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Chronic diarrheal disease (CDD) is a critical problem for breeders of captive rhesus macaque (Macaca
mulatta), as it results in significant levels of morbidity and death annually. As with other inflammatory
disorders, CDD is thought to be caused by environmental and/or genetic factors. Although
correspondence between the characters defined as Mendelian by pedigree or segregation analysis
and functional genes is difficult to establish, such analyses provide essential entry points into
understanding CDD in captive bred rhesusmacaques. To investigate the familial aggregation of CDD in
captive rhesus macaque, we performed pedigree, segregation and heritability analyses on genealogical
data from 55 severely affected individuals (probands) through whom relatives with a history of CDD
were ascertained from routine computerized colony records comprising vital and demographic statistics
of 10,814 rhesusmacaques.We identified 175 rhesusmacaques with CDDand estimated its incidence as
approximately 2% in the colony. The disease strongly clustered in eight multi‐generation pedigrees.
Inspection of the pedigrees, segregation analysis and heritability estimate of CDD suggest that
susceptibility to the disease is under strong genetic control. Identification of the locations of
susceptibility genes in the rhesus macaque genome could facilitate the reduction of their frequency
in captive breeding facilities. Am. J. Primatol. 76:262–270, 2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION
Diarrheal disease in rhesus macaques presents a

major challenge to captive nonhuman primate
breeding. The condition affected 15% of the popula-
tion across primate facilities surveyed in 1981 [Hird
et al., 1984]. The survey also showed that approxi-
mately 7% of the overall rhesus macaque population
was treated for diarrhea, and 16%of those cases led to
fatalities. More recently, at the California National
Primate Research Center (CNPRC) diarrhea ac-
counted for 50% of the veterinary caseload [Elmore
et al., 1992]. Present estimates reveal that 44% of
non‐research related mortality at the CNPRC was
associated with diarrhea or colitis upon necropsy,
and, according to Ardeshir et al. [2013a], 25% of these
cases are diagnosed as chronic with a 5% annual
incidence. Meanwhile, between 15% and 40% of
rhesus macaques housed at the Oregon National
Primate Research Center (ONPRC), are reported to
have experienced diarrheal illness that requires
veterinary treatment for dehydration, electrolyte

imbalance, or weight loss; between 20% and 30% of
these animals either succumb to the disease or are
culled [Prongay et al., 2013].

Diarrheal disease that is chronic (CDD) or
unresponsive to treatment with antibiotic drugs is
a major cause of mortality in captive nonhuman
primates [Brady&Morton, 1998] and presumed to be
idiopathic (i.e., not to have pathogenic causes). CDD
is defined as expelling 45 days of liquid stool in a
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90 day period, or being admitted to the veterinary
hospital for diarrhea three or more times in a single
year [Blackwood et al., 2008]. Primate center
veterinarians rely on strict biosecurity, husbandry
and care management to control risks of CDD among
colony animals. Separate housing and medical care
costs of maintaining animals with chronic disease
rapidly burden both veterinary and colony manage-
ment resources [George & Lerche, 1990]. It has been
suggested that CDD in rhesusmacaques is associated
with perturbation in gut microbiota and correction of
dysbiosis using probiotic leads to resolution of the
symptoms [Ardeshir et al., 2013c].

The exact cause of CDD in rhesus macaques
remains elusive partly because of its complex and
multifactorial etiology. Prongay et al. [2013] reported
that factors such as outdoor housing configurations,
age and prior episodes of the disease influenced the
risk for CDD. Reportedly, adult females with diar-
rhea aremore prone to life‐threatening complications
than their male counterparts while younger individ-
uals in smaller and/or temporary enclosures showed
greater risks; additionally, juvenile animals, in
particular, face the highest rates of diarrhea‐related
mortality [Prongay et al., 2013]. Other facilities have
previously reported a male‐biased incidence of CDD
[Elmore et al., 1992; Howell et al., 2012; Sestak et al.,
2003].

In humans, calciviruses, especially Norovirus
and Sapovirus, are common causes of acute gastro-
enteritis. In rhesus macaques, the Tulane Virus
(Recovirus), a virus closely related to Norovirus, has
been identified from the stool of infants [Farkas et al.,
2008]. Recovirus infection appears to be common
among captive rhesus macaques, with 11.6% of
randomly selected juvenile rhesus macaques at the
Tulane National Primate Research Center (TNPRC)
shedding virus in stool samples [Farkas et al., 2008]
and 63% of juveniles testing positive for Recovirus
neutralizing antibodies [Farkas et al., 2010a]. Enter-
ic pathogens such as Shigella, Campylobacter,
Yersinia, and Salmonella species, and parasitic flora
including Trichuris spp., flagellates, and Balanti-
dium coli have also been isolated from animals with
chronic diarrhea [Wilk et al., 2008].

Cases of diarrhea associated with pathogensmay
be less influenced by genetic susceptibility than
idiopathic cases. However, as with other inflamma-
tory disorders with complex etiology, CDD may
involve primary or multifactorial genetic contribu-
tions to susceptibility when any exposure to precipi-
tating environmental factors (such as exposure to
pathogens) occurs. In humans, polymorphism in the
multiple genes controlling the histoblood group
antigens (HBGAs) is thought to provide a host
defense against infection with noroviruses, encom-
passing eight different virus/antigen binding pat-
terns depending on the combination of ABO, secretor,
and Lewis phenotypes [Tan & Jiang, 2005], but this

connection is not as well established in non‐human
primates [Farkas et al., 2010b]. However, the absence
of the H antigen and/or the secretor phenotype may
influence susceptibility to CDD in macaques.

A more recent report by Ardeshir et al. [2013a]
claimed that measurements of peripheral blood
cytokines, chemokines and growth factors can be
used for predicting if a rhesus macaque would
develop CDD. Although variation in colonic volume
and surface area between animals euthanized for
diarrhea and for other reasons can only be deter-
mined posthumously, such anatomical differences
can be used for retrospectively identifying probands
and their living relatives [Ardeshir et al., 2013a].

While establishing associations between Mende-
lian traits and functional genes is not straightfor-
ward, well‐defined pedigrees provide a rationale for
identifying genetic influences on susceptibility to
CDD. Over the short term, comprehensive pedigrees
can be used to target and monitor high‐risk lineages
and develop protocols for addressing CDD‐associated
morbidity and mortality, thus improving the health
of the colony. In the long term, comprehensive
pedigrees support the investigation of candidate
genes and testing hypotheses of genetic susceptibility
and immune function. Detailed pedigree information
can also be used to manipulate the colony mating
structure [Kanthaswamy&Smith, 2005] tominimize
inbreeding and genetic structure and maximize
genetic contribution from all founders to their
descendants [Dyke et al., 1987].

METHODS

We used computerized routine diagnostic data of
10,814 rhesus macaques at the CNPRC to identify
175 animals (82 males and 93 females) with severe
CDD of non‐infectious origin. Fifty‐five (23males and
32 females) of those 175 animals whose parentage
could be identified or confirmed using STR‐based
techniques, were used as probands for ascertaining
matings in which one ormore hypothetical gene(s) for
susceptibility to CDD segregates. Confirmation of
ancestry of the probands was based on allele
frequencies across 14 STR loci following the method
of Kanthaswamy et al. [2010a, b]. It was assumed
thatmost, if not all, animals at the CNPRCwith CDD
were identified. Because CDD may have gone un‐
diagnosed in some affected animals in the late 1950s
and the 1960s before CDD was recognized as a
serious health risk, we estimate the incidence of the
disease to be approximately 2%, but the higher
estimate of Ardeshir et al. [2013a] of 5% could bemore
accurate. Inbreeding coefficients (F) were computed
using the methods described by Wright [1922]
assuming that founders of the CNPRC captive
population were unrelated. To determine if there
were an equal number of males and females with
CDD and if inbred (F> 0) animals weremore likely to
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have CDD than outbred animals (F¼ 0), we per-
formed a Pearson’s Chi‐squared test [Agresti, 2007]
with Yates’ correction for continuity at the 0.05 level
of probability. Pedigree records for members of other
segregateable matings ascertained through the pro-
bands were assumed to be accurate without confir-
mation using genetic markers. We used the pedigree
data management system PEDSYS [Dyke, 1999] to
construct several large multigenerational pedigrees
that include animals with CDD. The records of all
relatives of the probands, some of which were
themselves probands, were then searched for evi-
dence of a familial history of CDD.

Pedigrees were inspected to develop a genetic
hypothesis of the mode of inheritance of CDD. Both
probands and the members of their sibships were
employed in a traditional segregation analysis to test
the autosomal recessive (AR) hypothesis for inheri-
tance of susceptibility to CDD using the methods
described in Cavalli‐Sforza & Bodmer [1971]. Since
victims of CDD seldom survive to reproduce, too few
offspring with CDD that have parents with the
disease were available and, therefore, only full
sibships of parents both of whom were unaffected
but produced at least one offspring with CDD were
used in the test of the AR hypothesis. All probands
were included in a segregation analysis that em-
ployed the following truncated binomial model for
the probability of observing “r” (Pr) affected offspring
in sibships of size “s” when r> 0: Pr¼ s!/[r! (s� r)!]
[(prþ qs�r)/1� qs], where “p” is the theoretical
segregation ratio (1/4) and “q”¼ 1� p. This model
assumes that (1) all cases of CDD in the colony have
been identified, therefore, ascertainment of sibships
is not biased by the number of affected sibs in a
sibship, (2) no cases of CDD are sporadic (caused
solely by environmental factors that mimic the
features of inherited CDD), (3) environmental
variables do not influence inherited susceptibility
to CDD [i.e., genotype by environment (G�E)
interactions do not influence susceptibility to
CDD], and (4) the CDD phenotype is fully penetrant.

The expected values of “r”(Er) and the expected
variance in that number (Vr) for sibships of size “s”
were computed as SrPr¼ (sp/1� qs) and E(r2)� (Er)

2

¼ (sp/1� qs) (qþ sp)� (sp/1� qs)2], respectively, for
each sibship and summed over all sibships by sibship
size. The total number of offspring, both affected and
unaffected, in segregateable matings producing full
sibships of size “s,” including those whose absence
was assumed by truncation of the binomial probabili-
ty model (because r¼ 0), were estimated as (Ts/
1� qs), where Ts is the number of offspring actually
observed in sibships of size “s” and qs is the
probability under the segregationmodel of segregate-
able matings producing “s” offspring none of which
are affected (and, thus, not ascertained). The
statistical significance of the difference between the
total observed (R) and expected (SEr) numbers of

affected offspring under the AR hypothesis was
tested by the fit of the value [R� (SEr)]

2/SVr to a
chi‐square statistic with a single degree of freedom at
the 0.05 level of probability whereR, SEr and SVr are
the total number of affected offspring observed, the
expected number of affected offspring under the AR
hypothesis and the variances in that number
summed over all sibship sizes. An empirical value
of the segregation ratio (u) was estimated as R/S(Ts/
1� qs). The statistical significance of its difference
from its theoretical value of 1/4 was tested with a X2

with a single degree of freedom as follows:
ðu � 25Þ2=VðuÞ ¼ x2

ð1Þ where V(u)¼ u(1� u)/(STs/
1� qs).

The heritability (h2) of CDD was estimated by
treating CDD as all liabilities for the disease beyond
a threshold in two hypothetical normal distributions
of liabilities with equal variances, one each for the
general population and all half sibs of offspring with
CDD determined by multiple loci with equal and
additive effects [Falconer &Mackay, 1996]. Half sibs
with CDD are far more common than either parents
or full sibs with CDD and, therefore, should provide
the best estimate of heritability. While both distri-
butions share the same threshold beyondwhich CDD
occurs, the half sibs of offspring with CDD are
expected to exhibit a higher than average liability to
CDD because they share a higher proportion of
susceptibility genes with their respective probands
with CDD than two randomly selected members of
the population. Heritability is estimated as 4(xg�
xr)/(Y/xg) where 4 is the inverse of the coefficient of
relationship between half sibs (i.e., 1/4) and (xg� xr)/
(Y/xg) is the linear coefficient for the regression of the
liabilities of half sibs on those of their probands. The
values xg and xr are the numbers of standard
deviations beyond the mean liability in the respec-
tive normally distributed liabilities of the general
population and the half sibs of offspring with CDD
that the threshold falls (i.e., beyond which CDD
occurs), Y is the height of the distribution of the
general population’s liabilities at the threshold and
Y/xg is the average liability ofmembers of the general
population whose liabilities fall beyond the thresh-
old. The incidence of CDD among half sibs of
probands was estimated as the incidence of CDD
among the 667 half sibs of the 36 probands with at
least one half sib. The sampling variance of the
regression coefficient (Vb) was estimated as p/Aa2

where “p” is the proportion of the population without
CDD (98%), “A” is the number of half sibs with CDD
and “a” is the mean number of standard deviations
beyond the threshold that the mean of liabilities of
half sibs with CDD falls.

This research adhered to the American Society of
Primatologists principles for the ethical treatment of
nonhuman primates. These animals were managed
in compliance with Institutional Animal Care and
UseCommittee (IACUC) regulations or in accordance
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with the National Institutes of Health guidelines or
the US Department of Agriculture regulations
prescribing the humane care and use of laboratory
animals.

RESULTS

Table I provides a summary of vital data for the
175 animals with CDD identified using the 55
probands. Based on the Pearson’s Chi‐squared test
[Agresti, 2007], neither sex nor an inbreeding
coefficient of greater than 0.0 influenced the occur-
rence of CDD (P> 0.05). Because many animals of
various ages were euthanized due to CDD, correla-
tions between age and the disease are biased and
were not assessed statistically. Twenty‐nine of the
175 animals with CDD were related to other affected
animals comprising eight large family pedigrees. One
hundred and eight nuclear families (animals that
share at least one parent) and 128 sets of parent‐
offspring trio sets among the 4,392 males and 5,018
females were identified using these affected animals,
and of these, 809 male and 5,018 female relatives,
respectively, had reproduced at least once. None of
the nuclear families consisted of more than a single
affected offspring. Table II provides a breakdown of
the number of ascendants, descendants, sibs, uncles/
aunts, nephews/nieces and cousins that were recog-
nized through the affected animals. A total of 667 half
sibs of the 175 affected animals were identified, 52, or
7.8%, of which had CDD.

Figure 1 illustrates one of the eight family
pedigrees that were assembled based on the eight
generations of animals. Since, for simplicity, only
individuals directly involved in the transmission of
the disease phenotype to the probands are displayed,
many more unaffected individuals including close
and distant relatives have been omitted from the
pedigree chart. Inspection of the eight pedigrees,
which have been provided as supplementary docu-

mentation, revealed that most animals with CDD
lack parents with CDD and that males and females
with CDD are approximately equally common in the
pedigrees, making it unlikely that CDD is inherited
as a dominant or sex‐linked trait. We therefore tested
the AR hypothesis for the inheritance of CDD in
sibships neither of whose parents exhibited CDD.

The distribution of numbers of affected offspring
of segregateable matings of size “s,” those expected
under the AR hypothesis (Er), the variance in this
number (Vr) and the total numbers of animals in all
sibships, adjusted to include those not ascertained
because no sib exhibited at least one case of CDD (Ts/
1� qs, where Ts is the total number of offspring in
sibships of size “s”), are shown in Table III both by
sibship size (s) and summed over all sibship sizes.
Although the empirical estimate of the segregation
ratio (u¼ 0.20) was not statistically significantly
lower (X2¼ 1.47) than its expected value (u¼ 0.25),
largely due to the high variance in that parameter,
statistically significantly fewer offspring with CDD
(SEr¼ 19) were observed than expected (SR¼ 23.63)
under the AR hypothesis (X2¼ 5.22, P< 0.05), reject-
ing the AR hypothesis for inheritance of CDD. Our
own estimate of the incidence of CDD, in the general
population (2%) and in half sibs of offspringwithCDD
(7.8%) provide a heritability estimate of 1.05� 0.07,
suggesting complete contribution ofmultiple genes to
susceptibility to CDD. Were the incidence of CDD in
the general population 5%, as estimated by Ardeshir
et al. [2013a], the heritability estimate of the disease
would be only 0.44%.

DISCUSSION

Clinical and pathologic features of colony‐raised
rhesus macaques contribute to the reliability and
reproducibility of the results of experiments. As such,
there is a great demand for immunologically and
genetically characterized animals that are in good

TABLE I. Vital Data of Animals With CDD

Vital data (N¼ 175) Min Max Mean SD

Age at death (in years) <1 24 6 5
Age at death, males (in years) 1 19 6 5
Age at death, females (in years) <1 24 7 6
Generation 1 8 3.23 1.89
Inbreeding coefficient (F) 2% 16.5% 7.5% 4.7%
Age at first offspring, males (in years) 3 15 6 2
Age at last offspring, males (in years) 5 20 11 4
Age at first offspring, females (in years) 3 12 6 2
Age at last offspring, females (in years) 3 21 9 5
No. of male offspring 1 7 2.15 1.49
No. of female offspring 1 12 2.55 2.47
Degree of Indian Ancestry 1% 93% 7% 14%
Degree of Indian Ancestry (males) 1% 93% 8% 20%
Degree of Indian Ancestry (females) 1% 31% 5% 8%
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health status and free of pathogens and parasites
[Cohen, 2000; Desrosier, 1997; Roberts et al., 2000;
Sestak et al., 2003]. Because CDD is a leading cause
of morbidity and mortality in colonies of captive
rhesus macaques [Prongay et al., 2013; Sestak et al.,
2003; Wilk et al., 2008], the disease significantly
diminishes the domestic supply of available healthy
rhesus macaques. Despite attempts to establish
patterns, causes, effects of health and other con-
ditions [Elfenbein & McCowan, 2012; Farkas et al.,
2012; George & Lerche, 1990; Good et al., 1969;
Prongay et al., 2013], the perceived complexity of its
etiology makes managing this disease challenging.

Colony genetic management facilitates the es-
tablishment of defined pedigrees for formulating
specific research objectives, and promoting the
conservation of allelic diversity underlying pheno-
types of biomedical significance [Kanthaswamy et al.,
2010b]. For example, the model of Krabbes disease
developed at the Tulane National Primate Research
Center (TNPRC) [Borda et al., 2008] provides for

optimal selection of appropriate subjects for the
research of Krabbes disease in humans, which is
inherited as anAR trait.Multigenerational pedigrees
also provide hypotheses about genetic influences on
diseases in captive‐bred rhesus macaque including
their mode of inheritance or transmission. The value
of genealogical data can be most appreciated by
understanding the patterns of inheritance that
should correctly be the foundation of most complex
breeding decisions. Yet, to date, no studies have
utilized captive rhesus macaque colony pedigree
records to determine whether susceptibility to CDD
is under at least partial genetic control.

A previous study found no sex difference in
susceptibility to CDD [Prongay et al., 2013] while
several others have found males to be more prone to
CDD [Elmore et al., 1992; Howell et al., 2012; Sestak
et al., 2003]. Prongay et al. [2013] instead found that,
given an animal experienced an episode of diarrhea,
females were more likely to have diarrhea‐associated
mortality. In the present study, the incidence of CDD

TABLE II. Data Are for Relatives Ascertained Through 175 Animals With CDD

With offspring Without offspring

Male Females Males Females

Ancestors 232 434 607 534
Descendants 81 264 0 0
Sibs 124 (2) 332 (10) 450 (11) 364 (8)
Uncles/aunts 419 1,075 1,008 625
Nephews/nieces 383 1,118 2,414 1,874
Cousins 626 1,418 3,302 2,461

Among animals that have reproduced, the ratio ofmales to females was 1:3 in linewith sex‐biased differences in reproductive success rates typically reported
for captive rhesusmacaques [Kanthaswamy et al., 2010b]. Number of the probands’ sibs that are full sibs appears in parentheses; themuch greater number of
half sibs than full sibs is due to the large multi‐male/multi‐female groups in which most animals included in this study were born.

Fig. 1. Pedigree of six rhesus macaques with known chronic diarrhea status (drawn using the online software package Pedigree Chart
Designer by CeGaT GmbH (http://www.cegat.de)). Clear squares and circles represent unaffected male and female individuals,
respectively, and shaded squares and circles represent affectedmale and female individuals (or CDD probands). Slash symbols represent
deceased individuals, and dot symbols represent carriers but their absence does not mean an individual is not a carrier. Generations are
labeled in Roman numerals while individuals within each generation are indicated in Arabic numerals. Additional pedigrees have been
provided as supplementary documentation.
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was not correlatedwith sex or inbreeding coefficients.
The high rate of occurrence of CDD among family
members in our study supports a hereditary contri-
bution to the disease. While environmental factors
are often also found to cluster in human families,
different families of captive rhesus macaques share
neither as common a space nor as distinct an
environment as human families. In our study,
heredity contributed more to susceptibility to CDD
than did environmental factors. Analysis of the
pedigree structures suggests neither a dominant
nor sex‐linked mode of inheritance of CDD [Falconer
& Mackay, 1996; Zschocke, 2008], because CDD
usually appears in the offspring of parents who
themselves have not been diagnosed with the disease
since most individuals with CDD either die or are
culled before reproducing. While the hypothesis that
CDD is maintained by the masking of deleterious
recessive alleles by wild‐type allele/s, a form of
heterozygote advantage [Charlesworth & Willis,
2009; Penn et al., 2002], which could rationalize the
high incidence of the disease, especially in captive
colonies, is consistent with anARmode of inheritance
of CDD, our segregation analysis rejected the AR
hypothesis.

Only a small number of sibships (19) of segregate-
able matings in which neither parent had CDD were
ascertained for the test of the AR hypothesis, and no
sibship exhibited a sib with CDD other than the
proband, leading to rejection of the AR hypothesis. It
is possible that the failure to properly diagnose some
animals included in our study with CDD or incom-
plete penetrance of the phenotype is responsible for
rejection of the AR hypothesis, because fewer cases of
CDD than expected under the genetic model were
ascertained among sibs of probands. That CDD
typically occurs early in life and the homogeneous
environment to which most captive bred rhesus
macaques are exposed limit the opportunities for
variable penetrance or environmental differences to
influence the results of this study. The high estimate
of heritability of CDD in our study suggests the

genetic influence of one or more genes with a major
effect, but is not inconsistentwith theARhypothesis if
some cases of CDD in the family pedigrees used in our
analysis went undiagnosed, penetrance is incomplete,
exposure to environmental influenceswas insufficient
and/or the incidence of CDD in the general population
(2%) was underestimated. It is also possible that
undetected pathogens are responsible for some or all
of the apparent cases of CDD. We note that our
estimate of heritability slightly exceeded 100%, which
of course is theoretically impossible, but that, due to a
sampling error of 0.07, our estimate falls within its
theoretical limits of 100% heritability. For the same
reasons, empirical estimates of heritability for solely
genetically determined traits often exceed 100%, in
which case nearly complete genetic causes of suscep-
tibility, can be assumed. However, before a conclusive
confirmation or rejection of a genetic hypothesis for
susceptibility to CDD can be reached, a larger sample
of probands with CDD and their relatives [so that
earlier members of the family pedigrees whose
diagnosis might have been undiagnosed (susceptible
but without detectable symptoms of CDD) can be
omitted from our analysis] and thorough testing to
preclude the presence of yet undetected pathogens
will be needed.

CDD in the rhesusmacaquemaynot be under the
control of polygenes with equal and additive effects,
as our model presumed; a single gene may have a
major effect with other genes exhibiting smaller
effects [Cargill et al., 2004]. Moreover, if multiple
genes are involved, different susceptibility genesmay
be of predominant influence in different lineages.
Because heritability estimates the proportion of
phenotypic variance due to genetic variance, genes
predisposing to CDD that are fixed in a given
population or lineage do not contribute to its value.
Environmental factors undoubtedly influence sus-
ceptibility to CDDwhen levels of exposure to them, or
other predisposing environmental factors, exhibit a
high variance among research subjects which, we
have argued, is not the case in our study.

TABLE III. Numbers of sibships in which one sib exhibited CDD, the number of sibs with CDD expected under the
ARhypothesis, (Er), the expected variance in that number (Vr), and the total number of offspring adjusted for those
expected to be unobserved because they lack at least one sib with CDD (T/1�qs)

s Number of sibships with one sib with CDD Er Vr T/1�qs

2 12 13.71 1.47 54.86
3 3 3.89 0.79 15.57
4 3 4.39 1.26 17.55
5 1 1.64 0.59 6.56
Total 19 23.63 4.11 94.53

“s” is sibship size.
X2¼ (23.63� 19)2/4.11¼ 5.22, P< 0.05.
u¼ 19/94.53¼ 0.20.
Vu¼ u(1� u)/(T/1� qs)¼ 0.0017.
X2¼ [E(u)� u]/Vu¼ (0.25� 0.20)2/0.0017¼ 1.47 (ns).
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Heritability estimates, dependent as they are on
variance of predisposing factors, are descriptive and
not predictive of sources of phenotypic variances
within other populations at any given time [LaBuda
et al., 1993]. Our estimate of heritability may have
been over‐estimated because kinship among some
study animals was underestimated when we as-
sumed that the founders of the CNPRC colony were
unrelated [McArdle et al., 2007]. Environmental
conditions that are shared only by close kin such as
siblings raised with common maternal effects may
also have inflated the estimate of heritability.

The environment of an individual can alsomodify
the effect of genes through G�E interactions. The
incidence of CDD in the general population (2%) may
be an underestimate if there are G�E interactions
such that some animals are protected from the
development or progression of CDD while others, in
the selected families, are made more susceptible to
CDD by their environments. This could also explain
why we found fewer animals in the general popula-
tion with CDD (2% incidence) than reported in other
studies (e.g., the 5% incidence estimated by Ardeshir
et al. [2013a]). While CDD might develop because an
animal is born with a genetic predisposition, ex-
posures to different environmental agents might
trigger varying degrees of susceptibilities and symp-
toms that can confound recognition or diagnosis of the
disease.

While environmental factors may include diet,
housing, social exposure and rank [Howell et al.,
2012; Prongay et al., 2013], variation in diversity and
composition of the gastrointestinal (GI) or gut
microbiota may influence symptoms [Farkas et al.,
2008, 2010a; McKenna et al., 2008;Wilk et al., 2008].
On the other hand, the environment of an animal,
including its social environment, may present
stressors in addition to differential risks of exposure
to pathogens [Hawley et al., 2011]. It has been
proposed that from birth, the gut microbiota influ-
ences an individual’s immune system’s development
and function, and over time the immune system
interacts with the gut microbiota to maintain
intestinal homeostasis [Hooper et al., 2012]. Costello
et al. [2012] have demonstrated that disruptions to
the human gut microbiota caused by diet and
medication adversely affect health. Relapse and
progression of diarrhea symptoms of irritable bowel
syndrome and inflammatory bowel diseases in
humans is associated with “stressful life events”
[Bennett et al., 1998; Whitehead et al., 1992].
Animals with CDD have been reported to exhibit
variation in gut community compared to healthy
individuals, providing an association between al-
tered microbiota and disease, while animals that
have access to less diverse diets display reduced gut
microbiotic diversity and composition [Amato et al.,
2013]. A recent study at the CNPRC demonstrated
that development of the primate immune system is

highly sensitive to early differences in infant diet,
associated microbiota, and stool metabolites. Specif-
ically, different diets in early infancy yield immune
systems that differ profoundly in the degree of
memory and Th17 cell development that is seen
later [Ardeshir et al., 2013b].

The methods of collecting and analyzing pheno-
typic data presented here could offer captive non‐
human primate breeders the opportunity to de-
crease the incidence of genetic disease in their
breeding programs to significantly lower levels if
unaffected carriers of susceptibility genes could be
identified and removed from the breeder gene pool.
Given the high estimate of heritability of CDD and
potential for incomplete penetrance and environ-
mental influences to have affected our test of the AR
hypothesis, we believe that susceptibility to CDD in
captiveNHP colonies is at least partially genetically
determined and that attempts to select against
CDD by selective culling could lead to positive
results.

If families in which CDD can segregate can be
recognized only through affected offspring, only a
small subset of matings within an entire colony
with potential to produce offspring with CDD can be
identified, because unaffected carriers of the trait,
who cannot be identified, far outnumber animals
with CDD [Strain et al., 1998; van derMeulen et al.,
1995]. Effective elimination of CDD from colonies
through culling would be possible were the genomic
location of susceptibility genes discovered by high
throughput screening of a sufficient number (tens
or hundreds of thousands) of SNPs to identify
genetic markers linked to these regions. The
comparison of high‐density SNP maps for affected
and unaffected offspring might identify such
markers providing the ability to identify and cull
unaffected animals with susceptibility genes from
colonies.

Based on the familial aggregation and high
heritability of CDD in the rhesus macaque, we
propose that the disease results from the inheritance
of susceptibility genes at one or a few major loci. We
plan to expand the present study to include more
probands for confirming this hypothesis, conduct an
association study to locate the susceptibility genes,
and examine if G�E interactions moderate the
genetic effect on CDD status.

CONCLUSION

The results presented in this study suggest that
susceptibility to CDD in the rhesus macaque is
hereditary and is influenced by one ormore genes.We
hope that these results will motivate larger studies to
evaluate genetic hypotheses in nonhuman primates
and identify candidate genes and/ormarkers for them
that would promote prophylactic diagnostics, medi-
cations and monitoring.
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