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Abstract 27 

The rhesus macaque (RM, Macaca mulatta) is the most important nonhuman primate model in 28 

evolutionary biology and biomedical research. We present the first population genomics survey of 29 

wild RMs, comprising 81 geo-referenced individuals representing five subspecies from 17 locations 30 

in China, covering a large fraction of the species’ natural distribution. Genetic diversity, measured 31 

with a total of 55.4 M autosomal single nucleotide polymorphisms (SNPs), is higher in wild RMs 32 

than captive populations. We find a hierarchical population structure with four distinct genetic 33 

lineages found on the mainland and one on Hainan Island recapitulating current subspecies 34 

designations. The five subspecies are estimated to have diverged between 140 and 72 thousand years 35 

ago, but with recent gene flow among some groups. Consistent with the expectation of a larger body 36 

size in colder climates (Bergman’s rule), the northernmost RM lineage (subspecies, M. m. tcheliensis) 37 

exhibits the largest body size of all Chinese RMs and was featured with positively selected genes 38 

responsible for skeletal development. The tropical subspecies M. m. brevicaudus was characterized 39 

by positively selected genes related to cardiovascular function and response to temperature stimuli, 40 

which are potentially involved in adaptation to tropical climates. We further delineated 111 RM 41 

SNPs matching human disease-causing variants with 74 being subspecies-specific. The data 42 

presented herein provides a reference resource for the choice of sub-group of RMs when carrying 43 

out biomedical experiments. The unexpected demographic history of Chinese RMs, coupled with 44 

their history of local adaption offers new insights into the evolution of RMs and provides valuable 45 

baseline information for biomedical research. 46 

Keywords: Macaca mulatta, population genomics, adaptive selection, biomedical model 47 
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Introduction 48 

Understanding how species evolve and adapt to their environments is an essential question in 49 

evolutionary biology. Rhesus macaques (RMs, Macaca mulatta) are, after humans, the world’s most 50 

successful primates [1-5], occupying a vast geographic distribution spanning from Afghanistan to 51 

the Chinese shore of the Pacific Ocean and south into Myanmar, Thailand, Laos and Vietnam [5]. 52 

As the most widely distributed nonhuman primate species, RMs occupy diverse ecological 53 

landscapes and habitats, making them an interesting model to address questions about how species 54 

evolve and adapt to local environmental variation, including characterizing the genomic architecture 55 

of adaptation to habitat, climate and other biotic and abiotic factors. Yet, despite much work on 56 

primate comparative genomics, very few population genomic studies have been carried out on wild 57 

RMs [6, 7]. Importantly, as RMs are widely used as a primate model in physiological, psychological 58 

and cognitive studies [8-10], knowledge about their genomic architecture could improve and refine 59 

biomedical research [10] as the genomic composition of experimental animals can have a 60 

considerable influence on the outcome of experiments [11, 12]. Therefore, information on the 61 

genomic diversity not only of captive, but also of wild RMs, that could become a genomic resource 62 

for future utilization in medical research, is essential. 63 

In biomedical research, two main populations (Indian and Chinese) are recognized [6, 13]. 64 

They diverged from each other at ~162 thousand years ago (kya) and are characterized by extensive 65 

differences in morphology, behavior, ecology, physiology, reproduction, and disease progression [6, 66 

13-19]. In 1978 India banned all RM exports to breeding centers across the world, thus curtailing 67 

the availability of wild Indian RMs and subsequently increasing the demand for Chinese RMs in 68 

biomedical research, thereby making a detailed characterization of genetic variants from Chinese 69 

RMs crucial for biomedical usage of this species. 70 

To date, the genomes of 133 captive RMs from eight colonies have been sequenced, however, 71 

124 of them are of Indian-origin and only nine individuals were presumed to be of Chinese origin 72 

[6]. Recently, Zhong et al. [7] reported genomic variation in 26 Chinese captive RMs identifying 73 

~46 M (million) single nucleotide polymorphisms (SNPs). Nevertheless, most of these RM genetic 74 

variation is limited to captive populations which may contain composite genotypes due of admixture 75 

among animals of different and unclear origin [20]. Here we present the first attempt to survey the 76 
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geo-referenced genomic diversity in wild Chinese RM populations, which is the largest extant 77 

population of the species. The current effective population size of Chinese and Indian RM was 78 

estimated to be approximate 240,000 and 17,000 individuals, respectively, indicating that the 79 

Chinese RMs are likely to harbor substantially more genomic diversity compared to their Indian 80 

conspecifics [13]. Therefore, this population genomic survey of 81 RMs originating from 17 wild 81 

locations across China including phylogenetic, demographic and genome-wide selection scans, 82 

corresponds to the most comprehensive characterization of RM genetic diversity to date and aimed 83 

at characterizing the processes leading to the extant patterns of variability, as well as identifying the 84 

potential implications for the use of these populations in biomedical research.  85 
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Results and Discussion 86 

Genetic diversity, phylogeny and population structure 87 

Blood and tissue samples from 79 wild-born RMs, representing five subspecies [21, 22], were 88 

collected at 17 sites in China (M. m. tcheliensis: TH; M. m. littoralis: AH, FJ, HB, GX, GZ; M. m. 89 

brevicaudus: HN; M. m. lasiotis: SX, SC1, SC2, SC3, SC4; M. m. mulatta: YN1, YN2, YN3, YN4, 90 

YN5; Fig. 1a). Genome sequences of two additional Chinese RMs (CR1 and CR2) were retrieved 91 

from NCBI [9, 23, 24]. Re-sequencing was at a high average depth of 28.26±4.75× for ten 92 

individuals and a moderate average depth of 10.64±1.16× for the remainder (n=71), with an overall 93 

average genome coverage of 95.43% of the RM reference (rheMac2, Supplementary Table 1). A 94 

total of 55,404,179 SNPs were identified and used for downstream analyses (Supplementary Table 95 

2), with wild RMs carrying on average over 20% more genomic variation than captive individuals 96 

(43.7 M SNPs detected in 31 Indian and Chinese captive RMs and 46.1 M SNPs found in 133 Indian 97 

and Chinese captive RMs)[6,7]. The number of SNPs per individual ranged from 7.3 to 11.6 M 98 

(mean of 9.5 M; Supplementary Fig. 1 and Supplementary Table 3). Among Chinese RM subspecies, 99 

M. m. mulatta had the highest heterozygosity (0.202%±1.09×10-4), followed by M. m. littoralis 100 

(0.180%±1.55×10-4) and M. m. lasiotis (0.178%±1.47×10-4). The lowest heterozygosity rates were 101 

found in M. m. brevicaudus (0.157%±1.17×10-4) and M. m. tcheliensis (0.135%±3.07×10-4) 102 

(Supplementary Fig. 2). Among all detected SNPs, 7,575,099 were shared among all subspecies and 103 

23,676,191 were shared by at least two subspecies, with the remaining SNPs confined to a single 104 

subspecies (Supplementary Fig. 3a). For each subspecies, the subspecies-specific SNPs (ssSNPs) 105 

ranged from 834,655 to 8,507,232 and the non-synonymous ssSNPs varied from 3,723 to 27,537 106 

(Supplementary Fig. 3a, b).  107 

We reconstructed a neighbor-joining (NJ) tree for Chinese RMs based on autosomal SNPs, 108 

using Indian RMs and M. sylvanus as outgroups (Fig. 1b and Supplementary Fig. 4). Individuals 109 

from M. m. lasiotis, M. m. brevicaudus and M. m. tcheliensis form monophyletic lineages 110 

respectively, while M. m. mulatta and M. m. littoralis are paraphyletic. The divergence among 111 

Chinese RMs started with the successive splitting of the M. m. mulatta lineages, followed by M. m. 112 

lasiotis, before the eastern subspecies differentiated. Among the latter, M. m. brevicaudus and M. 113 

m. tcheliensis diverged from M. m. littoralis, respectively. Next, we performed a population 114 
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structure analysis using STRUCTURE (version 2.3.4) [25], which estimates individual ancestry and 115 

admixture structure analysis proportions assuming K ancestral populations. Plots of ΔK generated 116 

from STRUCTURE results indicated five genetic clusters present in the full data set (Fig. 1b and 117 

Supplementary Fig. 5). A principal component analysis (PCA) corroborated the division of Chinese 118 

RMs into five groups. The first eigenvector separated M. m. mulatta and M. m. lasiotis from M. m. 119 

tcheliensis, M. m. littoralis and M. m. brevicaudus (variance explained = 6.40%, Tracy-Widom P = 120 

4.29×10-42), and the second eigenvector further separated M. m. tcheliensis, M. m. littoralis and M. 121 

m. brevicaudus (variance explained = 5.07%, Tracy-Widom P = 5.29×10-22) (Fig. 1c, 122 

Supplementary Table 4). The division of Chinese RMs into five geographic lineages supports the 123 

former taxonomic division of Chinese RMs into five subspecies [21, 22]. M. m. mulatta (YN1-5) 124 

and M. m. lasiotis (SC1-4, SX) form the pan-western populations of Chinese RMs, with both 125 

subspecies inhabiting the montane Tibetan Plateau regions with an altitude ≥1500 meters above sea 126 

level in western China and separated from each other by the Yangtze River. M. m. littoralis (AH, 127 

FJ, HB, GX, GZ), M. m. tcheliensis (TH) and M. m. brevicaudus (HN) occur in the eastern coastal 128 

lowland of China and form the pan-eastern population. M. m. tcheliensis from the Taihang 129 

Mountains area (TH) is the northernmost (34°54’–35°16’ N; 112°02’–112°52’ E), while M. m. 130 

brevicaudus, restricted to Hainan Island, is the most southern Chinese RM subspecies.  131 

 132 

Demographic and phylogeographic history 133 

We applied the pairwise sequential Markovian coalescent (PSMC) [26] using ten RM individuals 134 

with an average sequencing coverage depth higher than 20× (one individual of M. m. tcheliensis and 135 

one of M. m. brevicaudus, two of M. m. lasiotis, three of M. m. littoralis as well as three individuals 136 

of M. m. mulatta) to infer the ancient demographic history of Chinese RMs. The inferred PSMC 137 

trajectories were very similar for all analyzed individuals throughout most of the species’ history 138 

until ~110 kya reflecting the species’ cohesiveness (Fig. 2a). The ancient demographic history of 139 

RMs is marked by population fluctuations following the glacial periods during the Pleistocene [27]. 140 

Approximately 800-500 kya all Chinese RMs experienced a population reduction at the time of the 141 

Naynayxungla Glaciation (NG, 780-500 kya), followed by an expansion during the Mid-Pleistocene 142 

inter-glaciation (500-200 kya). This expansion was then interrupted by the Penultimate Glaciation 143 

(PG, 200-130 kya) when suitable habitat might have been lost leading to a population decline [27].  144 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 7 / 23 

 

PSMC analyses also suggested that while M. m. mulatta and M. m. lasiotis stabilized with effective 145 

population sizes somewhere around 110 kya, M. m. tcheliensis, M. m. littoralis and M. m. 146 

brevicaudus went through a dramatic population increase and a subsequent bottleneck reaching a 147 

stable effective population size somewhere around 50-60 kya (Fig. 2a). 148 

    Due to the observed divergence of the five Chinese RM subspecies, we further employed the 149 

joint site frequency spectrum (SFS) approach to model scenarios that could explain the observed 150 

population structure, as well as respective divergence times between the five RM lineages. These 151 

analyses, carried out using fastsimcoal2 [28] produced a significantly better fit of a step by step 152 

divergence scenario than alternative ones (Supplementary Tables 5 and 6, Supplementary Fig. 6), 153 

and support the demographic changes observed with the PSMC analyses. Under this model, 154 

following the divergence between the ancestral lineages of the Indian and Chinese RM (~162 kya), 155 

the ancestor of the M. m. mulatta lineage diverged form that of the remaining Chinese RMs ~140.2 156 

kya near the end of the last interglacial (Fig. 2b) [6, 13]. This divergence was associated with a mild 157 

decrease in effective population size (Ne) of M. m. mulatta with respect to its ancestor. Subsequently, 158 

M. m. lasiotis diverged from the ancestral lineage of pan-eastern RM ~107.1 kya, undergoing a 159 

similar reduction in Ne as M. m. mullata. Contrastingly, this divergence was followed by an almost 160 

doubling of the ancestral effective population size (NA2 =232.5k) of the ancestral pan-eastern RM 161 

lineage (Fig 2b). The divergence time among M. m. tcheliensis, M. m. littoralis and M. m. 162 

brevicaudus was estimated to occurred ~71.7 kya, at the start of the period leading to the last glacial 163 

maximum (fig 2b) [29, 30], and coinciding with a drastic decrease in Ne in these three lineages. 164 

Gene flow after the divergence of subspecies occurred among almost all five lineages. 165 

    A previous study of mitochondrial DNA identified two major haplogroups dividing Chinese 166 

RMs in a western and an eastern clade, and with modern Chinese RMs thought to have undergone 167 

a northward expansion while entering China via two possible routes: the first into the western 168 

mountains and the second following the eastern coast [31]. Our evolutionary model, however, 169 

suggests a “step-by-step” colonization process of RMs into China (Fig 2c). After the divergence 170 

from the Indian population (~162 kya) [6, 13], the ancestor of Chinese RMs colonized the Tibetan 171 

Plateau from southwestern China, and then experienced a range expansion north and eastwards. The 172 

pan-western population (M. m. mulatta and M. m. lasiotis) inhabited the western montane region in 173 

China, while the pan-eastern population (M. m. tcheliensis, M. m. littoralis and M. m. brevicaudus) 174 
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entered the eastern coastal region. Barriers such as the Yellow, Yangtze and Pearl rivers and open 175 

sea (Fig. 1a) led to further differentiation, limiting gene flow among them. Water bodies and 176 

mountains could therefore be described as driving the formation of a habitat ‘lattice’ with the 177 

different subspecies of RMs occupying different grids in the lattice.  178 

 179 

Signatures of selection and local adaptation 180 

The wide distribution of Chinese RMs and their respective contrasting habitat types, as well as their 181 

wide use in biomedical studies, makes them an important case study for the analysis of signatures 182 

of local adaptation to divergent selective pressures [32-34]. We identified putative targets of 183 

selection by carrying out pair-wise comparisons between RM subspecies inhabiting the most 184 

different environments to increase the chance of finding selection signatures, i.e., M. m. tcheliensis 185 

that lives in the northernmost range of the species in the coldest environments, and M. m. 186 

brevicaudus that inhabits the southernmost range of the species in a tropical environment. For each 187 

analysis, we compared the five subspecies using the fixation index (FST) and genetic diversity (θπ), 188 

calculated on 50kb long sliding windows (Fig. 3 and Supplementary Figs. 7-12). The top 5% of the 189 

windows with the largest FST and θπ ratios (θπ2 /θπ1) in each pair-wise comparison were considered 190 

to be potentially under positive selection. For each subspecies, we identified the intersection of 191 

potential selective-sweep regions generated by all the pair-wise comparisons between a subspecies 192 

and each of the other subspecies (four pairwise comparisons in each case) (Supplementary Fig. 7). 193 

We used these consistent selective-sweep regions for further analyses, as they represent robust 194 

putative positively selected regions. The sizes of candidate selective-sweep regions ranged from 195 

0.275 Mb to 8.575 Mb and the number of genes located in these regions, which are expected to 196 

represent targets of selection for each subspecies, varied from 8 to 141 in different subspecies 197 

(Supplementary Table 7). 198 

M. m. tcheliensis from the Taihang (TH) Mountains area is the northernmost population of the 199 

species. The TH mountain are characterized by a continental monsoon climate, and conditions for 200 

RMs are harsh during winter and early spring with average temperatures of –20°C. According to 201 

Bergman’s rule, animals living in cold climates tend to have larger body sizes compared to their 202 

relatives in warm climates (i.e. they have a lower surface area to volume ratio), so they radiate less 203 

body heat per unit of mass [35]. Consistent with this expectation, of all RM subspecies, M. m. 204 
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tcheliensis exhibits the largest body size and mass, the shortest tail length, the longest forearm length 205 

and the largest head and chest circumference (Fig. 3b and Supplementary Table 8) [36,37]. Among 206 

the consistent signatures of positive selection identified in M. m. tcheliensis (128 genes), we found 207 

signatures of selective sweeps in 14 genes linked to limb morphogenesis and bone development 208 

(Supplementary Table 7), which present two highly enriched functional categories, “embryonic 209 

hind-limb morphogenesis” (three genes, modified Fisher Exact P=1.59×10-2) and i.e. “bone 210 

development” (three genes, modified Fisher Exact P=3.40×10-2) (Supplementary Table 9). Among 211 

these genes, Papss2 is known to affect the development of the skeletal system in mouse and human 212 

and Papss2 mutations could cause brachyolmia [38,39], while Sox5 (Fig. 3c, d) plays an essential 213 

role in synovial joint morphogenesis via promoting both growth plate and articular chondrocyte 214 

differentiation [40]. Bcl2 has been shown to regulate chondrocyte maturation during skeletal 215 

development and could influence long bone length [41]. These genes involved in the growth and 216 

development of the skeletal system and appendages are likely contributors to the larger body size of 217 

M. m. tcheliensis, and represent an undescribed adaptive pathway for primates living in colder 218 

climates. 219 

  In contrast, M. m. brevicaudus inhabits the tropical island of Hainan (HN) where it copes with a 220 

mean annual temperature of 24°C. We found 141 putatively selected genes in M. m. brevicaudus 221 

(Fig. 3c, d, Supplementary Table 7), seven of which were found in gene ontology (GO) terms related 222 

to cardiovascular system and blood circulation. For example, Ppp3cb related to GO term “heart 223 

development” and Ctnna3 related to GO term “regulation of heart rate by cardiac conduction” [42]. 224 

In addition, Camk2g and Ero1a are directly involved in the GO terms “regulation of cellular 225 

response to heat” and “response to temperature stimulus”. We thus hypothesize that the 226 

cardiovascular system of M. m. brevicaudus might play an important role in stabilizing body 227 

temperature, assisted by blood flow through different body parts requiring good fluidity and vascular 228 

permeability to transfer heat out of the body [43]. Test of these hypothesis needs further functional 229 

assays, however, these genes, together with the positively selected genes identified in M. m. 230 

tcheliensis, are known to be relevant to human physical function, and thus are likely of importance 231 

in the adaptation of Chinese RMs to different climates.  232 

    Besides the genes related to the adaptation to various climate conditions, we also found positive 233 

selection in genes related to the nervous system. In M. m. littoralis three of the 104 identified 234 
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candidate genes are enriched in GO term “regulation of synaptic plasticity” (modified Fisher Exact 235 

P=1.38E-02; Supplementary Table 10) and four genes are enriched in the KEGG pathway 236 

“serotonergic synapse” (modified Fisher Exact P=2.11E-02; Supplementary Table 10). In M. m. 237 

tcheliensis twelve putatively selected genes (Supplementary Table 7) are involved in the process of 238 

neuron morphogenesis and synaptic transmission, and one of these gene, Clstn2 is 239 

the synaptic protein and reported to play an important role in learning and memory [44]. For M. m. 240 

brevicaudus, seven putatively selected genes related to nervous system development were found. 241 

For example, Dcc is reported to be required for long-term potentiation and memory [45]. Auts2, one 242 

of the eight putatively selected genes in M. m. mulatta, has been shown to regulate neuronal 243 

migration, and mutations in this gene cause mental dysfunction in human [46] (Supplementary Table 244 

7). Our findings suggest that RM subspecies have experienced different adaptive processes in the 245 

nervous system and respective genomic differences should be taken into account when animals are 246 

selected for neurobiological research.  247 

 248 

Disease–causing variants and implication for biomedical research 249 

Given the large evolutionary similarity between macaques and humans, human diseases are better 250 

modeled in RMs than in many other animals. Thus, variants in RMs that match to orthologous 251 

human variants annotated as ‘pathogenic’ are of particular interest. We examined presumed 252 

homologous Chinese RM SNPs in the human genome and a total of 32,845,501 RM SNPs analyzed 253 

in this study were successfully identified in the human genome (hg19). Among these SNPs, 111 254 

variants matched human variants with the accordant reference alleles and alternative alleles were 255 

annotated as ‘disease causing’ in HGMD or pathogenic in ClinVar. Those 111 RM SNPs affect genes 256 

that cause specific human diseases including acromesomelic dysplasia maroteaux type, anonychia, 257 

atransferrinemia, blau syndrome, Carcinoma of colon, Charcot-Marie-Tooth disease, deafness, early 258 

infantile epileptic encephalopathy 7, glycogen storage disease and others (Supplementary Table 11). 259 

Thirty-nine out of these 111 SNPs were identified in previous studies [6], while the remaining 72 260 

SNPs are newly described here. Only seven pathogenic SNPs are shared by all five subspecies, 261 

while 74 are subspecies-specific (Fig. 4c, Supplementary Table 11). For example, the SNP 262 

rs116229331 in the Unc13d gene (human Chr17: 73836585C>T), known to cause juvenile 263 

idiopathic arthritis in humans [47], has a RM homologue (RM Chr16: 71160253C>T, Fig. 4a) that 264 
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is present in M. m. tcheliensis, M. m. brevicaudus and M. m. littoralis, but absent in M. m. lasiotis 265 

and M. m. mulatta. Another pathogenic variant (rs397514345, human Chr3: 15686724 A>C) in the 266 

Btd gene is involved in biotinidase deficiency [48]. Its homologous RM variant (RM Chr2: 267 

157981062 A>C, Fig. 4a) is found only in M. m. lasiotis and M. m. mulatta. In addition, we also 268 

identified 16 non-synonymous SNPs in the Noca3 gene, which encodes a protein that modulates the 269 

replication and transcriptional reactivation of HIV-1 during virus latency [49] (Fig. 4b). Ten of these 270 

16 non-synonymous SNPs are private to one subspecies (Supplementary Table 12). The effects of 271 

these variants on HIV-1 replication and reactivation are unknown and need further investigation, but 272 

the high number of mutations suggests a complex response of the host to the virus.  273 

Overall, these findings suggest that the genomic architecture of Chinese RMs used in 274 

biomedical research and their geographic origin could strongly influence the outcome of biomedical 275 

experiments and should be taken into account when using Chinese RMs in clinical and 276 

neurobiological research. Unfortunately, genome wide screening of RMs used in biomedical 277 

research is so far only rarely conducted and uncharacterized animals are most often used. 278 

Importantly, individuals from all five Chinese RM subspecies are used in biomedical research [50, 279 

51]. Combined with our data, nine of the 26 captive Chinese RMs reported by Zhong et al. [7] were 280 

found to cluster with M. m. littoralis, 16 with M. m. lasiotis and one with M. m. mulatta (Fig. 4d). 281 

Thus, the data and results presented here provide the base date for tracing the origin of captive RMs 282 

and the basis for the selection of appropriate animal models when testing for particular diseases, and 283 

are thus a significant contribution to the “3Rs” principle, which aim to reduce, refine, and replace 284 

experimental animals.  285 
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Conclusion 286 

We present the first description of the evolutionary history and genomic variation of geo-referenced 287 

wild RMs throughout China, including scenarios on potential functions of this variation in 288 

adaptation to local environments. This genomic resource represents a valuable contribution to the 289 

understanding of the biology and evolution of a highly successful and important biomedical research 290 

species. In particular, it is important to note that due to the difference in evolutionary history of the 291 

subspecies identified here, it can be expected that animals originating from different regions may 292 

react differently to experimental tests, and thus their background needs to be assessed beforehand 293 

[10]. Our results highlight the importance that genome typing can play in biomedical research where 294 

animal origins are uncertain, and the resources generated here provide a baseline for genomic 295 

assessment of biomedical research populations, genetic resource conservation and for refined usage 296 

of RMs in future research. 297 

 298 
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Materials and Methods 299 

Ethics statement 300 

The methods were carried out in accordance with the approved guidelines of the Good Experimental 301 

Practices adopted by the Institute of Zoology, Chinese Academy of Sciences (CAS). All 302 

experimental procedures and animal collection were conducted under the supervision of the 303 

Committee for Animal Experiments of the Institute of Zoology, Chinese Academy of Sciences. 304 

Sample Collection and Sequencing 305 

Samples from 79 individuals with information about geographic origin were collected from 17 local 306 

wildlife rescue center, which covered most of the species’ range in China. Muscle samples were 307 

collected from deceased individuals and the blood samples were taken during routine physical 308 

examinations. Total genomic DNA was extracted from blood or tissue samples using standard 309 

phenol/chloroform methods. For each individual, ~3 μg DNA was sheared into fragments of 500 bp 310 

with the Covaris system. DNA fragments were then processed and sequenced using the Illumina 311 

HiSeq 2000 and 2500 platform. Raw reads were first filtered with the following criteria: (1) reads 312 

with unidentified nucleotides (N) exceeded 10% were discarded, (2) reads with the proportion of 313 

low quality base (phred quality <=5) larger than 50% were discarded. After the quality control, a 314 

total of 2,736.91 Gb of high quality sequences with 22.53 billion pair-end reads (100 or 125 bp) 315 

were generated. Furthermore, published genomic data for two individuals were download form 316 

NCBI [9,23] and filtered using the same conditions.  317 

 318 

Sequence Data Pre–processing and Variant Calling 319 

High-quality sequence reads were mapped to the macaque reference genome, rheMac2 [52], using 320 

the Burrows–Wheeler Aligner (BWA) (0.7.10-r789) [53]. Sequence Alignment/Map (SAM) format 321 

files were imported to SAMtools (v0.1.19) [54] for sorting and removing duplicated reads. 322 

Following mapping, we performed SNP calling using SAMTools on autosomal sites only. To obtain 323 

high-quality SNPs, we applied the calling protocol used in Chen et al [55]. The variants were filtered 324 

unless the minimum root-mean-square (RMS) mapping quality was 20. And then variants were 325 

removed if their average Phred scaled base quality was lower than 20 or the distance between the 326 

SNP was less than 5bp. Furthermore, only the variants supported by at least four reads were 327 
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presented for the subsequent analysis. Using SAMTools we discovered 55,404,179 SNPs on the 328 

autosomes of 81 Chinese RMs. Finally, all the SNPs were annotated by ANNOVAR (v2013-06-21) 329 

[56] (Supplementary Table 2). For each individual the heterozygosity was calculated as 330 

heterozygous SNP rate across the whole genome (Supplementary Table 3). 331 

Genetic Diversity and Structure Analysis 332 

A neighbor–jointing (NJ) tree was constructed for the 81 individuals based on the autosomal genome 333 

data using the software TreeBeST. The bootstrap was set to 1,000 times to assess branch reliability, 334 

with the genome information of Indian RMs and M. sylvanus as outgroups. FigTree 335 

(http://tree.bio.ed.ac.uk/software/figtree/, v1.4.0) was used to visualize the phylogenetic tree (Fig. 336 

1b). Population structure analysis was performed using the software STRUCTURE 2.3.4 [27], 337 

which estimates individual ancestry and admixture proportions assuming K ancestral populations. 338 

We ran STRUCTURE five times to assess convergence and tested the number of genetic clusters 339 

(K) from 2-9 (Supplementary Fig. 5). We also carried out a principle component analysis (PCA) 340 

using the smartPCA program from the Eigensoft package (v5.0) [57]. To determine the significance 341 

level of principal components, a Tracy-Widom test was done after the PCA (Supplementary Table 342 

4). Linkage disequilibrium for the different populations was calculated using the haploview software 343 

[58] with the maxdistance set as 500kb (Supplementary Fig. 13). 344 

 345 

Demographic and Divergence Inference Using PSMC and Fastsimcoal2 346 

The PSMC model [24] was used to estimate the population histories from the individual genomes 347 

(sex chromosomes excluded) with the following parameters: –N25 –t15 –r5 –p ‘4+25×2+4+6’. We 348 

assumed a generation length of 11 years and a mutation rate per generation (μ) of 1.0×10-8 [6]. To 349 

ensure the quality of consensus sequences, we used data of ten individuals with an average 350 

coverage >20× (22.20-34.32×). 351 

Due to the limitation of PSMC inference for recent dating, we performed the joint site 352 

frequency spectrum (SFS) approach implemented in fastsimcoal2 [25] to simulate more recent 353 

demographic fluctuations and respective divergence times. For the five identified RM subspecies, 354 

eight alternative divergence scenarios describing the evolutionary relationships of these subspecies 355 

were tested against each other to identify the one that best supports the observed data 356 

(Supplementary Fig. 6). The parameters used in fastsimcoal2 were: -N 100000 (max. number of 357 
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simulations), -L 40 (max. number of EM cycles), - M 0.001 (min. relative difference in parameter 358 

values for the stopping criterion). Multiple replicates with each model starting from different initial 359 

conditions were run to ensure convergence. The best model was addressed through the maximum 360 

value of the likelihoods and the Akaike information criterion [25]. Among all the scenarios tested, 361 

the highest lnL and lowest AIC value was generated under the scenario 2 (Supplementary Table 5). 362 

Based on the best model (model 2) identified in the previous step, a more detailed scenario was 363 

tested including additional population parameters of interest such as effective population sizes, 364 

migration rates. Migration rates were ignored between subspecies which have no direct connection. 365 

The outputs of this scenario were processed with arlsumstat to obtain distributions of various 366 

summary statistics (Supplementary Table 6).  367 

Positive Selection  368 

To identify genomic regions that may have been subject to selection for each subspecies inhabited 369 

in different habitats, we scanned the genome using one-to-one pair-wise comparisons between all 370 

five subspecies. For each pairwise comparison, the differences in genetic diversity between two 371 

subspecies were reflected by pairwise nucleotide diversity (θπ) and the divergence in allele 372 

frequency in two subspecies was quantified by pairwise FST. We calculated θπ for each population 373 

and the FST between the two populations in each comparison using VCFtools [59] with a genome-374 

wide sliding window strategy (50-kb in length with 25-kb step). The FST values were Z-transformed 375 

and the log value of θπ ratio (θπ2 /θπ1) was estimated. Putative selection targets were extracted based 376 

on the top 5% of log-odds ratios for both Z (FST) and log (θπ –ratio). Finally for each subspecies we 377 

used the intersection of putative selected regions generated by all the pair-wise comparisons with 378 

other subspecies as the candidate regions with selective pressure (i.e. consistent signatures of 379 

selective sweeps). Genes located in these regions are expected to represent targets of selection. 380 

Functional classification and enrichment analysis of GO categories and KEGG pathways for these 381 

candidate genes were performed using DAVID (v6.8) [60]. The modified Fisher Exact P-value cut 382 

off was 0.05. 383 

Genomic divergence and implication for biomedical research 384 

A total of 111 out of 55,404,179 RM SNPs analyzed in this study were successfully mapped to 385 

human reference sequence version hg19 (GRCh37) using liftOver (https://genome.ucsc.edu/cgi-386 

bin/hgLiftOver) and were annotated as ‘disease causing’ in HGMD (version 2015.1) or pathogenic 387 
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in ClinVar (downloaded 8/01/2017) (Supplementary Table 11).  388 

 389 

For more details of methods please see supplementary notes in Supplementary Material.   390 
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Figure Legends 552 

Figure 1. Phylogeny and population genetic structure of 81 wild Chinese RMs. (a) Geographic 553 

distribution of RMs in China (gray shadow) and the 17 sampling sites along with their subspecies 554 

assignment. (b) Neighbor-joining (NJ) tree and clustering solution inferred using STRUCTURE and 555 

displaying five populations (inferred with Evanno’s ∆K method; Supplementary Fig. 5). (c) 556 

Principal component analysis plots depicting the first two components (variance explained by PC1 557 

= 6.40% and PC2 = 5.07%). 558 

Figure 2. Demographic history and differentiation scenarios of Chinese RMs. (a) Historical changes 559 

in effective population size reconstructed using the pairwise sequential Markovian coalescent 560 

(PSMC) applied on individual whole genomes for each of the five subspecies. The generation length 561 

(g) and the neutral mutation rate per generation (μ) were assumed to be 11 years and 1.08×10–8, 562 

respectively. The Naynayxungla Glaciation (NG, 780-500 kya), Penultimate Glaciation (PG, 200-563 

130 kya) and Last Glaciation (LG, 70-10 kya) are shaded in gray. (b) Demographic history inferred 564 

by fastsimcoal2. The width of the gray bars and numbers on them indicate the estimated effective 565 

population size. The arrows indicate migration patterns with the numbers above arrows indicating 566 

the average number of migrants per generation between different subspecies. Numbers at the right 567 

show the divergence times between subspecies. (c) Biogeographic scenario for RMs. Chinese RMs 568 

separates from Indian RMs ~ 162 kya [13], followed by further migration into China by the different 569 

RM subspecies indicated with arrows colored following the color key in Fig. 1a. 570 

Figure 3. Genomic regions with selection sweep signals in RM. (a) Distribution of log2 (θπ M. m. 571 

lasiotis/θπ M. m. tcheliensis) and Z (FST) of 50-kb windows with 25-kb steps. Blue dots located in 572 

the selected regions requirement (corresponding to Z test P<0.05, where Z (FST) >= 1.848 and θπ 573 

log-ratio >= 1.203) represent selected windows for M. m. tcheliensis. (b) Morphological comparison 574 

between M. m. tcheliensis and M. m. lasiotis. M and F represent males and females. (c) Example of 575 

genes with selection sweep signals. Sox5, Bcl2 and Papss2 in M. m. tcheliensis and Camk2g and 576 

Ppp3cb in M. m. brevicaudus. FST and θπ log-ratio between the two subspecies are represented in red 577 

and blue, respectively. All values in figure 3c are plotted using 50-kb windows with half steps. 578 

Genome annotations are show at the bottom (black bar, coding sequences (CDS); purple and orange 579 

bar, genes). (d) SNP genotypes in putative selective sweeps containing Sox5, Bcl2, Papss2, Camk2g 580 

and Ppp3cb. 581 
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Figure 4. Population study of putative pathogenic SNPs in Chinese RM subspecies. (a) The site and 582 

frequency of pathogenic SNPs located in Unc13d and Btd genes. (b) Scheme of the Ncoa3 gene in 583 

RM. The positions of nonsynonymous polymorphisms (black) and three amino-acid deletions (in 584 

red) are marked. (c) Private and shared pathogenic SNPs in Chinese RM subspecies (blue: M. m. 585 

tcheliensis; orange: M. m. brevicaudus; red: M. m. littoralis; green: M. m. mulatta; purple: M. m. 586 

lasiotis). The sizes of the areas are not proportional to the magnitude of the numbers. (d) NJ tree 587 

including the 81 Chinese RMs derived from this study, the 26 captive Chinese RMs from Zhong et 588 

al. [7] are indicated by blue dot. 589 
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