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ABSTRACT. Polymorphic genetic markers and methods for DNA sampling in the field are the basic
requirements for studies on population and conservation genetics of wild Macaca cyclopis. In this paper
we screened microsatellites for their polymorphism and accessed the validity in paternity identification
and gene typing of DNA samples from various sources. Among the 36 primer sets tested, 21 are polymor-
phic with an average observed heterozygosity 0.56. All the eight loci examined for a parent-offspring triad
followed Medelian inheritance. Application of the two most polymorphic loci in paternity identification of
a captive group showed that the top-ranking male sired all the juveniles. DNA samples from wound and
menstrual bleeding, or from ejaculates and hairs produced concordant microsatellite banding patterns
for specific individuals. The success in DNA extraction from samples collected low-invasively and the
polymorphic loci screened in this study can be applied in future studies on population and conservation
genetics of natural primate populations.
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INTRODUCTION

Macaca cyclopis is an endemic primate species in Taiwan. It is distributed in a variety of
forested habitats from sea level up to 3,400 m (Masui et al., 1986). Fluctuations in population
size and distributional range the species experienced in the past decades make it a good subject
for studies on conservation genetics. M. cyclopis was once heavily trapped and hunted as food,
medicine, and pets. Since the implementation of the wildlife conservation law in 1989, the pop-
ulation size of M. cyclops over the whole island increased. On the other hand, during the period
of economic miracle, extensive forest destruction and human activities produced many isolated
forest patches, some of which were inhabited by monkeys. Recovering from small monkey
groups inhabiting isolated habitats, some local populations might have lost or would lose
genetic diversity due to bottleneck and inbreeding effects. It offers an opportunity to examine
the interactive effects of habitat fragmentation, isolation, and bottleneck on the genetic structur-
ing of a species. Sreening genetic markers and developing working field techniques should be
the very first steps for such study. Fortunately, these requirements are met by the advent of PCR
and the application of microsatellites as genetic markers.
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Microsatellites are increasingly used in molecular ecology and genetic analysis of wildlife
populations. This Mendelian marker is useful in individual and paternity identification as well
as population genetic analysis (QUELLER et al., 1993; WOODRUFF, 1993). To date, many PCR-
based primers designed for one species are readily applicable to closely related species (MOORE
et al., 1991). For nonhuman primates in particular, cross species amplification is greatly benefited
by the human genome project that cloned far more microsatellites in human than in any other
living creatures (e.g. in ALTMANN et al., 1996; CooTE & BRUFORD, 1996; KEANE et al., 1997;
KAYSER et al., 1996; MoRIN & SMITH, 1995; MORIN et al., 1997, NURNBERG et al., 1998).

In conventional genetic studies, animals have to be captured or sacrified. The trapping and han-
dling procedures may be stressful to the subject animals, while killing is not preferred or allowed
in some circumstances. Alternative approaches are encouraged to overcome such drawbacks
especially in wildlife studies (WOODRUFF, 1993). Through PCR amplification, it is now possible
to conduct genetic analysis from samples collected non-invasively, such as feces (CONSTABLE et
al., 1995; GERLOFF et al., 1995; KOHN & WAYNE, 1997), chewed wadges (TAKASAKI & TAKENAKA,
1991; TAKENAKA et al., 1993), and shed hairs (MORIN et al., 1993, 1994).

In this paper, firstly, we screened microsatellite primers from other primates for their poly-
morphism in M. cyclopis, and, secondly, we reported the use of these loci in paternity identifica-
tion of a captive monkey group. Furthermore, by adopting a low-invasive method for hair,
blood, and ejaculate sample collection, we evaluated the possibility of using these samples in
microsatellite typing.

MATERIALS AND METHODS

Blood samples of 12 unrelated M. cyclopis from Taipei Zoo and Eastern Wildlife Rescue
Center were used to examine the polymorphism of microsatellite loci. Thirty-six microsatellite
loci that have been reported to yield microsatellite products in other Macaca species (ALTMANN
et al., 1996; CoOTE & BRUFORD, 1996; CROUSE & SCHUMM, 1995; DOMINGO-ROURA et al., 1997;
INOUE & TAKENAKA, 1993; KAYSER et al., 1996; KEANE et al., 1997; WEBER et al., 1990) were
selected. DNA samples of a parent-offspring triad in Taipei Zoo were used to check the
Mendelian inheritance in some loci. Paternity test was conducted on members of a captive
group in Taipei Zoo. This monkey group consisted of nine individuals: one nulliparous female
(FI), two mother-offspring pairs (F2-J2, F3-J3), one orphaned juvenile (J4), and three fully
matured males (M7, M2, and M3, ordered by rank). The juveniles were born in 1995 and the
adult males were putative fathers of the juveniles.

In order to access the validity of the samples collected in low-invasive ways, the allelic pat-
terns of the DNA extracted from blood and from other sources of the same individuals were
compared for consistency. Hair and blood samples of zoo animals were examined in four loci.
Samples were also collected from a provisioned monkey population in Chai-shan, southern
Taiwan. Monkeys of this population are well habituated to people and could tolerate slight con-
tact. Intensive behavioral observation on one particular troop during the mating season of
1996—1997 allowed us to collect samples of various sources from known individuals. Hairs and
menstrual bleeding of an adult female, AO8, were collected. Hairs were plucked barehanded.
Menstrual bleeding of AO8 was swabbed up by a cotton-tipped applicator stick. Blood and ejac-
ulate samples were collected from an adult male, M09. Blood was obtained when M09 was
wounded by another male. Ejaculate samples were collected after M09 copulated with females.

Hair samples were preserved in dry, sealed envelopes. Blood and ejaculate samples were
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preserved in 2 mi vials with 1 ml STE buffer (10 mM Tris-HCI, 1 mM EDTA, 0.1 M NaCl,
pH=38.0), and pure ethanol was added to a total volume of 2 ml. All the samples were preserved
in —20°C.

Nuclear DNA was extracted by standard phenol-chloroform procedure (KOCHER et al., 1989).
PCR reaction mixture contained 10 pmole of both forward and reverse primer sets, 50-400 uM
dNTP, 2-4 mM MgCly, 1 X PCR reaction buffer (20 mM Tris-HCI, pH 8.4, 20 mM KCl), 1 unit
taq polymerase (Platinum™ Taq DNA Polymerase, GIBCO BRL) and 20-200 ng DNA in a total
volume of 25 ul. DNA thermal cycler (Biometra) was programmed to perform an initial denatu-
ration at 95°C for 5 min, 35 cycles of 20 s at 95°C, 20 s at annealing temperature (see Table 1),
and 20 s at 72°C. A 5-min final extension at 72°C was also included. PCR products (1-3 ul) were
separated on 8% non-denaturing polyacrylamide gels of dimensions 16X20X0.075 cm in Model
V-16-2 vertical gel electrophoresis system (GIBCO BRL). Electrophoresis was conducted at
230 V for 2 hours. Marker standards, pBR322 digested with Mspl (Biolab) and ¢ 174 digested
with Hinfl (MBI), were loaded on each gel to provide standards for sizing microsatellite alleles.
The microsatellite fragments were visualized by silver staining modified after TEGELSTROM (1986).

RESULTS

Among the 36 loci, 11 [D5S85, D5S87, D5S88, D12S66, D14S281, D14S52, F8vWF, MFGT2,
MFGT17, MFGT19, and TOP(X)] failed to yield specific PCR products; 4 showed monomor-
phic band (D351238, 126 bp; D5S807, 200 bp; D5S818, 149 bp; and D13S159, 160 bp); and
the other 21 loci were polymorphic (Table 1).

Based on the number of alleles observed in 12 monkeys, the 21 polymorphic loci can be

Table 1. PCR condition, gene diversity, and observed heterozygosity values for the 21 polymorphic micro-
satellite loci in Macaca cyclopis.

Repeat Number of Fragment Annealing
Locus motif alleles range (bp) temperature (°C) Heterozygosity
D1S188 di 6 146—176 55 0.58
D18207* di 5 152—166 55 1.00
D5S1470 tetra 7 170232 57 0.50
D55820 tetra 10 177255 57 0.75
D6S271 di 7 184—196 50 0.50
D6S287 di 2 107, 123 50 0.50
D6S311 di 5 234—-252 55 0.08
D7S503 di 8 136—162 55 0.67
DI18925 di 3 218, 236, 240 54 0.08
D12567 tetra 9 112—116, 205, 50 0.83
213, 269—285
D148255 di 6 201211 56 0.50
D16S265* di 6 80—92 55 0.58
D178791 di 6 176—192 55 0.55
MFGTS5 di 6 134—162 55 0.83
MFGTI18 di 7 88—106 57 ‘ 0.83
MFGT21 di 6 98—124 50 0.33
MFGT22 di 10 98—134 50 0.83
MFGT24 di 3 104, 108, 110 50 0.12
MFGT25 di 9 116—158 44 0.67
MFGT27 di 9 176—200 54 0.92
NF1 di 2 170,172 50 0.08

*Sample sizes for D1S207 and D16S265 are 10 and 11, respectively. For the other loci, a total of 12 animals were typed.
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divided into three groups: 4 less polymorphic loci with only two or three alleles, 13 moderately
polymorphic loci with five to eight alleles, and 5 highly polymorphic loci with more than eight
alleles. Among the polymorphic loci, 3 are tetra-nucleotide and the other 18 are di-nucleotide
repeat. The average of the observed heterozygosity of the 21 loci is 0.56 (Table 1).

Table 2 compares the allelic sizes of the five highly polymorphic loci between M. cyclopis
and other primate species. All except D12S67 showed similar allelic size ranges among differ-
ent species. In locus D12S67, the three closely related species, M. cyclopis, M. mulatta, and M.
fascicularis, have two common groups of alleles (c.a. 120 bp and 200 bp). Nevertheless, in M.
cyclopis, there was one more group of longer alleles that were absent in the other two macaque
species.

Genotypes of the parent-offspring triad were determined in eight loci, D5S820, D6S271,
D6S311, D12S67, D14S255, MFGT21, MFGT22, and MEGT27. All the loci follow Medelian
inheritance. Paternity of the juveniles J2—J4 was analyzed by the highly polymorphic loci.
Discrimination was achieved in the second locus tested (Fig. 1). The result shows that all the
three juveniles in the captive group were descendants of the top-ranking male M. Moreover, by
the extremely polymorphic locus D12S67 alone, paternity of the orphaned J4 could even be
determined without knowing the genotype of its mother.

DNA from hair and blood samples of zoo animals gave concordant result in the four loci
tested; major bands were the same for hair and blood DNA. However, DNA from hairs produced
more artificial bands than those from blood (Fig. 2). Both the ejaculate and blood samples of a
male monkey as well as the hair and menstrual bleeding samples of a female monkey are
equally valid in microsatellite typing (Fig. 3). The result indicates that menstrual bleeding,
blood, ejaculate, and hair samples can serve as DNA sources for genetic studies.

DISCUSSION
Microsatellites are not only conservative in closely related species (MOORE et al., 1991), some

of them were proved to be homologous within primate order (PERELYGIN et al., 1996). These

Table 2. Comparison of the highly polymorphic loci between Macaca cyclopis and other species.

Locus Species No. of alleles No. of individuals typed Fragment range (bp)
D55820 M. cyclopis 10 12 177255
M. mulatta® 9 Not available 181213
Human? 8 Not available 190-218
D12S67 M. cyclopis 9 12 112—116, 205, 213, 269—285
M. mulatta® 17 86 108—128, 181—249
M. fascicularis® 3 2 124, 193, 205
Human® 12 394 229-273
MFGT22 M. cyclopis 10 12 98—134
M. fuscata® 8 14 98—126
MFGT25 M. cyclopis 9 12 116—158
M. fuscata® 9 14 126—160
MFGT27 M. cyclopis 9 12 176—200
M. fuscata® 4 14 164—174

Sources of information: 1) NURNBERG et al., 1998; 2) The Cooperative Human Linkage Center, CHLC (http://www.chlc.org);
3) KAYSER et al., 1995; 4) DOMINGO-ROURA et al., 1997,
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Fig. 1. Banding patterns of the loci D5S820 (a) and D12S64 (b) used for paternity identification of a cap-
tive monkey group in Taipei Zoo. Males (M7—M3) were putative fathers of the juveniles (J2—J4). J2 and
J3 were offspring of females F2 and F3. F1 was a nulliparous female and J4 was an orphan. In the right
and left margins are size standards of marker pBR322 digested with MSPI restriction enzyme. In locus
D5S820 (a), only J2 could be determined as MI’s offspring. In locus D125S67 (b), all juveniles (J2—J4)
could be identified as M1’s offspring.
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Fig. 2. Microsatellite alleles of D5S820 amplified from hair (left) and blood (right) DNA samples of mon-
keys (Z01—Z04) kept in Taipei Zoo. N denotes negative control. The right and left margins are size stan-
dards of marker pBR322 digested with MSPI restriction enzyme.
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characteristics facilitate cross-species application of PCR primers in closely related species. In
this study, microsatellite primers developed in human and M. fuscata were tested for validity
and screened for polymorphism in M. cyclopis. Polymorphism was observed in 21 out of the 36
loci tested. These polymorphic loci, along with the procedures developed for low-invasive sam-
pling from natural populations, will be useful tools for future studies on conservation genetics
of M. cyclopis.

The low-invasive sampling method employed in our study is readily applicable to field pri-
matologists. Collection of wound or menstrual bleeding and ejaculate samples is usually possible
in habituated primate groups under intensive behavioral observation. Hairs can be plucked bare-
handed from good-tempered individuals that ignore slight contact and disturbance from
researchers. However, it should be conducted with care to avoid biting or scratching by the animals.

Similar to other macaque species, M. cyclopis live in multimale social groups (KAWAMURA et
al., 1988). During the mating season, females would mate with multiple males, including troop
males and nontroop males (Wu & LIN, 1992). Males may employ different strategies to ensure
their reproductive success which can only be accessed by molecular approaches. The relation
between dominance and reproductive success of male primates has been studied extensively.
Some studies found that dominant males would produce more offspring (DE RUITER & VAN HOOFF,
1993; DixsoN et al., 1993; SMITH, 1993), while others suggested the role of sperm competition,
male mating experience, and female choice in determining the reproductive success of males
(BERARD et al., 1993; INOUE et al., 1993; PAUL et al., 1993; SoLTis et al., 1997). In the captive
group examined in our study, the reproductive success is strongly related to dominance.
However, it may be a special case in captivity rather than the general pattern for the species. In
a confined area with simplified environment, lower-ranking males could hardly approach estrous
females (Wu, pers. obs.).

Among the five highly polymorphic loci, four of them exhibit similar repeat array size in M.
cyclopis and other species (Table 2). The banding pattern in the other locus, D12S67, deserves
special attention. In M. cyclopis, three allelic size groups were found. Two of them are similar
to the size groups reported in M. mulatta and M. fascicularis (KAYSER et al., 1995). Alleles of
the third group are larger than those reported in the other two macaque species, and are compa-
rable to the larger alleles found in human. KAYSER et al. (1995) proposed that the two common
allelic groups in macaques consist of perfect (GATA)n shorter alleles and duplicated longer
alleles, and the insertion event leading to the occurrence of the longer alleles was fixed in the
common ancestor of the M. fascicularis species group. The two common allele groups observed
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in M. cyclopis provide evidence for the speculation by KAYSER et al. (1995). It is yet to be deter-
mined whether these alleles are present in the arctoides, sinica, and sylvanus-silenus species
groups. Moreover, the existence of the largest allele group in M. cyclopis poses another interest-
ing question. It might be resulted from other mutation events along the mulatta-cyclopis lin-
eage. Further study in this particular locus may improve our knowledge on the evolutionary
scenario of the Macaca genus.
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