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Abstract A macaque population produced by the
hybridization of native Japanese macaques (Macaca
fuscata) and introduced Taiwanese macaques (M.
cyclopis) in Wakayama Prefecture was shown to possess
three DNA haplotypes of the natural resistance-associ-
ated macrophage protein 1 (NRAMP1). Based on
genotyping and comparison with M. fuscata popula-
tions, it was revealed that the introduced M. cyclopis
population was polymorphic for the NRAMP1 locus.
Extensive crossbreeding of the introduced species with
the native species was confirmed using this genetic
marker and the proportion of M. cyclopis genes was
57.4%. Results of statistical tests suggested non-random
mating in the hybrid population.
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Introduction

Threats to native biological diversity by human activities
are of concern worldwide (WRI 1992); the impact of
introduced species on the extinction of native species or
damage to ecosystems represents one of these major
threats (IUCN 2000). In Japan, more than 29 introduced
mammalian species were reported in 2002 (Ecological
Society of Japan 2002). One of these, an artificially
introduced population of Taiwanese macaques (Macaca
cyclopis), was found to have hybridized with native
Japanese macaques (M. fuscata) in Wakayama Prefec-
ture on the western part of the Kii peninsula
(Kawamoto et al. 1999, 2001). The Taiwanese macaques
have been introduced since the 1950s (Kawamoto et al.

2001). The prefectural government started efforts in
2001 to eliminate the hybrid population to prevent the
spread of exotic genes. Diagnostic genetic markers are
important tools in biological monitoring to assess
hybridization between different species and to confirm
the transfer of genes through adult male migration in
macaque populations. Here, I report a nuclear DNA
variation of natural resistance-associated macrophage
protein 1 (NRAMP1) in the hybrid population in Wa-
kayama Prefecture with special reference to interspecific
differences as well as its DNA polymorphism in Tai-
wanese macaques.

Methods

DNA sequences including intron 5 of the NRAMP1
(503 bp) were examined from 81 individuals of the hy-
brid population at Ooike, Wakayama Prefecture
(Fig. 1). The samples from the Ooike population were
distinguished according to natal origin by mitochondrial
DNA (mtDNA) type. Three adult male samples from
the same population had a type of M. fuscata mtDNA.
Morphological features of tail length and pelage color
also suggested M. fuscata origin and they were judged to
be immigrants from native Japanese macaque popula-
tions. Including those M. fuscata samples, a total of 28
Japanese macaques from eight localities in Wakayama
and Mie Prefectures (Fig. 1) and three captive Taiwan-
ese macaques from KUPRI (Primate Research Institute,
Kyoto University) were also examined to assess inter-
specific sequence differences (Table 1).

Genomic DNA was prepared from whole blood.
PCR was performed according to Deinard and Smith
(2001), and the amplification product was directly se-
quenced with an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems). Two additional internal primers
(forward primer: 5¢-TTTATCCTGCTCTCCCCTCT-3¢
and reverse primer: 5¢-AGTGGGAGTGTGGCAT-
AGAA-3¢) were used to determine the heterozygotes
with confidence. The DNA sequences obtained in this
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study have been deposited in DDBJ (Accession Nos.
AB162926–AB162928).

Results and discussion

In the hybrid population, intron 5 of the NRAMP1 gene
was polymorphic at three nucleotide sites of the 503-bp
fragment. The first two positions from the 5¢ end (sites A
and B) showed C/T polymorphisms and the third (site
C) showed A/C polymorphism (Fig. 2). Of the 27 pos-
sible genotypic combinations of the three variable sites,
only six were observed in the hybrid population (Ta-
ble 1). For native Japanese macaques, all samples
showed a single homozygous genotype with the T-C-C
haplotype. Individuals in the hybrid population had

genotypes that were either identical to the homozygous
native Japanese macaque haplotypes (T-C-C/T-C-C) or
one of the heterozygous M. fuscata-specific haplotypes
(C-C-A/T-C-C or T-T-A/T-C-C). The heterozygous
hybrids had one of two distinct haplotypes that origi-
nated from Taiwanese macaques: haplotype C-C-A or
haplotype T-T-A. Taiwanese macaques at KUPRI
showed a single homozygous genotype with the T-T-A
haplotype.

The present result suggests the presence of DNA
polymorphism of the NRAMP1 gene in Taiwanese
macaques. While haplotypes T-T-A in Taiwanese ma-
caques and T-C-C in Japanese macaques were reported
previously by Deinard and Smith (2001), this is the first
report of the haplotype C-C-A in Taiwanese macaques.
However, this newly observed NRAMP1 haplotype
(C-C-A) is also known to occur in rhesus (M. mulatta),
bonnet (M. radiata) and bear (M. arctoides) macaques
(Deinard and Smith 2001).

The NRAMP1 polymorphism reported here is a
useful molecular tool for evaluating the genetic features
of the hybrid population in Wakayama. The haplotypes
C-C-A, T-T-A and T-C-C occur at an estimated fre-
quency (with SE) 0.198±0.031, 0.377±0.038 and
0.426±0.038, respectively. Finally, based on this nuclear
marker, the proportion of M. cyclopis genes in the
population was estimated to be 57.4±3.9%, suggesting
extensive crossbreeding of the M. cyclopis group with
native M. fuscata. Reproductive features of the hybrid
population can be further analyzed by testing for
random association of gametes. The null hypothesis
of random mating was not rejected when testing
M. cyclopis haplotypes (C-C-A and T-T-A) together
(v2=1.10, 0.2<P<0.3, df=1), but was rejected when
these three haplotypes were treated separately (v2=8.29,
0.02<P<0.05, df=3). This was due mainly to individ-
uals possessing the T-T-A haplotype (M. cyclopis type)
where there was an excess of homozygotes and a
deficiency of heterozygotes with the haplotype T-C-C
(M. fuscata type). This detailed observation suggests
the possibility of assortative mating in the hybrid
population.

Although the possibility that theM. cyclopis founders
had a haplotype identical to M. fuscata cannot be fully
rejected, it is rather difficult to support this possibility
for two reasons. First, the size of the founding popula-
tion was small; the individuals had escaped from an
open enclosure of a zoological park (Kawamoto et al.
2001). Second, the available data, including those on the
M. cyclopis control in this study, do not show such
evidence (Deinard and Smith 2001). Significant species
difference was seen only in the A/C polymorphism at the
third variable site, and thus, in practice, it is sufficient to
type this nucleotide polymorphism to quantify the rate
of hybridization in populations.

This is the first report to apply a DNA polymorphism
at a single autosomal locus to the study of a hybrid
population of primates. Other kinds of variable genetic
characteristics, such as mtDNA, microsatellite DNA or

Fig. 1 Map showing the sampling localities. Star indicates the
locality of a hybrid population between Japanese (Macaca fuscata)
and Taiwanese (M. cyclopis) macaques. Japanese macaques are
known only in the south of Kanaya in Wakayama Prefecture. No
monkey group has been observed in the north of Ooike
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amplified fragment length polymorphism (AFLP), have
been commonly used in population genetics studies on
hybrid populations (e.g., Evans et al. 2001; Nijman et al.

2003). However, most of these methods are weak in
analyzing gametic association in hybrid populations due
to aspects such as sex-biased mode of inheritance, high

Table 1 Frequency of
genotypes of NRAMP1 in
Japanese (Macaca fuscata) and
Taiwanese (M. cyclopis)
macaques and in hybrids

Population NRAMP1 type

Site A C/C C/T C/T T/T T/T T/T Total
Site B C/C C/C C/T C/C T/C T/T
Site C A/A A/C A/A C/C A/C A/A

M. fuscata
Wakayama Prefecture
Ooike 0 0 0 3 0 0 3
Kanaya 0 0 0 1 0 0 1
Tsubaki 0 0 0 1 0 0 1
Kozagawa 0 0 0 1 0 0 1
Mie Prefecture
Kumano 0 0 0 13 0 0 13
Kihou 0 0 0 1 0 0 1
Kiinagashima 0 0 0 4 0 0 4
Miyagawa 0 0 0 4 0 0 4
M. cyclopis
KUPRI 0 0 0 0 0 3 3
Hybrid population
Ooike 2 18 10 17 17 17 81

Fig. 2 Alignment of haplotypes
encompassing intron 5 of
NRAMP1 (503 bp). There were
three variable sites (sites A, B
and C) among the samples
examined in this study
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degree of polymorphism within species or difficulty in
discrimination of specific alleles. The application of
multiple nucleotide polymorphisms in DNA molecules
could give us the insight to inquire into the cause and
process of hybridization between species.
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