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Abstract

Rhesus macaques (Macaca mulatta) are an important primate model species in several areas of 

biomedical research. The wide geographic distribution of this species has led to significant genetic 

differentiation among local and regional populations. These regional differences can be important 

factors in the selection of the most appropriate subjects for particular research studies, as animals 

from different populations can respond differently to the same experimental treatment. 

Consequently, it is valuable to confirm the ancestry of individual rhesus monkeys from 

geographically distinct populations. Using DNA samples obtained from rhesus macaques from six 

National Primate Research Centers, we tested a set of 384 potential ancestry informative single 

nucleotide polymorphisms (SNPs) and identified a final panel of 91 SNPs that can reliably 

distinguish Indian-origin from Chinese-origin rhesus monkeys. This genetic test can be used to 

determine the ancestral origin of animals and to detect individuals that are hybrids between these 

two regional populations. To demonstrate use of the SNP panel, we investigated the ancestry of 

480 animals from the Yerkes NPRC (YNPRC) for which the colony records were insufficient to 

clearly establish ancestry. Three of the YNPRC animals tested were determined to be hybrids. 
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This SNP ancestry tool will be useful to researchers, colony managers, and others who wish to 

evaluate the ancestral origin of individual rhesus macaques, and therefore will facilitate more 

effective and efficient use of these animals in biomedical research.
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Introduction

The rhesus macaque (Macaca mulatta) is the most widely used nonhuman primate species in 

biomedical research. Rhesus macaques provide critical models for studies of infectious 

disease (especially simian immunodeficiency virus infection as a model of HIV-AIDS), 

neurobiology, endocrinology, alcohol and drug addiction, metabolic disease and other 

aspects of human biology and health. This species has the widest geographic range of any 

nonhuman primate, extending from Pakistan and Afghanistan in the west across southern 

Asia to the northern parts of Thailand, Laos, Vietnam and north throughout China south of 

the Yangtze River [Groves, 2001]. Although fully capable of interbreeding, the animals 

from distant parts of this range are genetically distinct. Their anatomical and morphological 

diversity is reflected in taxonomy, with six subspecies recognized [Groves, 2001]. In U.S. 

research colonies, most rhesus macaques are derived from founding animals that were 

obtained from either India or China. While both Indian- and Chinese-origin animals range in 

color from dusty brown to auburn with reddish pink faces, adult Chinese-origin animals are 

generally heavier, with longer limbs and greater head-to-tail length than their Indian-origin 

conspecifics [Clarke and O’Neil, 1999]. This variation in size, external appearance and other 

traits [Champoux et al., 1997; Champoux et al., 1994] reflect underlying population genetic 

diversification dating to at least 160,000 years ago [Ferguson et al., 2007; Gibbs et al., 2007; 

Hernandez et al., 2007].

Importantly for biomedical research, the two geographic populations (Indian and Chinese) 

exhibit phenotypic differences that are directly relevant to their use in experimental studies. 

For example, the different responses to SIV infection in Indian and Chinese rhesus 

macaques lead to strong preferences for Indian-origin animals among researchers working 

on the rhesus model of SIV infection and AIDS [Cohen, 2002; Ling et al., 2002; Trichel et 

al., 2002]. Chinese-derived animals also have an array of MHC class I haplotypes that only 

partially overlaps with that found in Indian-derived animals, suggesting that immunological 

challenges may be processed by the immune systems of the two populations in different 

ways [Karl et al., 2013; Wiseman et al., 2009]. In addition, behavioral traits can differ 

between the two geographic populations as animals with Chinese ancestry exhibit increased 

behavioral reactivity compared to Indian origin subjects [Champoux et al., 1997; Champoux 

et al., 1994]. As a result of these and other biological differences between regional 

populations of this species, investigators frequently prefer to study rhesus macaques of one 

population or geographic ancestry than another.
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However, the ancestry of individual rhesus macaques available for research is not always 

known with complete reliability. While most of the rhesus macaques in U.S. research and 

breeding colonies are Indian-origin animals, in recent years an increasing number of animals 

with Chinese ancestry have been imported into the US [2011]. Incomplete or inaccurate 

animal records can result in macaques of mixed Indian-Chinese ancestry being inadvertently 

incorporated into breeding colonies or experimental protocols. This admixture may not be 

recognized and could influence research results. An inexpensive and accurate genetic test for 

ancestry is needed to allow colony managers, veterinarians and researchers to verify the 

ancestry of individual rhesus macaques. The Genetics and Genomics Working Group 

(GGWG) of the NIH Nonhuman Primate Research Consortium has developed and validated 

such a genetic test, here called the Ancestry Informative Markers (AIMs) test. This assay 

uses single nucleotide polymorphisms (SNPs) that differ in allele frequencies between 

Indian-origin and Chinese-origin rhesus monkeys. The test can be performed in a short time 

using a small amount of DNA and either assigns an individual to one or the other regional 

population, or provides an estimate of admixture. We report here the methods used to 

develop and validate this test. Our intent is to make this assay and the associated analytical 

procedures available to the research community to facilitate the evaluation of specific 

animals for breeding programs and research protocols.

We also describe the use of this test for an extensive analysis of a single rhesus macaque 

breeding colony. The Yerkes National Primate Research Center (YNPRC) rhesus macaque 

colony is typical of those of the eight National Primate Research Centers (NPRCs); while all 

rhesus macaques currently housed at the YNPRC have been bred in captivity, the founders 

of that population were obtained through multiple sources. The YNPRC has acquired 

animals from other NPRCs and from commercial breeding facilities in an effort to increase 

genetic variation within this captive population. While these acquired animals were 

described as of Indian-origin, in many cases inadequate information was available to reliably 

document their ancestry. Therefore, as with other NPRCs, there is interest in validating the 

ancestry of the current YNPRC rhesus macaque colony.

Methods

Candidate SNPs with potential for use in this AIMs panel were identified from re-

sequencing data as described in Ferguson et al. (2007) and Satkoski et al. (2008). A set of 

384 SNPs was chosen for further evaluation based upon identified differences in minor 

allele frequencies (MAF) between Indian and Chinese rhesus macaque populations detected 

in these initial discovery studies [Ferguson et al., 2007; Kanthaswamy et al., 2009].

We next genotyped the 384 candidate SNPs in 341 rhesus macaques from six NPRCs. The 

sample set included animals presumed to be pure Indian or pure Chinese, based on purchase 

records, pedigree data or genotypes at short tandem repeat (STR) loci. DNA samples from 

unrelated animals, as well as 30 sets of trios (sire, dam and offspring), were included as test 

subjects. Finally, DNA samples from a set of 30 known hybrid animals from the California 

and Oregon NPRCs, including animals with 25%, 50% or 75% Indian ancestry, as inferred 

from pedigree data, were also analyzed. Table I lists the number of animals tested from the 

different centers.
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Genotyping was performed at the Oregon Health Sciences University Gene Profiling Shared 

Resource using the Illumina, Inc. (San Diego, CA) BeadXpress Assay, BeadStudio Reader, 

and GoldenGate™ Platform. After initial analysis of the genotype data, we excluded 

individuals that had more than 10% missing genotypes. A total of 336 animals satisfied this 

criterion and were used in subsequent analyses. The genotype data were then used to 

identify the most informative SNPs for ancestry discrimination, using two criteria. First, the 

SNPs were ranked by their information value for discriminating the two ancestral 

populations, an approach that prioritizes SNPs having the largest differences in MAF 

between the two populations [Banks et al., 2003; Kanthaswamy et al., 2009]. Second, we 

considered SNP chromosomal positions to maximize the distribution of SNPs across the 

genome. Through this process we identified a subset of 96 candidate SNPs for inclusion in 

the AIMs panel (Supplemental Table I). The size of the SNP array was designed to achieve a 

balance between the need for accurate ancestry discrimination and the cost of each assay. 

Additional information on these SNPs, including chromosome coordinates and flanking 

sequences, is provided in the Supplemental Table I and II. Chromosomal locations were 

based on the Macaca mulatta genome assembly, rheMac2 (Gibbs et al 2007).

We further tested the reliability of the 96 SNP AIMS panel by re-genotyping a set of 95 

samples consisting of 54 confirmed Indian-origin animals (including 20 samples from the 

Caribbean Primate Research Center (CPRC)), 22 confirmed Chinese-origin individuals, and 

19 hybrid animals based on the initial round of genotyping (Table I). This round of SNP 

genotyping of the 95 samples was performed at a different genotyping facility, the UC Davis 

Genome Center, using the Illumina BeadExpress Assay, BeadStudio Reader and 

GoldenGate Platform as in the first round. We reviewed the genotypes to ensure GenCall 

and GenTrain quality scores were at least 0.60, and that the SNP profiles did not exhibit 

more than 5% missing information.

This AIMS assay was then applied to the YNPRC rhesus macaque colony as a case study 

and to demonstrate the utility of the test. The 480 YNPRC subject animals were selected 

based on the number of offspring each had produced, so as to represent the maximum 

proportion of the total genetic variance present within the YNPRC colony. Genotypes for 

each individual were assigned using Illumina’s GenomeStudio software (an upgrade of 

BeadStudio). Again, individual genotypes or SNPs with quality scores below 0.6 were 

eliminated from further analysis and only animals with at least 95% genotype calls were 

included in the analysis.

Genotype data from each of the above studies were analyzed using STRUCTURE 2.3.3 

[Hubisz et al., 2009; Pritchard et al., 2000]. The program employs a Markov chain Monte 

Carlo (MCMC) method to compute P(X|K), the probability that the data fit the hypothesis of 

K genetically discrete clusters. STRUCTURE also calculates the fractional genetic 

composition of each animal derived from each inferred ancestral population (Q). In this 

analysis, it was assumed that all animals were members of one of two possible ancestral 

populations, i.e. Indian or Chinese (K = 2), or hybrids produced from those two populations, 

with Q defined as the proportion of Indian ancestry. STRUCTURE was run with 5 X 105 

MCMC iterations after a burn-in period of 1 x 105 iterations to ensure that group 

assignments with the greatest probabilities were detected. It was assumed that allele 
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frequencies are correlated among populations and that, despite prior assignment of an 

individual to a specific ancestral population, each individual could have ancestors that were 

derived from both populations. A discriminant analysis of principal components (DAPC), 

which provides a visual and quantitative method for identifying genetic clusters by 

partitioning within- and between-group variance [Jombart and Ahmed, 2011], was 

performed using the adegenet package in R [Jombart, 2008].

All research protocols reported in this manuscript were reviewed and approved by the 

appropriate institutional animal utilization and care committees and adhered to the legal and 

ethical requirements that regulate research with animals in the United States. The research 

also complied with the American Society of Primatologists (ASP) Principles for the Ethical 

Treatment of Non Human Primates as found at https://www.asp.org/society/resolutions/

EthicalTreatmentOfNonHumanPrimates.cfm.

Results

Detailed review of the genotypes generated in the second round of testing identified 3 SNPs 

(CXCL123173, GREM13811 and ZAP1283210) that did not produce reliable genotype calls 

across the two different genotyping centers, and thus they were eliminated from the panel. 

Two X-linked markers (CD40LG:738G and MAOA:116G) were also eliminated from the 

panel. Therefore the final SNP set includes 91 SNP loci. The Supplemental Table II presents 

the chromosome coordinates, alleles, MAF for each ancestral population and ΔMAF values 

(differences in MAF between Indian- and Chinese-origin animals) for the 91 SNPs included 

in the AIMS panel. The ΔMAF values ranged from 0.09 

(X34958656.8.D8YOWMI01A87RR) to 0.69 (FJX13286), with an average of 0.365 

(±0.098).

Overall, the SNP panel performed well in distinguishing animals from the two ancestral 

populations and for identifying hybrid individuals. Within the set of 336 rhesus macaques 

retained for analysis, the majority (93.5%) of animals reported as pure Chinese or pure 

Indian ancestry based on prior records were also classified as purebred using this ancestry 

assay (Fig. 1 and 2). Known hybrid animals exhibited mixed ancestry with Q values ranging 

from 0.171 to 0.846 (Figures 1 and 2).

STRUCTURE analysis provides not only a point estimate for the likelihood of membership 

in each cluster (population), but also the 90% credible interval (CI) for inclusion in each 

cluster. In our study, individuals that were estimated to have 15% or less admixture based on 

AIMS genotypes also had a 90% CI range that included 0% secondary ancestry contribution 

(purebred). Thus, the lower limit for the resolution of hybrid status using this assay was 

established as 15%.

Among the 336 NPRC animals, the AIMS assay identified 20 individuals whose genotypes 

did not correspond with predictions based on colony records or other prior information 

(Figure 1 and 2). These problematic cases provide clear demonstration of the need for and 

value of this SNP ancestry-testing panel. In one case, a DNA sample from an animal initially 

labeled as unmixed Indian-origin was assigned purebred (99.8 %) Chinese ancestry. This 
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sample is labeled “m” in bottom row of Figure 1. It was subsequently discovered that the 

sample had been mislabeled as Indian and is actually of unmixed Chinese ancestry. Another 

sample initially assigned as 25% Indian ancestry (third sample, also labeled “m”, in the first 

row of Figure 1) was subsequently found to have incorrect sire and dam records, and is in 

fact 75% Indian ancestry. These cases provide both a cautionary tale and a series of real-

world examples demonstrating that this panel will be useful.

In all cases in which animals were initially labeled as purebred Indian, but were indicated by 

the SNP testing to be hybrids, subsequent analysis of colony records showed that either a 

parent or grandparent of the predicted hybrid was obtained from breeding facilities outside 

the NPRC system. These acquired breeders were labeled as being purebred Indian origin by 

their suppliers, but our genetic test suggests that this was probably not the case. Thus, 

genetic ancestry testing was immediately useful in these specific cases. In the future, this 

approach can be used to validate the ancestry of individuals prior to their introduction into 

NPRC breeding or research populations.

In the test of the reproducibility of the 91 SNP assay using the 95 individuals selected for re-

genotyping, five DNA samples failed for all 91 SNPs and were thus omitted from further 

analysis. The Q values of all of the unmixed samples were consistent with pure ancestry of 

their assumed countries of origin. All eight of the remaining predicted hybrids identified in 

Round One of our assays that were re-genotyped in Round Two were reconfirmed as 

hybrids (Figure 3). Their Q values range from 0.517 to 0.730. This testing also confirmed 

that one animal, originally thought to be ~25% Indian ancestry, was in fact ~75% Indian in 

both the first pass and confirmatory analysis (animal m in Figure 3).

To demonstrate use of the SNP ancestry assay for extensive analysis of a single breeding 

center, a set of 480 rhesus macaques born at the YNPRC were genotyped using the 91 SNP 

set (Figure 4). The 75 rhesus macaques whose ancestries were re-confirmed in the 

replication study, and the 20 new CPRC animals, were used as a reference panel for 

STRUCTURE analysis in this study. All but three of the YNPRC rhesus macaques were 

unambiguously assigned to the pure Indian subpopulation, having at least 85% probability of 

Indian ancestry. Each of these three animals was subsequently removed from the breeding 

population. In tracing the origin of these animals it was discovered that one of three, as well 

as a common ancestor of the other two, were acquired from a common outside vendor, again 

highlighting the importance of ancestry testing on newly acquired animals.

Discussion

The genetic and physiological differences among rhesus macaques from different parts of 

the species’ natural geographic range are significant enough to influence results in some 

types of experimental studies. The difference in response to SIV infection is the most widely 

cited example (Ling et al. 2002; Cohen 2002; Trichel et al. 2002), but others have also been 

described (Champoux et al. 1994, 1997). Ancestry records for specific animals may be 

incomplete or in doubt, making it useful in some circumstances to confirm the ancestry of 

individual rhesus macaques using a genetic test.
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The SNP-based test described here is capable of distinguishing purebred Chinese-origin 

from purebred Indian-origin rhesus macaques with great reliability. This AIMs test is also 

capable of detecting hybrid ancestry when the proportion of admixture is at least 15%. 

Though no wild-caught animal samples were available for use as controls in this test, the 

overwhelming agreement between the reported animal ancestry and the ancestry predicted 

by this SNP panel across hundreds of subjects provides confidence that the assay correctly 

distinguishes the two ancestral populations of Indian and Chinese rhesus macaques.

There are at least two circumstances in which this genetic test will be valuable to colony 

managers or researchers. First, it can be used to confirm the genetic background of new 

animals introduced into a colony for breeding. If a colony consists of purebred animals of 

one origin, it may be appropriate to test new potential breeders to maintain a population with 

unmixed ancestry. The potential value of this test was unexpectedly demonstrated during 

these development studies, and again in the survey of the YNPRC breeding group, by the 

identification of several hybrid animals originally thought to be unmixed. Second, the test 

will be appropriate in cases where the background of a set of existing research animals, 

based on available records, is in some doubt and documentation from an independent assay 

is desired.

At this time, it is beyond the power of this test to reliably detect low (less than 15%) levels 

of admixture. Thus, it is important to bear in mind that when the result of this test for a given 

animal is either “Indian-origin” or “Chinese-origin,” this actually means that the animal 

shows no evidence of > 15% admixture. Thus, an animal with one great-grandparent (out of 

eight) with a geographic (genetic) origin different from the other seven may be 

indistinguishable from a true purebred individual using this test. In addition, this test cannot 

determine which parent or grandparent contributed the contrasting genetic heritage, though 

direct testing of each of those parents or ancestors would probably provide this information.

While the current panel of SNPs is effective and reliable for the intended purpose, this assay 

could be improved or expanded in the future. Expansion of the AIMs panel by incorporating 

additional informative SNPs would provide increased statistical power that might facilitate 

detection of admixture below 15%. Improved information concerning allele frequencies in 

different parts of the natural range of rhesus macaques would help identify other 

subpopulations with potentially differing allele distributions. The establishment of a well-

characterized reference panel of animals of known and fully confirmed ancestry would also 

ensure the consistency of results across studies.

Finally, as we learn more about the genetic basis of the phenotypic traits that differ between 

Indian and Chinese rhesus macaques, such as their differential response to SIV or 

differences in temperament and behavior, it should be possible to develop a panel of genetic 

tests that includes some of those functionally significant variants. A SNP panel including a 

series of functional variants that drive phenotypic variation might provide more useful 

predictions about the response of specific individuals to certain experimental protocols, 

independent of their overall ancestry. In the long run, researchers may also consider targeted 

genetic testing for specific genetic variants that influence specific phenotypes of interest, as 

compared to testing for geographic origin, which measures underlying, but currently 
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unidentified functional genetic differences between populations. Finally, we note that the 

same type of test could be developed for cynomolgus macaques (M. fascicularis), to 

distinguish among animals born or with ancestry in Indonesia, Malaysia, Indochina, the 

Philippines or Mauritius, and among whom genetic differentiation exceeds that among 

regional populations of rhesus macaques [Kanthaswamy et al., 2008; Smith et al., 2007]. 

This type of genetic test could, in principle, also be developed for different regional 

populations of baboons, African green monkeys, squirrel monkeys or any other primate 

species that exhibits substantial genetic variation among its natural regional populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The fractional genetic ancestry (Q) of each individual rhesus macaque (represented by a 

vertical bar) derived from the calculated Chinese (light grey) and Indian (dark grey) clusters, 

as estimated by STRUCTURE. Thirteen individuals predicted to have greater than 15% 

hybrid ancestry are indicated with an ‘h’. An additional three offspring/parent pairs (‘1/2’, 

‘3/4’, ‘5/6’) with predicted hybrid ancestry are shown. A Chinese rhesus that was 

misclassified as an Indian rhesus and a 75% Indian animal that was misclassified as a 25% 

Indian rhesus are indicated with an ‘m’.
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Fig. 2. 
The first two PCA axes differentiating pure Chinese, Indian and hybrid rhesus macaques 

explain approximately 75% and 15% of the variation respectively.
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Fig. 3. 
The probability of assignment or fractional ancestry (Q) of each individual rhesus macaque 

in the retest panel (represented by a vertical bar) derived from the putative Chinese (dark 

grey) and putative Indian (light grey) samples, as estimated by STRUCTURE. Eight 

individuals are labeled with ‘h’ to indicate that they have greater than 15% hybrid ancestry. 

A 75% Indian animal that was misclassified as a 25% Indian rhesus in Figure 1 is indicated 

with an ‘m’ in this figure.
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Fig. 4. 
With the exception of three individuals, all animals among the YNPRC sample were 

assigned to 85% or greater Indian ancestry and were considered pure Indian ancestry.
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Table I

Source and reported geographic origin of the rhesus macaque samples used in the initial development of this 

SNP assay. The number of samples used for initial testing is listed first and the numbers of samples used for 

validating the AIMs SNP panel are in parentheses.

Source N Origin

NENPRC 50 (13) Indian

WNPRC 50 (6) Indian

ONPRC 19 (2) Chinese

ONPRC 50 (2) Indian

ONPRC 5 (0) 50% Indian

ONPRC 5 (1) 75% Indian

TNPRC 50 (6) Indian

YNPRC 50 (3) Indian

CNPRC 20 (4) Indian

CPRC 0 (20) Indian

CNPRC 5 (5) 75% Indian

CNPRC 10 (9) 50% Indian

CNPRC 5 (4) 25% Indian

CNPRC 22 (20) Chinese

Total 341 (95)
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