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Abstract
Although the rhesus macaque (Macaca mulatta) is commonly used for biomedical research and
becoming a preferred model for translational medicine, quantification of genome-wide variation
has been slow to follow the publication of the genome in 2007. Here we report the properties of
4040 single nucleotide polymorphisms discovered and validated in Chinese and Indian rhesus
macaques from captive breeding colonies in the United States. Frequency-matched measures of
linkage disequilibrium were much greater in the Indian sample. Although the majority of
polymorphisms were shared between the two populations, rare alleles were over twice as common
in the Chinese sample. Indian rhesus had higher rates of heterozygosity, as well as previously
undetected substructure, potentially due to admixture from Burma in wild populations and
demographic events post-captivity.
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1. Introduction
Genomic characterization of the rhesus macaque (Macaca mulatta) has been underway since
a complete genome sequence was published in 2007 [1], and is now progressing to a
massively parallel scale. The National Center for Research Resources (NCRR) at the NIH
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currently sponsors six rhesus macaque Working Groups (WGs), one of which, the Genetics
and Genomics WG, has assumed the stated goal of instituting uniform SNP-based genetic
characterization protocols for parentage testing, ancestry determination and population
genetic assessments [2]. In addition, several research groups are in the process of
quantifying genomic variation in captive populations of rhesus macaques [3–5]. The data
presented here were collected as part of a larger project to discover, quantify and validate
single nucleotide polymorphisms (SNPs) in regional populations of rhesus macaques
included in captive breeding populations in the US.

The rhesus macaque is an underused model in biomedicine [6], given that most captive
colonies maintain extended multi-generational pedigrees, collect detailed phenotypic data
and curate extensive veterinary records, making it suitable for many studies requiring both
familial data and/or quantified phenotypic or genetic variance and a complex mammalian
system. Approximately six million mice are involved in biomedical research in the United
States [7] while the number of nonhuman primates is less than 1/100th of that number [8].
Rhesus macaques specifically comprise even less than that proportion, although they are the
most widely used non-human primate model for biomedical research.

Rhesus macaques have been shown to be an effective and adaptable research model, with
applications for multi-factorial diseases, including endometriosis, type 2 diabetes and
asthma [6] as well as for determining the genetic basis of behavior and gene by environment
interactions [9]. Rhesus macaques have demonstrated success as a translational model,
especially in testing delivery methods for gene therapies, for example, Duchenne muscular
dystrophy [10], artherosclerosis [11], muscular degeneration [12] and L-Dopa-induced
dyskinesia [13]. In addition, recent translational studies have demonstrated the efficacy of
microbicide cells containing anti-retroviral drugs in mucosally challenged macaques both
vaginally [14] and rectally [15], demonstrating the impact of macaque research on the
development of cost-effective strategies to prevent HIV transmission in humans.

The most common area of research utilizing rhesus macaques is microbiology, including
HIV/AIDS [16]. Rhesus macaques have been heavily used in HIV drug and vaccine
initiatives, especially the STEP vaccine trial, which used a non-replicating recombinant
adenovirus 5 (rAD5) vector to stimulate T-cells. Phase 2b trials sponsored by Merck and the
National Institutes of Health (NIH) were terminated when it was determined that the vaccine
did not provide protection against infection, nor did it reduce viral loads post-infection [17].
Haigwood [18] noted that even in the non-human primate trials, viral load was reduced by
several orders of magnitude in animals infected with the chimeric human/simian virus
SHIV-89.6P but not when infected with the more virulent SIVmac239 and the progression to
human trials was overly optimistic. The difference in immune response underlines the point
that successful application of animal models will only come from a more sophisticated
understanding of host genetics. Unlike Drosophila, C. elegans or the mouse models, there is
no central curated resource for genomic and phenotypic information (flybase.org,
wormbase.org and www.informatics.jax.org, respectively) on the rhesus macaque model.
The development of such a resource would encourage collaboration between biomedical and
genetic research, allowing greater integration of phenotypic, immunological and genomic
information.

In this study we focus on curating genomic information and report SNP discovery and
validation in rhesus macaques. As we develop rhesus macaques as a research resource we
will expand available information to include identification and quantification of copy
number variants, location of population-specific genomic rearrangements, and other
genome-level factors known to influence phenotype. The greater availability of these data
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will make rhesus macaques an even more attractive research model for genetic
epidemiology, multi-factorial disease and translational medicine.

2. Methods
Our method of SNP discovery is described in detail in Malhi, et al. [19]. A DNA sample
from a female rhesus macaque of western Chinese origin was submitted to 454 Life
Sciences (Roche Diagnostics, Branford, CT) for large-scale parallel pyrosequencing,
producing a total of 339,967 reads with an average read length of 104 bp. The reads were
aligned against the published rhesus genome version 1.1 [1], known to be derived from an
Indian-origin animal. This alignment identified approximately 23,000 prospective
polymorphisms.

Malhi et al. [19] described the discovery of approximately 23,000 candidate SNPs
distributed throughout the rhesus macaque genome. Our goal was to select and validate
markers distributed approximately 1 megabase apart from this pool of candidates. However,
the median distance between adjacent candidate polymorphisms is only 65 kilobases
(mean=125 kilobases ±223 kb), indicating that the majority of candidate markers were far
too close together for the construction of an equidistantly spaced SNP map and thus the
actual number of suitable markers for such a map was much smaller than 23,000.
Accordingly, 8342 of these candidate SNPs were selected for validation by identifying the
most proximal polymorphism on each chromosome and polymorphisms spaced
approximately 1 megabase apart across the entire sequence. When probes for the
polymorphisms were not designable on the Illumina GoldenGate™ platform, failed to
amplify during the genotyping reaction or did not show any segregating polymorphisms in
the genotyped individuals, the nearest verifiable polymorphism, either upstream or
downstream, was included instead.

Quality-screening of the candidate SNPs is described in Satkoski et al. [4]. Polymorphic
locations with pyrofragment Phred scores less than 20 and only a single overlapping
fragment were discarded. For the remaining putative polymorphisms, the chromosome and
nucleotide position of each fragment containing a candidate SNP within the rhesus genome
was confirmed with the genome BLAST [20] function of the National Center for
Biotechnology Information website (NCBI, www.ncbi.nlm.nih.gov). Fragments that were
confirmed as single copy and produced a high-quality (+98%) match to the rhesus genome
were selected for further analysis. Fifty-two of the 8342 candidate markers selected for
validation produced no BLAST matches and 3494 produced multiple BLAST hits,
suggesting that the sequence flanking the polymorphism is repetitive or exists in multiple
copies, leaving 4796 SNPs for validation.

We employed Illumina (San Diego, CA) GoldenGate technology to genotype the resulting
candidate markers. Of the candidates, 125 could not be incorporated into the Illumina oligo
pool (OPA), resulting in 4671 markers submitted for validation. These markers were
genotyped on both the BeadXPress (with one 96-plex OPA and four 384-plex OPAs) and
the iScan platforms (with two 1536-plex OPAs). The individuals selected for genotyping
were, to the best of our knowledge, not first or second degree relatives; sample information
is shown in Table 1. These animals were either imported directly from the country of origin
(VBS, TSS) or had sufficient colony documentation to support their assignment to the
appropriate region (CPRC, UM, ONPRC and CNPRC). In addition, all individuals had been
sequenced for a 830-bp section of the mitochondrial genome [21] and 24 nuclear
microsatellite loci [22], used to confirm their assignment to a specific geographic region
(partial data presented in Satkoski Trask et al. [23], additional data not shown).
Approximately 5% of the markers and at least two individuals were chosen at random and
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duplicated across each OPA and each run as controls. Of the genotyped markers, 365 did not
meet the minimum quality (GenTrain) score of 0.4 and were excluded from further analysis.
An additional 266 markers exceeded the maximum 5% missing genotype criterion and were
also excluded, leaving a total of 4040 validated SNPs.

Minor allele frequencies (MAF) and observed heterozygosities were calculated with PLINK
1.06 (http://pngu.mgh.harvard.edu/purcell/plink, [24]). Principal component analysis (PCA)
was performed with the adegenet 1.2–8 package for R [25] to identify genetic structure
within the data independently of a priori assignment to a particular geographic origin or
breeding center. To identify which markers were located within genes, SNPs were localized
relative to known genes using the RefSeq Genes track for the MGSC Merged 1.0/rheMac2
assembly of the rhesus macaque genome in the UCSC Genome Browser
(http://genome.ucsc.edu [26, 27]) through the Galaxy web interface [28, 29].

Once validated, information on each polymorphism was submitted to the dbSNP online
database (http://www.ncbi.nlm.nih.gov/projects/SNP). Information on each SNP described
herein, including chromosome and nucleotide position, dbSNP ss#, flanking sequence and
MAF values from the Indian and Chinese samples can be found at
http://primate.bioinformatics.ucdavis.edu, a custom UCSC Genome Browser instance.

Linkage disequilibrium (LD) was measured as r2, the correlation coefficient between the
allele frequencies of the two markers [30], and calculated with Haploview [31]. Only
pairwise LD calculations with non-zero T-int values were considered; T-int is a statistic used
by the HapMap project that measures the completeness of information provided by a set of
markers in a genomic region [31]. For both the Indian and Chinese samples, markers were
sorted into MAF bins of 0.1, 0.2, 0.3, 0.4 and 0.5. The r2 values were filtered to include only
markers in the same

MAF bin to create frequency-matched pairs [32]. By comparing the positions of the markers
in the frequency-matched pairs to the MGSC Merged 1.0/rheMac2 version of the rhesus
genome on the UCSC genome browser (http://genome.ucsc.edu), it was determined that all
were located outside of known genes. Hernandez et al. [33] used SNPs located in ENCODE
regions to estimate that LD in rhesus macaques decayed completely by 50 kb; we considered
all frequency-matched pairs regardless of distance to ensure that we captured the point at
which LD reached zero.

3. Results
Of the 8342 markers chosen for validation, 4040 (40%) met all the QC and genotype
standards. These SNPs are distributed throughout the genome, located on all 20 autosomes
and the X chromosome. We have validated one SNP approximately every 723 kilobases
(±142 kb) on the autosomes, and one SNP approximately every 1.9 megabases on the X
chromosome. No SNPs were discovered on the Y chromosome due to the lack of a
published Y chromosome sequence. The number and spacing of SNPs on each chromosome
is shown in Table 1. Of the 4040 validated SNPs, 80 (2%) were located in 76 different
genes.

Of the 4040 markers, 2760 (68%) were polymorphic in both the Indian and Chinese
samples. Thirteen percent of the markers were polymorphic only in the Chinese sample,
compared to 19% of the markers polymorphic only in the Indian sample. The MAF
distributions for both the Indian and Chinese samples are shown in Figure 1. The average
MAF for the Indian sample was 0.19, compared with 0.17 in the Chinese sample. This
difference is statistically significant (p<0.000001, two-sample t-Test, unequal variances).
Not only are the average MAF value and proportion of population-specific SNPs higher in
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the Indian sample, but, as shown in Figure 1, many more markers are of high frequency in
the Indian sample with a corresponding low frequency in the Chinese sample than the
reverse. Of the 3023 markers polymorphic in Indian animals, 308 (10.2%) were below 5%
minor allele frequency, compared with 767 (23.0%) of the 3336 markers polymorphic in
Chinese individuals. Of the markers polymorphic in both populations, only 65 (2.4%) had a
minor allele frequency below 5%. Differences in observed heterozygosity are shown in
Figure 2. The average heterozygosity for the Chinese sample was 0.22, while the average
heterozygosity in the Indian sample was 0.24. This difference was statistically significant
(p<0.0001, two-sample t-Test for equal variances).

The r2 values for the two samples are shown plotted against distance in Figure 3. Six
hundred and twenty-five marker pairs met the stated criteria in the Indian sample, compared
with 724 marker pairs in the Chinese sample. We fit logarithmic, exponential and linear
models to the data and found that the logarithmic model had the greatest predictive power.
Using the appropriate equation for each population, we calculated the slope and x intercept
of the logarithmic regression line, which allowed us to estimate the value of r2 at 10 kb
(x=10) as well as the point at which LD dissipates completely (x intercept). For the Indian
sample, r2 at 10 kb was 0.54, compared to 0.30 for the Chinese sample. LD was predicted to
reach 0 at 582.55 kb and 1.81 Mb, respectively.

The results of the PCA analyses are illustrated in Figures 4 and 5. PC1 represents 24.7% of
the total sample variance, and PC2 and 3 represent 3.2% and 2.9%, respectively. As shown
in Figure 4, the Chinese and Indian sample sorted cleanly, with the exception of individual
22375. This individual was classified as Indian and determined to have the Ind2
mitochondrial haplotype that is relatively rare (5%) in Indian rhesus macaques yet fixed in
Burmese [21] and Bangladesh [34] rhesus macaques. Given that there appears to be
structure in the Indian sample along the PC2 axis, we plotted PC2 against PC3 in Figure 5.
These individuals form at least three, possibly four, distinct clusters unrelated to
mitochondrial haplotype or geography: one cluster consisting solely of Ind1 animals from
the CPRC, one cluster containing CPRC animals and Ind2 individual 22375 and one
containing both Ind1 and Ind2 animals from the other sample sources.

4. Discussion
Of the SNPs chosen for validation, 42% were rejected due to their location within duplicated
or repetitive regions, as reported by a BLAST search against the rhesus macaque reference
genome. The human genome is composed of approximately 50% repetitive sequences [35],
and the amount of repetitive DNA in the rhesus macaque is comparable [1] although the
proportion of this sequence attributable to segmental duplication (2.3%) is substantially
lower than the comparable values for humans and chimpanzees. Therefore, the percentage of
markers rejected due to their location in a repetitive or duplicated region is reasonable. This
high rate of failure for marker validation seems to be an innate quality of the primate
genome [35] rather than an issue with the validation method, and should be taken into
account when researchers seek to estimate the number of usable markers resulting from any
SNP discovery effort.

Previously undetected flanking polymorphisms in the Indian and Chinese samples or
repetitive DNA sequence not reflected in the published genome are potential explanations
for the 365 markers (an additional 4% of the markers originally selected for validation) that
failed to meet the GenTrain quality threshold during Illumina GoldenGate genotyping. A
much smaller proportion of markers chosen for validation (1%) failed during the probe-
design process. A probe design failure (as opposed to a polymorphic site that is designable
but flagged with a warning) is likely due to low sequence complexity in the flanking region
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(Illumina Technical Note: Designing Custom GoldenGate® Assays). These failures
highlight the importance of genomic completeness and adequate genome annotation during
SNP map construction. The available annotation of the rhesus macaque genome has not
been updated since its release in 2006 [36]. Although, as demonstrated here, it is possible to
identify sequence regions inappropriate for SNP genotyping through genotype failure or
low-quality scores, bioinformatic screening of markers prior to wet lab validation is much
faster and massively more cost effective.

The largest collection of rhesus macaque SNPs was previously published by Hernandez et
al. [33]. Their sample included nine individuals from China (seven from Suzhou, one from
Kunming and one from Guangdong) and thirty-eight individuals of Indian origin, the
ancestry of most of which could not be attributed to a specific geographic region. Hernandez
et al. [33] sequenced five ENCODE regions in 166 non-overlapping windows, resulting in
the discovery of 1,476 SNPs. In contrast, our study includes 50 individuals, with Chinese
and Indian individuals equally represented. Simulations of LD using simulated data have
suggested that sufficient sample size is an important consideration when designing a study
of linkage disequilibrium, since insufficient population representation can fail to capture
recombination events and overestimate haplotype block size [37]. Fifty individuals (or 100
chromosomes) are generally considered to be the minimum viable sample size for estimating
LD around common alleles, a number confirmed by studies of LD in human populations
[38].

Hernandez et al. [33] did not report the individual heterozygosity or MAF values of their
reported markers but noted that very few of the SNPs were shared across populations. Only
33% of their markers, compared to 68% in the present study, were shared between both
populations, while 61% and 39% were found only in the Chinese and Indian samples,
respectively, compared to 13% and 19% in our study. A comparison with the baboon
genome (to infer the ancestral state) determined that the Chinese population contained an
excess of rare markers under the assumption of constant population size, while the Indian
sample contained many SNPs of intermediate and high frequency. A much greater
proportion of the markers examined in our study were polymorphic in both the Indian and
Chinese samples, and the proportion of markers that were population specific much smaller.
This difference is probably largely due to a bias towards the discovery of high MAF, shared
SNPs inherent in our discovery method [23]: the comparison of just two individuals, one
Indian and one Chinese, led to preferential discovery of high frequency polymorphisms
shared between the two populations. Low frequency polymorphisms had a lower probability
of discovery, while discovery of SNPs polymorphic only in the Indian or Chinese
populations required the sequenced individual to be a heterozygote. This phenomenon is
probably exacerbated by the fact that the Indian genome used for alignment represented only
a single strand and thus, could not be heterozygotic. Another factor that potentially
contributes to this difference is the larger, more geographically variable composition of our
Chinese sample. A third likely explanation is the difference in marker location: while the
markers described in Hernandez et al.’s study were located entirely in ENCODE regions,
only 2% of the markers in our study are located in coding regions and probably less subject
to the action of selection on the Indian and Chinese rhesus macaque populations. One result
of this study did reproduce the results of Hernandez et al., specifically, the paucity of
intermediate and high-frequency alleles in China, relative to the Indian sample. As
illustrated in Figure 1, while markers with low MAF in the Indian sample also tended to
have a low MAF in the Chinese sample, the converse was not true. Rare alleles (MAF equal
to or less than 5%) were over twice as common in the Chinese sample, relative to the Indian
sample. This pattern is consistent with a genetic bottleneck in Indian (but not Chinese)
rhesus macaques that eliminated some of the rare alleles in their common ancestors, as
speculated by Hernandez et al. [33].
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As shown in Figure 3, and in agreement with Hernandez et al. [33], linkage disequilibrium
dissipates much more rapidly in Indian rhesus macaques compared to their Chinese
counterparts. The linkage distance in the Chinese sample was over twice that of the Indian
sample, although both were much greater than predicted by Hernandez et al. [33], making it
difficult to assess the impact of admixture of the Indian sample with rhesus macaques
dispersing from the east carrying the Ind2 mtDNA haplogroup. The LD values reported by
Hernandez et al. [33], r2 at 10 kb of 0.15 and 0.52 for Chinese and Indian rhesus macaques,
respectively, were somewhat different from those estimated in the present study (r2 at 10 kb
of 0.30 and 0.54, respectively), although more so for the Chinese animals. This difference
may be due to the fact that only nine Chinese individuals were included in the former study,
compared to 38 Indian individuals, raising the possibility that Chinese recombinants were
identified at a lower rate. Also probably contributing to the difference is the fact that LD in
the Hernandez et al. [33] study was calculated from SNPs in ENCODE regions, while the
frequency-matched LD values presented here eliminated all comparisons of markers located
within the same gene and contained only LD measurements from SNPs in non-coding
regions.

Consistent between the two studies was the substantial difference between LD in the Indian
and Chinese rhesus macaque samples. The longer linkage distance observed in Indian rhesus
could potentially be due to nuclear genetic admixture with Burmese rhesus, via the
Bramaputra River [21]. Additionally, a selective sweep, or local reduction in genetic
variation, can be caused by the rapid fixation of a beneficial mutation, resulting in high LD
around the site of this mutation [39]. If the selective sweep happened quickly, local variation
will diminish to zero, followed by the re-accumulation of variation through novel mutation
and recombination, leading to an overabundance of rare alleles. In human populations,
researchers have identified incomplete selective sweeps around the genes for lactase (LCT)
and glucose-6-phosphate dehydrogenase (G6PD), displaying haplotypes that appear to be
selection, but have not yet reached 100% frequency. This process produces a pattern of
locally identical haplotypes segregating at high frequencies, with the other haplotypes
displaying normal variability [40]. Preliminary analysis of LD in geographically and
phenotypically variable rhesus macaques have identified regions potentially under selection
in Indian, but not Chinese populations, which could contribute to the large difference in
linkage distance [41]. Although the measurements of LD presented here and in Hernandez et
al. [33] provide insight into the differing evolutionary histories of the Indian and Chinese
rhesus populations, a true linkage map will not be possible until these SNPs can be
genotyped in extended families [42].

Although the differentiation between the Indian and Chinese samples was quite strong and
consistent with previously reported results [4, 23], two results unique to the present study
are the greater heterozygosity in Indian than in Chinese rhesus macaques and the presence of
population structure of unknown source in the Indian sample (Figures 4 and 5). Previous
studies of microsatellite (STR) markers [43], mtDNA sequence [22] and SNPs in the 3’ ends
of rhesus macaque genes [3] and ENCODE regions [33] have reported higher levels of
heterozygosity in Chinese than in Indian rhesus macaques. While the majority of the Indian-
origin animals sampled by Hernandez et al. [33] came from the Yerkes National Primate
Research Center, most of the Indian-origin animals in the present study were selected from
the Caribbean Primate Research Center (CPRC). Figure 4 shows that the individuals form
several distinct clusters along PC2, and this continuum is also visible along PC3, with the
CPRC individuals forming two groups, exclusive of the Indian-origin animals from the
University of Miami (UM) and the Oregon National Primate Research Center (ONPRC). In
contrast, the individuals from the latter two centers are far less differentiated than the
individuals in the UM and ONPRC colonies. While individual 22375 appeared to be of
Chinese origin, it clusters with other individuals of Indian origin in Figure 4, consistent with
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the hypothesis that the IND2 haplotype originated in Burma with these individuals serving
as a source of novel alleles in the Indian population. We have previously reported the
presence of a historic signal of Chinese admixture among individuals of haplotype IND2
from ONPRC [44] using a smaller set of 829 SNPs.

The early history of the CPRC colony is described in detail by Carpenter [45], Buettner-
Janusch et al. [46] and Johnsen [47]. The population was initiated in 1938/1939 with the
release of 409 individuals, 14 gibbons and three Macaca nemestrina on the island of Cayo
Santiago, off the southeastern coast of Puerto Rico. The population in March of 1940 was
approximately 350 animals, but this had dropped to 150 prior to 1956 but grew to 791 by
1968. In 1970, when the colony on Cayo Santiago became part of the CPRC, the population
was reduced to 333 animals. A genetic study of the transferrin locus by Buettner-Janusch et
al. [46] conducted both before and after the 1970 population reduction found that although
the allele frequencies had not changed significantly, the total number of transferrin
phenotypes had fallen from 15 to 12. Olivier et al. [48] confirmed this result with low Fst
values among social groups calculated from the serum protein transferrin and the isozymes
carbonic anhydrase II and 6-phosphogluconate dehydrogenase. In contrast, Duggleby [49]
found that the red blood cell phenotypes I, J, K, L, P and Q were significantly heterogeneous
over social groups. These early protein polymorphism studies suggest, as do these results,
that although the complicated demographic history of the CPRC has not significantly
impacted variation of selectively important loci, the impact on neutral loci, or loci under
weak selection, could be profound. Although Indian rhesus within US breeding colonies are
generally considered to be far more genetically homogeneous than their Chinese
counterparts (who are often recently imported or the offspring of imported animals), the
results of our study call this into question and demonstrate cryptic population structure in
Indian rhesus macaques; the importance of this structure on the phenotypic and
immunological variance within the US captive Indian-origin rhesus population is difficult to
gauge at this point.

4. Conclusions
Forty-two percent of SNPs selected for validation were rejected due to their location in a
duplicated or repetitive region, confirming estimates that the amount of repetitive DNA in
the rhesus macaque genome is comparable to that in humans. Unlike previously published
reports of SNP variability in rhesus macaques [33], the majority of polymorphisms were
shared between the Indian and Chinese samples. Rare alleles were over twice as common in
Chinese rhesus. Linkage disequilibrium was much stronger in the Indian sample relative to
the Chinese sample, potentially due to a combination of admixture with rhesus macaques
from Burma and differential selection on Indian populations. Although a paucity of rare
alleles in the Indian sample is consistent with the hypothesis of a bottleneck in this
population, high heterozygosity and the presence of previously undetected substructure
indicates that Indian-origin rhesus macaques in US breeding centers may contain cryptic
genetic variation. The results of this study underline the importance of quantifying genomic
variation present in biomedical research models, especially as the rhesus macaque increases
in popularity as a translational model.
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Highlights

• We validated 4040 SNPs in a geographically variable sample of rhesus
macaques.

• Chinese rhesus had a greater proportion of rare alleles than Indian-origin rhesus.

• Linkage disequilibrium was much greater in the Indian sample.

• The Indian sample was more heterozygous.

• The Indian sample possessed previously undetected population substructure.
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Figure 1.
Distribution of minor allele frequencies in the Chinese and Indian samples. Mean minor
allele frequency is significantly different (p<0.01).
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Figure 2.
Histograms of observed heterozygosity in the Chinese and Indian samples. The mean
heterozygosities for the two samples are statistically significantly different (p<0.01).
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Figure 3.
The decay of linkage disequalibrium in the Indian and Chinese samples. R2 values are
calculated for frequency-matched markers located on the same chromosome. The x intercept
of each line marks the complete disintegration of linkage disequilibrium.

Trask et al. Page 15

Genomics. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Principal component analysis of Indian and Chinese rhesus macaques. Principal component
(PC) 1 separates Indian from Chinese individuals with the exception of sample Orhs22375.
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Figure 5.
Differentiation within the Indian samples shown by PC2 and PC3 in the principal
component analysis.
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Table 2

The number of markers on each chromosome and the average distance between markers.

Rhesus Chromosome Number of SNPs Mean Gap (Kb) Median Gap (Kb)

1 344 664.57 511.01

2 315 600.81 494.68

3 288 681.46 538.90

4 258 647.70 509.50

5 280 651.23 542.89

6 272 648.67 522.97

7 273 618.72 543.87

8 214 688.63 593.58

9 201 662.12 484.88

10 138 685.66 550.93

11 207 652.38 543.18

12 154 677.20 551.21

13 214 636.28 497.95

14 151 881.63 633.93

15 158 695.24 625.23

16 101 784.60 789.43

17 152 618.62 531.11

18 81 894.22 758.78

19 53 1194.82 769.40

20 101 871.52 571.50

X 82 1862.98 1371.66

Grand Mean Grand Median

777.10 543.87
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