re-sequencing Reads Mapping, Genotyping,
and Post-genotype Filters

The paired-end short reads were aligned to the M. mulatta
mulatta reference genome using Bowtie2 (Langmead
and Salzberg 2012) under the local alignment algorithm
with the very sensitive model and proper insert sizes,
while default options were used for other parameters.
Next, Picard and GATK toolsets (DePristo et al. 2011)
were used to process the alignments to single nucleotide
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variation (SNV) calls in Variant Call Format (VCF). The
pipeline is the same as used in our previous studies (Fan
et al. 2014; Freedman et al. 2014). After the SNV calling,
we performed several conservative data quality filters to
control the data quality. Genome filters (GF) and sample
filters (SF) described in Fan et al. (2014) were applied to
eliminate unreliable SN'Vs as much as possible, such as
SNVs in copy number variants regions, CpG sites, and
proximity to Indel.

Phylogenetic, Network, PCA, and ADMIXTURE
Analyses

SNVs of 20 macaque individuals were used for the analyses.
To eliminate the effects of SNVs that are in linkage
disequilibrium, SN'Vs that have a pairwise 7> 0.2 within 50
SNV windows were first filtered out using PLINK (Purcell
et al. 2007). After pruning, 23,055,023 out of 95,801,537
SNVs remained.

For phylogenetic analysis, modeltest-ng (https://github.
com/ddarriba/modeltest, version v0.1.2) was first used to
test 24 different models, including six models of nucleotide
substitution, in combination with four models of site rate
heterogeneity. The nucleotide frequency was also allowed
to be estimated from the dataset (parameter: “-h uigf -f ef
-s 3”). RAXML (version 8.2.11) (Stamatakis 2014) was
then used to perform the phylogenetic analysis with a full
Maximum Likelihood (ML) search for the best tree and 1000
fast bootstraps to obtain a confidence level. The nucleotide
substitution model was chosen based on the modeltest-ng
result (parameter “-x -N 1000 -m GTRCATX -c 1 -V -fa”).

Considering the possible gene flow events between
different species, we also built consensus networks with the
following method. Sites from every non-overlapping 100 kb
of the genome fragment were concatenated separately,
which were named as “SNV-fragment.” In total, 26,346
SNV-fragments were obtained for consensus network
analysis. For each SNV-fragment, a phylogenetic tree was
computed with IQ-TREE (version 1.6.10) (Nguyen et al.
2015; Kalyaanamoorthy et al. 2017; Hoang et al. 2018) with
parameters: -st DNA -bb 1000 -m MFP. Consensus networks
of the 26,346 SNV-fragment trees were generated using
phangorn (v2.5.5) (Schliep 2011) with different proportions.

Principal component analysis (PCA) was performed using
the smartpca within the EIGENSOFT package (version 6.14)
(Patterson et al. 2006). Genome-wide admixture estimates
were obtained using a model-based algorithm implemented
in ADMIXTURE (version 1.02) (Alexander et al. 2009).

Gene Flow Analysis

The D statistics were performed between closely related
populations to test whether there was gene flow between
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different species. The D statistic detected asymmetries in
allele sharing between either of two receiving lineages (P1
and P2) and a source lineage (P3), given an outgroup (O)
(Durand et al. 2011). For each comparison, the D statistic
was calculated in 1 Mb windows along the genome.
Only sites that passed GF and SF filters were considered.
Following (Durand et al. 2011), the standard error of the
statistic was calculated using a jackknife procedure, and a
Z-score was obtained by dividing the value of the D statistic
by its standard error. Z-scores with absolute value >3
were considered significant, indicating evidence for gene
flow between the P3 and one of the receiving lineages (P1
for negative Z-scores, P2 for positive values). Different
macaques were assigned as P1, P2, and P3, and the Guinea
baboon was used as an outgroup (O) in all tests. The M.
mulatta lasiota from Sichuan (CR2) was excluded from
these analyses due to its low coverage. Various possible
combinations were performed with our own Python script.

Demographic Analysis in Macaques
Phylogenetic and Demographic Inference with IMa3

We used IMa3 to estimate both the macaque phylogeny and
the demographic history. IMa3 estimates a rooted ordered
phylogenetic topology by integrating over IM models
(Hey et al. 2018). Because of limitations on the number
of populations that can be analyzed with IMa3, we firstly
tested the model with fewer species consisting of five
species (Table S2), to estimated phylogenetic relations and
demographic history. The migration rate parameters and the
prior on population splitting times were set to U[0,0.2] and
U[0,2], respectively. Ghost populations were included in all
runs.

Based on the results of the test sets, we focused on the
history of the eight Asian species. From the aligned genomes
of 17 individuals, we sampled 200 non-coding loci, each of
them was not closer than 10,000 bp to a reported gene. We
also filtered out regions with CpG elements and repeats.
To generate sampled regions that do not show evidence
of recombination, sequences were phased (Stephens et al.
2001) and subsampled using the 4-gamete criterion (Hudson
and Kaplan 1985) as previously described (Hey and Wang
2019).

In order to estimate speciation times and effective
population sizes, we required estimates of the mutation
rate and the generation time (Hey and Nielsen 2004). For
generation time, we used 10 years, consistent with estimates
in the 9 to 11 years range from M. fuscata (Koyama et al.
1992; Takahata et al. 1998; Sugiyama et al. 2009). To
estimate the mutation rate per unit of time, we obtained
the estimated divergence times from a TimeTree database
(Kumar et al. 2017) and regressed the observed pairwise
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divergence for the 200 sampled loci upon these (Table S3
and Fig. S1). The regression showed a strong linear
relationship (R?=0.8753) at a substitution rate of 4.0x 10710
mutations/bp/year, which was corresponding to 4.0 x 10~
mutations/bp/generation, assuming 10 years per generation.
The IMa3 program was run using hyperparameter upper
bounds of 5.0 for the genetic drift parameters, and 0.2 for the
migration rate parameters. Together these priors allow for
population migration rates as high as 1.0. The upper bound
on speciation times, scaled by mutation rate, was 2.0. To
enhance the mixing of the Markov chain simulation, 420
heated chains were run simultaneously on 140 processors.
Following an extensive burnin period, during which the run
was monitored to assess convergence, a total of 123,121
phylogenetic topologies were recorded. Table S4 shows
the estimated posterior probability distribution for all trees
sampled at a frequency of 1% or higher. IMa3 estimates
rooted phylogenies with the sequence of internal nodes is
ordered in time. For example, a tree in which populations
A and B join more recently than do C and D, is distinct
from one in which populations C and D join more recently
than the junction of A and B. We then ran IMa3 to estimate
the demographic history conditional on the rooted ordered
topology with the highest estimated posterior probability.
The upper bounds on a uniform prior distributions were 5.0
for the genetic drift parameters, 0.2 for the migration rate
parameters, and 1.5 for the speciation time terms. Following
a burnin, using 420 heated chains on 140 processors, we
sampled 29,760 genealogies for each locus. Finally, the
IMfig program was used to generate figures of the combined
phylogenetic and demographic history using the maximum
posterior estimates of model parameters (Hey et al. 2018).

Inference of Population Size Changes Through Time
with PSMC

The pairwise sequentially Markovian coalescent (PSMC)
(Li & Durbin 2011) method was used to infer demographic
history. Briefly, the method uses the distribution of
heterozygote sites across the genome and a Hidden Markov
Model to reconstruct the history of effective population
sizes. The following parameters were used: numbers of
iterations =25, time interval = 1*6 + 58*1, mutation rate
per generation=4.0x 10~, and generation time = 10. The
above settings were the same as in IMa3. To validate the
confidence in PSMC findings, 100 bootstrap replicates
were run for each genome. To sample a bootstrap replicate,
the genome was divided into segments of 5 Mb in length,
and the segments were then sampled with replacement to
obtain a sequence with approximately the same length as
the original genome defined by the “-b” option in the PSMC
software.

Genetic Divergence

To estimate the genetic divergence between different
macaques, genetic distance was calculated using the
genetic distance metric described by (Gronau et al. 2011)
at genome-wide with 50 kb non-overlapping windows, and
then we made the pairwise comparison between and within
different species across the genome. We also calculated the
average pairwise differences (PD) based on 51,941 of 50 kb
non-overlapping windows.

Results
Whole Genome Data Mapping

This study included the whole genome sequences of 20
macaque individuals and one baboon as an outgroup.
Five samples were newly sequenced with the remaining
sequences obtained from the previous studies (Fang et al.
2011; Yan et al. 2011; Higashino et al. 2012; Fan et al.
2014, 2018; Zhang et al. 2014; Osada et al. 2015) and NCBI
submission. All the genomes had higher than 20 X coverage,
except CR2, which was 10.52 X (Table S2). The average
coverage of the 20 macaque genomes was~37 X . The
number of total useable sites ranged from 1,637,370,536
(CR2) to 2,306,953,441 (CR3), and the only sample that
contained less than two billion sites was CR2 (Table S5).

Phylogenetic Tree Across Macaques

All autosomal SNVs from re-sequencing data of 20 indi-
viduals were used to construct a genome-wide phylogenetic
tree (Fig. 1A). The overall topology supported four major
clades of all the macaques with 100% bootstrap support val-
ues. The four major clades were corresponding to the four
previous described species groups in this genus. The sinica
group (M. thibetana, M. arctoides, and M. assamensis) and
fascicularis group (M. mulatta, M. fascicularis, M. fuscata,
and M. cyclopis) were a sister group to each other, silenus
group (M. nemestrina and M. silenus) was diverged from
the sinica and fascicularis groups, whereas M. sylvanus, the
only species of sylvanus group, was located at the most basal
clade within macaques. Within fascicularis group, three M.
mulatta shared a close relationship with M. cyclopis. A
principal component analysis (PCA) without outgroup also
divided sampled macaques into four clusters (Fig. 1B). The
first principal component (PC1) accounted for 18% of the
variance in the dataset, where the fascicularis group species
were separated from the rest species. PC2, which accounted
for 16% of the variance, further separated sinica group spe-
cies from sylvanus group and silenus group species.
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Fig. 1 The phylogeny of Macaca. A The phylogenetic tree across
macaques. The genome-wide phylogenetic tree is based on autosome
SNVs. All the branches are supported by 100% bootstrap runs. The

Because reconstructing the history of macaques is both a
phylogenetic problem, as well as a population genetic prob-
lem because of the likely history of population size changes
and gene flow or admixture, we also took a model-based
approach to estimating that history. The IMa3 program can
estimate population phylogeny, while allowing for popula-
tion size changes and gene exchange, by integrating over the
possible isolation-with-migration models that fall under a
user-specified prior (Hey et al. 2018). The top six trees gen-
erated from IMa3, all shared the same phylogeny as Fig. 1A
(Table S4). With eight species, IMa3 estimated a large and
complex model that included seven speciation time esti-
mates (Table S6). The estimated times of population sepa-
ration were consistent with the Asian radiation of macaques
beginning at about 3.5 mya. The most closely related spe-
cies (M. assamensis and M. thibetana) were estimated to
separate about only half a million years ago, whereas the
divergence between M. silenus and M. nemestrina and the
split between sinica group and fascicularis group were both
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numbers on internal nodes are speciation time estimates by IMa3. B
The genome-wide PCA results. The results from PC1 to PC2 and the
variance explained by each PC are shown

about 1.9 mya. The mainland species M. mulatta and the
island species M. fuscata separated about 0.98 mya.

Reticulate Evolutionary History of Macaques

Because of the complex evolutionary history of macaques,
next we applied a network analysis approach to allow more
complex phylogenetic relationship modeling among the spe-
cies. A consensus network analysis of the SNV-fragment
trees yielded reticulate structure of connecting alternative
branches indicating reticular phylogenetic of macaques
(Fig. 2). There is obvious reticulate structure in the center of
the network at different thresholds, indicating the evolution-
ary relationship of three species groups is unstable, either
the fascicularis and the sinica groups share close relation-
ship, or the fascicularis and the silenus group together. This
suggests potential interspecific gene flow may exist among
different species groups. Reticulate structure also occurs
between species within fascicularis species groups, suggest-
ing that there are phylogenetic conflicts within the species
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groups. Especially for the crab-eating macaques, the CE1
had connections with the rest four M. fascicularis and (M.
mulatta+M. fuscata+M. cyclopis), suggesting the complex
genetic background of CE1.

Introgression in Macaques

The IMa3 analyses and D test were performed to investigate
gene flow among macaque species. Based on the analysis
of the test sets comprising five species, no migration
between sylvanus group (M. sylvanus) and other groups was
detected (Fig. S2A and B), suggesting that Asia macaques
did not hybridize with African macaques after invading
Eurasia. Therefore, the subsequent Ima3 analysis exclude
M. Sylvanus. Furthermore, migration was also observed
between species within the same groups (Fig. S2C and D).

The subsequent IMa3 analyses included 15 population
size estimates and 98 separate migration rate estimates
(Fig. 3A). Estimated effective population sizes varied
widely, from about 14,000 for M. silenus to nearly half a
million for M. assamensis. The M. fuscata, M. arctoides,
and M. thibetana also had small effective population sizes
(Table S7, Fig. 3A). With respect to gene flow, most of
the parameters, including essentially all of those involving
ancestral species, revealed estimated posterior densities that

PM1

were quite flat, consistent with there being little statistical
power to resolve whether or not the estimated rate was differ-
ent from zero. However, for pairs of sampled species, there
is more power, and in several cases, a likelihood ratio test
(Nielsen and Wakeley 2001) rejected a rate of zero migra-
tion. Figure 2B shows cases of non-zero migration, together
with the corresponding estimate of the population migration
rate (i.e., twice the product of the effective population size of
the receiving species and the migration rate, or 2Nm). In all
cases, these values were less than 0.03, suggesting that gene
flow had not had a large effect on the genetic structure of
these sampled populations. We identified seven statistically
significant gene flow events: (1) from M. arctoides to M.
fuscata; (2) from M. arctoides to M. fascicularis; (3) from
M. fascicularis to M. nemestrina; (4) from M. nemestrina to
M. fascicularis; (5) from M. mulatta lasiota to M. silenus;
(6) from M. silenus to M. fascicularis; (7) from M. silenus
to M. nemestrina (Table S8, Fig. 3A).

In addition, D tests were performed to assess gene flow
events between different macaques (Table S9). The results
showed that M. arctoides had significant gene flow with
three fascicularis group species (M. mulatta lasiota, M.
fuscata and M. cyclopis). Since the three macaques had a
common ancestor, thus the gene flow could have occurred
between M. arctoides and the common ancestor of these
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Fig.3 Introgression within Macaca. A A representation of an esti-
mated Isolation with Migration model generated by IMa3 and the
IMfig program. The phylogeny is depicted as a series of boxes organ-
ized hierarchically, with ancestor boxes positioned in-between the
corresponding descendants, and the width of boxes proportional to
estimated effective population size (V,). The 95% confidence inter-
vals for N, values are shown as gray arrows extending to the left and
right of the right boundary of each population box. Splitting times
are depicted as evenly spaced solid horizontal lines, with text values

three macaques. We also detected significant gene flow
between M. mulatta lasiota and M. nemestrina, and the
signal was consistent among different individuals in these
species. However, the gene flow between M. mulatta lasi-
ota and M. thibetana was only observed in one individual
pairwise D test. The runs with different individuals of M.
mulatta lasiota and M. thibetana did not detect significant
gene flow. For M. assamensis and M. thibetana, both species
had significant gene flow with multiple macaques within fas-
cicularis group, indicating the gene flow probably happened
between the ancestor of M. assamensis and M. thibetana and
the ancestor of fascicularis group species.

Genome-wide admixture estimates were obtained
using a model-based algorithm implemented in ADMIX-
TURE (version 1.02) (Alexander et al. 2009) to assess the
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*#*p<0.01, ***p<0.001). B Population structure from genome data
(excluding highly linked SNVs with 2> 0.2). Structure assignments
based on complete genome data from 20 macaques with genome-
wide SNV data with ADMIXTURE. K=3 to K=7 were shown

ancestry of each individual from 2 to 8 inferred ancestral
populations (K) (Fig. 3B). The likelihood value reached
the first peak when K =3, although the CV error was still
high. The maximum likelihood was achieved at K=6.
When K =3, sylvanus group, silenus group, and sinica
group species formed one clade, whereas three M. mulatta,
two M. fuscata, and M. cyclopis formed the second clade.
Five M. fascicularis grouped with each other and formed
the last clade. When K =6, the three silenus group species
had their own component, and M. sylvanus also formed
its own component. Within sinica group species, the two
M. arctoides separated into their own clade, whereas two
M. thibetana and M. assamensis formed another compo-
nent (Fig. 3B), which indicates M. arctoides had a distinct
genetic background.
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Demographic Histories of Macaques

The pairwise sequentially Markovian coalescent model
(PSMC) was conducted to test the ancestral demographic
trajectories of sampled macaques (Fig. 4). Except for M.
sylvanus, all the macaques exhibited similar demographic
trajectories until about 700 thousand years ago (kya). Since
then, some of the macaques, even the ones within the same
species groups, showed very different trajectories. Within
sinica group, M. thibetana and M. assamensis had very
similar trajectories, and their effective population size (NV,)
was also very similar across the entire history (Fig. 4C).
However, two M. arctoides began experiencing population
decline at~2 mya and kept maintaining lower N,. Within
fascicularis group, the two island species, M. cyclopis and
M. fuscata, exhibited very low N, after 700 kya, whereas M.
mulatta and M. fascicularis maintained relative high N, after
700 kya (Fig. 4A). Moreover, M. mulatta and some of the M.
fascicularis experienced population growth since ~ 100 kya.
However, one M. fascicularis individual (CE1), which was
from Vietnam, showed different trajectories when compared
to the other four M. fascicularis. CE1 began the population
decline at~ 100 kya, whereas the other four M. fascicula-
ris started population growth at~60 kya (Fig. 4B). While
the sylvanus group and the silenus group, both of which
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Fig.4 Historical changes in effective population sizes of macaques.
Reconstruction of historical patterns of effective population size for
macaque genomes using the PSMC method. A fascicularis group

diverged early in the genus, showed different trajectories
from sinica group and fascicularis group species (Fig. 4).
Both M. silenus and M. nemestrina started the population
growth at~700 kya, but then M. silenus began the decline
at~300 kya, whereas M. nemestrina kept the population
growth. The most ancient living macaque, M. sylvanus,
had very different trajectories. It had the highest N, before
700 kya, and then experienced an extremely strong popula-
tion decline and remained very low N, (Fig. 4).

Genetic Divergence of Macaques

To quantify genome-wide heterozygosity, we calculated
the number of heterozygous SNVs overall useable sites of
all the genomes (Fig. S3). Within macaques, M. sylvanus
had the lowest autosomal heterozygosity (0.000399), and
M. silenus also had very low heterozygosity (0.000558).
Within fascicularis group, two M. fuscata exhibited low
heterozygosity (0.001148 and 0.001007). Two M. thibetana
had the lowest values within sinica group (0.000898 and
0.000666), whereas their close relative M. assamensis had
high heterozygosity (0.002723). Macaca mulatta and M.
fascicularis, which both had large populations, had high
heterozygosity (Fig. S3).
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To estimate the genetic divergence between samples,
we calculated the genetic distance at whole genome level
(Table S10). Overall, the genetic distances between differ-
ent macaques within the same species groups were smaller
than that between samples among different species groups.
Within fascicularis group, genetic distances of M. cyclo-
pis to M. mulatta (0.0565-0.0571) were lower than that of
M. cyclopis to M. fuscata (0.0631-0.0635). Within sinica
group, two M. thibetana had smaller genetic distances to
M. assamensi (0.0625 and 0.0627) than that of M. thibetana
to M. arctoides (0.818—-0.834). M. sylvanus was the most
ancient living macaque species, and we observed that it had
the largest genetic distance between all the other macaques
(0.1449-0.17). This study allowed to estimate the genetic
distances within species given that some species contained
more than one individual (Table S10). The genetic distances
within two M. fuscata (0.0232), two M. thibetana (0.0194),
two M. arctoides (0.0227), three M. mulatta (0.0484, 0.0499,
and 0.05), and two M. nemestrina (0.0558) were smaller
than distances within five M. fascicularis were very large
(0.0433-0.0781).

Next, we calculated the pairwise genetic distance between
different macaques in the 50 kb non-overlapping window
(Figs. S4-S6). We also exhibited the average pairwise
differences (PD) based on the above windows (Table S11).
In general, the results were consistent with the overall
genetic distance (Table S10), but provided details of the
genetic distances among these macaques. The average PD
showed that the genetic differences within M. fascicularis
were larger than that within M. mulatta, M. fuscata, M.
thibetana, and M. nemestrina. Moreover, M. sylvanus had
very large genetic differences between all the rest macaques.

Discussion
Phylogeny of Genus Macaca

In this study, we sequenced the whole genome of 5 macaque
species and analyzed genome sequences of 20 individuals
from 10 species that covered all species groups across the
genus. Compared to previous and recent study (Zhang
et al. 2014; Song et al. 2021), this study included the most
macaque individuals to date. The phylogenetic topology
based on genome-wide SN'Vs showed that the ten species
could be grouped into four well-supported clades, which was
consistent with the four distinct species groups: sylvanus,
silenus, sinica, and fascicularis (Zinner et al. 2013; Roos
et al. 2014). Although species from Sulawesi macaques
(nigra group) did not included in this study, our previous
studies demonstrated that Sulawesi macaques (M. nigra
and M. tonkeana) separated from the silenus group to
form a sister group (Song et al. 2021). As the only living
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macaque that is not distributed in Asia (Fooden 1979), M.
sylvanus located at the most basal clade within macaques
and the Asian species all grouped together. Nevertheless,
some studies have advocated for the subdivision of the
Macaca genus into seven species groups (Roos et al. 2019;
Tan et al. 2023). This involves segregating M. mulatta, M.
fuscata, and M. cyclopis from the fascicularis species group,
thereby establishing the mulatta species group. Similarly, M.
arctoides is isolated from the sinica species group, resulting
in the formation of the arctoides species group. Furthermore,
Sulawesi macaques are delineated from the silenus species
group, constituting the nigra species group. This nuanced
classification is refinement of above classification, providing
a more detailed insight into the taxonomic relationships
within the Macaca genus.

In addition to the phylogenetic relationship, our IMa3
analysis provides estimates on the divergence time among
the branches. Current evidence suggests that macaques
diverged from other primates in northern Africa during
the later Miocene from 7 to 8 mya, and then they invaded
Eurasia about 5.5 mya and split into phyletic lineages in
Asia (Delson 1980; Roos et al. 2019). Our IMa3 analysis
estimated that the times of separation within the Asian
macaques beginning about 3.5 mya (95% HPD was
3.25-3.92 mya), which was consistent with the reports about
the speciation and radiation of the Asian lineage occurred
at about 3 mya (Fan et al. 2018; Roos et al. 2019). Then,
the split between sinica group and fascicularis group was
estimated at about 1.9 mya, and the divergence between M.
arctoides and (M. thibetana + M. assamensis) was about
1.2 mya. These results indicated speciation of the genus
Macaca was relative recent.

Complex Admixture History of Macaques

Natural hybridizations were reported in almost all the major
evolutionary clades of primates (Cortes-Ortiz et al. 2007;
Ackermann and Bishop 2010; Reich et al. 2010; Zinner et al.
2009, 2011; Tung and Barreiro 2017). In macaques, some
characters, such as morphological characteristics, genital
structure, and sexual behavior, are significantly different
among species, but the chromosome karyotypes of macaques
are almost the same, and hybridization between different
macaques has been previously reported (Fooden 1995; Tosi
et al. 2000; Tosi et al. 2003a, b; Yan et al. 2011; Fan et al.
2014, 2018; Hamada et al. 2006, 2016; Jiang et al. 2016;
Evans et al. 2017; Matsudaira et al. 2018). Furthermore, the
hybrid offspring of some species is fertile (Ciani et al. 1989;
Yang and Shi 1994; Hamada et al. 2012; Bunlungsup et al.
2017; Evans et al. 2017).

Most previous genome-wide studies on ancient gene
introgression among macaques used the popular method
D test (also known as the “ABBA-BABA” test). However,
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D test only considered biallelic sites and assumes that
all ABBA or BABA sites arise due to either incomplete
lineage sorting or introgression (Patterson et al. 2012).
With additional divergence time, this assumption is likely
to be violated due to convergent or multiple mutations at
a single site (Edelman et al. 2019). To validate previous
hybridization and detect unknown gene flows between
macaques, we included more genomes and used multiple
analytical methods such as consensus networks and IMa3.
We have detected extensive admixtures between different
macaques, some of which were new findings which were
discussed below. We exclude the M. sylvanus in the analyses
of the final IMa3 and D test because it is the only macaque
species distributed out of Asia. Natural hybridization in
M. sylvanus was not observed and reported before. Several
test runs of IMa3 with the M. sylvanus also did not detect
gene flow between the M. sylvanus and other species, which
suggested that the M. sylvanus separated early and had little
or no gene flow with the non-African macaque species.

IMa3 detected gene flow between M. nemestrina and
M. fascicularis in both directions. The observed gene flow
signals were probably caused by ancient hybridization
events or even between their common ancestors, because
the IMa3 also detected significant gene flows between
more species in silenus group and fascicularis group, for
instance, from CR (M.mulatta lasiota) to LTM (M. silenus)
and from LTM (M. silenus) to CE (M. fascicularis). D
test also found significant gene flow between CR and M.
nemestrina. The ADMIXTURE analyses (K=4) showed
M. silenus, M. nemestrina, M. cyclopis, and M. fuscata
were grouped into one component. Therefore, the multiple
signals between different species of the two groups are likely
a result of ancestral introgression. Our results are consistent
with Vanderpool et al. (2020) and Song et al. (2021) finding
high-level gene flow signals between fascicularis group and
silenus group. A recent study based on de novo assembled
genomes of macaques concluded that the fascicularis group
may have originated from an ancient hybridization between
the progenitors of the sinica group and those of the Silenus
group (Zhang et al. 2014). With more individuals from
different species groups in the genus in our study, it allows
to further investigate the hybridization hypothesis. If the
hybridization origin hypothesis is true, gene flow signals
between multiple species of fascicularis group and sinica
group could be also detected. However, in our dataset, the
detected gene flow signals between fascicularis and sinica
group were not as strong as those between fascicularis
group and silenus group (Fig. 3A), yet our results could not
preclude the hypothesis hybridization origin of fascicularis
group due to the occurrence of random genetic drift or
incomplete lineage sorting during evolution.

Some previously reported gene flow events were
detected or supported by new evidence. The phylogenetic

position of M. arctoides was discrepant based on different
genetic markers (Tosi et al. 2000; Tosi et al. 2003a, b; Li
et al. 2009). Our previous work showed that M. arctoides
had a nuclear genome related to sinica species, and a
mitochondrial genome closely related with M. mulatta. It
suggested a secondary contact between proto-arctoides
and proto-mulatta has resulted in the transfer of mulatta-
type mitochondria into proto-arctoides (Fan et al. 2018). In
this study, the results from IMa3 and D test showed that M.
arctoides had significant gene flows with four fascicularis
group species (M. mulatta lasiota, M. fascicularis, M.
fuscata, and M. cyclopis), this finding suggested that gene
flow occurred between the progenitor of M. arctoides and
the common ancestor of fascicularis group.

Additionally, the ADMIXTURE analyses (K=3, 5, and
6) showed the Vietnamese fascicularis (CE1) had a mixture
of genetic components with M. mulatta lasiota, which was
congruous with previous results (Yan et al. 2011). The
hybridization between M. fascicularis and M. mulatta has
been extensively reported, and the Vietnamese fascicularis
genome was shaped by introgression after hybridization with
the M. mulatta lasiota (Stevison and Kohn 2008; Bonhomme
et al. 2009; Yan et al. 2011; Hamada et al. 2016).

Divergence and Genetic Diversity

We assessed the genome-wide heterozygosity and genetic
diversity among/within macaque species. In this study, we
included the only African macaque species M. sylvanus.
Compared to Asian macaques, M. sylvanus had the lowest
autosomal heterozygosity. M. silenus, M. thibetana, and
M. fuscata also exhibited low heterozygosity (Fig. S3).
Species with large population sizes, such as M. mulatta, M.
fascicularis, and M. nemestrina, had high heterozygosity.
We also noticed that M. mulatta and M. fascicularis had
relatively large genetic diversity within species (Table S10).
M. fascicularis had the highest genome-wide heterozygosity
and genetic diversity, which was probably due to their large
distribution with complex evolutionary history in different
populations. This study sampled five individuals from three
or four populations (the origin of one sample was unclear).
Previous studies have suggested that the M. fascicularis
are divided into four major genetic groups (Smith et al.
2007; Blancher et al. 2008; Osada et al. 2010, 2015). The
Vietnamese M. fascicularis (CE1) is from the Indochinese
population that has significant gene flow with the M.
mulatta lasiota (Stevison and Kohn 2008, 2009; Bonhomme
et al. 2009; Yan et al. 2011), whereas the Malaysian M.
fascicularis (CE2) is from the Indonesian-Malaysian
population that maintains the highest genetic diversity
and is thought to be the ancestral population (Delson
1980; Higashino et al. 2012; Osada et al. 2015; Fan et al.
2018). The Mauritian M. fascicularis (CE4 and CES) was
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introduced to the island of Mauritius around the sixteenth
century, which experienced quick population expansion
and extreme population bottleneck (Sussman and Tattersall
2008; Osada et al. 2015). The last major population is the
Philippine population, which shows slightly reduced genetic
diversity and is probably derived from the Indonesian-
Malaysian population (Stevison and Kohn 2008; Bonhomme
et al. 2009; Osada et al. 2015). Therefore, our genome-wide
investigations confirm that M. fascicularis from different
populations have different genetic backgrounds and the
whole species maintains a high level of genetic diversity.
Our study showed macaque species had distinct
population trajectories. IMa3 estimated the effective
population sizes of macaque species. Some macaques,
such as M. assamensis, M. fascicularis, M. mulatta, and
M. nemestrina, maintained large effective population sizes,
while M. silenus, M. fuscata, M. arctoides, and M. thibetana
had small effective population sizes (Table S7, Fig. 3A). In
addition, PSMC results showed a bottleneck for all macaques
in our study occurred at about 0.7 mya. This bottleneck
may be caused by the change of climate. During the mid-
Pleistocene transition (MPT, 1.2-0.8 mya), the glacial-
interglacial climate cycle changed from ~40,000 years
to~ 120,000 years, and this change led to subsequent longer,
colder ice ages with larger continental ice sheets and lower
global sea level (Chalk et al. 2017). There was a long ice
age in the Quaternary period about 0.8—-0.68 mya, which
may have caused the bottleneck of all macaques at 0.7 mya.
Since then, some macaque species showed very different
trajectories. For example, the M. fascicularis had different
trajectory compared with other fascicularis group species.
Even within fascicularis, the trajectory of CE1 was also
different from other M. fascicularis populations. In addition,
the island species, such as M. cyclopis and M. fuscata,
exhibited very low N, after 700 kya. The sylvanus group
and silenus group species also had different trajectories
compared with sinica group and fascicularis group species
(Fig. 4). The observed differences in the demographic
histories of different macaque species reflected that they
experienced complicated environment and climate changes,
gene flow events, and habitat loss (Fan et al. 2014, 2018).

Conclusion

In conclusion, taking advantage of whole genome sequences
of multiple species of the genus Macaca, the present study
shows that genetic background varies among species,
even among populations of the same species. Combining
different genome analysis methods, we detected extensive
gene flow among macaques and validated previously
reported hybridizations. In particular, the gene flow
between different species of fascicularis group and silenus
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group is likely a result of ancestral introgression. Although
we applied different methods to detect admixture and
reconstruct the demography, the current analyses could
not generate a unified result for the evolutionary history of
different macaques, and the introgression patterns might
be more complicated than we observed. Therefore, this
study highlighted that the admixture has greatly shaped the
evolutionary history of the genus Macaca.
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