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Abstract

Background: Within multi-male and multi-female mammalian societies, paternity assignment is crucial for evaluating
male reproductive success, dominance hierarchy, and inbreeding avoidance. It is, however, difficult to determine
paternity because of female promiscuity during reproduction. Noninvasive molecular techniques (e.g., fecal
DNA) make it possible to match the genetic father to his offspring. In the current study, a troop of free-ranging
Taihangshan macaques (Macaca mulatta tcheliensis) in Mt. Taihangshan area, Jiyuan, China, was selected for
studying the paternity. We successfully screened a set of microsatellite loci from fecal DNA and evaluated the
efficiency of these loci for paternity testing using clearly recorded data of maternity.

Results: The results showed that: 1) ten loci out of 18 candidate microsatellite loci were amplified successfully
in the fecal samples of Taihangshan macaques. The error probability in maternity assignments and paternity
testing was very low as indicated by their power of discrimination (0.70 to 0.95), power of exclusion (0.43 to
0.84), and the values of polymorphic information content ranging from 0.52 to 0.82; 2) the combined probability
of exclusion in paternity testing for ten qualified loci was as high as 99.999%, and the combined probability of
exclusion reached 99.99% when the seven most polymorphic loci were adopted; 3) the offspring were assigned
to their biological mother correctly and also matched with their genetic father.

Conclusions: We concluded that the ten polymorphic microsatellite loci, especially a core set of seven most
polymorphic loci, provided an effective and reliable tool for noninvasive paternity testing in free-ranging rhesus
macaques.
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Background
Within multi-male and multi-female mammalian societies,
maternal rather than paternal care plays a crucial role in
offspring development (Rosenblatt 2003). Although rare,
paternal care (e.g., male-infant affiliation and the selective
support of offspring in agonistic interactions) in many
cercopithecine species have been documented (Buchan
et al. 2003, Fernandez-Duque et al. 2009, Langos et al.
2013). Multiple-mating by promiscuous females, however,
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masks paternity certainty (Soulsbury 2010), which conse-
quently could obscure the true paternal care (Buchan
et al. 2003, Widdig 2007). Paternal care is expected to re-
sult in fitness benefits for sires (Buchan et al. 2003), and
known paternity is thus critical for evaluating male
reproduction success in primates with a promiscuous mat-
ing system (Smith 1993, Berard et al. 1994, Bercovitch
1997). Therefore, paternity identification serves as the
cornerstone of understanding male reproductive ecology.
Moreover, paternity testing could clarify many important
issues in the field of male reproductive ecology, including
male reproductive skew (Pereira et al. 2000) and the effect
of dominance hierarchy on male reproductive success
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(Bergman et al. 2008). However, it is debatable whether
the relationship between male non-human primates and
their genetic offspring and unrelated individuals can be
determined through epigenetic and/or transgenerational
effects (Widdig 2007, Fernandez-Duque et al. 2009). As fe-
male mating promiscuously leads to paternity confusion, it
is hard for researchers to determine the consanguinity be-
tween the father and his offspring through morphological
and/or behavioral clues in the natural environment (Inoue
et al. 1993). Fortunately, advancing molecular techniques
(e.g., noninvasive genotyping) help to overcome many lim-
itations in the field and broaden the scope of studies of
free-ranging non-human primates, including paternity
determination (Woodruff 1993, Constable et al. 2001,
Taberlet et al. 1999).
With the development of non-invasive sampling tech-

niques, DNA sources such as fecal DNA samples have
been used in examining paternity (Constable et al. 2001).
Reports of primate studies utilizing feces have become
more and more prevalent in recent years (Buchan et al.
2003, Liu et al. 2008, Bergman et al. 2008, Langos et al.
2013, Liu et al. 2013). Among various molecular markers,
microsatellites have been demonstrated to be ideal for ana-
lyses of genotyping, parentage, and pedigree (Estoup et al.
1998, Constable et al. 2001, Balloux and Lugon-Moulin
2002, Luna-González et al. 2012, Charpentier et al. 2012,
Yang et al. 2014). A growing body of studies has examined
the validity of microsatellite in parentage assessment
(Vigilant et al. 2001, Reis et al. 2008, Luna-González
et al. 2012, Wojtas et al. 2013) and pedigree analysis
(Sefc et al. 1998, Wang et al. 2009, Li et al. 2010). Given
a sufficient number of alleles, sound results for individ-
ual identification and paternity testing could be ob-
tained with relatively small number of microsatellite
loci (less than seven) (Bernatchez and Duchesne 2000).
For instance, using only five microsatellite loci, the suc-
cess rates of parentage identification in Plateau pike
(Ochotona curzoniae) reached over 99.99% (Li et al.
2010). In captive rhesus macaques (Macaca mulatta),
the probability of paternity assignment success was
99.53% when six markers were adopted (Xu et al.
2013). Along with the number of microsatellite loci, the
validity of the statistics analyses also relies on the poly-
morphism of loci and sample size (Cooper et al. 1997).
Highly polymorphic loci and fresh samples are crucial
for reducing the ratio of genotype mismatch because
fecal samples generally provide a low DNA concentra-
tion, and these DNA could be highly degraded due to
numerous inhibitive factors (Constable et al. 2001, Liu
et al. 2008). In rhesus macaques, many studies on iden-
tifying polymorphism of microsatellite loci have been
reported. However, none of the markers were assured
to be highly polymorphic in all rhesus macaque popula-
tions including subspecies distributed in various regions
(Xu et al. 2013). For instance, different patterns of allele
frequency distribution for some loci (e.g., D6S291, D6S276,
and D6S2741) were documented between Indian- and
Chinese-origin rhesus macaques (Penedo et al. 2005).
Taihangshan macaques, M. mulatta tcheliensis, are cur-

rently confined to the southern part of Mt. Taihangshan
and considered as the northernmost natural population of
rhesus macaques in the world (Zhang et al. 1989, Lu et al.
2007). Although studies on reproductive biology (Song
and Qu 1996, Hou et al. 1998, Tian et al. 2013), behavioral
ethogram and social structure (Tian et al. 2011a, 2011b) of
Taihangshan macaques have been carried out, little is
known about the variation in reproductive contribution
among adult males in a given group. In the present study,
by using noninvasive genotyping with fecal DNA, we
aimed to: 1) screen for highly polymorphic and reliable
microsatellite markers, 2) evaluate the effectiveness of
these microsatellite markers through matching the mater-
nity assignment to observed maternity, and then 3) deter-
mine the paternity of offspring.

Methods
Target troop and sampling
A free-ranging troop of Taihangshan macaque (Troop
Wangwu 1 (WW-1)), occurring in Taihangshan Macaque
National Nature Reserve (TMNNR) (35°05′ to 35°42′ N,
112°02′ to 112°45′ E) in Mt. Taihangshan area, Jiyuan,
China, was assigned as our target troop. During the study
period, there were six adult males (HB, BB, ZM, PZ, XBL,
and SQ) and three matrilineal units (HL unit, CM unit,
and BD unit; Figure 1), and HB held the highest domin-
ance rank in WW-1 (Tian et al. 2011b). We determined
mother-offspring relationship by identifying infant-to-
mother attachment (e.g., infant breastfed by adult female).
The majority of parental cares for infants within troop
WW-1 were performed by mothers. During mating season
(mainly from October to December), (adult) males (single
or ‘bachelor troop’) from outside of WW-1 but surround-
ing the troop were commonly observed, and the adult
males of them occasionally were observed to mate with
adult females within troop WW-1.
During March 2010 and June 2011, fresh feces were

collected from individually identified macaques shortly
after defecation (in general, less than 5 min), which in-
cluding adult males, adult females, and offspring born in
2009 (CX, JS, GX, XXC, LM, CL, and TT) and 2010
(ZY). The outer layer of the feces were harvested and
then shifted into 50-mL conical tubes, one in each, filled
with 95% ethanol (sample: ethanol = 1:3). The samples
were kept at −20°C for further testing. In total, 136 fecal
samples were collected from six adult males (mean ± SE,
6.0 ± 1.0 samples per individual), eight adult females
(mean ± SE, 8.0 ± 1.5 samples per individual), and eight
offspring (mean ± SE, 4.5 ± 0.5 samples per individual).



Figure 1 The kinship among individuals of three matrilineal units within troop WW-1. The circles represent females and squares represent
males. Matrilineal units: HL, honglian unit; CM, changmao unit; BD, bandian unit.
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The maternity within WW-1, serving as the ruler of
evaluating the effectiveness of screened microsatellite
markers (see results), were identified (e.g., infant breast-
fed by adult female) and recorded based on long-term
field observation.
DNA extractions
QIAamp® DNA Stool Kit (Qiagen, GmbH, Germany) was
employed in extracting DNA from fecal samples following
the manual with some modifications. To remove impur-
ities dissolved in water and ethanol, and homogenize
cells in samples, fecal samples were firstly centrifuged at
10,000 g, 4°C for 10 min, and the supernatant was aban-
doned. The residual samples were centrifuged with 97%
ethanol and sterile water (sample: liquid = 1:3) three times
at 10,000 g (4°C for 15 min each time), respectively, and
the supernatants were abandoned each time. Two negative
extractions (no sample) controls were processed along
with each set of eight samples (in total 17 sets). All ex-
tracted fecal DNA per sample was quantified via spec-
trophotometry (DNA concentration ranging from 0 to
12.30 ng/μL), while samples with less than 5.00 ng/μL
were not adopted because they rarely worked (Constable
et al. 2001).
Microsatellite loci screening and sequence analysis
In total, 18 microsatellite markers (D12S372, D9S934,
D16S403, D1S548, D3S1768, D5S820, D6S311, D5S1457,
D6S2741, D14S306, D3S3045, D21S1246, D6S2419, D7S513,
D4S1645, D15S644, D12S67, and D18S536) were chosen as
the candidate loci based on previous genetic studies of ma-
caques, which amplified these loci from blood or tissue sam-
ples (Kanthaswamy and Smith 1998, Kanthaswamy et al.
2006, Li et al. 2009) (Table 1).
PCR amplifications were carried out in 20 μL reaction

mixtures, consisted of 1 μL template DNA, 50 mM KCl,
20 mM Tris-HCl (pH 8.3), 4.0 mM MgCl2, 0.4 mM of
dNTP, 0.3 μL of each forward and reverse primer (10 μM),
and 0.5 U of Hotstart Taq DNA polymerase (Qiagen
GMBH, Germany). Amplification conditions were as fol-
lows. Initial denaturing of 95°C for 5 min, followed by 45
cycles of 1 min at 95°C, 55°C to 60°C for 30 s, and 72°C
for 1 min followed by a final 7 min extension at 72°C
(see Table 2 for the optimum annealing temperature).
Two negative PCR controls were employed in each set
of PCRs. We repeated the amplification for two to
three times.
The 5'-end of the forward primer was fluorescently la-

beled, and successfully amplified products were added to
3.0-μL methanamid and run in an ABI PRISM 3730
Genetic Analyser (Applied Biosystems Inc., Foster City,
CA, USA). The analysis of allele sizes against the in-
ternal size standard and genotyped individuals was per-
formed using GeneScan™-500LIZ™ Size Standard and
GeneMapper™ V4.0 software.
Data analysis
Paternity analysis was mainly performed with CERVUS
program version 3.0, which was also used to estimate al-
lele frequencies, observed and expected heterozygosities
(Marshall et al. 1998). This program calculates the pater-
nity inference likelihood ratio and generates a statistic
variable, delta (Δ), defined as the difference in positive
log likelihood ratios (LODs) between the top two candi-
date fathers. If only one candidate father with a positive
LOD score exists, his delta score equals his LOD score.
CERVUS uses a simulation based on the observed allele
frequencies, which takes typing error rates and incom-
plete sampling into account, to determine the statistical
significance of the delta value generated for each pater-
nity. CERVUS simulation parameters include number of
offspring = 10,000, number of candidate fathers = 3, prop.
sample = 1, proportion of loci typed depends on allele fre-
quency analysis, rate of typing error = 0.01, relaxed confi-
dence level = 80%, strict confidence level = 95%.
Moreover, following the instructions of programs, nu-

meric errors and null alleles at 95% confidence interval
were checked by the allelic size data using Micro-
Checker (van Oosterhout et al. 2004). GENEPOP version
3.4 was adopted to test the Hardy-Weinberg equilibrium
(Raymond and Rousset 1995). Power of exclusion (PE)
and combined power of exclusion (CPE) of the ten loci



Table 1 Characteristics of 18 microsatellite loci used in this study

Locus Primer sequence DNA source Species Topic References

D12S372 TGGACCACAGGGTATCATCT Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

TCCAATGGAAAGAAATGGAG

D9S934 TTTCCTAGTAGCTCAAGTAAAGAG Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

AGACTTGGACTGAATTACACTGC

D16S403 GTTTTCTCCCTGGGACATTT Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

TATTCATTTGTGTGGGCATG

D1S548 GAACTCATTGGCAAAAGGAA Blood Pig-tailed macaques Paternity testing Perwitasari-Farajallah 2007

GCCTCTTTGTTGCAGTGATT

D3S1768 GGTTGCTGCCAAAGATTAGA Blood Rhesus macaques Paternity testing Kanthaswamy and Smith 1998

CACTGTGATTTGCTGTTGGA

D5S820 ATTGCATGGCAACTCTTCTC Blood Rhesus macaques Loci screened Kayser et al. 1996

GTTCTTCAGGGAAACAGAACC

D6S311 ATGTCCTCATTGGTGTTGTG Blood Rhesus macaques Paternity testing Xu et al. 2013

GATTCAGAGCCCAGGAAGAT

D5S1457 TAGGTTCTGGGCATGTCTGT Blood Rhesus macaques Paternity testing Kanthaswamy and Smith 1998

TGCTTGGCACACTTCAGG

D6S2741 CTGCACTTGGCTATCTCAAC Blood Rhesus macaques Genotyping Penedo et al. 2005

AGACTAGATGTAGGGCTAGC

D14S306 AAAGCTACATCCAAATTAGGTAGG Blood Rhesus macaques Paternity testing Xu et al. 2013

TGACAAAGAAACTAAAATGTCCC

D3S3045 ACCAAATGAGACAGTGGCAT Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

ATGAGGACGGTTGACATCTG

D21S1246 GATAAAGTAGACAGGTAAACA Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

GGATTATAATTCAAGATGAGAT

D6S2419 CTAATTTGTAGATTTAAGCCTTTGC Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

ATTCTGGTTTCAGAAACTATAGGC

D7S513 AGTGTTTTGAAGGTTGTAGGTTAAT Blood Rhesus macaques Polymorphism analyzing Li et al. 2009

ATATCTTTCAGGGGAGCAGG

D4S1645 CAACTTTCTTCAATAAATTTGGC Blood and tissue Rhesus macaques Loci screened Rogers et al. 2005

CAGACACTGTCCTGTTGTGG

D15S644 CCTTCATTGGCAGACTCACT Blood Rhesus macaques Kinship estimating Smith et al. 2000

GCAGACACCAAGATGATAACG

D12S67 GCAACAGTTTATGCTAAAGC Blood Rhesus macaques Genotyping Kayser et al. 1995

GCCTATGCAGTTCAAATCTA

D18S536 ATTATCACTGGTGTTAGTCCTCTG Blood Rhesus macaques Kinship estimating Smith et al. 2000

CACAGTTGTGTGAGCCAGTC

Wang et al. Zoological Studies  (2015) 54:8 Page 4 of 10
were calculated from allele frequencies using PowerStats
V1.2 (Promega Corporation, Madison, WI, USA). De-
tailed information is listed within Table 3.

Ethics statement
The present study was conducted with noninvasive
method which was aimed to reduce the anthropogenic
impact. Rare direct contact between the observers and
the study subjects occurred, though the observers were
able to view the macaques from a distance as short as
0.5 m. All protocols for the field work portion of this
study complied with protocols approved by the Life
Sciences Ethics Committee of Zhengzhou University
and adhered to the legal requirements for animal re-
search in China and the American Society of Primatol-
ogists principles for the ethical treatment of primates.



Table 2 Locus, amplification condition, and results of
amplification success microsatellite markers tested in
Taihangshan macaques

Locus Sequence
repeats

Repeat
motif

Allele
sizes (bp)

Annealing
temperature (°C)

Success
rate (%)

D12S372a GATA Tetra 156 to 199 58 62.92

D9S934a AGAT Tetra 206 to 230 56 78.33

D16S403 CA Di 150 to 175 59 35.63

D1S548 TATC Tetra 148 to 172 60 76.81

D3S1768a TAGA Tetra 186 to 206 57 51.32

D5S820a GATA Tetra 190 to 218 58 85.71

D6S311 CA Di 229 to 276 58 48.72

D6S2741a ATAG Tetra 97 to 127 59 81.14

D5S1457a AG Di 199 to 299 57 66.43

D14S306a AGAT Tetra 190 to 210 58 68.79

Note: aMost polymorphic loci.
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Results
Variation of microsatellites
In this study, we extracted DNA samples from fresh
feces of 22 individuals belonging to a free-ranging rhesus
macaque population. Within 136 fecal samples, 78 of
them (DNA concentration >5.00 ng/μL) were adopted
(mean ± SE, 3.0 ± 0.5 samples per individual). We tried
to amplify 18 candidate microsatellite loci compiled
from previous publications on captive macaques but de-
rived from various samples (e.g., blood and tissues). Ten
out of these 18 candidate microsatellite loci were suc-
cessfully amplified, while the remaining 8 loci were
Table 3 Software cited for parameter analyzing in this study

Parameters Abbreviati

Numeric errors and null alleles -

Hardy-Weinberg equilibrium HWE

Logarithm of odds LOD

Observed heterozygotes Ho

Expected heterozygotes He

Power of discrimination PD

Polymorphism information content PIC

Average non-exclusion probability for one candidate parent NE-1P

Average non-exclusion probability for one candidate parent
given the genotype of a known parent of the opposite sex

NE-2P

Average non-exclusion probability for a candidate parent pair NE-PP

Estimated null allele frequency F(null)

Average non-exclusion probability for identity of two unrelated
individuals

NE-I

Average non-exclusion probability for identity of two siblings NE-SI

Power of exclusion PE

Combined probability of exclusion CPE
discarded because of their poor amplification. Within
this set of ten loci, the average success rate of amplifica-
tion with fecal DNA of Taihangshan macaques was
64.20% (763 attempts) and the success rate ranged from
35.63% for locus D16S403 (31/87 attempts) to 85.71%
(84/98 attempts) for locus D5S820 (Table 2).
For ten microsatellite loci, the number of alleles per

locus ranged from 4 to 9 (mean 6.8 alleles per locus),
and 9 loci had ≥5 alleles. Of the target monkeys, 99.55%
was genotyped. The observed heterozygosity (Ho) ranged
from 0.14 to 0.86 (mean 0.66), while the expected het-
erozygosity (He) ranged from 0.63 to 0.86 (mean 0.76).
The distribution of alleles at D16S403 was found to de-
viate from the Hardy-Weinberg expectations (P < 0.001),
while all other loci conformed to expectations (Table 4).
The power of exclusion (PE) for individual loci was from
0.43 to 0.84 (mean 0.66), and the polymorphism infor-
mation content (PIC) ranged from 0.52 to 0.82 (mean
0.70). The PIC was an ideal indicator for evaluating the
polymorphism of fragment. The loci could be deter-
mined with high polymorphism when PIC > 0.50. For
the seven most polymorphic loci (D12S372, D9S934,
D3S1768, D5S820, D6S2741, D5S1457, and D14S306),
the observed heterozygosity (Ho) ranged from 0.62 to
0.86 (mean 0.77), while the expected heterozygosity (He)
ranged from 0.64 to 0.86 (mean 0.79). The PE for indi-
vidual locus was from 0.43 to 0.84 (mean 0.64), and the
PIC ranged from 0.55 to 0.82 (mean 0.73) (Table 4). The
combined probability of exclusion (CPE) in paternity
testing for ten reliable loci in this study was as high as
99.999%. Moreover, the CPE could reach 99.99% when
on Software References

Micro-Checker van Oosterhout et al. 2004

GENEPOP version 3.4 Raymond and Rousset 1995

Cervus Software Marshall et al. 1998; Hsu et al. 2010;
Li et al. 2010; Luna-González et al. 2012

PowerStats V1.2 (Promega
Corporation, USA)

Brenner and Morris, 1990; Li et al. 2010;
Stevanovic et al. 2010



Table 4 Parameters of the ten microsatellite loci

Locus Parameters

K N Ho He PIC NE-1P NE-2P NE-PP F(null) NE-I NE-SI HWE PD PE CPE

D12S372b 6 21 0.619 0.772 0.713 0.653 0.475 0.295 0.106 0.102 0.398 NS 0.951 0.842 0.8418

D9S934b 8 22 0.818 0.805 0.761 0.580 0.400 0.211 −0.029 0.071 0.374 NS 0.900 0.720 0.9557673

D16S403 5 22 0.136 0.629 0.551 0.796 0.645 0.477 0.065 0.212 0.496 a 0.897 0.715 0.9873848

D1S548 4 13 0.538 0.625 0.519 0.813 0.683 0.532 0.060 0.242 0.510 NS 0.897 0.714 0.9963883

D3S1768b 7 20 0.800 0.826 0.779 0.558 0.381 0.199 −0.013 0.065 0.364 NS 0.881 0.691 0.9988836

D5S820b 7 22 0.864 0.797 0.748 0.600 0.421 0.234 −0.057 0.080 0.380 NS 0.878 0.682 0.9996451

D6S311 9 22 0.545 0.810 0.765 0.573 0.395 0.207 0.185 0.070 0.372 NS 0.889 0.681 0.9998869

D5S1457b 7 21 0.810 0.807 0.759 0.585 0.406 0.220 −0.039 0.074 0.375 NS 0.852 0.681 0.9999575

D6S2741b 6 21 0.762 0.641 0.555 0.786 0.642 0.476 −0.106 0.211 0.490 NS 0.737 0.442 0.9999765

D14S306b 9 22 0.727 0.863 0.823 0.484 0.316 0.146 0.071 0.044 0.340 NS 0.698 0.429 0.9999865

Note: K, number of alleles at the locus; N, the number of individuals typed at the alleles; NS, not significant; aSignificant, lower than the 1% level. bMost polymorphic loci.

Wang et al. Zoological Studies  (2015) 54:8 Page 6 of 10
we used the core set of seven most polymorphic loci
(Table 4), and the CPE increased slowly when added the
remaining loci one by one (Figure 2).

Paternity assignment
To evaluate the effectiveness and reliability of paternity
assignment, we firstly matched the maternity assigned
according to the screened ten microsatellite loci with re-
corded maternity and found that all the offspring was
assigned correctly to the observed mother. The reliabil-
ity of the assignment was estimated by the LOD ranged
from 2.38 to 5.01 (mean ± SE, 3.56 ± 0.32), while there
were two mismatched loci, D6S311 (between ZY and
HL) and D16S403 (between LM and HT).
Using the evaluated ten microsatellite loci, we assigned

the paternity within the studied offspring. The LOD
values for candidate paternity varied from −13.1 to 9.66
(mean ± SE, 1.94 ± 2.08), which suggested that mis-
match occurred between offspring and ‘genetic father’
because of negative values (Table 5). We found that the
Figure 2 Combined probability of exclusion increasing with number o
estimation of only one paternity assignment (between JS
and ZM) was negative (−13.1), therefore all the other
offspring were assigned to their genetic fathers (Table 5).
In addition, we detected a paternity relationship between
two adult males that the alpha adult male (HB) was the
genetic father of another adult male (BB) with 3.73 of
LOD value (Table 5), but the later did not sire in the
studied offspring or other target adult males (Table 5).

Discussion
From our study, ten microsatellite loci, screened with
fecal DNA, exhibited higher polymorphism and higher
success rate of amplification and stability. By evaluating
the amplified microsatellite loci based on recorded
mother-offspring pairs, we could assign all the offspring
but JS to their genetic fathers. The screened markers
provide sound molecular support for the study of repro-
ductive success and parental care in free-ranging rhesus
macaques. Due to the high level of polymorphism,
microsatellite markers have been used for paternity
f loci.



Table 5 Parentage assignment by ten microsatellite loci

Offspring Candidate mother/father Pair loci number Pair loci mismatching Pair LOD score Pair Delta Pair confidence

CX CHF 10 0 3.37E+00 3.37E+00 a

JS JLF 9 0 2.38E+00 2.38E+00 a

GX GBF 10 0 4.13E+00 4.13E+00 a

ZY HLF 10 1 3.11E+00 3.11E+00 a

XXC XBDF 9 0 4.37E+00 4.37E+00 a

CL CMF 10 0 5.01E+00 5.01E+00 a

LM HTF 10 1 3.56E+00 3.56E+00 a

TT BDF 10 0 2.54E+00 2.54E+00 a

CX SQM 10 0 3.72E+00 3.72E+00 a

JS ZMM 8 4 −1.31E+01 0.00E+00

GX XBLM 10 0 3.53E+00 3.53E+00 a

ZY SQM 9 0 2.34E+00 2.34E+00 a

XXC PZM 9 0 2.96E−01 2.96E−01 b

CL XBLM 10 0 9.66E+00 9.66E+00 a

LM HBM 10 0 5.53E+00 5.53E+00 a

TT XBLM 10 0 1.77E+00 1.77E+00 a

BB HBM 9 0 3.73E+00 3.73E+00 a

Note: aFor strict confidence level. bFor relaxed confidence level. If the candidate parent is not the most likely, this column will be blank. Pair LOD score:
log-likelihood ratio for a parent-offspring relationship between the first candidate parent and the offspring. The superscripts on the adults represent the sex of
individuals, F, female; M, male.
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testing and population genetics studies of non-human pri-
mates successfully (Chambers et al. 2004, Bradley et al.
2007, Xu et al. 2013). In addition, the relatively new
methods of noninvasive genotyping for studying free-
ranging primates offer possibilities to characterize the pat-
terns of reproduction and migration in organisms with a
poor knowledge of their reproductive biology (Taberlet
et al. 1999, Bergman et al. 2008, Langos et al. 2013).

Screening of microsatellite loci with fecal DNA
In published works, tri- or tetranucleotide repeat
markers have been proved to reduce occurrence rate of
stutter bands and provide convenience in consistent
allele identification by using automated techniques
(Edwards et al. 1991, Bradley et al. 2000, Liu et al. 2008).
In the current study, six of the seven most polymorphic
loci were tetranucleotide repeat loci (D12S372, D9S934,
D3S1768, D5S820, D6S2741, and D14S306). For the other
three loci, two of them (D16S403, D6S311) were dinucleo-
tide repeats (Table 2). Considering the effectiveness of
DNA extraction from blood and other tissues, microsatel-
lite genotyping has been increasingly used in paternity
testing and population genetic analysis (Domingo-Roura
et al. 1997, Li et al. 2010, Luna-González et al. 2012,
Wojtas et al. 2013). Fecal samples generally serve as
poor DNA resource (e.g., low DNA concentration and
highly degraded/fragmented DNA) with repressive fac-
tors for amplification, which results in a low success
rate and a high allelic dropout rate (Gerloff et al. 1995,
Kohn and Wayne 1997, Lathuillière et al. 2001, Liu
et al. 2008). In this study, the incidence of allelic drop-
out was low and had no effect on paternity testing re-
sults. Previous studies have indicated that the incidence
of allelic dropout would decrease with increased temple
concentration (Taberlet et al. 1996). Morin et al. (2001)
indicated that, for fecal samples of wild chimpanzees
(Pan troglodytes verus), when amounts of template
DNA being >121 pg, only two replications were needed
to score with high confidence homozygous loci ampli-
fied and just 5.20% (34/656) incidence of allelic dropout
occurred. In our study, the template of which the con-
centration was higher than 5.00 ng/μL (extracted DNA
samples >250 pg/μL in 20 μL PCR reaction mixtures)
was accepted for amplification. Moreover, a multiple-
tube approach to genotyping was recommended for re-
ducing the influences of allele dropout on results
(Taberlet et al. 1996). However, in practical situation,
few investigators working with low concentration DNA
from noninvasive samples follow this approach to the
recommended extent (Gerloff et al. 1999, Kohn et al.
1999). Because the multiple-tube approach would ex-
haust finite sample material while also add significantly the
time and expense of a project. Instead, non-independent
assessments of reliability are often performed, such as
comparisons of mother-offspring genotypes or comparison
of the results from multiple extracts (Morin et al. 2001).
We found that all genotypes used in these analyses were
the results of using multiple DNA extracts for each
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individual. For eight mother-offspring pairs studied, the
sharing of alleles did not reveal any deviations from the ex-
pected Mendelian inheritance pattern.
We successfully obtained ten microsatellite loci from

fecal samples with rates of 35.63% to 85.71%, and the
most polymorphic seven of ten loci reached >60% suc-
cess rates (Table 2). We hereafter suggested that loci
with moderate or higher amplification rates can be used
in future noninvasive genetic research on free-ranging
rhesus macaque populations. Nonetheless, two dinucleo-
tide repeated loci, D16S403 and D6S311, were not rec-
ommended for selection because of their low success
rates (Table 2).
Previous studies have shown that reliability of pater-

nity testing basing on the number of loci and their prob-
ability of exclusion is highly correlated with the number
of alleles (Estoup et al. 1998, Bernatchez and Duchesne
2000). In this study, the average number of alleles per
locus (6.80, 10 loci out of 18 loci) approximated to the
study of white-handed gibbons (Hylobates lar) (7.00 al-
leles per locus, 8 loci out of 47 loci with fecal samples)
(Chambers et al. 2004) but was relatively higher than
4.54 alleles per locus (13 loci out of 34 loci with fecal
samples) in Yunnan snub-nosed monkeys (Rhinopithecus
bieti) (Liu et al. 2008). Expected heterozygosity values of
10 microsatellite loci (0.76) were slightly higher than
that of 11 loci used in Yugoslav pied cattle (0.75) (Steva-
novic et al. 2010) and 15 loci used in Marajoara horses
(0.75) and Puruca ponies (0.70) (Reis et al. 2008). We in-
vestigated seven most polymorphic loci and found that
our estimate (Ho = 0.77, He = 0.79) showed a slightly
higher level of diversity than that of the result (Ho =
0.72, He = 0.72) as reported by Newman et al. (2002). It
indicated that the free-ranging Taihangshan macaques
had the higher genetic variation coefficient. Further-
more, in our study, in several cases the observed hetero-
zygosity exceeded the expected heterozygosity, and one
locus significantly deviated from the Hardy-Weinberg
equilibrium (HWE). This deviation and the variations in
heterozygosity levels may be explained by the facts that
macaques from a structured population were sampled
and artificially treated as a randomly mating population.
In our study, the PIC of 10 screened loci ranged from
0.52 to 0.82, with an average of 0.70 for 10 highly poly-
morphic loci and an average of 0.73 for 7 most poly-
morphic loci, which approximate the estimate of PIC
(0.74) across 15 loci from blood samples (Kanthaswamy
et al. 2006). Because the frequency of heterozygotes at a
particular locus is strongly correlated with the estimate
of its PIC value, microsatellites with higher PIC value
are especially useful for genetically characterizing a given
individuals (Ude et al. 2003).
Those ten screened microsatellite loci exhibited poly-

morphism and stability, and the combined probability of
exclusion achieved 99.99% when the seven most poly-
morphic loci were employed for paternity testing (Figure 1).
To evaluate the effectiveness of a paternity testing system,
PE value or CPE value are the major factors in determining
the genetic sire of an offspring (Sherman et al. 2004). The
degree of relatedness of the candidate sire is also reflected
by PE value. Therefore, PE/CPE value reflects the ability of
an assay to exclude a candidate sire which is influenced by
the number of loci genotyped and heterozygosity of each
locus (Xu et al. 2013). The combined probability of exclu-
sion for 10 microsatellite loci exceeded 99.99% (Table 4),
which was slightly higher than that (99.62%) of 11 micro-
satellite loci used in paternity testing of Yugoslav pied cat-
tle (Stevanovic et al. 2010) and relatively higher than that
of 8 loci (96.60%) in white-handed gibbon (Hylobates lar)
(Chambers et al. 2004). Comparison of our study showed
that our selected microsatellite markers had greater power
of exclusion, and we could reach a high level of exclusion
with only seven loci.

Effectiveness of screened microsatellite loci
We amplified ten microsatellite loci which could be
employed to identify the parentage and also found that
seven loci of them displayed the most polymorphic. We
evaluated the effectiveness of these screened microsatellite
loci via matching the maternity assigned following the
current study to the maternity identified by our long-term
records in the field. All the studied offspring were success-
fully assigned to their biological mothers, which was
consistent with our field observations, except for two mis-
matched loci between ZY and HL and between LM and
HT. The mismatching was probably due to a null allele or
a mutation in loci D6S311 and D16S403.
Given the positive effectiveness of our amplified loci,

we could assign all the offspring and an adult male to
their genetic fathers via the current methodology; how-
ever, we failed to find the genetic father for one offspring
(JS). To ensure the reliability of testing, we analyzed the
data of JS five times, but four mismatched loci in the
paternity-offspring pair were found (LOD values < 0).
This mismatch plausibly resulted from the disappearance
of fecal samples of the genetic father of JS, which could
be possible because of male dispersal (Southwick et al.
1996, Thierry 2004). This was true that we did observe
adult males, single or from ‘bachelor troop’ but sur-
rounding the studied troop, mating with adult females
within WW-1 during copulating season (from October
to December). Unfortunately, we failed to collect their
fecal samples because these individuals were difficult to
observe and follow.

Conclusions
We screened ten microsatellite markers, especially a
core set of the most polymorphic seven of ten loci with
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fecal samples from free-ranging rhesus macaques. We
verified the screened microsatellite loci by matching the
maternity assignment via the current methodology to re-
corded maternity and assigned the paternity of our target
subjects. We concluded that screened markers offer po-
tential to characterize reproductive success and mating ef-
forts of adult males in free-ranging rhesus macaques.
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