The Rhesus Macaque Genome
Fig. 3. Median-joining network of
OWM-specific Alu subfamilies. Subfamilies are represented by circles.
The length of the lines corresponds
to the number of substitutions, and
the scale of a single substitution is
shown in the upper left corner.
Broken lines indicate segments not
drawn to scale. Gray circles represent all subfamilies belonging to the
AluYRb lineage containing a 12-bp
deletion. Red-edged circles denote
the youngest Alu subfamily within
each lineage, and the blue-edged
circle indicates the AluY subfamily
consensus sequence.
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and Indian Rhesus Macaques
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To understand the demographic history of rhesus macaques (Macaca mulatta) and document the
extent of linkage disequilibrium (LD) in the genome, we partially resequenced five Encyclopedia
of DNA Elements regions in 9 Chinese and 38 captive-born Indian rhesus macaques. Population
genetic analyses of the 1467 single-nucleotide polymorphisms discovered suggest that the two
populations separated about 162,000 years ago, with the Chinese population tripling in size since
then and the Indian population eventually shrinking by a factor of four. Using coalescent simulations,
we confirmed that these inferred demographic events explain a much faster decay of LD in Chinese
(r2 ≈ 0.15 at 10 kilobases) versus Indian (r2 ≈ 0.52 at 10 kilobases) macaque populations.
hesus macaques (Macaca mulatta) and
humans shared a most recent common
ancestor (MRCA) ~25 million years ago
(Ma), and our genomes differ at <7% of nucleotide
bases (1). Rhesus and humans, therefore, share a
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large number of fundamental biological characteristics, including many underlying genetic and
physiological processes that lead to disease. For
this reason, rhesus macaques have become a model
organism for vaccine research (2, 3), as well as
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studies of normal human physiology and disease.
Although previous studies of genetic variation in
rhesus have described >300 microsatellite polymorphisms (4, 5), identifying specific genetic risk
factors for disease requires a much greater
resolution of genetic variation across the genome.
The current geographic range of rhesus macaques is larger than any other nonhuman primate, stretching from western India and Pakistan
to the eastern shores of China (Fig. 1). Fossil
records suggest that the genus Macaca originated
1
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individuals is essentially zero (i.e., the insertions
are identical by descent) (27, 28). Altogether,
understanding the mobile-element landscape in
primates is not only important for biologists but
also crucial for biomedical researchers using
primate animal models.
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in gene-linked regions (10) suggest moderate levels
of genetic differentiation between captive-born
Indian and Chinese rhesus populations. Developing a more thorough understanding of genetic
variation within and between these two populations
has important implications for biomedical research.
For example, when infected with the simian immunodeficiency virus, animals from Chinese
populations develop AIDS-like symptoms more
slowly than animals from Indian populations (3).

in northern Africa approximately 5.5 Ma, followed by migration through the Middle East and
into northern India by ~3 Ma (6). By ~2 Ma, macaques had traversed most of China and reached
the Indonesian archipelago, where the putative
ancestral species of rhesus macaque, M. fascicularis, is thought to have originated (6, 7).
Previous studies of mitochondrial DNA (8),
major histocompatibility complex (MHC) alleles
(9), and single-nucleotide polymorphisms (SNPs)
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Fig. 2. (A) The marginal frequency spectrum of derived mutations for each population (shown as
expected proportions in a subsample of 10 chromosomes by integrating over possible configurations of
observed and missing data, with the total number of SNPs in parentheses) and the expected distribution
under the standard neutral model (SNM) of constant size. (B) A “topographical map” of the joint sitefrequency spectrum for the two populations, with darker tones representing frequency pairs with few
SNPs, and lighter tones representing frequency pairs with many SNPs.
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Fig. 1. The current geographic range of rhesus macaques [green, redrawn from (20)] with the
inferred demographic history and the sample locations superimposed. The geographic location of
the MRCA is based on (4).

We have identified 1476 SNPs by sequencing >150 kb of DNA across five Encyclopedia of
DNA Elements (ENCODE) (11–13) regions
located on separate autosomal chromosomes in
nine captive-born from wild-caught Chinese and
38 captive-born Indian rhesus macaques. The
Chinese animals derive from three distinct geographical sites, whereas the Indian animals came
from three different colonies in the United States
(Fig. 1). Individuals were chosen to represent
rhesus macaque populations that are currently
being studied by the international community and
to minimize relatedness in the sample [with most
individuals in the study being unrelated back to the
founding of the colony into which they were born,
and none having a shared grandparent (13)]. In our
sample of 1476 SNPs discovered, only 486 (33%)
were shared across both populations, whereas 604
were found only in the Chinese population (61%
of 1090 SNPs observed) and 386 were found
only in the Indian population (39% of 872 SNPs
observed). The frequency distribution of derived
mutations across SNPs [using DNA sequence
from the ENCODE project for baboon, Papio
cynocephalus anubis, to infer the putative ancestral
state (13)] shows that the Chinese population harbors an excess of rare SNPs relative to a population
of constant size, whereas the Indian population has
too few rare and too many intermediate- and highfrequency–derived SNPs (Fig. 2A). The observed
disparity in SNP density (7.25 SNPs per kb for
Chinese versus 5.8 SNPs per kb for Indian) in the
two populations suggests that the effective size of
the Chinese population is much larger than the
Indian population, given that the Indian sample
size is four times as large as that of the Chinese.
We observed a moderate level of population
structure between the Indian and Chinese samples,
as measured by Wright’s FST statistic (average
FST = 0.14; SD = 0.11; range = –0.024 to 0.645)
(Fig. 3A). Furthermore, the Bayesian clustering
program STRUCTURE (14) clearly separates
Chinese and Indian individuals when assuming
two clusters (Fig. 3B), and considering more
clusters does not significantly improve the fit of
the model. We found only one Chinese individual
with a marginal amount of Indian ancestry (8.5%,
sampled from Suzhou) and eight Indian individuals with more than 5% Chinese ancestry [max
16.8%, including animals from all three primate
centers (13)]. These low levels of admixture
suggest that recurrent migration between the
populations has been minimal. Moreover, the
two populations were clearly distinguished by
principal components analysis (15) along the first
two axes of variation (Fig. 3C). Interestingly, the
second component also separates one Chinese
individual (sampled from Suzhou) from the others,
which suggests that further population substructure may exist. Although this individual is
not differentiated from other Chinese-origin animals in the STRUCTURE analysis, it may,
nonetheless, harbor alleles from an unsampled
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Chinese subpopulation (i.e., the two wild-caught
parents may be from different subpopulations).
Using maximum likelihood under the assumption that the animals in this study form a random
sample from their respective population (13), we fit
a two-population demographic model to the joint
distribution of SNP frequencies, or site-frequency
spectrum, shown in Fig. 2B. Our model suggests
that the Chinese population expanded by a factor
of 3.3 and separated from the Indian population
~162 thousand years ago (ka) (95% confidence
interval, CI = 183 to 132 ka). After separating, the
Indian population maintained its ancestral population size until ~51 ka CI = 72 to 21 ka)], when it
was reduced by a factor of 4.3. The population
genetic model, although a very simplistic approximation to the rich and complex history of the
species, fits the data well, as indicated by a
goodness-of-fit test (P = 0.133). Coalescent
simulations (13) on the basis of the inferred
demographic history for Indian and Chinese rhesus
macaques suggest that the MRCA of the two
populations lived ~1.94 Ma (SE 14 Ky). This
estimate places the MRCA of rhesus near the divergence time from M. fascicularis, inferred from
mitochondrial DNA to be 1.83 to 5 Ma (16, 17).
Moreover, our simulations suggest that the effective size of the ancestral population of rhesus
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macaques was ~73,070 (SE 231) individuals,
implying that the current effective size of the
Chinese population is ~239,704, whereas the
Indian population is estimated to be ~17,014.
The recent demographic events that caused
these differences in effective population sizes of
Indian and Chinese rhesus macaques have also
had a large impact on linkage disequilibrium (LD).
To quantify the extent of LD in Indian and Chinese
rhesus macaques, we measured the correlation
coefficient (r2) of alleles from frequency-matched
SNPs (13, 18). Figure 4 shows substantial differences between the Indian and Chinese rhesus
macaque populations, which are more extreme
than the patterns observed among humans. For
example, within the Indian rhesus population, LD
extends much further than LD observed for
European humans, whereas the Chinese rhesus
population shows little LD, even for SNPs that are
physically very close. Coalescent simulations (13)
show that the observed patterns of LD are
consistent with our inferred demographic history
of this species (shown in Fig. 4 as light blue and
pink curves for Indian and Chinese rhesus,
respectively). However, LD in the Indian population extends slightly further than expected. This
observation may be consistent with recent admixture with a Burmese rhesus population not sam-
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pled in this study (8), because admixture between
populations with allele frequency differences is
known to generate long-range LD.
In this study, we analyzed noncoding data in
rhesus macaques to characterize their underlying
demographic history and to quantify the extent of
LD relative to humans. The genetic differences
that we have observed between Indian and
Chinese rhesus macaques are consistent with a
recent report on the distribution of SNPs in these
populations (10), as well as previous studies of
protein coding, microsatellite STR (short tandem
repeat), MHC loci, and mitochondrial and Ychromosome DNA haplotypes (8). Without
samples from wild-caught Indian rhesus monkeys,
however, these data must be regarded as estimates,
because they may reflect a sampling bias toward
those macaques that are available for study in the
United States as a result of international restrictions on exportation of primates.
Extending these studies to whole-genome
association mapping in captive-born animals could
be fruitful for identifying genes involved in human
diseases. On the basis of the patterns of LD that we
have observed, such an association study would
likely require many fewer markers to identify
common disease-causing variants in rhesus macaques than in humans. Because LD in captive
Indian rhesus macaque populations extends much
further than in humans, a SNP map with roughly
1 SNP every 35 kb (82,000 SNPs total) would
suffice to achieve the same threshold (r 2 = 0.4) as
a marker every 6 kb in humans (13, 19). Furthermore, because LD decays much faster in Chinese
rhesus monkeys than in humans, Chinese macaques provide an ideal platform for localizing
mutations that are difficult to map in either Indian
macaques or humans as a result of extensive LD
among candidate mutations in a particular region.
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A systematic fluorescence in situ hybridization comparison of macaque and human synteny
organization disclosed five additional macaque evolutionary new centromeres (ENCs) for a total of
nine ENCs. To understand the dynamics of ENC formation and progression, we compared the ENC
of macaque chromosome 4 with the human orthologous region, at 6q24.3, that conserves the
ancestral genomic organization. A 250-kilobase segment was extensively duplicated around the
macaque centromere. These duplications were strictly intrachromosomal. Our results suggest that
novel centromeres may trigger only local duplication activity and that the absence of genes in the
seeding region may have been important in ENC maintenance and progression.
volutionary new centromeres (ENCs) can
appear during evolution in a novel chromosomal region with concomitant inactivation
of the old centromere. The new centromere then
becomes fixed in the species while inevitably progressing toward the complexity typical of a mature
mammalian centromere, with intra- and interchromosomal pericentromeric segmental duplications
and a large core of satellite DNA (1). Unambiguous
examples of ENCs were initially reported in primates (2) and then described in various other mammalian orders (3). A similar phenomenon, well
known from clinical cases, is the mitotic rescue of
an acentric chromosomal fragment by the opportunistic de novo emergence of a neocentromere (4).
Recently, two cases of neocentromeres in normal
individuals with otherwise normal karyotypes were
fortuitously discovered (5, 6). These two “in progress” centromeres can be regarded as ENCs at the
initial stage, thus reinforcing the opinion that ENCs
and clinical neocentromeres are two faces of the
same coin. The goal of the research presented here
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was to gain insight into the processes and mechanisms of ENC evolution. First, we systematically
compared macaque and human synteny organization in search of ENCs. Then, we characterized in
detail a macaque ENC and compared it to the orthologous domain in humans, which represents the
ancestral genomic structure before ENC seeding.
Multicolor hybridization on rhesus macaque
chromosomes [Macaca mulatta (MMU) 2n =
42, where n is the haploid number of chromosomes] of about 500 evenly spaced human
bacterial artificial chromosome (BAC) clones
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revealed that seven macaque/human homologs
(chromosomes 6/5, 8/8, 11/12, 17/13, 19/19, 20/16,
and X/X, respectively) were colinear when the
position of the centromere was excluded . However, human chromosomes 7/21, 14/15, and 20/22
form syntenic associations as part of three compound macaque chromosomes (3, 7, and 10, respectively). Differences in marker order between
macaque and humans were accounted for by 20
chromosome rearrangements. Reiterative fluorescence in situ hybridization (FISH) experiments
with additional BAC clones more precisely defined rearrangement breakpoints (table S1). A
summary of all results is graphically displayed
at www.biologia.uniba.it/macaque. Tables S2
and S3 provide a comprehensive list of the ~600
clones that were used in FISH experiments, from
the perspective of both macaque and human
chromosomes, respectively.
This comprehensive marker-order comparison
revealed that the centromeres of many orthologous
chromosomes were embedded in different genomic
contexts. To distinguish whether ENC events had
occurred in the human or macaque ortholog, or in
both, we took into account previous reports that
attempted to establish the ancestral form for each
chromosome (2, 3, 6–15). (Most of these papers use
a different macaque chromosome nomenclature;
here we follow the nomenclature used by the macaque genome sequencing consortium. For a comparison, see www.biologia.uniba.it/macaque.) The
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Table 1. Macaque chromosomes with neocentromeres. The two noncontiguous positions defining,
in human, the ENC of chromosome 1 are due to the colocalization of the ENC with a macaquespecific inversion breakpoint.
MMU
(HSA)
1 (1)
2 (3)
4 (6)
12 (2q)
13 (2p)
14 (11)
15 (9)
17 (13)
18 (18)

www.sciencemag.org

Clones

Position of the
neocentromere on the
human sequence

RP4-621O15
RP11-572K18
RP11-355I21/RP11-418B12
RP11-474A9
RP11-343I5/RP11-846E22
RP11-722G17
RP11-625D10/RP11-661M13
RP11-542K23/RP11-64P14
RP11-543A19/RP11-527N12
RP11-61D1/RP11-289E15

chr1:226,810,735–226,866,653
chr1:160,918,751–161,035,790
chr3:163,822,353–164,707,155
chr6:145,651,644–145,845,896
chr2:138,659,884–138,908,673
chr2:86,622,638–86,827,260
chr11:5,667,339–6,043,020
chr9:124,189,785–124,493,134
chr13:61,111,769–62,699,203
chr18:50,155,761–50,526,34
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