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NHP are widely bred in colonies in the United States as 
models for biomedical and biobehavioral research.14 In addi-
tion to the 2 more commonly used macaque species—rhesus 
macaques (Macaca mulatta) and cynomolgus macaques (also 
called long-tailed macaques or crab-eating macaques, M. fas-
cicularis)—pigtailed macaques (M. nemestrina) have been widely 
used as models for studies of infectious diseases (including HIV 
infection and AIDS),3,4,12,16,30 immunology,32,33 neuroscience,17,29 
pathology,2,15 and behavior.5,13,37 Because of their outgroup evo-
lutionary relationship with rhesus and cynomolgus macaques, 
pigtailed macaques also serve as a valuable comparison group 
in comparative evolutionary studies, such as those focusing on 
MHC compatibility21 and its relationship to infectious disease 
susceptibility.

Wild pigtailed macaques are widely distributed—from 
northeastern India, Bangladesh, southern China, and Vietnam 
to Peninsular Malaysia, Borneo, and Sumatra.8,10 Although 
once considered to be the same species (M. nemestrina), south-
ern pigtailed macaques (M. nemestrina, the assumed species of 
the pigtailed macaques that are currently captively bred in the 
United States) and northern pigtailed macaques (M. leonine) 
were later classified as separate species based on morphology8 
and mitochondrial DNA evidence.31 The overlap between the 
geographic distributions of these 2 species in the wild with 
those of other macaque species, such as cynomolgus macaques,9 
suggests that admixture between M. nemestrina and M. leonina 
or other species is possible. However, no evidence has yet 
confirmed admixture, and small amounts of admixture in the 
early phylogenetic history of each species could result in little 
observable phenotypic difference.

Captive colonies are often derived from a small number 
of founders that, together with the typically high variance in 
male reproductive success34 and low sex ratio in most captive 
macaque colonies, could lead to a small effective population 
size.41 Genetic heterogeneity is lost at a rate inversely propor-
tional to the effective population size, with a resultant loss of 
fitness over subsequent generations due to inbreeding depres-
sion and genetic subdivision.20 Consequently, such colonies 
should be genetically monitored so that genetic management 
procedures can be implemented to minimize loss of colony fit-
ness and maximize genetic heterogeneity.1 In addition to its use 
as a tool for colony management, population genetic analysis 
of colonies—such as estimates of the degree and distribution 
of genetic heterogeneity,27 coefficients of kinship and inbreed-
ing, admixture, and identification of the ancestral origin of the 
founders of the colony—is valuable in assessing the suitability 
of animals as models for the study of particular diseases.35

A previous study used 18 short tandem repeat markers 
(STR) to genotype the captive pigtailed macaque colony at the 
Washington National Primate Research Center.19 The results 
revealed that the Washington colony of pigtailed macaques 
exhibits greater genetic heterogeneity than most captive colonies 
of rhesus macaques.19 Through careful genetic management, 
the colony has successfully maintained maximum founder 
representation and low levels of inbreeding.

A second colony of 158 pigtailed macaques, whose genetic 
structure has not been reported previously, has been maintained 
at Johns Hopkins University since 1999. This colony was es-
tablished by the introduction of approximately 100 pigtailed 
macaques acquired from the following breeding facilities 
throughout the United States during the year indicated in pa-
rentheses: the Tulane National Primate Research Center (1999), 
Covance (2003), Laboratory Animal Breeders and Services of 
Virginia (2003), Pennsylvania State University–Hershey (2005), 
the Yerkes National Primate Research Center (2006), Alpha 
Genesis (formerly known as Laboratory Animal Breeders and 
Services of Virginia, 2007), the Washington National Primate 
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Research Center (2008), and the New Iberia Primate Research 
Center (2009). The initial colony was established using pigtailed 
macaques obtained from 3 of the 7 listed breeding facilities 
(Tulane, Covance, Laboratory Animal Breeders and Services 
of Virginia), which produced the first offspring cohort, born 
between 2003 and 2008. However, founding yearlings from 
the 4 other breeding facilities (Pennsylvania State University–
Hershey, Yerkes National Primate Research Center, Washington 
National Primate Research Center, and New Iberia Primate 
Research Center) were introduced to the colony between 2005 
and 2009. Yearlings began breeding by 2008, when pairings 
of sires and dams were organized to randomize breeding and 
avoid inbreeding. Between 2003 and 2012, the founding colony 
experienced 200 new births, from which all surviving females 
and a few males were retained as future breeders.

Surviving macaques from the founder group that gave birth 
to the first cohort of offspring (born in 2003) included approxi-
mately 6 males and 21 females. During subsequent years, the 
number of breeders varied from 8 to 13 males and 33 to 70 
females, with an average effective population size of approxi-
mately 32 animals (an estimate based on the assumption that 
males and females become sexually mature at 4.5 and 3.5 y of 
age, respectively).

Given the heterogeneous origins of the colony, we expected 
a relatively high level of genetic heterogeneity, as well as a 
significant level of population structure due to strong genetic 
subdivision (although this genetic subdivision can be mitigated 
by careful selective breeding). Moreover, because macaques of 
different ages were acquired from different breeding facilities 
and introduced at different times during the development of 
the colony, significant changes in the genetic structure of the 
initial offspring cohorts might have occurred during the early 
stages of the colony’s development.

In addition to short tandem repeats, single-nucleotide poly-
morphisms (SNP) have been used in population genetics with 
increasing frequency. In mammalian genomes, SNP are more 
abundant than STR, showing closer linkage to sites of interest, 
and are easily adaptable to high-throughput analysis with 
high accuracy in genotype calls.18,26 Due to advances in DNA 
sequencing technologies, the development and analysis of SNP 
markers are now less costly than those of STR and can be applied 
to both captive and wild animals of all primate species.18,40 In 
the current study, we used SNP to genotype the pigtailed ma-
caques at Johns Hopkins University to characterize the genetic 
structure and heterogeneity of the founders and subsequent 
birth cohorts of this captive colony.

Materials and Methods
We identified the SNP in the current study by modifying 

a methodology developed for SNP identification in rhesus 
macaques.39 We selected 25 unrelated pigtailed macaques 
from the colony for this study, because unrelated individuals 
capture most of the genetic diversity in an entire colony and 
provide for the most efficient discovery of the most informative 
loci.38 DNA samples from the 25 macaques were normalized 
to a concentration of 60 ng/µL and digested with HinfI. Frag-
ments between 200 and 500 bp in length were harvested from 
each animal (Invitrogen E-Gel System, Life Technologies, 
Carlsbad, CA) and pooled in equal volumes for construction 
of a paired-end reduced representation library (Paired-End 
Library Construction Kit, Illumina, San Diego, CA). The library 
was quantified by using PCR analysis (model 7300 Fast Real-
time PCR System with Sequence Detection Software, version 
1.4.0.25, Applied Biosystems, Foster City, CA), and its size range  

confirmed (model 2100 Bioanalyzer, Agilent Biotechnologies, 
Santa Clara, CA). The library (both forward and reverse strands) 
was sequenced (HiSEquation 2000, Illumina) by the UCD 
Genome Center (Davis, CA).

The forward and reverse strands of each read were paired 
and mapped to the rhesus macaque genome by using the pro-
gram BWA (Burrows–Wheeler Aligner),23 excluding fragments 
with low mapping scores, and the program SAMtools (ver-
sion 1.4)24 was used to identify nucleotide positions that were 
polymorphic among the pigtailed macaques. The 50 different 
chromosomes included in the sample pool ensured that most 
overlapping fragments in the library derived from different 
animals, providing an accurate estimate of the frequencies of the 
alleles at polymorphic sites. SNP with PHRED scores above 25 
and minor allele frequencies greater than 0.05 were considered 
true polymorphisms. We identified 5013 SNP and selected the 
192 that had the highest minor allele frequencies, were ap-
proximately equidistantly distributed across the genome, and 
were representative of all autosomes to construct a pigtailed 
macaque–specific SNP panel. Flanking primer sequences for 
the 192 SNP were submitted to Fluidigm (South San Francisco, 
CA) for assay design, and those suitable for multiplexing with 
the highest estimated minor allele frequency were selected for 
construction of the 96-SNP panel. The locations of these SNP 
are available upon request.

During this study, we genotyped 162 pigtailed macaques from 
the colony at Johns Hopkins University (Figure 1). Among the 
162 macaques, 58 were originally imported between 1999 and 
2007 from the 7 primate facilities mentioned earlier and were 
considered the founding group. Subsequently, 104 macaques 
were born into the colony between 2003 and 2013. Detailed 
information on the 162 members of the colony is provided as 
Supplemental Material Table 1. For the purpose of evaluating 
genetic heterogeneity and inbreeding, the 162 macaques were 
divided into the following 3 populations: the founder popula-
tion, which comprised 58 breeders, a cohort of 38 macaques 
born between 2003 and 2008 and a cohort of 66 animals born 
between 2009 and 2013.

DNA from the 162 animals was extracted from whole blood 
(QIAamp DNA Mini Extraction Kit, Qiagen, Valencia, CA) 
according to the manufacturer’s protocol. The DNA was quan-
tified fluorometrically (Qubit 1.0, Thermo Fisher Scientific, 
Waltham, MA) and the concentration standardized to 60 ng/µL. 
The DNA samples were aliquoted into two 96-well plates 
and sent to the UC Davis Genome Center for genotyping with 
the 96-SNP assay described earlier and using the Fluidigm EP1 
system. The SNP genotypes were called by using Fluidigm’s 
SNP Genotyping Analysis software, and only macaques and 
markers for which data were at least 90% complete were used 
for subsequent analysis.

Arlequin version 3.5.2.27 was used to calculate observed 
heterozygosity (OH), gene diversity (or expected heterozygo-
sity [EH]) and Hardy–Weinberg equilibrium for the founders 
and 2003–2008 and 2009–2013 birth cohorts. Unbiased Hardy–
Weinberg equilibrium P values were calculated by using the 
Markov Chain Monte Carlo approach with 10,000 iterations 
per batch, and departures from Hardy–Weinberg equilibrium 
were determined at the 0.05 significance level by using the 
Fisher Exact Test.11

Arlequin was also used to compute F statistics, including 
the Wright inbreeding coefficient,42 to test for the combined 
loss of heterozygosity due to nonrandom mating within the 
colony, to conduct analysis of molecular variance (AMOVA) 
and to estimate population-specific FST, which corresponds to 
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the genetic variation among populations in AMOVA, and mean 
pairwise FST. The statistical significance of pairwise FST estimates 
was tested by using a probability distribution constructed from 
permutations of 1000 iterations with Bonferroni corrections for 
multiple comparisons.

Because all animals in the birth cohorts have documented 
records of dam and sire from the original imported founder ani-
mals, this colony also represents a pedigreed colony. Therefore, 
founder representation analysis22 can be used to characterize 
and monitor its genetic diversity. The Python programming lan-
guage (Python Language Reference, version 3.5.2, http://www.
python.org) was used to implement the calculation of founder 
equivalent (Fe) and founder genome-equivalent (Fg) metrics for 
the colony. Fe is the number of founders sufficient to produce 
the observed level of genetic diversity of a colony if all founders 
contributed equally to subsequent generations, whereas Fg is the 
number of equally contributing founders required to produce a 
population with the observed level of genetic diversity without 
the loss of any founder alleles. The average inbreeding coef-
ficient and the expected level of heterozygosity under random 
mating can be approximated as 1/(2 × Fg) and 1 – [1/(2 × Fg)], 
respectively. An Fg value of approximately 20 is regarded as 
sufficient for retaining at least 90% of the genetic heterogeneity 
of a group of founders over multiple generations of breeding.22

Results
A total of 80 of the 162 pigtailed macaques evaluated yielded 

SNP genotype data that were at least 90% complete, represent-
ing 34 founder macaques, 22 animals from the 2003–2008 birth 
cohort, and 24 progeny in the 2009–2013 cohort. Of the 96 
SNP markers used, 56 were both in Hardy–Weinberg equilib-
rium and generated 90% complete genotype data for distance 
computation, with a 10% level of missing data allowed, and 
were therefore used for population genetic analyses of these 
80 macaques. The estimates of effective population size, OH 
and EH obtained by using these loci and averaged across the 
3 populations are shown in Table 1. The OH and EH (mean ±  
1 SD) were 0.38 ± 0.12 and 0.40 ± 0.12 for the founder popula-
tion, 0.37 ± 0.14 and 0.39 ± 0.11 for the 2003–2008 birth cohort, 
and 0.39 ± 0.14 and 0.39 ± 0.11 for the 2009–2013 cohort. Thus, 
all 3 cohorts of the colony exhibited highly consistent levels of 
genetic diversity, with OH being slightly lower than EH.

Figure 2 presents the pairwise FST for the 3 populations. The 
pairwise FST between the founders and both the 2003–2008 
(FST, 0.0102; P = 0.0541 ± 0.0201) and the 2009–2013 (FST, 0.0084; 
P = 0.0270 ± 0.0194) birth cohorts were statistically significant 
but that between the 2 birth cohorts themselves (FST = –0.0006, 
interpreted as 0.0000; P = 0.4955 ± 0.0563) was not.

The AMOVA results illustrating the source of genetic varia-
tion in the colony are given in Table 2. The majority of the total 
genetic variation occurred within individuals (95.5%), with 
only a small fraction among individuals within each population 
(3.9%), and less than 1% was from the differences among the 
3 groups. For the entire colony overall, the average inbreeding 
coefficient of the individual relative to its subpopulation was 
0.039, average genetic distance (fixation index) was 0.006, and 
average inbreeding coefficient of the individual relative to the 
total population was 0.045. These values were consistent with 
the AMOVA results.

The founder representation analysis revealed that the Fe 
value was 18.8909 and that Fg was 17.9502. Although sugges-
tive of an imbalance of contribution among the 58 founders of 
the colony, these results are consistent with the high level of 
genetic diversity in this pedigreed colony, illustrated by our 
analysis of OH and EH.

Discussion
The 2 birth cohorts in the studied colony maintained ap-

proximately the same level of heterozygosity as in the founder 
population. The moderate excess in expected heterozygosity 
compared with observed heterozygosity and the low F statistics 
demonstrate that this captive pigtailed macaque colony has ex-
perienced low levels of inbreeding and genetic subdivision. The 
multiple origins of the colony’s founders and their varied times 
of and ages at introduction to the colony might have otherwise 
fostered genetic subdivision, whereas the limited number of 
male founders, together with a high variance in male reproduc-
tive success, could have fostered significant levels of inbreeding. 
For example, founders from Tulane, Covance, and Laboratory 
Animal Breeders and Services of Virginia were introduced in 
2003 as adults, whereas those from other breeding facilities were 
introduced as yearlings (Penn State University–Hershey and 
Alpha Genesis in 2005, Yerkes National Primate Research Center 
in 2007, Washington National Primate Research Center in 2008, 
and the New Iberia Primate Research Center in 2009). Thus, only 
9 of the 57 offspring born into the colony before 2007, and 46 
of 99 offspring born between 2010 and 2012 (46%) were sired 
by founding males from breeding facilities other than Covance 
and Laboratory Animal Breeders and Services of Virginia. The 
first births to founders from the Washington National Primate 
Research Center did not occur until spring 2011. Consequently, 
comparisons of the founder population with both subsequent 
birth cohorts yielded statistically significant FST values, probably 
predominantly due to nonrandom mating among the founding 
males. Nevertheless, the average FST value among all 3 subsets 
of the colony was less than 1% (FST = 0.006).

Figure 1. Sources and numbers of pigtailed macaques included in this study.
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Table 1. Estimates of genetic diversity based on 56 polymorphic biallelic SNP locia

Population founders Population 2008 Population 2013

Ng OH EH Ng OH EH Ng OH EH

SNP_at_chr1_103540071 64 0.50 0.48 44 0.50 0.38 46 0.43 0.43
SNP_at_chr1_208459566 66 0.48 0.47 44 0.27 0.30 48 0.42 0.42
SNP_at_chr1_37712808 68 0.32 0.28 44 0.41 0.38 48 0.38 0.36
SNP_at_chr10_19985876 68 0.32 0.47 42 0.24 0.40 48 0.38 0.36
SNP_at_chr10_70888540 64 0.63 0.51 44 0.55 0.51 44 0.41 0.46
SNP_at_chr11_127262148 68 0.29 0.33 40 0.20 0.26 48 0.25 0.22
SNP_at_chr11_131784245 64 0.41 0.47 44 0.32 0.46 48 0.50 0.51
SNP_at_chr11_133364699 68 0.47 0.40 44 0.32 0.27 44 0.32 0.33
SNP_at_chr11_13495302 68 0.47 0.50 44 0.50 0.50 48 0.58 0.50
SNP_at_chr12_87384570 68 0.18 0.21 44 0.32 0.27 48 0.25 0.22
SNP_at_chr13_123686128 68 0.53 0.51 44 0.27 0.47 48 0.63 0.49
SNP_at_chr13_129094301 64 0.38 0.51 44 0.50 0.51 48 0.46 0.49
SNP_at_chr13_71810391 68 0.47 0.49 44 0.50 0.46 48 0.25 0.38
SNP_at_chr13_99077025 68 0.35 0.37 44 0.32 0.49 48 0.58 0.42
SNP_at_chr14_72397772 68 0.15 0.14 44 0.14 0.13 48 0.13 0.19
SNP_at_chr15_100507671 66 0.15 0.24 44 0.18 0.17 48 0.33 0.28
SNP_at_chr17_31395904 68 0.35 0.40 44 0.41 0.38 48 0.25 0.28
SNP_at_chr17_40357735 68 0.44 0.45 44 0.41 0.43 48 0.38 0.51
SNP_at_chr17_83523698 68 0.26 0.23 44 0.41 0.43 48 0.29 0.25
SNP_at_chr17_8499221 68 0.24 0.33 44 0.36 0.30 48 0.33 0.38
SNP_at_chr18_38429101 66 0.52 0.44 42 0.33 0.28 48 0.29 0.36
SNP_at_chr18_8571147 68 0.09 0.09 44 0.09 0.09 46 0.17 0.16
SNP_at_chr19_11710500 64 0.41 0.42 40 0.15 0.30 48 0.54 0.44
SNP_at_chr19_15333422 66 0.48 0.50 44 0.45 0.47 46 0.48 0.48
SNP_at_chr19_34550001 66 0.42 0.47 42 0.43 0.51 46 0.48 0.41
SNP_at_chr19_35418302 68 0.21 0.23 44 0.09 0.09 48 0.08 0.08
SNP_at_chr19_46026311 68 0.53 0.51 44 0.64 0.47 48 0.50 0.48
SNP_at_chr2_158497496 68 0.53 0.48 44 0.14 0.27 48 0.33 0.34
SNP_at_chr2_17995033 68 0.26 0.28 44 0.27 0.41 48 0.38 0.44
SNP_at_chr2_189405197 68 0.56 0.49 44 0.50 0.49 48 0.54 0.47
SNP_at_chr2_27858342 68 0.35 0.44 44 0.14 0.27 48 0.29 0.36
SNP_at_chr3_102510551 66 0.39 0.48 44 0.27 0.41 48 0.50 0.38
SNP_at_chr3_7867608 66 0.42 0.40 42 0.48 0.42 46 0.39 0.45
SNP_at_chr4_155304831 66 0.33 0.32 44 0.32 0.46 48 0.46 0.36
SNP_at_chr4_166810860 68 0.18 0.21 44 0.18 0.24 48 0.13 0.12
SNP_at_chr4_32206907 68 0.53 0.51 42 0.43 0.47 44 0.55 0.51
SNP_at_chr4_36702115 68 0.41 0.48 44 0.41 0.49 48 0.67 0.51
SNP_at_chr4_57514610 68 0.32 0.28 44 0.50 0.49 48 0.33 0.38
SNP_at_chr5_133642495 66 0.27 0.24 44 0.45 0.36 44 0.64 0.44
SNP_at_chr5_19779811 68 0.29 0.33 44 0.50 0.46 48 0.38 0.49
SNP_at_chr5_2743999 66 0.30 0.30 42 0.29 0.32 48 0.38 0.31
SNP_at_chr5_37775354 68 0.44 0.41 44 0.27 0.30 48 0.25 0.34
SNP_at_chr5_7238901 68 0.47 0.51 44 0.64 0.51 48 0.50 0.51
SNP_at_chr6_20611630 68 0.38 0.49 44 0.45 0.44 48 0.33 0.28
SNP_at_chr6_22071127 68 0.44 0.41 44 0.45 0.47 48 0.21 0.31
SNP_at_chr6_43263616 66 0.12 0.12 44 0.27 0.30 44 0.27 0.41
SNP_at_chr7_129740844 68 0.35 0.37 44 0.55 0.49 48 0.46 0.47
SNP_at_chr7_159682555 68 0.47 0.50 44 0.36 0.51 48 0.46 0.51
SNP_at_chr8_123762504 68 0.41 0.46 44 0.50 0.46 48 0.25 0.45
SNP_at_chr8_132364582 68 0.35 0.50 44 0.36 0.47 48 0.33 0.50
SNP_at_chr8_135827564 68 0.41 0.49 44 0.27 0.49 48 0.38 0.49
SNP_at_chr8_30071562 68 0.38 0.43 42 0.24 0.40 48 0.38 0.31
SNP_at_chr9_120784637 68 0.38 0.41 44 0.41 0.46 48 0.29 0.40
SNP_at_chr9_17142726 68 0.56 0.49 42 0.48 0.51 44 0.68 0.51
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Correspondingly, the variance in the reproductive success 
of founder males declined from 98.6 to 29.3 between the 
springs of 2010 (11 males) and 2012 (12 males) and produced 
roughly equal numbers of offspring (110 and 99, respectively). 
This situation resulted in a significant increase in the effec-
tive population size of the colony, reducing the opportunity 
for inbreeding of the 2 offspring cohorts (Wright inbreeding 
coefficient, <5%).

For finite-sized colonies in which the sexual maturity of 
related animals varies—even those that use paired matings—
consanguineous mating and loss of heterozygosity is eventually 
unavoidable19 but can be minimized through improved man-
agement strategies. Such strategies include stricter surveillance, 
increasing effective population size by increasing the number 
of males in the groups or by removing males with the highest 
reproductive success to balance founder representation and 
cross-fostering infants from other groups to increase gene flow.36 
Our present results suggest that the studied pigtailed macaque 
colony has been managed successfully to prevent the loss of 
genetic variation.

In the current study, 96 SNP were selected for genotyping, but 
only 56 yielded meaningful results. This relatively low percent-
age of useful SNP markers suggests that the criteria we used to 
select SNP for pigtailed macaques may need to be reevaluated 
and improved. Alternatively, other informative genetic markers, 
especially short tandem repeats that have been used in other 
genetic studies of macaques (including pigtailed macaques),19,28 
could be used in parallel with SNP to provide more detailed 
results of population genetics.

Despite the conserved genetic variation between the found-
ers and birth cohorts in the focus colony, the results do not 
eliminate the concern of potential admixture of domestically 
bred pigtailed macaques (most likely M. nemestrina) with M. 
leonina. For example, studies in rhesus macaques have shown 
that, compared with Indian-origin macaques, Chinese rhesus 
macaques are less susceptible to SIV and are therefore unsuitable 
as models for HIV research.6,16,25,35 Because pigtailed macaques 
are used as animal models in multiple biomedical studies, a 
clearer understanding of their genetic ancestry and whether 
admixture is present is necessary to determine their suitability 
as disease models.

Population genetic analysis and the characterization of 
pigtailed macaques in captive colonies provide important and 
valuable insights into their genetic variability and suitability as 
animal models. Here we report that the pigtailed macaques at 
Johns Hopkins University exhibit a sustained level of genetic 
heterogeneity and low levels of inbreeding and genetic subdi-
vision, thus providing an excellent example of well-conceived 
and well-executed genetic management procedures.
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EH, expected heterozygosity; Ng, number of genotypes; OH, observed heterozygosity
aThese 56 SNP loci are among the 96 that provided 90% complete data and are both polymorphic and in Hardy–Weinberg equilibrium (P = 0.05).
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