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The genes of the major histocompatibility complex (MHC) are an important component
of the vertebrate immune system and play a significant role in mate choice in many
species. However, it remains unclear whether female mate choice in non-human
primates is based on specific functional genes and/or genome-wide genes. The
golden snub-nosed monkey (Rhinopithecus roxellana) lives in a multilevel society, which
consists of several polygynous one-male-several-female units. Although adult females
tend to mainly socialize with one adult male, females often initiate extra-pair copulations
with other males resulting in a high proportion of offspring being fathered by extra-pair
males. We investigated the effects of adaptive MHC genes and neutral microsatellites
on female mate choice in a wild R. roxellana population. We sequenced 54 parent-
offspring triads using two MHC class II loci (Rhro-DQA1 and Rhro-DQB1) and 20
microsatellites from 3 years of data. We found that the paternities of offspring were
non-randomly associated with male MHC compositions not microsatellite genotypes.
Our study showed that the fathers of all infants had significantly less variance for several
estimates of genetic similarity to the mothers compared with random males at both
MHC loci. Additionally, the MHC diversity of these fathers was significantly higher than
random males. We also found support for choice based on specific alleles; compared
with random males, Rhro-DQA1∗ 05 and Rhro-DQB1∗ 08 were more common in both
the OMU (one-male unit) males and the genetic fathers of offspring. This study provides
new evidence for female mate choice for MHC-intermediate dissimilarity (rather than
maximal MHC dissimilarity) and highlights the importance of incorporating multiple MHC
loci and social structure into studies of MHC-based mate choice in non-human primates.

Keywords: mate choice, Rhinopithecus roxellana, major histocompatibility complex, extra-pair paternity,
intermediate dissimilarity

INTRODUCTION

Females usually invest more in each individual offspring than males and thus tend to be the choosier
sex when determining mating partners (Searcy, 1982; Andersson, 1994; Kokko et al., 2003). Female
mate choice can occur before, during and after mating. Females may choose males that offer them
“direct” material benefits such as food, high-quality territories or paternal care that can translate
into increased reproductive success. Alternatively, females may choose males that offer “indirect”
genetic benefits such as “disassortative mating” and “good-genes-as-heterozygosity” (Trivers, 1972;
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Andersson, 1994; Tregenza and Wedell, 2000; Moller and
Jennions, 2001; Kokko et al., 2003; Neff and Pitcher, 2005;
Kempenaers, 2007). “Disassortative mating” requires females to
choose genetically dissimilar males by self-reference to their
own genotypes in order to produce an excess of heterozygous
offspring (Penn and Potts, 1999; Tregenza and Wedell, 2000;
Mays and Hill, 2004). “Good-genes-as-heterozygosity” posits that
females choose heterozygous males and can also result in the
production of increased proportions of heterozygous offspring
(Mays and Hill, 2004).

Several studies have examined specific functional loci effects
and genome-wide effects of female mate choice. The genetic
target(s) of female choice in most species thus generally remains
unclear (Ferrandiz-Rovira et al., 2016). In most vertebrates,
the highly polymorphic genes of the major histocompatibility
complex (MHC) are key components of the immune system.
These genes are involved in the recognition and presentation of
intracellular (such as viruses) and extracellular (such as bacteria)
antigens to T-cells, thereby contributing to a host immune
response to pathogen attack (Doherty and Zinkernagel, 1975;
Bernatchez and Landry, 2003). Several studies have shown that
MHC genes are important for mate choice in several vertebrate
species, with females not only benefiting directly by mating with
“healthy” males (i.e., females may be less likely to be infected with
pathogens from their mates) but also indirectly by producing
offspring with enhanced capacity to fight pathogen infection
(Landry et al., 2001; Richardson et al., 2005; Santos et al., 2017;
Rekdal et al., 2019). MHC genes thus make an ideal study system
to enable the identification of specific functional loci effects
of female mate choice (Penn and Potts, 1999; Milinski, 2006;
Schwensow et al., 2008a,b; Wedekind and Evanno, 2010).

A role for the MHC in mate choice has been found in a
variety of vertebrate taxa (such as fish, reptiles, birds, rodents,
and primates; Miller et al., 2009; Setchell et al., 2011; Evans
et al., 2012; Paula Cutrera et al., 2012; Rekdal et al., 2019).
There are three not necessarily mutually exclusive mechanisms
by which MHC is relevant to mate choice. (1) Choice for
dissimilarity by which one individual chooses a mating partner of
a dissimilar MHC genotype. The benefits accrued are increased
offspring heterozygosity with enhanced immunocompetence,
and inbreeding avoidance (Ailuropoda melanoleuca, Zhu et al.,
2019; Microcebus murinus, Huchard et al., 2013). Choice for
intermediate dissimilarity is similar to choice for dissimilarity
but is less pronounced. The chooser will benefit by producing
offspring of intermediate rather than maximal MHC genetic
diversity. This avoids any costs associated with excessive
outbreeding depression, and/or locally adapted gene complexes
affecting the immune systems of offspring being disrupted, and
also avoids the consumption of mature T-cell repertoire in
offspring with high MHC diversity (Luscinia svecica, Rekdal
et al., 2019; Mandrillus sphinx, Setchell et al., 2016). (2) Choice
for heterozygosity (diversity), in which heterozygous mating
partners are preferred. Choosers benefit by associating with
individuals with enhanced disease resistance and hence reduced
infection, and by producing heterozygous offspring in variable
environments (Oceanodroma leucorhoa, Hoover et al., 2018;
Microcebus murinus, Schwensow et al., 2008a). (3) Choice

for specific alleles in mating partners. Choosers can obtain
benefits from associating with high-quality mates (such as
reduced risk of contracting infection and higher intrasexual
competitive ability) and produce more offspring with specific
“good genes” (Ctenomys talarum, Paula Cutrera et al., 2012;
Cheirogaleus medius, Schwensow et al., 2008b). Importantly,
a lack of MHC-based mate choice in some species suggests
that benefits associated with MHC-loci do not occur or may
be context dependent (Peromyscus californicus, Melendez-Rosa
et al., 2018; Papio ursinus, Huchard et al., 2010a).

The golden snub-nosed monkey (Rhinopithecus roxellana)
is a good model system for investigating female mate choice,
because this endangered primate species lives in a multi-level
society (MLS). Each breeding band of up to 100 individuals is
comprised of several one-male units (OMUs), each made up of
a single adult male, and several adult females and their juvenile
and infant offspring. The breeding band is followed by an all-
male band (AMB), a group of former resident males, young
males who have reached sexual maturity, and sub-adult males
who have been ejected from the breeding band (Qi et al., 2014).
These AMB males often challenge and attempt to usurp the OMU
males and/or opportunistically engage in extra-pair copulations
with adult females (Grueter et al., 2017; Qi et al., 2017). The
R. roxellana social structure thus provides adult females with
opportunities to exhibit mate choice between their own OMU
male and the other adult males within the breeding band, and
between their own OMU male and AMB males. In addition to
the social status and competitiveness of adult males, female mate
choice may play a major role in the usurpation of OMU males by
AMB males (Qi et al., 2009; Fang et al., 2018). Moreover, previous
field observations have found that females usually initiate extra-
pair copulations when their OMU males are not present. Indeed,
approximately 50% of offspring are fathered by a male other than
the adult male of the same OMU as the mother (Guo et al.,
2010; Qi et al., 2020). Female R. roxellana may also preferentially
engage in extra-pair copulations with those males who have
recently achieved OMU “leader” male status (Zhao et al., 2005;
Qi et al., 2020).

Because female R. roxellana have ample opportunities to
express their mating preferences in different ways, the high rates
of extra-pair paternity in populations may not be the result
of a single mechanism. We therefore tested alternative genetic
mechanisms underlying female mate choice in R. roxellana using
3 years of social organization and genetic (20 microsatellites and
two MHC loci: DQA1 and DQB1) data. We made four priori
predictions. (1) Females are likely to be members of OMUs
headed by males based on the genetic traits of the OMU leader
male, consistent with “choice for specific alleles” and “choice
for heterozygosity.” (2) Females use their own MHC genetic
characteristics as a reference on which to choose the fathers
of their offspring, and they will choose males who are most
genetically different to themselves (“choice for dissimilarity”).
(3) The MHC and/or microsatellite genetic diversity of males
will affect the probability of a female producing offspring with
her own OMU leader male or via extra-pair copulations. (4)
MHC and/or microsatellite genetic diversity and compatibility
will affect the likelihood of OMU males having infants present
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within their OMU that they have not fathered [extra-pair
offspring (EPO)].

MATERIALS AND METHODS

Study Site, Reproductive Data and
Sample Collection
Field work was undertaken in the Zhouzhi National Nature
Reserve (ZNNR), which is located on the northern edge
of the Qinling Mountains (33◦48′68′′N, 108◦16′18′′E),
Shaanxi Province, central China [see Li et al. (2000) and
Li and Zhao (2007) for details]. Two R. roxellana troops
are present in this area (East Ridge Troop: ERT and West
Ridge Troop: WRT) (Li et al., 2000). We used the WRT
for this study, which during the 3 years study period
consisted of a breeding band of 10–13 one-male units
(∼130–150 individuals) and one all-male band (∼ 40
individuals). These monkeys have been provisioned food
every winter since October 2001 to enable close observation
and recognition of individuals. Individual identification was
made according to physical characteristics described previously
(Qi et al., 2014).

Data were collected from September 2015 until May 2017.
Data on the composition of the study troop OMUs were
collected by focal animal sampling (Altmann, 1974) during the
annual peak mating period (from September to December). The
current fertility status of each female was determined from the
subsequent breeding period (from March to May). Fecal and
hair samples were collected non-invasively from 145 individuals.
We sampled 80–90% of all individuals from the breeding band,
samples that consisted of all adult OMU males (N = 16), all
females that produced infants during the study period (N = 48),
and all infants produced during the study period (N = 54).
We also sampled approximately 70% of all AMB individuals,
sampling that consisted of all adult (N = 21) and sub-adult males
(N = 6). Juveniles were excluded because they cannot reproduce.
In 2015, there were in total 20 mother-infant pairs. However,
insufficient sampling for four infants prevented adequate PCR
amplification for inclusion in the dataset. Therefore, only 16
mother-infant pairs were used for the subsequent data analysis.
Samples from the infants, which were all born from 2015 to
2017, were collected by maternal-infant pairing (the mother-
infant relationship is initially determined by the fact that infants
are carried and fed by their mothers). All individuals were
sampled repeatedly at least twice to ensure the accuracy of
the genetic data.

DNA Extraction and Genotyping
DNA from hair follicles and fecal samples were extracted
following methods described by Allen et al. (1998),
and using QIAamp PowerFecal DNA Kits (QIAGEN,
Germany), respectively.

We used 20 highly polymorphic microsatellite loci (D10s1432;
D10s2483; D10s676; D12s375; D14s306; D18s1371; D19s1034;
D19s582; D20s206; D21s2054; D3s1766; D6s1036; D6s501;
D7s1804; D7s2204; D7s820; D8s1049; D9s252; D9s905; D6s49)

to conduct paternity analysis for all 54 infants born from
2015 to 2017. The polymerase chain reaction (PCR) and
the analysis of the microsatellite loci were conducted using
an extended dataset, with the primers and conditions as
described by Huang et al. (2016).

We genotyped 54 parent-offspring triads and adult and sub-
adult males from the AMB (N = 27) at the highly polymorphic
Rhro-DQA1 andRhro-DQB1 exon 2 sequences. The primers, PCR
amplifications, and genotyping were conducted using methods as
previously described (Zhang et al., 2016).

Data Analysis
Parentage Analysis
For all infants, from whom information about their mothers
and OMU males was available from field work, paternity
analysis was performed using the software CERVUS 3.0.6
(Kalinowski et al., 2007), based on the 20 microsatellites. MHC
genotype data concurred with the parentage results according to
Mendelian inheritance.

Using parentage analysis, we categorized each adult male to
one of the following two groups:

(i) OMU male: the resident male of the same OMU as the
mother of each infant during the previous mating season.

(ii) Genetic father: the real father of each infant based on
the result of parentage analysis. This could have been the
resident OMU male of the same OMU as the mother,
the resident male of a neighboring OMU to that of the
mother, or an AMB male.

Using parentage analysis, we categorized each infant to one of
the following two groups:

(i) Extra-pair offspring (EPO): an infant fathered by a male
who was not the infant’s OMU male.

(ii) Within-pair offspring (WPO): an infant fathered
by its OMU male.

Test Parameters for Hypotheses
To test for mate choice based on MHC-dissimilarity, we
estimated the following parameters: (1) the genetic similarity
of MHC alleles between the individuals of adult male-female
pairs (DFM), calculated as DFM = 2NFM/(NF + NM), where
NF and NM are the number of MHC alleles in female
and male, and NFM is the number of these alleles shared
by both individuals (Wetton et al., 1987); (2) the pairwise
evolutionary amino acid distance (Eaadis), which was calculated
as Eaadis = EAB + EAb + EaB + Eab, where A, a, B, b represent
the four alleles carried by the female and the male (Landry
et al., 2001). The evolutionary distance between two alleles
is calculated by MEGA 7.0 (Kumar et al., 2016); and (3)
the pairwise functional amino acid distance (Faadis). The
physiochemical properties of each amino acid were represented
by five z-descriptors: z1 (hydrophobicity), z2 (steric bulk),
z3 (polarity), and z4 and z5 (electronic effects) (Sandberg
et al., 1998). A matrix between alleles was constructed to
enable the Euclidian distance of all amino acids to be
calculated (Huchard et al., 2013). The formula used to calculate

Frontiers in Genetics | www.frontiersin.org 3 December 2020 | Volume 11 | Article 609414

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-609414 December 15, 2020 Time: 14:35 # 4

Zhang et al. Female MHC-Based Mate Choice

Faadis is similar to that used for Eaadis, as Faadis = FAB + FAb
+ FaB + Fab .

To test for mate choice based on MHC-heterozygosity, we
calculated the MHC heterozygosity (HMHC) of all adult OMU
and AMB males (DQA1 and DQB1). We used 0 to represent
homozygotes and 1 to represent heterozygotes for each MHC
locus. To test for mate choice based on MHC-diversity, two
parameters were used: (1) the evolutionary amino acid distance
(intra-Eaadis) and (2) the functional amino acid distance (intra-
Faadis) between two alleles within a locus for each adult
OMU and AMB male.

To test for mate choice based on specific MHC genes, the
MHC allele frequency (AF) of each locus in adult OMU and
AMB males was used.

To test for mate choice based on overall heterozygosity,
we calculated the microsatellite multi-locus heterozygosity
in adult OMU and AMB males (MLH, the number of
heterozygous microsatellite loci as a proportion of the total
number of typed loci).

To test for inbreeding avoidance, we calculated Queller and
Goodnight’s (1989) relatedness r using the program SPAGeDi
v1.5a (Hardy and Vekemans, 2002) to quantify the genetic
relatedness of each actual mother of each infant to each OMU
and AMB male combination (Table 1).

Randomization Tests
We conducted a randomization test based on Monte Carlo
sampling to investigate three non-exclusive hypotheses on
MHC-based mate choice. We simulated a random model of
female choice by letting each female randomly select 10 000
times between all accessible adult males of the corresponding
year. We then compared the observed mean value of OMU
males or genetic fathers, to the simulated range of randomly
“selected” males. We calculated P-values as the proportion of

TABLE 1 | Summary table of the test parameters for alternative hypotheses.

Mate choice
based on

Parameter

MHC-
dissimilarity

DFM the genetic similarity of MHC alleles
between females and males

Eaadis the pairwise evolutionary amino acid
distance between the MHC alleles of mates

Faadis the pairwise functional amino acid distance
between the MHC alleles of mates

MHC-
heterozygosity
(diversity)

HMHC MHC heterozygosity of individual male

intra-Eaadis the evolutionary amino acid distance
between two alleles in males

intra-Faadis the functional amino acid distance between
two alleles in males

specific MHC
genes

AF the MHC allele frequency of each locus in
males

overall
heterozygosity

MLH the microsatellite multi-locus heterozygosity
in males

inbreeding
avoidance

r the genetic relatedness between females
and males

the total number of iterations greater or smaller than the
observed mean. Observed values were significant if they fell
outside of the 97.5–2.5% confidence interval (CI). If females
prefer males with heterozygous or specific alleles as OMU
males, we expected the mean of HMHC, intra-Eaadis, intra-
Faadis, MLH, and AF for the OMU males would to be
significantly higher than that of randomly assigned males. If
females choose males based on their own MHC genotype
as the genetic fathers of their offspring, A lower mean of
DFM and a higher mean of Eaadis, Faadis for the genetic
fathers to mothers than random suggests mate choice for
maximum MHC-dissimilarity. However, the mean value for
mate choice for intermediate MHC-dissimilarity cannot be
distinguished from that for random mating. Therefore, in
order to compare the variance of 54 observed mates with
random mates, we produced 54 randomly selected “mates”
and repeated the process 10,000 times to calculate the
distribution of 10,000 variances. If the observed variance of
pairwise MHC-dissimilarity is significantly lower than the
random variance distribution, then this is consistent with
mate choice for intermediate MHC-dissimilarity (Forsberg
et al., 2007). If females are attempting to avoid the costs
of inbreeding, we expected the mean of r for the genetic
fathers and mothers to be significantly higher than that
for random mating.

Extra-Pair Copulation
To test if patterns of extra-pair copulation were consistent with
female choice for MHC-based and/or genome-wide effects, we
used a series of generalized linear mixed models (GLMM) to
measure the probability of a male being an OMU male of an
EPO or the genetic father of an EPO. Each model used a single
explanatory measure. This was one of three female–male MHC-
dissimilarity measures (DFM , pairwise Eaadis, pairwise Faadis),
one of three MHC-heterozygosity (diversity) measures for males
(HMHC, intra-Eaadis, intra-Faadis), the overall heterozygosity
parameter of males (MLH), or the genetic relatedness between
the female (mother) and either the OMU male of an EPO or
the genetic father of an EPO (r). Each model used a binary
response variable defined as 1 for an OMU male with an extra-
pair offspring (EPO) or 0 for a genetic father of an EPO. To
remove the effects of data pseudo-replication, female ID, male ID,
and sampling year were all included as random factors.

We also used generalized linear mixed models (GLMM) to test
for the effects of variation in genetic measurements (HMHC, intra-
Eaadis, intra-Faadis, DFM , pairwise Eaadis, pairwise Faadis, MLH,
and r) on the probability of individual offspring being the product
of an extra-pair copulation. We used a binary response variable
defined as 1 for an OMU male with an extra-pair offspring (EPO)
or 0 for an OMU male with a within-pair offspring (WPO). To
remove the effects of pseudo-replication, female ID, male ID, and
sampling year were all included as random factors.

To account for any possible false discovery regarding
multiple tests, we applied Bonferroni corrections (n = 8;
p-threshold = 0.006). All GLMM analyses were conducted with
R 3.6.1. (R-Core Team, 2019), either using the base package or
with the additional package “lmerTest” (Kuznetsova et al., 2017).
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RESULTS

Microsatellite Typing and Paternity
Analysis
A total of 145 individuals were typed using 20 microsatellite
loci and 54 parent-offspring triads were identified. For all
infants, information about their mothers and OMU males was
determined from behavioral observations. Thirty-three infants
(61%) were fathered by their OMU male, the same male that
headed their mother’s OMU. The remaining 21 infants (39%)
were the result of extra-pair copulations. Of these 21 infants, 14
(26% of all infants) were fathered by an OMU adult male from a
different OMU to that of their mother, with 7 (13% of all infants)
being fathered by an AMB male (Supplementary Table 1).

MHC Typing
The DQA1 locus genotypes were determined for 144 individuals
(16 OMU males, 27 AMB males, 48 adult females, and 53
infants) and the DQB1 locus genotypes for 145 individuals

(16 OMU males, 27 AMB males, 48 adult females, and 54
infants). For both DQA1 and DQB1 loci, we identified five
previously reported alleles: Rhro-DQA1∗01, 02, 03, 05, and 08,
GenBank: JQ217107-JQ217115; Rhro-DQB1∗01, 04, 08, 09, and
17, GenBank: JQ217116-JQ217131, KU184585 (Luo et al., 2012;
Zhang et al., 2016).

There was no significant correlation between MHC
heterozygosity and multi-locus heterozygosity. [HMHC-DQA1 vs.
MLH (N = 43): Spearman’s rho =−0.061, p = 0.697; HMHC-DQB1
vs. MLH (N = 43): Spearman’s rho = −0.065, p = 0.680]. Our
estimates of pairwise MHC genetic similarity did not correlate
with relatedness as estimated from microsatellites [DFM-DQA1
vs. r (N = 52): Spearman’s rho = −0.045, p = 0.753; DFM-DQB1
vs. r (N = 52): Spearman’s rho = 0.017, p = 0.906].

Female Choice for OMU Males
No evidence of female choice for OMU males based on
MHC dissimilarity, intermediate dissimilarity, heterozygosity,
and diversity was detected at both loci (Table 2). However, the
frequency of Rhro-DQA1∗ 05 and Rhro-DQB1∗ 08 for OMU

TABLE 2 | Results of randomization tests for differences in genetic parameters (MHC genes and microsatellites).

Hypotheses Parameter OMU males vs. randomly assigned males Genetic fathers vs. randomly assigned males

DQA1 DQB1 DQA1 DQB1

MHC dissimilarity DMF obs = 0.407 obs = 0.426 obs = 0.420 obs = 0.497

sim = 0.478[0.395, 0.568] sim = 0.463[0.370, 0.559] sim = 0.478[0.395, 0.568] sim = 0.463[0.370, 0.559]

Eaadis obs = 0.497 obs = 0.466 obs = 0.517 obs = 0.463

sim = 0.506[0.463, 0.549] sim = 0.491[0.447, 0.534] sim = 0.506[0.463, 0.549] sim = 0.491[0.447, 0.534]

Faadis obs = 174.8 obs = 183.8 obs = 182.6 obs = 182.6

sim = 180.0[164.2, 195.4] sim = 193.7[176.4, 210.4] sim = 180.0[164.2, 195.4] sim = 193.7[176.4, 210.4]

MHC-heterozygosity HMHC obs = 0.796 obs = 0.704 obs = 0.852 obs = 0.778

sim = 0.833[0.741, 0.926] sim = 0.741[0.630, 0.852] sim = 0.833[0.741, 0.926] sim = 0.741[0.630, 0.852]

(diversity) intra-Eaadis obs = 0.162 obs = 0.133 obs = 0.181 obs = 0.155*

sim = 0.155[0.127, 0.182] sim = 0.129[0.102, 0.155] sim = 0.155[0.127, 0.182] sim = 0.129[0.102, 0.155]

intra-Eaadis obs = 57.45 obs = 52.32 obs = 64.56 obs = 61.21*

sim = 55.60[45.20, 65.34] sim = 51.06[40.43, 61.17] sim = 55.60[45.20, 65.34] sim = 51.06[40.43, 61.17]

specific MHC genes AF 01, obs = 0.315 01, obs = 0.102 01, obs = 0.426 01, obs = 0.102

sim = 0.380[0.306, 0.463] sim = 0.102[0.046, 0.167] sim = 0.380[0.306, 0.463] sim = 0.102[0.046, 0.167]

02, obs = 0.278 04, obs = 0.315* 02, obs = 0.167** 04, obs = 0.435

sim = 0.278[0.204, 0.361] sim = 0.407[0.324, 0.491] sim = 0.278[0.204, 0.361] sim = 0.407[0.324, 0.491]

03, obs = 0.083 08, obs = 0.231** 03, obs = 0.102 08, obs = 0.213*

sim = 0.083[0.037, 0.130] sim = 0.139[0.074, 0.213] sim = 0.083[0.037, 0.130] sim = 0.139[0.074, 0.213]

05, obs = 0.259** 09, obs = 0.093 05, obs = 0.241** 09, obs = 0.093

sim = 0.139[0.074, 0.213] sim = 0.139[0.074, 0.213] sim = 0.139[0.074, 0.213] sim = 0.139[0.074, 0.213]

08, obs = 0.065* 17, obs = 0.259 08, obs = 0.065* 17, obs = 0.157

sim = 0.111[0.065, 0.176] sim = 0.204[0.139, 0.287] sim = 0.111[0.065, 0.176] sim = 0.204[0.139, 0.287]

SSR

overall heterozygosity MLH obs = 0.589 obs = 0.578

sim = 0.582[0.551, 0.612] sim = 0.582[0.551, 0.612]

inbreeding avoidance r obs = −0.000 obs = −0.010

sim = 0.002[−0.052, 0.059] sim = 0.002[−0.052, 0.059]

Statistical significance is indicated in bold. obs, observed mean; sim, simulated mean [95% CI]. P ≤ 0.05 in the statistical tests is indicated with *; P ≤ 0.01 in the statistical
tests is indicated with **.
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FIGURE 1 | Frequencies of MHC alleles for OMU males, genetic fathers, and randomly assigned males. Blue solid line: OMU males; orange solid line: genetic
fathers; gray bars: frequency distributions of mean values generated from 10,000 simulations of random males. Two-tailed 95% confidence intervals are indicated by
dashed lines which displayed cut-offs for significant departures from random mating. (A) Rhro-DQA1* 02, (B) Rhro-DQA1* 05, (C) Rhro-DQA1* 08, (D) Rhro-DQB1*
04, and (E) Rhro-DQB1* 08.

males was significantly higher than for randomly assigned males,
and significantly lower frequencies of Rhro-DQA1∗ 08 and Rhro-
DQB1∗ 04 (Table 2 and Figure 1).

For female mate choice based on genome-wide effects, we
found no difference between OMU males and randomly assigned
males for microsatellite multi-locus heterozygosity (MLH), or
relatedness (Table 2).

Female Choice for Genetic Fathers
The mean values of the genetic fathers-females did not
significantly differ to the mean values for randomly assigned
males-females in terms of DFM , Eaadis, and Faadis (Table 2
and Figure 2). However, consistent with the intermediate
dissimilarity hypothesis, variance for Eaadis, and Faadis of
the genetic fathers-females were significantly lower than the
corresponding values for randomly selected mates at both
loci (Table 3).

The genetic fathers had significantly higher value of
evolutionary amino acid distances (intra-Eaadis) and functional
amino acid distances (intra-Faadis) than randomly assigned males
at DQB1 (Table 2 and Figure 3).

The choice of specific MHC alleles for the genetic fathers
was largely consistent with that for the OMU males. Both had
significantly higher frequencies of Rhro-DQA1∗ 05 and Rhro-
DQB1∗ 08 than randomly assigned males, but significantly lower
frequencies of Rhro-DQA1∗ 02 and Rhro-DQA1∗ 08 (Table 2 and
Figure 1).

For choice based on genome-wide effects, we found no
difference between genetic fathers and randomly assigned
males for microsatellite multi-locus heterozygosities (MLH). The

relatedness values for the genetic fathers and females did not
differ to those of randomly assigned mates (Table 2).

Extra-Pair Paternity
We found no significant effect of each genetic variable on the
probability of one male being an OMU male of an EPO or a
genetic father of an EPO (GLMM; Supplementary Tables 2–
9). Furthermore, we found no significant effect of each genetic
variable on the probability of individual offspring being the
product of an extra-pair copulation (GLMM; Supplementary
Tables 10–17).

DISCUSSION

Although R. roxellana is generally regarded as being polygynous,
its mating system is dynamic and is likely to change in response
to various factors such as OMU take-overs and female transfers
between different OMUs (Zhang et al., 2006; Qi et al., 2009).
Moreover, our new parentage analysis showed a 39% rate of extra-
pair paternity, which broadly concurs with the high rates in the
same R. roxellana population in different years (57% in both 2005
and 2014–2015; Guo et al., 2010; Qi et al., 2020). Our results
suggest that female R. roxellana choose the genetic fathers of their
offspring non-randomly. Our data are consistent with female
preference for mates of intermediate MHC dissimilarity and
high MHC diversity, and showed evidence of choice for specific
MHC genes. The measured values of MHC dissimilarity between
females and the genetic fathers of their offspring was consistently
close to the mean value of the random model, with a significantly
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FIGURE 2 | MHC genetic similarity parameters between male and female for OMU males, genetic fathers and randomly assigned males. The observed values for the
OMU males/genetic fathers and female are visualized as normalized curves in blue and orange. Blue solid line: mean of OMU males; orange solid line: mean of
genetic fathers; gray bars: frequency distributions of mean values generated from 10,000 simulations of random mates. Two-tailed 95% confidence intervals are
indicated by dashed lines which displayed cut-offs for significant departures from random mating. (A,B) pairwise evolutionary amino acid distance, (C,D) pairwise
functional amino acid distance. (A,C) at DQA1 locus, (B,D) at DQB1 locus.

TABLE 3 | Results of randomization tests between OMU males/genetic fathers and randomly assigned males in measures of variance in MHC dissimilarity parameter.

Parameter OMU males vs. randomly assigned males Genetic fathers vs. randomly assigned males

DQA1 DQB1 DQA1 DQB1

variance in DMF obs = 0.095
sim = 0.111[0.073, 0.188]

obs = 0.095
sim = 0.132[0.081, 0.224]

obs = 0.087
sim = 0.111[0.073, 0.188]

obs = 0.128
sim = 0.132[0.081, 0.224]

variance in Eaadis obs = 0.032
sim = 0.028[0.015, 0.043]

obs = 0.025
sim = 0.029[0.017, 0.042]

obs = 0.011**
sim = 0.028[0.015, 0.043]

obs = 0.015*
sim = 0.029[0.017, 0.042]

variance in Faadis obs = 4137.9
sim = 3626.2[1936.0, 5561.6]

obs = 4111.1
sim = 4421.0[2591.5, 6492.8]

obs = 1394.9**
sim = 3626.2[1936.0, 5561.6]

obs = 2345.8*
sim = 4421.0[2591.5, 6492.8]

Statistical significance is indicated in bold. obs, observed mean; sim, simulated mean [95% CI]. P ≤ 0.05 in the statistical tests is indicated with *; P ≤ 0.01 in the statistical
tests is indicated with **.
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FIGURE 3 | MHC genetic diversity parameters for OMU males, genetic fathers and randomly assigned males. Blue solid line: OMU males; orange solid line: genetic
fathers; gray bars: frequency distributions of mean values generated from 10,000 simulations of random males. Two-tailed 95% confidence intervals are indicated by
dashed lines which displayed cut-offs for significant departures from random mating. (A) evolutionary amino acid distance of individual MHC alleles (intra-Eaadis), (B)
functional amino acid distance of individual MHC alleles (intra-Faadis).

reduced variance. The difference between individual MHC alleles
of the genetic fathers of offspring was also significantly higher
than for the randomly chosen males. In both the mothers’ OMU
males and the genetic fathers of offspring, the frequency of Rhro-
DQA1∗ 05 and Rhro-DQB1∗ 08 was significantly higher than in
randomly assigned males, and the frequency of Rhro-DQB1∗ 08
was significantly lower than in randomly assigned males. Finally,
our microsatellite data showed no evidence of choice for genome-
wide heterozygosity advantage or inbreeding avoidance. Genes
of the MHC or microsatellites convey different information,
suggesting that the trends we observed regarding MHC class II
genes were not due to genome-wide effects. The functional loci
of the MHC are thus more likely to be the targets of female mate
choice in R. roxellana.

Several studies have also reported evidence for intermediate
dissimilarity choice at MHC loci (Bonneaud et al., 2006; Forsberg
et al., 2007; Eizaguirre et al., 2009; Rekdal et al., 2019). This
concurs with mate choice for MHC dissimilarity to produce
offspring that can cope with a wide-range of pathogens. However,
it is noteworthy that at some point the costs of choice for
MHC genes will outweigh the benefits due to: (1) self-reactive
autoimmune responses, (2) the cost of coadapted gene complex
disruption, and (3) a consumption of mature T-cell repertoire
in individual offspring with high MHC diversity (Nowak et al.,
1992; Hendry et al., 2000; Woelfing et al., 2009). This concurs
with the hypothesis that the optimal MHC diversity for offspring
could be intermediate rather than maximal due to a trade-off
between individual MHC alleles (Kalbe et al., 2009; Woelfing
et al., 2009). Some experimental studies on infection by multiple
parasites and pathogens have shown that high rates of MHC
polymorphism may reduce the immune ability of individual
hosts (Wegner et al., 2003; Ilmonen et al., 2007). Females may
thus choose males with intermediate differences in genotypes as
fathers of their offspring to avoid producing offspring with high
MHC polymorphism. However, we found no evidence that any

of the genetic variables in this study affected the probability of
extra-pair copulation, and no evidence that any of the genetic
variables affected the likelihood of OMU males fathering EPOs.
This suggests that within the scope of our research, any benefits
to females via extra-pair copulations may not be entirely genetic.
In R. roxellana, extra-pair copulations are mostly initiated by
females and are not confined to the mating season (Zhao et al.,
2005). Extra-pair copulations may thus not always serve a direct
reproductive function and may benefit females in other ways.
For example, extra-pair copulations may help females establish
a beneficial social relationship with a male (Lemasson et al.,
2008). In R. roxellana multiple females from one OMU have been
recorded engaging in extra-pair copulations with the same AMB
male, which has successfully usurped the OMU male during the
course of their pregnancies (Qi et al., 2020). Female R. roxellana
may also produce extra-pair offspring as an infanticide avoidance
strategy via paternity confusion (Qi et al., 2020). Female initiated
extra-pair copulations are thus unlikely to be solely driven by
genetic benefits to females.

Both human and non-human primate studies have shown
evidence of mate choice for MHC-dissimilarity and diversity,
with fewer reports of mate choice for intermediate MHC
dissimilarity, optimal diversity, or specific MHC genes
(Winternitz and Abbate, 2015). To date, there are relatively
few reports of mate choice for specific MHC genes in non-
human primates (Sauermann et al., 2001; Schwensow et al.,
2008a,b; Setchell et al., 2009a, 2013, 2016; Huchard et al., 2010a,
2013; Yang et al., 2014; Sterck et al., 2017). In fat-tailed dwarf
lemurs (Cheirogaleus medius), male and female formed life-long
breeding pairs but with high rate of extra-pair paternity (44%),
social males have higher frequency of MHC-DRB supertype S1
(20 MHC supertypes defined by hierarchical clustering based
on amino acid sequence in the 50 different MHC-DRB alleles)
than random males (Schwensow et al., 2008b). In mandrills
(Mandrillus sphinx), a species that exhibits male mate-guarding
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of females, males prefer to guard females who do not possess
MHC-DRB supertype S1, an MHC supertype that is associated
with decreased immune function in the study population
(Setchell et al., 2016).

In another R. roxellana population, Yang et al. (2014)
found no evidence for female mate choice based on MHC
genotypes. Our study used similar statistical methods in order
to quantify the effects of MHC variation on mate choice,
as well as comparisons between real and random males.
However, there are several differences between this present
study and that of Yang et al. (2014). We found that both
DQA1 and DQB1 loci of the MHC II gene significantly
affected mate choice, whereas Yang et al. (2014) used the DRB
locus of the MHC II gene and found no significant effects.
Although any functional differences among the DQA1, DQB1,
and DRB loci remain unknown for R. roxellana, there may
be different mate choice selection pressures on different loci.
For instance, in gray mouse lemurs (Microcebus murinus),
disassortative mate choice was detected at DRB but not at DQB
(Huchard et al., 2013).

An alternative explanation for the discrepancy between
our new results and those of Yang et al. (2014) may be
due to insufficient sample size, resulting in type II errors
in the interpretation of highly polymorphic MHC genes
(Hoover and Nevitt, 2016). The breeding band studied by
Yang et al. (2014) was smaller than our study breeding band
and contained only five adult males (four OMU leader males
and a single AMU male) and 15 adult females. Moreover,
Yang et al. (2014) also found extra-pair paternity, but only
less than 10% of all infants were the result of an extra-
pair copulation. Due to the larger number of adult males
per female in the breeding band of our study, females
thus had more opportunities to exhibit mate-choice and/or
extra-pair copulation. In order to minimize conflict between
adult males, interactions between the AMB and OMUs of
the population studied by Yang et al. (2014) had been
experimentally restricted so females would have had reduced
opportunities for expressing their mate preferences (Qi et al.,
2020). Studies of a wide variety of different taxa, including
non-human primates, have shown that female mate choice
is usually dependent on ecological conditions that alter
the costs and benefits of being choosy (Andersson, 1994).
For example, when dominant males are able to prevent
other males from obtaining mating opportunities, such as
in small groups, female mating preferences are constrained
(Setchell and Huchard, 2010).

Major histocompatibility complex-based mate choice in
R. roxellana posits the question: which phenotypic signals do
females use to evaluate the genetic quality of potential mates?
In some non-human primates, MHC profiles have been shown
to correlate with variation in secondary sexual traits in both
sexes. In Chacma baboons (Papio ursinus), the specific MHC
supertype (S1) is associated with female physical condition and
the size of sexual swellings, even there is no evidence of male mate
choice for MHC dissimilarity, diversity or rare MHC genotypes
(Huchard et al., 2010a,b). Female sexual swellings are a reliable
indicator of female reproductive condition to males, and males

preferring females with larger swellings (Huchard et al., 2009).
In Mandrills (Mandrillus sphinx), male facial redness which
were preferred by females, were positively correlated with MHC
supertypes S4 and S11 (Setchell, 2005; Setchell et al., 2009b).
R. roxellana exhibits several sexually dimorphic traits such as
body size, facial color, and pelage color (Zhang et al., 2006).
We speculate that females may assess male MHC quality using
one or more of these traits. Additionally, olfactory cues to assess
MHC dissimilarity may be involved, as have been found in diverse
taxa such as sand lizards (Lacerta agilis), blue petrels (Halobaena
caerulea), bank voles (Myodes glareolus), and humans (Jacob
et al., 2002; Olsson et al., 2003; Thornhill et al., 2003; Radwan
et al., 2008; Leclaire et al., 2017). In mandrills (Mandrillus
sphinx), although male odors are not related to any specific
MHC supertype, odor similarity is related to MHC similarity
(Setchell et al., 2011).

Females may choose to mate with those extra-pair males that
have a high likelihood of usurping an established OMU leader
male, and may thus obtain future direct benefits from being
a member of that male’s OMU (Qi et al., 2020). Female mate
choice may thus play an important role in the social organization
of R. roxellana. The R. roxellana multilevel society provides
opportunities for females to choose mates at different levels. The
potential for female mate choice to contribute to the maintenance
of this multilevel society may thus vary accordingly. The lack
of cultural, socioeconomic, and technological factors, along with
superficial similarities in social structure, makes the study of such
non-human primates a more productive alternative to current
human populations (Winternitz and Abbate, 2015).

CONCLUSION

To conclude, we investigated the effects of adaptive MHC
genes and neutral microsatellites on female mate choice in
R. roxellana. Our results are consistent with females basing
their mate choice, at least in part, on benefits associated with
intermediate MHC-dissimilarity, MHC-diversity, and specific
MHC alleles but not on benefits associated with microsatellites.
We emphasize that because we did not measure actual female
mate choice in a behavioral context, our methods only enabled
the evaluation of the effects of mate choice after choice had
occurred (Andersson, 1994; Wagner, 1998; Qi et al., 2014).
Finally, the differences in our results to those of another
population of the same species emphasizes the importance of
incorporating multiple MHC loci, large sample sizes, and variable
social structures into studies of MHC-based mate choice in non-
human primates.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/genbank/, JQ217107–JQ217115 and https://www.ncbi.
nlm.nih.gov/genbank/, JQ217116–JQ217131.

Frontiers in Genetics | www.frontiersin.org 9 December 2020 | Volume 11 | Article 609414

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-609414 December 15, 2020 Time: 14:35 # 10

Zhang et al. Female MHC-Based Mate Choice

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of the College of Life Sciences, Northwest University.

AUTHOR CONTRIBUTIONS

PZ and B-GL designed the study and helped to draft the
manuscript. B-YZ, H-YH, and C-MS carried out the molecular
genetic studies. B-YZ performed the statistical analysis and
drafted the manuscript. KH and DWD edited the manuscript. XY
provided data support in response to comments. X-WW, H-TZ,
and C-LW participated in the sampling. All authors read and
approved the final manuscript.

FUNDING

This study was funded by the Strategic Priority Research
Program of the Chinese Academy of Sciences (XDB31000000),
the National Natural Science Foundation of China (31730104,
31770425, 32071495, and 31770411), the National Key Program

of Research and Development, Ministry of Science and
Technology (2016YFC0503200), the Natural Science Basic
Research Plan in Shaanxi Province of China (2019JM-258), and
the “One Institute One Brand” Foundation of Shaanxi Academy
of Sciences (2020k-01).

ACKNOWLEDGMENTS

We gratefully acknowledge Zhouzhi National Nature Reserve
(ZNNR) for permission to carry out this research. We thank the
staff of the Shaanxi Key Laboratory for Animal Conservation,
College of Life Sciences, Northwest University. We also thank
Northwest University students Yan-mei Duan and Hong-juan
Sun for samples provision and laboratory work assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2020.609414/full#supplementary-material

REFERENCES
Allen, M., Engstrom, A. S., Meyers, S., Handt, O., Saldeen, T., von Haeseler, A., et al.

(1998). Mitochondrial DNA sequencing of shed hairs and saliva on robbery
caps: sensitivity and matching probabilities. J. Forensic Sci. 43, 453–464. doi:
10.1520/JFS16169J

Altmann, J. (1974). Observational study of behavior: sampling methods. Behaviour
49, 227–267.doi: 10.1163/156853974x00534

Andersson, M. (1994). Sexual Selection. Princeton, NJ: Princeton University Press.
Bernatchez, L., and Landry, C. (2003). MHC studies in nonmodel vertebrates:

What have we learned about natural selection in 15 years? J. Evol. Biol. 16,
363–377.doi: 10.1046/j.1420-9101.2003.00531.x

Bonneaud, C., Chastel, O., Federici, P., Westerdahl, H., and Sorci,
G. (2006). Complex Mhc-based mate choice in a wild passerine.
Proc. R. Soc. B Biol. Sci. 273, 1111–1116. doi: 10.1098/rspb.20
05.3325

Doherty, P. C., and Zinkernagel, R. M. (1975). Enhanced immunological
surveillance in mice heterozygous at the H-2 gene complex. Nature 256, 50–
52.doi: 10.1038/256050a0

Eizaguirre, C., Yeates, S. E., Lenz, T. L., Kalbe, M., and Milinski,
M. (2009). MHC-based mate choice combines good genes and
maintenance of MHC polymorphism. Mol. Ecol. 18, 3316–3329.
doi: 10.1111/j.1365-294X.2009.04243.x

Evans, M. L., Dionne, M., Miller, K. M., and Bernatchez, L. (2012). Mate choice for
major histocompatibility complex genetic divergence as a bet-hedging strategy
in the Atlantic salmon (Salmo salar). Proc. R. Soc. B Biol. Sci. 279, 379–386.doi:
10.1098/rspb.2011.0909

Fang, G., Chen, J., Pan, R. L., Qi, X. G., and Li, B. G. (2018).
Female choice impacts resident male takeover in golden snub-
nosed monkeys (Rhinopithecus roxellana). Zool. Res. 39, 266–271.
doi: 10.24272/j.issn.2095-8137.2018.035

Ferrandiz-Rovira, M., Allaine, D., Callait-Cardinal, M. P., and Cohas, A. (2016).
Mate choice for neutral and MHC genetic characteristics in Alpine marmots:
Different targets in different contexts? Ecol. Evol. 6, 4243–4257.doi: 10.1002/
ece3.2189

Forsberg, L. A., Dannewitz, J., Petersson, E., and Grahn, M. (2007). Influence of
genetic dissimilarity in the reproductive success and mate choice of brown trout
- females fishing for optimal MHC dissimilarity. J. Evol. Biol. 20, 1859–1869.doi:
10.1111/j.1420-9101.2007.01380.x

Grueter, C. C., Qi, X. G., Li, B. G., and Li, M. (2017). Multilevel societies. Curr. Biol.
27, R984–R986. doi: 10.1016/j.cub.2017.06.063

Guo, S. T., Ji, W. H., Li, M., Chang, H. L., and Li, B. G. (2010). The mating system
of the Sichuan snub-nosed monkey (Rhinopithecus roxellana). Am. J. Primatol.
72, 25–32.doi: 10.1002/ajp.20747

Hardy, O. J., and Vekemans, X. (2002). SPAGEDi: a versatile computer program
to analyse spatial genetic structure at the individual or population levels. Mol.
Ecol. Notes 2, 618–620.doi: 10.1046/j.1471-8286.2002.00305.x

Hendry, A. P., Wenburg, J. K., Bentzen, P., Volk, E. C., and Quinn, T. P. (2000).
Rapid evolution of reproductive isolation in the wild: evidence from introduced
salmon. Science 290, 516–518.doi: 10.1126/science.290.5491.516

Hoover, B., Alcaide, M., Jennings, S., Sin, S. Y. W., Edwards, S. V., and Nevitt,
G. A. (2018). Ecology can inform genetics: disassortative mating contributes to
MHC polymorphism in Leach’s storm-petrels (Oceanodroma leucorhoa). Mol.
Ecol. 27, 3371–3385.doi: 10.1111/mec.14801

Hoover, B., and Nevitt, G. (2016). Modeling the importance of sample size in
relation to error in MHC-based Mate-choice studies on natural populations.
Integr. Comp. Biol. 56, 925–933.doi: 10.1093/icb/icw105

Huang, K., Guo, S. T., Cushman, S. A., Dunn, D. W., Qi, X. G., Hou, R., et al.
(2016). Population structure of the golden snub-nosed monkey Rhinopithecus
roxellana in the Qinling Mountains, central China. Integr. Zool. 11, 350–360.
doi: 10.1111/1749-4877.12202

Huchard, E., Baniel, A., Schliehe-Diecks, S., and Kappeler, P. M. (2013). MHC-
disassortative mate choice and inbreeding avoidance in a solitary primate. Mol.
Ecol. 22, 4071–4086.doi: 10.1111/mec.12349

Huchard, E., Benavides, J. A., Setchell, J. M., Charpentier, M. J. E., Alvergne, A.,
King, A. J., et al. (2009). Studying shape in sexual signals: the case of primate
sexual swellings. Behav. Ecol. Sociobiol. 63, 1231–1242.doi: 10.1007/s00265-
009-0748-z

Huchard, E., Knapp, L. A., Wang, J. L., Raymond, M., and Cowlishaw, G. (2010a).
MHC, mate choice and heterozygote advantage in a wild social primate. Mol.
Ecol. 19, 2545–2561. doi: 10.1111/j.1365-294X.2010.04644.x

Huchard, E., Raymond, M., Benavides, J., Marshall, H., Knapp, L. A., and
Cowlishaw, G. (2010b). A female signal reflects MHC genotype in a social
primate. BMC Evol. Biol. 10:96.doi: 10.1186/1471-2148-10-96

Ilmonen, P., Penn, D. J., Damjanovich, K., Morrison, L., Ghotbi, L., and Potts,
W. K. (2007). Major histocompatibility complex heterozygosity reduces fitness
in experimentally infected mice. Genetics 176, 2501–2508.doi: 10.1534/genetics.
107.074815

Frontiers in Genetics | www.frontiersin.org 10 December 2020 | Volume 11 | Article 609414

https://www.frontiersin.org/articles/10.3389/fgene.2020.609414/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.609414/full#supplementary-material
https://doi.org/10.1520/JFS16169J
https://doi.org/10.1520/JFS16169J
https://doi.org/10.1163/156853974x00534
https://doi.org/10.1046/j.1420-9101.2003.00531.x
https://doi.org/10.1098/rspb.2005.3325
https://doi.org/10.1098/rspb.2005.3325
https://doi.org/10.1038/256050a0
https://doi.org/10.1111/j.1365-294X.2009.04243.x
https://doi.org/10.1098/rspb.2011.0909
https://doi.org/10.1098/rspb.2011.0909
https://doi.org/10.24272/j.issn.2095-8137.2018.035
https://doi.org/10.1002/ece3.2189
https://doi.org/10.1002/ece3.2189
https://doi.org/10.1111/j.1420-9101.2007.01380.x
https://doi.org/10.1111/j.1420-9101.2007.01380.x
https://doi.org/10.1016/j.cub.2017.06.063
https://doi.org/10.1002/ajp.20747
https://doi.org/10.1046/j.1471-8286.2002.00305.x
https://doi.org/10.1126/science.290.5491.516
https://doi.org/10.1111/mec.14801
https://doi.org/10.1093/icb/icw105
https://doi.org/10.1111/1749-4877.12202
https://doi.org/10.1111/mec.12349
https://doi.org/10.1007/s00265-009-0748-z
https://doi.org/10.1007/s00265-009-0748-z
https://doi.org/10.1111/j.1365-294X.2010.04644.x
https://doi.org/10.1186/1471-2148-10-96
https://doi.org/10.1534/genetics.107.074815
https://doi.org/10.1534/genetics.107.074815
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-609414 December 15, 2020 Time: 14:35 # 11

Zhang et al. Female MHC-Based Mate Choice

Jacob, S., McClintock, M. K., Zelano, B., and Ober, C. (2002). Paternally inherited
HLA alleles are associated with women’s choice of male odor. Nat. Genet. 30,
175–179.doi: 10.1038/ng830

Kalbe, M., Eizaguirre, C., Dankert, I., Reusch, T. B. H., Sommerfeld, R. D., Wegner,
K. M., et al. (2009). Lifetime reproductive success is maximized with optimal
major histocompatibility complex diversity. Proc. R. Soc. B Biol. Sci. 276,
925–934.doi: 10.1098/rspb.2008.1466

Kalinowski, S. T., Taper, M. L., and Marshall, T. C. (2007). Revising how the
computer program CERVUS accommodates genotyping error increases success
in paternity assignment. Mol. Ecol. 16, 1099–1106.doi: 10.1111/j.1365-294X.
2007.03089.x

Kempenaers, B. (2007). Mate choice and genetic quality: a review of the
heterozygosity theory. Adv. Study Behav. 37, 189–278. doi: 10.1016/s0065-
3454(07)37005-8

Kokko, H., Brooks, R., Jennions, M. D., and Morley, J. (2003). The evolution of
mate choice and mating biases. Proc. R. Soc. B Biol. Sci. 270, 653–664. doi:
10.1098/rspb.2002.2235

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis Version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–
1874.doi: 10.1093/molbev/msw054

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017). lmerTest
Package: tests in linear mixed effects models. J. Stat. Softw. 82, 1–26. doi:
10.18637/jss.v082.i13

Landry, C., Garant, D., Duchesne, P., and Bernatchez, L. (2001). ’Good genes
as heterozygosity’: the major histocompatibility complex and mate choice in
Atlantic salmon (Salmo salar). Proc. R. Soc. B Biol. Sci. 268, 1279–1285.doi:
10.1098/rspb.2001.1659

Leclaire, S., Strandh, M., Mardon, J., Westerdahl, H., and Bonadonna, F. (2017).
Odour-based discrimination of similarity at the major histocompatibility
complex in birds. Proc. R. Soc. B Biol. Sci. 284:20162466.doi: 10.1098/rspb.2016.
2466

Lemasson, A., Palombit, R. A., and Jubin, R. (2008). Friendships between males and
lactating females in a free-ranging group of olive baboons (Papio hamadryas
anubis): evidence from playback experiments. Behav. Ecol. Sociobiol. 62, 1027–
1035.doi: 10.1007/s00265-007-0530-z

Li, B., and Zhao, D. (2007). Copulation behavior within one-male groups of
wild Rhinopithecus roxellana in the Qinling Mountains of China. Primates 48,
190–196.doi: 10.1007/s10329-006-0029-7

Li, B. G., Chen, C., Ji, W. H., and Ren, B. P. (2000). Seasonal home
range changes of the StateSichuan snub-nosed monkey (Rhinopithecus
roxellana) in the Qinling mountains of China. Folia Primatol. 71, 375–386.
doi: 10.1159/000052734

Luo, M.-F., Pan, H.-J., Liu, Z.-J., and Li, M. (2012). Balancing selection and
genetic drift at major histocompatibility complex class II genes in isolated
populations of golden snub-nosed monkey (Rhinopithecus roxellana). BMC
Evol. Biol. 12:207.doi: 10.1186/1471-2148-12-207

Mays, H. L., and Hill, G. E. (2004). Choosing mates: good genes versus genes that
are a good fit. Trends Ecol. Evol. 19, 554–559.doi: 10.1016/j.tree.2004.07.018

Melendez-Rosa, J., Bi, K., and Lacey, E. A. (2018). Genomic analysis of MHC-
based mate choice in the monogamous California mouse. Behav. Ecol. 29,
1167–1180.doi: 10.1093/beheco/ary096

Milinski, M. (2006). The major histocompatibility complex, sexual selection, and
mate choice. Annu. Rev. Ecol. Evol. Syst. 37, 159–186.doi: 10.1146/annurev.
ecolsys.37.091305.110242

Miller, H. C., Moore, J. A., Nelson, N. J., and Daugherty, C. H. (2009). Influence of
major histocompatibility complex genotype on mating success in a free-ranging
reptile population. Proc. R. Soc. B Biol. Sci. 276, 1695–1704.doi: 10.1098/rspb.
2008.1840

Moller, A. P., and Jennions, M. D. (2001). How important are direct fitness
benefits of sexual selection? Naturwissenschaften 88, 401–415.doi: 10.1007/
s001140100255

Neff, B. D., and Pitcher, T. E. (2005). Genetic quality and sexual selection: an
integrated framework for good genes and compatible genes. Mol. Ecol. 14,
19–38.doi: 10.1111/j.1365-294X.2004.02395.x

Nowak, M. A., Tarczy-Hornoch, K., and Austyn, J. M. (1992). The
optimal number of major histocompatibility complex molecules
in an individual. Proc. Natl. Acad. Sci. U.S.A. 89, 10896–10899.
doi: 10.1073/pnas.89.22.10896

Olsson, M., Madsen, T., Nordby, J., Wapstra, E., Ujvari, B., and Wittsell, H. (2003).
Major histocompatibility complex and mate choice in sand lizards. Proc. R. Soc.
B Biol. Sci. 270, S254–S256. doi: 10.1098/rsbl.2003.0079

Paula Cutrera, A., Sol Fanjul, M., and Rita Zenuto, R. (2012). Females prefer
good genes: MHC-associated mate choice in wild and captive tuco-tucos. Anim.
Behav. 83, 847–856.doi: 10.1016/j.anbehav.2012.01.006

Penn, D. J., and Potts, W. K. (1999). The evolution of mating preferences and major
histocompatibility complex genes. Am. Nat. 153, 145–164.doi: 10.1086/303166

Qi, X.-G., Garber, P. A., Ji, W., Huang, Z.-P., Huang, K., Zhang, P., et al. (2014).
Satellite telemetry and social modeling offer new insights into the origin of
primate multilevel societies. Nat. Commun. 5:5296. doi: 10.1038/ncomms6296

Qi, X.-G., Grueter, C. C., Fang, G., Huang, P.-Z., Zhang, J., Duan, Y.-M., et al.
(2020). Multilevel societies facilitate infanticide avoidance through increased
extrapair matings. Anim. Behav. 161, 127–137.doi: 10.1016/j.anbehav.2019.12.
014

Qi, X.-G., Huang, K., Fang, G., Grueter, C. C., Dunn, D. W., Li, Y.-L., et al. (2017).
Male cooperation for breeding opportunities contributes to the evolution of
multilevel societies. Proc. R. Soc. B Biol. Sci. 284:20171480.doi: 10.1098/rspb.
2017.1480

Qi, X.-G., Li, B.-G., Garber, P. A., Ji, W., and Watanabe, K. (2009). Social dynamics
of the golden snub-nosed monkey (Rhinopithecus roxellana): female transfer
and one-male unit succession. Am. J. Primatol. 71, 670–679.doi: 10.1002/ajp.
20702

Queller, D. C., and Goodnight, K. F. (1989). Estimating relatedness using genetic
markers. Evolution 43, 258–275.doi: 10.1111/j.1558-5646.1989.tb04226.x

Radwan, J., Tkacz, A., and Kloch, A. (2008). MHC and preferences for male odour
in the bank vole. Ethology 114, 827–833.doi: 10.1111/j.1439-0310.2008.01528.x

R-Core Team (2019). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rekdal, S. L., Anmarkrud, J. A., Lifjeld, J. T., and Johnsen, A. (2019). Extra-pair
mating in a passerine bird with highly duplicated major histocompatibility
complex class II: preference for the golden mean. Mol. Ecol. 28, 5133–5144.doi:
10.1111/mec.15273

Richardson, D. S., Komdeur, J., Burke, T., and von Schantz, T. (2005). MHC-based
patterns of social and extra-pair mate choice in the Seychelles warbler. Proc. R.
Soc. B Biol. Sci. 272, 759–767.doi: 10.1098/rspb.2004.3028

Sandberg, M., Eriksson, L., Jonsson, J., Sjostrom, M., and Wold, S. (1998). New
chemical descriptors relevant for the design of biologically active peptides.
A multivariate characterization of 87 amino acids. J. Med. Chem. 41, 2481–
2491.doi: 10.1021/jm9700575

Santos, P. S. C., Michler, F.-U., and Sommer, S. (2017). Can MHC-assortative
partner choice promote offspring diversity? A new combination of MHC-
dependent behaviours among sexes in a highly successful invasive mammal.
Mol. Ecol. 26, 2392–2404.doi: 10.1111/mec.14035

Sauermann, U., Nurnberg, P., Bercovitch, F. B., Berard, J. D., Trefilov, A., Widdig,
A., et al. (2001). Increased reproductive success of MHC class II heterozygous
males among free-ranging rhesus macaques. Hum. Genet. 108, 249–254.doi:
10.1007/s004390100485

Schwensow, N., Eberle, M., and Sommer, S. (2008a). Compatibility counts: MHC-
associated mate choice in a wild promiscuous primate. Proc. R. Soc. B Biol. Sci.
275, 555–564.doi: 10.1098/rspb.2007.1433

Schwensow, N., Fietz, J., Dausmann, K., and Sommer, S. (2008b). MHC-associated
mating strategies and the importance of overall genetic diversity in an obligate
pair-living primate. Evol. Ecol. 22, 617–636. doi: 10.1007/s10682-007-9186-4

Searcy, W. A. (1982). The evolutionary effects of mate selection. Annu. Rev. Ecol.
Syst. 13, 57–85.doi: 10.1146/annurev.es.13.110182.000421

Setchell, J. M. (2005). Do female mandrills prefer brightly colored males? Int. J.
Primatol. 26, 715–735. doi: 10.1007/s10764-005-5305-7

Setchell, J. M., Abbott, K. M., Gonzalez, J.-P., and Knapp, L. A. (2013). Testing
for post-copulatory selection for major histocompatibility complex genotype in
a semi-free-ranging primate population. Am. J. Primatol. 75, 1021–1031.doi:
10.1002/ajp.22166

Setchell, J. M., Charpentier, M. J. E., Abbott, K. M., Wickings, E. J., and Knapp,
L. A. (2009a). Opposites attract: MHC-associated mate choice in a polygynous
primate. J. Evol. Biol. 23, 136–148. doi: 10.1111/j.1420-9101.2009.01880.x

Setchell, J. M., Charpentier, M. J. E., Abbott, K. M., Wickings, E. J., and Knapp, L. A.
(2009b). Is brightest best? Testing the Hamilton-Zuk hypothesis in mandrills.
Int. J. Primatol. 30, 825–844. doi: 10.1007/s10764-009-9371-0

Frontiers in Genetics | www.frontiersin.org 11 December 2020 | Volume 11 | Article 609414

https://doi.org/10.1038/ng830
https://doi.org/10.1098/rspb.2008.1466
https://doi.org/10.1111/j.1365-294X.2007.03089.x
https://doi.org/10.1111/j.1365-294X.2007.03089.x
https://doi.org/10.1016/s0065-3454(07)37005-8
https://doi.org/10.1016/s0065-3454(07)37005-8
https://doi.org/10.1098/rspb.2002.2235
https://doi.org/10.1098/rspb.2002.2235
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1098/rspb.2001.1659
https://doi.org/10.1098/rspb.2001.1659
https://doi.org/10.1098/rspb.2016.2466
https://doi.org/10.1098/rspb.2016.2466
https://doi.org/10.1007/s00265-007-0530-z
https://doi.org/10.1007/s10329-006-0029-7
https://doi.org/10.1159/000052734
https://doi.org/10.1186/1471-2148-12-207
https://doi.org/10.1016/j.tree.2004.07.018
https://doi.org/10.1093/beheco/ary096
https://doi.org/10.1146/annurev.ecolsys.37.091305.110242
https://doi.org/10.1146/annurev.ecolsys.37.091305.110242
https://doi.org/10.1098/rspb.2008.1840
https://doi.org/10.1098/rspb.2008.1840
https://doi.org/10.1007/s001140100255
https://doi.org/10.1007/s001140100255
https://doi.org/10.1111/j.1365-294X.2004.02395.x
https://doi.org/10.1073/pnas.89.22.10896
https://doi.org/10.1098/rsbl.2003.0079
https://doi.org/10.1016/j.anbehav.2012.01.006
https://doi.org/10.1086/303166
https://doi.org/10.1038/ncomms6296
https://doi.org/10.1016/j.anbehav.2019.12.014
https://doi.org/10.1016/j.anbehav.2019.12.014
https://doi.org/10.1098/rspb.2017.1480
https://doi.org/10.1098/rspb.2017.1480
https://doi.org/10.1002/ajp.20702
https://doi.org/10.1002/ajp.20702
https://doi.org/10.1111/j.1558-5646.1989.tb04226.x
https://doi.org/10.1111/j.1439-0310.2008.01528.x
https://doi.org/10.1111/mec.15273
https://doi.org/10.1111/mec.15273
https://doi.org/10.1098/rspb.2004.3028
https://doi.org/10.1021/jm9700575
https://doi.org/10.1111/mec.14035
https://doi.org/10.1007/s004390100485
https://doi.org/10.1007/s004390100485
https://doi.org/10.1098/rspb.2007.1433
https://doi.org/10.1007/s10682-007-9186-4
https://doi.org/10.1146/annurev.es.13.110182.000421
https://doi.org/10.1007/s10764-005-5305-7
https://doi.org/10.1002/ajp.22166
https://doi.org/10.1002/ajp.22166
https://doi.org/10.1111/j.1420-9101.2009.01880.x
https://doi.org/10.1007/s10764-009-9371-0
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-609414 December 15, 2020 Time: 14:35 # 12

Zhang et al. Female MHC-Based Mate Choice

Setchell, J. M., and Huchard, E. (2010). The hidden benefits of sex: evidence for
MHC-associated mate choice in primate societies. Bioessays 32, 940–948.doi:
10.1002/bies.201000066

Setchell, J. M., Richards, S. A., Abbott, K. M., and Knappe, L. A. (2016). Mate-
guarding by male mandrills (Mandrillus sphinx) is associated with female MHC
genotype. Behav. Ecol. 27, 1756–1766. doi: 10.1093/beheco/arw106

Setchell, J. M., Vaglio, S., Abbott, K. M., Moggi-Cecchi, J., Boscaro, F., Pieraccini,
G., et al. (2011). Odour signals major histocompatibility complex genotype in
an Old World monkey. Proc. R. Soc. B Biol. Sci. 278, 274–280.doi: 10.1098/rspb.
2010.0571

Sterck, E. H. M., Bontrop, R. E., de Groot, N., de Vos-Rouweler, A. J. M.,
and Doxiadis, G. G. M. (2017). No postcopulatory selection against MHC-
homozygous offspring: evidence from a pedigreed captive rhesus macaque
colony. Mol. Ecol. 26, 3785–3793.doi: 10.1111/mec.14153

Thornhill, R., Gangestad, S. W., Miller, R., Scheyd, G., McCollough, J. K., and
Franklin, M. (2003). Major histocompatibility complex genes, symmetry, and
body scent attractiveness in men and women. Behav. Ecol. 14, 668–678.doi:
10.1093/beheco/arg043

Tregenza, T., and Wedell, N. (2000). Genetic compatibility, mate choice and
patterns of parentage: invited review. Mol. Ecol. 9, 1013–1027.doi: 10.1046/j.
1365-294x.2000.00964.x

Trivers, R. (1972). “Parental investment and sexual selection,” in Sexual Selection
and the Descent of Man, ed. B. Campbell (Chicago, StateIL: Aldine), 1378.

Wagner, W. E. (1998). Measuring female mating preferences. Anim. Behav. 55,
1029–1042.doi: 10.1006/anbe.1997.0635

Wedekind, C., and Evanno, G. (2010). “Mate choice, the major histocompatibility
complex, and offspring viability,” in Human Evolutionary Biology, ed. M. P.
Muehlenbein (Cambridge: Cambridge University Press), 309–321. doi: 10.1017/
cbo9780511781193.023

Wegner, K. M., Kalbe, M., Kurtz, J., Reusch, T. B. H., and Milinski, M. (2003).
Parasite selection for immunogenetic optimality. Science 301, 1343–1343.doi:
10.1126/science.1088293

Wetton, J. H., Carter, R. E., Parkin, D. T., and Walters, D. (1987). Demographic
study of a wild house sparrow population by DNA fingerprinting. Nature 327,
147–149.doi: 10.1038/327147a0

Winternitz, J. C., and Abbate, J. L. (2015). Examining the evidence for
major histocompatibility complex-dependent mate selection in humans and
nonhuman primates. Res. Rep. Biol. 6, 73–88.doi: 10.2147/rrb.S58514

Woelfing, B., Traulsen, A., Milinski, M., and Boehm, T. (2009). Does
intra-individual major histocompatibility complex diversity keep
a golden mean? Philos. Trans. R. Soc. B Biol. Sci. 364, 117–128.
doi: 10.1098/rstb.2008.0174

Yang, B., Ren, B., Xiang, Z., Yang, J., Yao, H., Garber, P. A., et al. (2014). Major
histocompatibility complex and mate choice in the polygynous primate: the
Sichuan snub-nosed monkey (Rhinopithecus roxellana). Integr. Zool. 9, 598–
612.doi: 10.1111/1749-4877.12084

Zhang, P., Song, X., Dunn, D. W., Huang, K., Pan, R., Chen, D.,
et al. (2016). Diversity at two genetic loci associated with the major
histocompatibility complex in the golden snub-nosed monkey (Rhinopithecus
roxellana). Biochem. Syst. Ecol. 68, 243–249. doi: 10.1016/j.bse.2016.
07.014

Zhang, P., Watanabe, K., Li, B., and Tan, C. L. (2006). Social organization of
StateSichuan snub-nosed monkeys (Rhinopithecus roxellana) in the Qinling
Mountains, Central China. Primates 47, 374–382. doi: 10.1007/s10329-006-
0178-8

Zhao, D. P., Li, B. G., Ja, Y. H., and Wada, K. (2005). Extra-unit sexual behaviour
among wild StateSichuan snub-nosed monkeys (Rhinopithecus roxellana) in
the Qinling Mountains of China. Folia Primatol. 76, 172–176.doi: 10.1159/
000084379

Zhu, Y., Wan, Q.-H., Zhang, H.-M., and Fang, S.-G. (2019). Reproductive
strategy inferred from major histocompatibility complex-based
inter-individual, sperm-egg, and mother-fetus recognitions in giant
pandas (Ailuropoda melanoleuca). Cells 8:257. doi: 10.3390/cells8
030257

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhang, Hu, Song, Huang, Dunn, Yang, Wang, Zhao,Wang, Zhang
and Li. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 12 December 2020 | Volume 11 | Article 609414

https://doi.org/10.1002/bies.201000066
https://doi.org/10.1002/bies.201000066
https://doi.org/10.1093/beheco/arw106
https://doi.org/10.1098/rspb.2010.0571
https://doi.org/10.1098/rspb.2010.0571
https://doi.org/10.1111/mec.14153
https://doi.org/10.1093/beheco/arg043
https://doi.org/10.1093/beheco/arg043
https://doi.org/10.1046/j.1365-294x.2000.00964.x
https://doi.org/10.1046/j.1365-294x.2000.00964.x
https://doi.org/10.1006/anbe.1997.0635
https://doi.org/10.1017/cbo9780511781193.023
https://doi.org/10.1017/cbo9780511781193.023
https://doi.org/10.1126/science.1088293
https://doi.org/10.1126/science.1088293
https://doi.org/10.1038/327147a0
https://doi.org/10.2147/rrb.S58514
https://doi.org/10.1098/rstb.2008.0174
https://doi.org/10.1111/1749-4877.12084
https://doi.org/10.1016/j.bse.2016.07.014
https://doi.org/10.1016/j.bse.2016.07.014
https://doi.org/10.1007/s10329-006-0178-8
https://doi.org/10.1007/s10329-006-0178-8
https://doi.org/10.1159/000084379
https://doi.org/10.1159/000084379
https://doi.org/10.3390/cells8030257
https://doi.org/10.3390/cells8030257
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	MHC-Based Mate Choice in Wild Golden Snub-Nosed Monkeys
	Introduction
	Materials and Methods
	Study Site, Reproductive Data and Sample Collection
	DNA Extraction and Genotyping
	Data Analysis
	Parentage Analysis
	Test Parameters for Hypotheses
	Randomization Tests
	Extra-Pair Copulation


	Results
	Microsatellite Typing and Paternity Analysis
	MHC Typing
	Female Choice for OMU Males
	Female Choice for Genetic Fathers
	Extra-Pair Paternity

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


