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Abstract

Macaca fascicularis and Macaca mulatta are two of the most commonly used laboratory
macaques, yet their genetic differences at a genome-wide level remain unclear. We
analysed the multilocus DNA sequence data of 54 autosomal loci obtained from M.
fascicularis samples from three different geographic origins and M. mulatta samples of
Burmese origin. M. fascicularis shows high nucleotide diversity, four to five times higher
than humans, and a strong geographic population structure between Indonesian-
Malaysian and Philippine macaques. The pattern of divergence and polymorphism
between M. fascicularis and M. mulatta shows a footprint of genetic exchange not only
within their current hybrid zone but also across a wider range for more than 1 million
years. However, genetic admixture may not be a random event in the genome. Whereas
randomly selected genic and intergenic regions have the same evolutionary dynamics
between the species, some cytochrome oxidase P450 (CYP) genes (major chemical
metabolizing genes and potential target genes for local adaptation) have a significantly
larger species divergence than other genes. By surveying CYP3A5 gene sequences of more
than a hundred macaques, we identified three nonsynonymous single nucleotide
polymorphisms that were highly differentiated between the macaques. The mosaic
pattern of species divergence in the genomes may be a consequence of genetic
differentiation under ecological adaptation and may be a salient feature in the genomes

of nascent species under parapatry.

Keywords: cytochrome oxidase P450, isolation with migration model, macaque, speciation
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Introduction

Macaque monkeys are frequently used for a variety of
biological studies, such as those on infectious diseases,
pharmacology, and tissue engineering (Sibal & Samson
2001). Among the species of the genus Macaca, which
includes as many as 19 species (Fooden 1976), M. fascicularis

Correspondence: Naoki Osada, Fax: +81 (55) 981-6793;
E-mail: nosada@lab.nig.ac.jp

and M. mulatta are two of the most commonly used
macaques in laboratories worldwide. They are classified
as members of the fascicularis subgroup, principally
based on the shape of the male genitalia (Fooden 1976).
M. fascicularis, which is called the cynomolgus, long-tail,
or crab-eating macaque, lives in Southeast Asia, includ-
ing the Indonesian Islands, Philippine Islands, and
Indochina, whereas M. mulatta, which is also known as
the rhesus macaque, lives in more northern and
western regions of the continent (Fig. S1, Supporting

© 2010 Blackwell Publishing Ltd
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information). The current distribution of the two species
is mostly allopatric, but partially overlapped around
northern Indochina. Although M. fascicularis and M.
mulatta show distinct morphological and behavioral dif-
ferences, previous studies using morphological and
genetic data have suggested a possible hybridization
between the species in current populations (Fooden
1964; Tosi et al. 2002; Hamada et al. 2006; Kanthaswamy
et al. 2008; Stevison & Kohn 2009).

Because of the prominent position of macaques in
biomedical studies, the draft genome sequence of M.
mulatta was published in 2007 as the third primate gen-
ome sequence (Gibbs et al. 2007). Although the draft
genome sequence is derived from a single Indian M.
mulatta, previous studies have shown that responses
against toxins and pathogens vary considerably within
and between macaque species. For example, Indian and
Chinese M. mulatta have been shown to be differentially
susceptible to Simian immunodeficiency virus (SIV)
infection (Trichel et al. 2002). Similarly, M. fascicularis
and M. mulatta are differentially susceptible to certain
species of malaria (Wheatley 1980; Matsumoto et al.
2000). Therefore, evaluating and monitoring the intra-
and inter-species diversity of macaques are important
tasks for achieving a high reliability and reproducibility
of laboratory experiments using macaques (Stevison &
Kohn 2008). The amount of genetic diversity and geo-
graphic population structure within M. mulatta using
genome-wide SNP data have been studied by many
researchers (Magness et al. 2005; Ferguson et al. 2007;
Hernandez et al. 2007; Malhi et al. 2007; Street et al.
2007). In contrast to M. mulatta, however, the level of
polymorphism in M. fascicularis has been investigated
mainly at sex-linked loci (Melnick ef al. 1993; Hayasaka
et al. 1996; Tosi et al. 2002; Smith ef al. 2007; Blancher
et al. 2008; Kanthaswamy et al. 2008; Bonhomme et al.
2009) or using microsatellite markers (Kanthaswamy
et al. 2008; Bonhomme et al. 2009); only a few studies
have characterized the nucleotide variation at the single
nucleotide polymorphism (SNP) level (Street et al. 2007;
Stevison & Kohn 2009).

The evolutionary history of bifurcated species may be
too complex to be reconstructed, especially when the
two species are closely related and the diversity within
each species is large. Former studies that compared a
large number of macaque transcripts have shown that
their average genetic divergence is approximately
0.4-0.5% and that they diverged around 1 Ma (Osada
et al. 2008). This estimate is based on the assumption
that the two species have been under complete genetic
isolation after their speciation. Recent advances in
methods for analysing multilocus DNA sequence data
have allowed us to infer the mode of speciation, that is
whether two species diverged under complete geo-

© 2010 Blackwell Publishing Ltd

graphic isolation (allopatric model) or gradually
diverged with some extent of gene flow between nas-
cent species (parapatric model) (Osada & Wu 2005; Hey
& Nielsen 2007). The relatively older speciation event
between humans and chimpanzees (=6 Mya) may
obscure this speciation pattern owing to intra-locus
recombination and recurrent mutation (Osada & Wu
2005; Innan & Watanabe 2006; Patterson et al. 2006, Ho-
bolth et al. 2007). Therefore, inferring the mode of spe-
ciation in macaques and its impact on their genome
sequences will help us to understand a complex specia-
tion pattern in primates. Here we investigated the
amount of genetic diversity at 54 randomly chosen
autosomal loci and inferred a geographic population
structure for M. fascicularis. In addition, the genetic
divergence between M. fascicularis and M. mulatta was
quantified using these 54 loci.

We also investigated the amount of polymorphism at
seven cytochrome P450 (CYP) loci. In a wild habitat,
CYP genes may be responsible for detoxifying chemical
substrates in leaves and fruits, and for the synthesis of
internal hormones and steroids. They are also important
genes for drug metabolism and are important to toxicol-
ogy in pharmaceutical research. For example, a previ-
ous study on human CYP3A5 polymorphisms has
suggested that human polymorphisms in CYP3A5 are
associated with the salt response and that this is medi-
ated through the deoxidation of cortisol (Thompson
et al. 2004). Therefore, CYP genes represent candidate
genes on which natural selection could affect pattern of
genomic differentiation.

Materials and methods

Sample collection and DNA sequencing

Eight, seven, and nine unrelated female M. fascicularis
individuals that have wild-caught parents from Indone-
sia, Peninsular Malaysia, and the Philippines, respec-
tively, were used for the polymorphism studies. Five
male M. mulatta of Burmese origin were also investi-
gated. As two of the five M. mulatta shared either their
parents or grandparents with other individuals, these
samples were excluded from further analyses. The mon-
keys were cared for and handled according to the
guidelines established by the Tsukuba Primate Research
Center, Japan. Detailed sample information is given in
Table S1 (Supporting information). The DNA from the
macaques was extracted from blood samples. The DNA
samples from M. fascicularis were amplified using
REPLI-g (Qiagen, USA). In total, 61 loci were amplified
using a high fidelity DNA polymerase (PrimeStar Tag:
TakaraBio, Japan), and the PCR products were purified
using Ampure (Agencourt Bioscience, USA). The PCR
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primers were designed based on the rhesus macaque
draft genome sequence (rheMac2). All of the primer
sequences used in the study are presented in Table S2
(Supporting information). The DNA sequence of the
PCR products was determined from both DNA strands
using an ABI 3730 sequencer (Applied Biosystems). If
the sample carried more than one heterozygous indel in
the target region, the sequences were not used for fur-
ther analyses. The DNA sequences have been deposited
in a public database (DDBJ/Embl/Genbank accession
nos. AB380123-AB381873). For the CYP3A5 polymor-
phism study, blood samples from 38 M. fascicularis from
Indochina, 40 M. fascicularis from Indonesia, and 34 M.
mulatta from China, all imported via commercial animal
breeders, were used (Uno et al. 2010).

Sequence analysis

All of the SNPs were screened using the ABI sequence
analysis software and confirmed by a visual inspection
of the chromatograms. The DNA sequences were
aligned using the ClustalW and the MEGA4.0 program
and corrected by a visual inspection (Thompson et al.
1994; Tamura et al. 2007). The summary statistics for
each locus, such as Watterson’s 6, the nucleotide diver-
sity (), Tajima’s D, Fsy, and Nei's dy, were estimated
using the DnaSP 4.2 software package (Rozas et al.
2003). The population structure was inferred using the
STRUCTURE program with a burn-in length of 10 000 and
100 000 sampling steps (Pritchard et al. 2000). An
admixture model was assumed, because each popula-
tion is not supposed to be completely isolated.
Although we repeated the analysis assuming a nonad-
mixture model, the results were essentially same (data
not shown). The multidimensional scaling plot in Fig. 2
was drawn using Kimura’s pairwise distances (Kimura
1980). The analysis of molecular variance (amMova) was
performed using Arlequin 3.1 (Excoffier et al. 1992). In
order to find outlier loci showing high or low genetic
differentiation, the BayeScan program was used with a
default parameter setting (Foll & Gaggiotti 2008).

Test of population demographic models

For the demographic study, we used only the control
autosomal loci, and not the CYP loci. To estimate popu-
lation parameters in the isolation with migration (IM)
model, we inferred the haplotypes using the pHAse2.1
program (Stephens et al. 2001) and estimated the popu-
lation parameters using the IMa software (Hey & Niel-
sen 2007). All of the sequence data were trimmed using
the IMgc program so as not to contain possible recom-
bined DNA fragments (Woerner et al. 2007). For each of
the intra- and inter-species analysis, three independent

runs of Markov chain Monte Carlo (MCMC) with 1 mil-
lion sampling steps were carried out. Twenty MCMC
chains with 1 500 000 steps of burn-in for the intra-spe-
cies analysis, and ten MCMC chains with 1 million
steps of burn-in for the inter-species analysis were run.
Because the posterior distributions of all three runs
were similar in each analysis, they were summed for
parameter estimation. The infinite site (IS) nucleotide
substitution model was assumed. For the test of Taj-
ima’s D statistics, we generated datasets under constant
population size using a coalescent simulator (Hudson
2002), given the nucleotide diversity, sample size, num-
ber of loci, and fragment length of each locus. The P
values for the test statistics are based on 1000 iterations
of the coalescent simulation.

Prediction of three-dimensional protein structure

In order to assign the location of highly differentiated
sites in CYP3A5 between the species, we predicted a
CYP3AS protein structure of M. fascicularis. A homology
model for the macaque CYP3A5 protein was built based
on the crystal structure of the human CYP3A4 [PDB ID:
1TQN (Yano et al. 2004)]. The sequence alignment, com-
parative protein modelling and energy minimization
were performed using the SWISS-MODEL server
(Arnold et al. 2006) with the default parameters. UCSF
Chimera (Pettersen et al. 2004) was used for the three-
dimensional protein visualization.

Results

The genetic diversity and population structure of
M. fascicularis

We determined the nucleotide sequences of 54 autoso-
mal loci from 24 M. fascicularis samples. The exact sam-
pling location of these M. fascicularis was unknown, but
the countries of origin (Indonesia, Peninsular Malaysia,
or the Philippines) were identified. These 54 loci were
selected to be distributed throughout the autosomes: 27
were located in coding sequence (CDS) regions that
encompassed at least one exon, whereas 27 were
located in intergenic sequence (IGS) regions that were
located at least 100 kb away from any annotated genes.
The functions of the genes in the CDS regions were ran-
domly selected. The summary of the genetic diversity is
shown in Table 1, and the summary statistics for each
locus are presented in Table S2 (Supporting informa-
tion). In total, we identified 703 SNPs from the 40.3 kb
region (17.4 SNPs per kb) in the 24 M. fascicularis indi-
viduals.

On average, the nucleotide diversity (n) in the CDS
and IGS regions was 0.26% (SE, 0.13%) and 0.35% (SE,

© 2010 Blackwell Publishing Ltd
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Table 1 Genetic diversity in M. fascicularis subpopulations and M. mulatta population across 54 control loci

0

c

d
Tcps

Population group N? n Tajima’s D TGs’

Indonesian M. fascicularis 16 0.00345 (0.00187)  0.00306 (0.00166) ~ —0.316 (P = 0.064) ~ 0.00258 (0.00127) ~ 0.00355 (0.00189)
Malaysian M. fascicularis 14 0.00345 (0.00164)  0.00315 (0.00167)  —0.327 (P = 0.046)  0.00274 (0.00139)  0.00357 (0.00189)
Philippine M. fascicularis 18 0.00176 (0.00109)  0.00209 (0.00125) 0.626 (P < 107%) 0.00175 (0.00117)  0.00244 (0.00127)
All M. fascicularis 48 0.00387 (0.00175)  0.00306 (0.00157)  —0.636 (P < 107%) 0.00259 (0.00127)  0.00352 (0.00172)
Burmese M. mulatta 6  0.00254 (0.00282)  0.00245 (0.00264)  —0.380 (P = 0.014)  0.00223 (0.00117)  0.00277 (0.00197)

*Number of sampled chromosomes.

P Average number of segregating sites per site [Watterson’s 0 (Watterson 1975)], standard deviation in the parenthesis.
Average nucleotide diversity per site, standard deviation in the parenthesis.

4 Average nucleotide diversity per site in the coding regions.
®Average nucleotide diversity per site in the intergenic regions.

0.17%), respectively, and 0.31% in total. The nucleotide
diversity in the IGS regions was four to five times
higher than that of the current human population (Levy
et al. 2007). The source of this high diversity is not a
simple reflection of the geographic population structure,
because the Indonesian and Malaysian samples, even
though they were collected from a single country, have
the same amount of genetic diversity compared with
the whole M. fascicularis dataset (see Table 1).

In order to estimate the level of geographic differenti-
ation among M. fascicularis populations, we first
measured Fsr among the three populations. The popu-
lations from the Philippines showed a large genetic dif-
ferentiation from the other two populations; the mean
Fgr value was 0.158 between the Indonesian and Philip-
pine macaques, and 0.182 between the Malaysian and
Philippine macaques. However, the Indonesian and
Malaysian populations showed little genetic differentia-
tion between them (mean Fsp = 0.039). This result is not
surprising because Indonesia and Malaysia had been
periodically connected and formed Sundaland until the
end of the last glacial age, but the Philippines were not

connected (Heaney 1991). We also estimated the popu-
lation structure using a Bayesian algorithm in the sTRUC-
TURE program (Pritchard 2000). Again, the
Philippine population has a distinct genetic structure as
shown in Fig. 1. In Fig. 1, we assigned the number of
population ancestries (K) to be two. Increasing the value
of K resulted in a much lower probability (Fig. 52, Sup-
porting information), indicating we did not observe any
population differentiation between the Indonesian and
Malaysian macaques with a given dataset.

et al.

The divergence between M. fascicularis and
M. mulatta

To quantify the genetic divergence between M. fascicularis
and M. mulatta, five captive-born M. mulatta samples of
Burmese origin were sequenced across the 54 loci. How-
ever, two individuals that shared some ancestry with the
other individuals were excluded from the following anal-
yses. The summary statistics are given in Table 1. Of 225
SNPs discovered in M. mulatta (5.59 SNPs per kb), 84
were shared between M. fascicularis and M. mulatta, and

1.0

0.8

0.6

Estimated ancestory
0.4

N
o

<
e Indonesian

Malaysian

Philippine

Fig. 1 Population structure of M. fascicularis. Population structure for 24 M. fascicularis samples was estimated using the STRUCTURE
program (Pritchard et al. 2000). The vertical bars represent each M. fascicularis individual. The number of clusters is assumed to be
two (K = 2). Samples were separated by the thick lines according to their geographic origins. Estimated ancestries are shown by

white and grey colour.
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Fig. 2 Multidimensional scaling plot of the genetic distance
among M. fascicularis and M. mulatta individuals. The closed
circles (@), squares (W), and triangles (&) represent each indi-
vidual of Indonesian, Malaysian, and Philippine M. fascicularis,
respectively. Indian (draft genome sequence as a representa-
tive) and Burmese M. mulatta individuals are marked as the
opened square ((J) and circles (O), respectively. Pairwise dis-
tances were estimated by Kimura’s two parameters method
(Kimura 1980).

141 were found only in rhesus macaques. The average
nucleotide diversity of the Burmese M. mulatta in the IGS
regions was 0.28%. Therefore, nucleotide diversity in
Burmese M. mulatta is about 80% of that in M. fascicularis.
Figure 2 shows a multidimensional scaling plot of the
individuals from three M. fascicularis and M. mulatta pop-
ulations, measured by the averaged genetic distance for
all loci. The rhesus genome sequence derived from an
Indian population was also added to the plot. The figure
illustrates that M. fascicularis consists of highly variable
individuals. All sampled macaques clustered into three
distinct subpopulations: Indonesian-Malaysian M. fascic-
ularis, Philippine M. fascicularis, and Indian-Burmese M.
mulatta.

The average genetic divergence between M. fascicular-
is and M. mulatta (Nei's d,, distance (Nei 1987)) in the
IGS regions was 0.44%, and significantly higher than
the nucleotide diversity within each species (P = 0.033,
Wilcoxon test). We performed amova, using the four-
population data (Indonesian-Malaysian M. fascicularis,
Philippine M. fascicularis, Burmese M. mulatta, and
Indian M. mulatta). The total molecular variance was
partitioned into the variance among individuals (70%),
among populations (10%), and among species (20%),
indicating that the variation among species exceeded
the variation among populations. Nevertheless,
throughout the 40.3 kb region in the survey, we found
only one fixed nucleotide difference between the two
macaque species. There are two explanations for the
many shared SNPs and few fixed changes between spe-
cies: (i) the incomplete lineage sorting of ancestral poly-
morphisms and (ii) the historical gene flow between the
two species. Although ancestral polymorphisms may be
largely responsible for the shared SNPs, we wished to

test whether there was any contribution of inter-species
gene flow to the genetic differentiation. In particular, by
excluding the samples from current hybrid zone, we
would be able to investigate the effect of historical gene
flow between the species.

In order to quantify the relative contribution of the
ancestral polymorphisms and gene flow to the observed
amount of shared SNPs between the two macaques, we
conducted MCMC simulations assuming the isolation
with migration (IM) model (Hey & Nielsen 2007). To
exclude candidate SNPs under natural selection, we
applied the BayeScan program, which finds genetic
variants showing significantly high or low Fsr (Foll &
Gaggiotti 2008). Since there was no SNP having the
Bayes factor higher than 10 (strong signature of
directional selection) or less than 0.1 (strong signature
of balancing selection) in the 54 loci, we included all
SNPs to the population parameter estimation.

Because estimating population parameters among
many subpopulations may be possible but is computa-
tionally too cumbersome, we separately estimated pop-
ulation parameters using data within species (between
Indonesian-Malaysian and the Philippine M. fascicularis)
and between species (between Indonesian-Malaysian M.
fascicularis and Burmese M. mulatta). Since cryptic popu-
lation structure within species may distort the parame-
ter estimation between species, we excluded the
samples of M. fascicularis in the Philippines for the
between-species analysis. All estimated parameters and
marginal distributions of posterior probability are pre-
sented in Table 2 and Fig. S2 (Supporting information),
respectively. The population parameters were scaled by
the mutation rate that was estimated using the human
genome sequence as an outgroup, assuming a 25-mil-
lion-year divergence between humans and macaques
(Stewart & Disotell 1998) and a 6-year generation time
in macaques. The results showed that the two macaque
species started to split at 1.52 Ma (1.23-1.86 Ma, 95%
CD and have been exchanging their genes. The separa-
tion time between Indonesian-Malaysian and Philippine
macaques was estimated to be 1.69 Ma (1.30-2.02 Ma,
95% CI). Population migration rate (2N.m) was esti-
mated to be relatively small but significantly positive
values: 0.44 from Indonesian-Malaysian M. fascicularis
to M. mulatts and 0.35 from M. mulatta to Indonesian-
Malaysian M. fascicularis. We rigorously tested the sig-
nificance of the amount of inter-species gene flow using
the nested model where the migration rate parameters
toward either direction or both directions are fixed to
zero. In all cases, null models of no migration were
rejected (P < 107'%, from M. fascicularis to M. mulatta;
P <107 from M. mulatta to M. fascicularis; P < 1071%,
no migration for both directions). Between Indonesian-
Malaysian and Philippine macaques, migration rate is
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Table 2 Estimates of population parameter using MCMC
method

Estimated values® 95% CI

Between Indonesian-Malaysian (Sunda) and Philippine
M. fascicularis

N, (Sunda) 197 000 (169 000-229 000)
Ny (Philippine) 23 000 (13 000-36 000)
N, (ancestral) 9 000 (40040 000}
2Nymy (Sunda 223 (0.93-3.37)
to Philippine)
2N,y (Philippine 0.56 (0.30-1.08)
to Sunda)
Separation time 1 690 000 (1 300 000-2 020 000)
(years)

Between Indonesian-Malaysian M. fascicularis and Burmese
M. mulatta

N (M. fascicularis) 181 400 (155 900-210 000)
Ny (M. mulatta) 110 000 (82 000-144 000)
N, (ancestral} 33 000 (13 000-57 000)
2Nymy (M. fascicularis 0.44 0.21-0.75)

to M. mulatta)
2N,y (M. mulatta 0.35 0.14-0.67)

to M. fascicularis)
Separation time 1 520 000 (1 230 000-1 860 000)

(years)

*The values are the peak of marginal distributions. The
parameters were scaled assuming mutation rate per year per
locus is 6.26 x 1077 and generation time is 6 years.

2.23 from Indonesian-Malaysian to Philippine M. fascicularis
and 0.56 vice versa, which exceeded those between
species. Population size of Indonesian-Malaysian
M. fascicularis, Philippine M. fascicularis, Burmese M.
mulatta, and common ancestors of them were estimated
to be 181 000-197 000, 23 000, 110 000, and 9000-33 000,
respectively.

Demography of macague populations

Samples from the Philippines exhibited a different pat-
tern for the SNP frequency distribution. We observed
negative Tajima’s D values in the Indonesian-Malaysian
M. fascicularis and Burmese M. mulatta, which agrees
with the population size expansion and weak gene flow
between the species in the IM analysis. By contrast, the
Tajima’s D statistic in the Philippine population was
highly skewed toward positive values compared with
the other populations (Table 1). A positive Tajima’s D
value is due to an excess of intermediate frequency
SNPs relative to rare SNPs, suggesting that the popula-
tion size of Philippine macaques did not increase from
a very small founder population (see ‘Discussion’). We
found that the distribution significantly deviated from
the neutral expectation under a model of constant pop-
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ulation size and no migration, using standard coales-
cent simulations (P < 107).

Identifying highly differentiated loci between species

In the above analyses, we showed that the two macaque
species have been exchanging their genes for a consid-
erable period of time. The situation of these two maca-
ques may thus match speciation under parapatry (Wu
2001). While genetic admixture tends to homogenize the
genetic differentiation between species, local adaptation
can act as a force that maintains the standing differenti-
ation. When natural selection acts on genetic differentia-
tion under parapatric speciation, we expect systematic
differences in the species divergence between functional
and nonfunctional regions, e.g. CDS and IGS (see Wu
2001; Osada & Wu 2005). We test the hypothesis using
the method developed by Osada & Wu (2005). In our
control loci, however, we found no significant differ-
ence in the genomic differentiation between the CDS
and IGS regions, indicating that the randomly selected
genic regions have similar evolutionary dynamics to the
nongenic regions. Therefore, we investigated genomic
regions that may be more relevant to local adaptation.
Because M. fascicularis and M. mulatta are popular sub-
jects for pharmacological research, we selected seven
CYP genes to test for natural selection on their genetic
differentiation. CYP genes are major metabolism genes
for many internal and external substrates across a wide
range of organisms.

We sequenced one randomly selected region for each
CYP gene. Although many of the statistics within popu-
lation, such as nucleotide diversity and Tajima’s D,
were not significantly different between CYP and con-
trol CDS regions, some of the patterns of divergence
between species in the CYP regions were quite dissimi-
lar to those in the control CDS regions (Table 3). The
species divergence at the silent sites of the CYP genes
was significantly greater than that of the other CDS
regions (P =0.0034, Wilcoxon test). In particular,
CYP2D6 shows the highest inter-species divergence
among all the sequenced loci (see Table 3). The Baye-
Scan analysis identified four SNPs that showed strong
evidence (Bayes factor > 10) of natural selection, one in
CYP3A5 and three in CYP2D6. Interestingly, we found
one fixed change between species in the first intron of
CYP3A5.

Because we did not find any nonsynonymous substi-
tutions in the partially sequenced region of CYP3A5
(exon 1), we surveyed SNPs in the entire coding region
of CYP3A5 using an additional 74 Indochinese M. fascic-
ularis, 80 Indonesian M. fascicularis, and 68 Chinese M.
mulatta. In total, we found 38 SNPs within the three
populations. For these SNPs, the ancestral alleles were
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Table 3 Polymorphism and divergence in seven CYP loci

Gene Region (bp) e T Fsr € A/S84 D¢ Region

CYP1A2 696 0.00859 0.01222 0.01236 0.1236 18/10 -1.134 exon2, intron
CYP2A6 799 0.00508 0.00687 0.00881 0.2238 1/4 -0.353 exon5, intron
CYP2C9 809 0.00443 0.00597 0.00956 0.4072 1/5 -0.594 exonl, intron
CYP2C18 731 0.00516 0.00223 0.00569 0.2258 0/3 -0.404 exon2, intron
CYP2Dé6 861 0.00510 0.00523 0.01654 0.6603 4/4 -0.244 exon8, 9, intron
CYP3A5 715 0.00037 0.00430 0.00422 0.5263 0/0 -1.668 exonl, intron
CYP3A7 798 0.00499 0.00635 0.00653 0.1231 0/0 -0.220 3" UTR, intergenic
other CDSsf 760.1 0.00388 0.00339 0.00496 0.2822 30/59 -0.676

*Nucleotide diversity at silent (synonymous and noncoding) sites.

"Silent substitution rate per site averaged by all fascicularis—mulatta pairwise comparison.

“Fsr between M. fascicularis and M. mulatta.

“Number of nonsynonymous (A) and synonymous (S) SNPs in M. fascicularis.

“Tajima’s D statistics for M. fascicularis.
fAverage of 27 autosomal control CDS regions.

determined using a baboon cDNA sequence from a
public database. Of these 38 SNPs, 9 are nonsynony-
mous, 17 are synonymous, 1 is nonsense, and 9 are non-
coding (Uno ef al. 2010). We found three
nonsynonymous SNPs and one synonymous SNP that
have a high derived allele frequency in either of the
species. These high derived allele frequency sites
showed an excess of nonsynonymous sites compared
with polymorphisms within species (P = 0.048, Fisher’s
exact test). For two SNPs (D88E and T230I, see Fig. 3),
Indonesian M. fascicularis and Burmese M. mulatta were
completely segregated at the nonsynonymous sites,

whereas a few Indochinese M. fascicularis carried mulat-
ta-type alleles, which may be due to the ongoing intro-
gression between these two populations. As shown in
Fig. 3, the region spanning exon 3 to 6 showed a high
level of genetic differentiation between species, but a
moderate level of polymorphism within species.

We inferred a functional significance of the observed
three nonsynonymous SNPs using the three-dimen-
sional protein structure of CYP3A5. The protein struc-
ture of CYP3A5 was modelled using the crystal
structure of human CYP3A4, which is highly similar to
CYP3A5 (83% amino acid identity). All three amino

Indonesian M. fascicularis
Indochinese M. fascicularis

Chinese M. mulatta

1.0

Derived allele frequency

00 02 04 06 08

0.00 0.005 0.010 0.020 0.025
Average nucleotide difference

T T
1000 1500

Nucleotide position in CYP3A5 transcript

Fig. 3 Pattern of polymorphisms and divergence between M. fascicularis and M. mulatta across 13 CYP3A5 exons. Derived allele fre-
quency of noncoding, synonymous, and nonsynonymous SNPs are marked as triangles (), squares (W), and circles (®), respectively.
Frequency in M. fascicularis is shown by opened symbols and frequency M. mulatta in by closed symbols. Boundary of exons is
shown by the dashed line. Solid, dashed, and grey lines represent the average divergence between species (d,,), nucleotide diversity
in M. fascicularis (ny), and nucleotide diversity in M. mulatta (n,,), in each exon, respectively. For three nonsynonymous SNPs that are
highly differentiated between species, the numbers of ancestral (left) and derived (right) alleles in Indonesian M. fascicularis, Indo-
china M. fascicularis, and Burmese M. mulatta are written in the upper space of the figure.
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acid variants are located in helical regions on the pro-
tein surface. Interestingly, the D88E and T230I poly-
morphisms are assigned to helix B and G’, respectively
(see Fig. S4). Previous studies have shown that the B-C
loop and helix G’ form a channel for substrates and are
responsible for substrate specificity (Williams et al.
2004; Ekroos & Sjogren 2006).

Discussion

Genetic diversity of M. fascicularis

In this report, we surveyed the genetic diversity of M.
fascicularis and inferred its genetic relationship to M.
mulatta. As shown in Table 1, M. fascicularis has a con-
siderable amount of genetic variation within and among
its geographic populations. In particular, M. fascicularis
in the Philippines exhibited a population structure dis-
tinct from the other populations of this species.

Gene flow between M. fascicularis and M. mulatta

The estimation of population parameters under the IM
model suggests that there has been a significant amount
of inter-species gene flow. Recent studies have also
revealed nonzero rates of gene flow between M. fascicularis
and M. mulatta using different samples (Kanthaswamy
et al. 2008; Bonhomme et al. 2009; Stevison & Kohn
2009). Previous studies also showed strong unidirec-
tional gene flow (2Ngm ~ 10) from M. mulatta to
M. fascicularis. Our estimation of the migration rate, how-
ever, was much smaller 2N.m < 1) than the previous
estimates, and did not significantly differ in direction.
One of the reasons is that we did not analyse Indochina
M. fascicularis samples in the IM analysis, which may be
under strong ongoing gene introgression. The signifi-
cance of our study is that we show that lineage sharing
between the two species beyond the hybrid zone, and
this unlikely is due to ancestral polymorphism.

We should note that we did not sample all of the
extant populations of the macaques. The IM model
assumes that there are no hidden population structures
or unsampled populations in the analysis. Unfortu-
nately, this assumption is not realistic and hardly satis-
fied in the macaque species, because they are
distributed over wide geographic ranges and their pop-
ulation sizes are relatively large. Nonetheless, a signifi-
cant amount of gene flow from M. mulatta to M.
fascicularis in the past is highly likely because the esti-
mated migration rates are fairly high, and our results
are consistent with the previous studies using different
populations and different types of data.

This study agrees with the study of Stevison & Kohn
(2009) that the start of the separation of these two spe-
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cies occurred about 1.23 Ma, which was slightly more
recent than the previous estimates of around 2 Ma
deduced from the mitochondrial locus (Hayasaka et al.
1996; Blancher et al. 2008), and much older than the
estimates of 43 Ka using nuclear microsatellite markers
(Bonhomme et al. 2009). If we assume that the human-
macaque divergence occurred 35 Ma instead of 25 Ma,
the speciation time estimate would become 2.13 Ma. In
addition, the discordance partially relies on whether
we consider ancestral polymorphisms. Previous studies
using the mitochondrial locus did not consider an
effect of ancestral polymorphisms on the species
divergence time. Since the depth of a genealogy is a
combination of the species divergence time after
speciation and the coalescent time in the ancestral
population, one tends to overestimate speciation time
without considering ancestral polymorphisms. We also
have to note that the IM model assumes that migration
rates and effective population sizes for males and
females are equal, which may be violated to some
extent, as suggested by previous studies (Tosi et al.
2000, 2003).

Our analysis suggests a gene introgression between
species over 1 million years. The period was mostly
occupied by the middle to late Pleistocene. During that
period, the Indonesian Islands were connected to main-
land Asia and formed Sundaland at least twice (Heaney
1991). Interestingly, we did not observe any strong pop-
ulation structure between M. fascicularis from Indonesia
and Peninsular Malaysia, and they harboured a very
high genetic diversity within populations. We suggest
that, during the glacial periods, the climatic change
may have altered the natural habitats of M. fascicularis,
and effectively mixed a gene pool of M. fascicularis in
Sundaland by the dispersal from glacial refugia or
migration of local populations. Through these migration
events, the hybrid zone of M. fascicularis and M. mulatta
may have shifted, expanded, or contracted, and genes
migrated from M. mulatta could have spread within M.
fascicularis in Sundaland and vice versa.

In this study, we used only three to eight individuals
of macaques for each population to infer the population
structure and demographic history. Although a small
sample size might cause the biased estimation of
parameters, recent studies surveying a large number of
loci showed that a small number of samples does not
seriously affect the estimation of population parameters
(e.g., Shi et al. 2010). In an extreme case, we could infer
the history of populations from the whole genome
sequences of a few individuals (Huff et al. 2010). How-
ever, in future studies, sampling of macaques from a
wider geographic range would be invoked to under-
stand the detailed genetic structure of extant macaque
populations.
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Genetic differentiation of Philippine M. fascicularis

Because the Philippine Islands have been unconnected
or only partially connected to the mainland during the
glacial ages, previous studies have suggested that the
low genetic diversity in Philippine macaques may be
due to a founding event with a very small number of
founders by rafting or human introduction (Smith ef al.
2007). However, by analysing the multilocus DNA data,
we found that the Tajima’s D statistic in the Philippine
population was significantly positive (Table 1). Under
the population bottleneck model, whether Tajima’s D
statistic become positive or negative depends on the
level of reduction, the time of population bottleneck,
and the time after the bottleneck (Tajima 1989; Fay &
Wu 1999). If the reduction of population size is severe,
Tajima’s D value drops quickly after the bottleneck and
recovers to an equilibrium state after a long time.
Therefore, we suggest that a single founding event with
a small number of individuals to the Philippine Islands
is unlikely.

We should note that the previous studies using mito-
chondrial markers have shown much smaller genetic
diversity of Philippine macaques (Smith et al. 2007;
Blancher et al. 2008). Our estimation of the divergence
time between Indonesian-Malaysian and Philippine
M. fascicularis was comparable to the divergence time
between M. fascicularis and M. mulatta. Considering that
there has been a high level of gene flow between the
M. fascicularis populations, many loci would have been
migrated between the populations while some loci still
remain highly diverged.

The data might be explained by multiple founding
events from Sundaland to the Philippines. We hypothe-
size that the initial isolation of the Philippine popula-
tion started around 1-2 Ma. After the initial isolation,
there might have been additional migration events from
Sundaland to the Philippines. The short coalescence
branches of the mitochondrial genomes in Philippine
macaques may indicate that the recently migrated mito-
chondrial genomes spread into the population by natu-
ral selection or genetic drift. If population contraction
or bottleneck had occurred in the Philippines, the
chance of fixation of migrated mitochondrial alleles
would increase. The previous studies suggested the
male-biased migration pattern of macaques, which pre-
dicts a deep geographic structure in the mitochondrial
genome than the rest of the genome (Tosi et al. 2000).
However, we observed the opposite pattern, i.e., shal-
low genealogies in mitochondrial genome and deep
genealogies in some other loci. The pattern indicates
that the migration to the Philippines might not have
been male biased. The analysis using multiple individu-
als from multiple islands may elucidate the complex

population structure and demography of the Philippine
macaques.

Inference of natural selection on CYP genes

In contrast to the control regions, CYP genes showed a
significantly high genetic divergence between the spe-
cies. We selected the CYP3A5 gene for the deep
sequencing analysis because, among the CYP loci we
surveyed, CYP3A5 was the only locus that contained
fixed nucleotide changes between the macaques. Here
we focused on the differentiation between M. fascicularis
and M. mulatta in the CYP3A5 gene. The detailed poly-
morphism analysis within M. fascicularis, including a
functional validation, was presented in Uno et al.
(2010). Some evidence shows that the unusual pattern
of species differentiation in CYP3A5 has been driven by
adaptive evolution in each species. First, highly differ-
entiated sites were significantly enriched with nonsyn-
onymous SNPs, compared with the other sites
segregating within the populations. In addition, two of
the three highly differentiated nonsynonymous sites are
likely to contribute to the substrate specificity of
CYP3A5, considering the predicted conformational
structure of the protein. The other site, V155M, may or
may not be involved in substrate recognition.

The unusual pattern of SNPs in the CYP genes indi-
cates that the beneficial alleles in one species have not
been advantageous, or perhaps have been deleterious,
in the other species, and the migration to the other spe-
cies has been impeded by the species boundary. The
pattern may well fit the model that the two species
have evolved under parapatry, where nascent species
have gradually diverged with a genetic connection (Wu
2001). Both our MCMC estimation of the gene flow rate
and the generally high species divergence in the CYP
genes corroborate this model.

Conclusion

In conclusion, the genetic structure of M. fascicularis and
M. mulatta, although they have been widely used for a
variety of biomedical research and deemed as nominal
species, may be very complex because of the past
genetic admixture and effect of natural selection on
their genomes. For some loci, a M. fascicularis individual
may be genetically closer to M. mulatta than the conspe-
cific siblings in the next cage. Therefore, we have to be
aware of their genetic heterogeneity and control their
genetic background to attain highly reliable biomedical
studies. Our samples showed that 70% of the total
genetic variance in the macaques is attributed to the
genetic variance within regional populations, indicat-
ing that the restriction of sampling populations for
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biomedical studies does not significantly help.
Conversely, the high genetic diversity of macaques and
their heterogeneous pattern of genetic admixture will
give us an opportunity to search for causative genetic
differences for important adaptive traits within and
between species. The CYP genes are good candidates
for such studies.
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Fig. S1 Geographic distribution of fascicularis group macaques
by Fooden (1976). Possible hybrid zone is shown in blue color.

Fig. 82 Population structure of M. fascicularis. Population struc-
ture for 24 M. fascicularis samples was estimated using STRUC-
TURE program. The vertical bars represent each M. fascicularis
individual. The number of clusters is assumed to be three
(K =3).

Fig. $3 Marginal posterior density plots of population parame-
ters. (A) Population size of Indonesian-Malaysian M. fascicularis
(blue), Philippine M. fascicularis (red), and common ancestors
(black). (B) Migration rate per mutation from Indonesian-
Malaysian to Philippine M. fascicularis (blue) and from Philip-
pine to Indonesian-Malaysian M. fascicularis (red). (C) Diver-
gence time between Indonesian-Malaysian and Philippine
M. fascicularis. D) Population size of Indonesian-Malaysian
M. fascicularis (blue), Burmese M. mulatta (red), and common
ancestors (black). (E) Migration rate per mutation from Indone-
sian-Malaysian M. fascicularis to M. mulatta (blue) and from

© 2010 Blackwell Publishing Ltd

M. mulatta to Indonesian-Malaysian M. fascicularis (red).
(F) Divergence time between Indonesian-Malaysian M. fascicu-
laris and M. mulatta.

Fig. S4 Predicted three-dimensional protein structure of maca-
que CYP3A5. The model was based on the crystal structure of
human CYP3A4. The heme group is shown as ball and stick
representation. Three amino acid sites highly differentiated
between M. fascicularis and M. mulatta are shown in the figure.
Two sites (D88E and T230I) may be involved in the substrate
specificity of macaque CYP3AS5.

Table S1 Statistics for all loci
Table §2 Sample information

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.
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Stem cells have a capability to self-renew and differentiate into multiple types of cells; specific
markers are available to identify particular stem cells for developmental biology research. In
this study, we aimed to define the status of somatic stem cells and the pluripotency of human
embryonic stem (hES) and induced pluripotent stem (iPS) cells using a novel molecular meth-
odology, lectin microarray analysis. Our lectin microarray analysis successfully categorized
murine somatic stem cells into the appropriate groups of differentiation potency. We then
classified hES and iPS cells by the same approach. Undifferentiated hES cells were clearly
distinguished from differentiated hES cells after embryoid formation. The pair-wise compari-
son means based on ‘false discovery rate’ revealed that three lectins ~-Euonymus europaens lectin
(EEL), Maackia amurensis lectin (MAL) and Phaseolus vulgaris leucoagglutinin [PHA(L)]- gener-
ated maximal values to define undifferentiated and differentiated hES cells. Furthermore, to
define a pluripotent stem cell state, we generated a discriminant for the undifferentiated state
with pluripotency. The discriminant function based on lectin reactivities was highly accurate
for judgment of stem cell pluripotency. These results suggest that glycomic analysis of stem
cells leads to a novel comprehensive approach for quality contrel in cell-based therapy and

regenerative medicine.

Introduction

Stem cells produce almost every tissue of the human
body. In general, they have the ability to divide and
self-renew and to differentiate into various cell types.
Stem cells have varying degrees of differentiation
potential: (i) totipotency (ability to form the embryo
and the trophoblast of the placenta) like fertilized eggs
(zygotes); (i1) pluripotency (ability to differentiate into
almost all cells that arise from the three germ layers)
like human embryonic stem (hES) cells and induced
pluripotent stem (GPS) cells; (iii) multipotentiality
(capability of producing a limited range of differenti-
ated cell lineages upon their location) like most
tissue-based stem cells; and (iv) unipotentiality (ability
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to generate one cell type) like cells such as the
epidermal stem cells and the spermatogonial cells of
the testis. That is, a hierarchy of stem cells exists. In
addition, human ES cell lines show variation in differ-
entiation propensity (Osafune ef al. 2008). iPS cells,
another type of pluripotent stem cell, have been
generated from somatic cells of different origin by
retroviral transduction of four transcription factors
(Takahashi ef al. 2007; Yu et al. 2007). The estab-
lished 1PS cells have a wider variety of differentiation
ability and gene expression when compared to ES
cells (Aoi et al. 2008; Lee et al. 2009; Kaichi ef al.
2010). However, a small proportion of these stem
cells sometimes show spontaneous differentiation dur-
ing senal passage. Therefore, to realize the potential
for iPS cells to be utilized for cell therapy and as a
valuable tool for drug discovery, it is necessary to
monitor the status of these stem cells and to define
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their exact stage during processes of growth and/or
differentiation.

Glycosylation is a critical post- or co-translational
modification found in more than 50% of eukaryotic
proteins (Budnik ef al. 2006). Thus, the glycome,
which represents the total set of glycans expressed in a
cell, is believed to be information-rich, as it varies
among cell types, stages of development and differenti-
ation, and even in the malignant transformation pro-
cesses (Varki 1993). Lectins have long been used as
tools to characterize cell surface glycans, such as for
blood-group typing, tissue staining, lectin-probed
blotting and flow cytometry (Sharon & Lis 2004). The
use of lectins in glycan profiling provides considerable
advantages. A modern technology to discriminate gly-
can profiling is lectin microarray analysis, which is an
emerging technology that enables ultrasensitive detec-
tion of multiplex lectin—glycan interactions (Angeloni
et al. 2005; Kuno et al. 2005; Pilobello ef al. 2005).
The system developed by Kuno ef al. (2005) is based
on a unique principle, that is, the evanescent-field flu-
orescence-detection principle, which has been used
extensively for biosensors to study real-time binding
events on the glass slide surfaces. Thus, the evanes-
cent-field methods have greater advantage to analyze
relatively weak interactions between lectins and glyco-
proteins in a liquid phase at equilibrium. Furthermore,
this method is applicable for the analysis of the physio-
logical and pathological status of crude glycoproteins
extracted from mammalian cells (Ebe et al. 2006;
Kuno et al. 2008) and cell surfaces (Tateno et al.
2007). Although the number of probes in lectin
microarray is much smaller than in mRNA expression
arrays, lectin microarray analysis enables high-through-
put and sensitive analysis of a large set of biological
samples and provides a snapshot of cell profiling. In
this study, we further developed lectin microarray
technology to define the status of somatic and pluripo-
tent stem cells. The glycan-based comprehensive
approach promises to be of great value, complement-
ing more established methods such as gene expression
analysis and epigenetic analysis.

Results

Lectin microarray analysis of mouse mesenchymal
cells

Mesenchymal stem cells are multipotent and therefore
may be useful in cell-based therapy along with ES cells
and iPS cells. Mesenchymal stem cell (MSC) lines [(9-
15¢), osteoblasts (KUSA-A1), chondroblasts (KUMD5)

Genes to Cells (2011) 16, 1-11

and preadipocytes (H-1/A)] were established from
mouse bone marrow and were shown to retain
potency both in vivo and in vitre (Umezawa et al. 1991;
Matsumoto et al. 2005; Sugiki ef al. 2007). To investi-
gate their carbohydrate structures, we carried out a lec-
tin microarray analysis of the cell membrane proteins.
We quantified lectin signal using ‘Array-Pro Analyzer’
software and calculated the average net intensities of
three spots for each lectin on the chip (Fig. 1A).
Experiments with each cell line were performed in
triplicate or quadruplicate. Four mesenchymal cell lines
with different potencies showed differential lectin
reactivities. 9-15¢ MSCs showed strong reactivity to
wheat germ agglutinin (WGA), Lycopersicon esculentum
lectin (LEL), concanavalin A (ConA), Sambucus nigra
agglutinin (SNA) and Ricnus communis agglutimin [
(RCA120) (Fig. 1A and Fig. S1 in Supporting Infor-
mation). These signal intensities by lectin microarray
were consistent with mean fluorescent intensities by
flow cytometric analysis (Fig. 1B). We then perfoermed
hierarchical clustering analysis and principal compo-
nent analysis (PCA) on the signal values of each lectin
(Fig. 1C, D). H-1/A preadipocytes can be distin-
guished by KUMS5 chondroblasts by lectin reactivities
of GSL1A4, GSL1B4, BPL, PWM and MPA (PC1
axis), and 9-15¢ MSCs can be distinguished by KUSA-
A1l osteoblasts by SNA. These cell types were repro-
ducibly categorized into independent distinct groups.

Lectin microarray analysis of human mesenchymal
cells

Human MSCs harvested from a variety of tissues have
the capability to differentiate into numerous tissue lin-
eages despite the fact that they may have tissue-specific
characteristics. To clarify relationship between the
tissue-specific characters of mesenchymal cells and
glycomics, we performed lectin microarray analysis
(LecChip™: Fig. St in Supporting Information) of
mesenchymal cells derived from various tissues
(Fig. 2A). Signal intensities by lectin microarray were
consistent with the mean fluorescent intensities analy-
sis determined by flow cytometric analysis (Fig. 2B).
Hierarchical clustering analysis showed that human
embryonic carcinoma NCR-G3 cells were reproduc-
ibly categorized into an independent group (red color
in Fig. 2C), which is distinct from a group of mesen-
chymal cells derived from a variety of tissues (green
color in Fig. 2C). In mesenchymal cells, bone mar-
row-, placenta- and extra finger-derived mesenchy-
mal cells were categorized into distinct groups labeled

in yellow, orange and blue, respectively (Fig. 2C).
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Figure 1 Lectin microarray analysis of mouse mesenchymal cells. (A) Heat map of 9-15¢ multipotent cells, KUSA-A1 osteoblasts,
KUMS5 chondroblasts and H-1/A preadipocytes. (B) Flow cytometric analysis of 9-15¢ multipotent cells using each lectin probe.
Mean fluorescent intensities by flow cytometric analysis are consistent with signal intensities by lectin microarray. Nonshaded and
shaded areas indicate reactivity of antibodies for isotype controls and that of antibodies for cell surface markers, respectively. (C)
Principal component analysis of lectin microarray on mouse bone marrow—derived mesenchymal cells. Each cell is reproducibly
subcategorized into groups of mesenchymal cell types. (D) Hierarchical clustering analysis of lectin microarray on mouse bone mar-
row—derived mesenchymal cells.

Human mesenchymal cells reacted to (i) Pisum sativum  lectin (AAL) that bind to Fucal-6GIcNAc; (i) SNA,
agglutinin  (PSA), Lens culinaris agglutinin (LCA), Sambucus  sieboldiana  agglutinin - (SSA) and  Tricho-
Aspergillus oryzae lectin (AOL) and Aleuria aurantia  santhes japonica agglutinin I (TJA-I) that bind to
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