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Abstract

Primate gastrointestinal microbial communities are becoming increasingly appreciated for their
relevance to comparative medicine and conservation, but the factors that structure primate
“microbiomes” remain controversial. This study examined a community of primates in Kibale
National Park, Uganda, to assess the relative importance of host species and location in structuring
gastrointestinal microbiomes. Fecal samples were collected from primates in intact forest and from
primates in highly disturbed forest fragments. People and livestock living nearby were also
included, as was a geographically distant population of related red colobus in Kenya. A culture-
free microbial community fingerprinting technique was used to analyze fecal microbiomes from
124 individual red colobus (Procolobus rufomitratus), 100 individual black-and-white colobus
(Colobus guereza), 111 individual red-tailed guenons (Cercopithecus ascanius), 578 human
volunteers, and 364 domestic animals, including cattle (Bos indicus and B. indicus x B. taurus
crosses), goats (Caprus hircus), sheep (Ovis aries), and pigs (Sus scrofa). Microbiomes sorted
strongly by host species, and forest fragmentation did not alter this pattern. Microbiomes of
Kenyan red colobus sorted distinctly from microbiomes of Ugandan red colobus, but microbiomes
from these two red colobus populations clustered more closely with each other than with any other
species. Microbiomes from red colobus and black-and-white colobus were more differentiated
than would be predicted by the phylogenetic relatedness of these two species, perhaps reflecting
heretofore underappreciated differences in digestive physiology between the species. Within
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Kibale, social group membership influenced intra-specific variation among microbiomes.
However, intra-specific variation was higher among primates in forest fragments than among
primates in intact forest, perhaps reflecting the physical separation of fragments. These results
suggest that, in this system, species-specific processes such as gastrointestinal physiology strongly
structure microbial communities, and that primate microbiomes are relatively resistant to
perturbation, even across large geographic distances or in the face of habitat disturbance.
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INTRODUCTION

Advances in molecular techniques have enabled detailed studies of microbial communities
and the roles of “microbiomes” in human and animal health [Dominguez-Bello et al., 2011,
Shendure & Ji, 2008; Turnbaugh et al., 2007]. The microbiome concept considers the
community of fungi, bacteria, bacteriophages, viruses, and protozoa that inhabit a host and
play important roles in digestion, development [McFall-Ngai, 2002], metabolic disorders
[Turnbaugh et al., 2009], behavior [Ezenwa et al., 2012], and immune function [Round &
Mazmanian, 2009]. Furthermore, a robust microbiome may prevent colonization of the host
by disease-causing microorganisms [Adams et al., 2007; Croswell et al., 2009; Dillon et al.,
2005; Koch & Schmid-Hempel, 2011]. For these reasons, understanding the factors that
structure microbiomes has emerged as a research priority [Caporaso et al., 2011; Robinson
et al., 2010; Spor et al., 2011; Ursell et al., 2012; Yeoman et al., 2011].

Non-human primates (hereafter, “primates”) have long been recognized as important model
systems for understanding human health; thus, there is growing interest in the primate
microbiome [Degnan et al., 2012; Frey et al., 2006; McKenna et al., 2008; Ochman et al.,
2010; Szekely et al., 2010; Uenishi et al., 2007; Xu et al., 2010; Yildirim et al., 2010].
Studies to date have shown that host phylogeny and environmental factors such as diet play
strong roles in structuring primate microbiomes. For example, a study by Ochman et al.
[2010] of fecal microbiomes of chimpanzees (Pan troglodytes), bonobos (Pan paniscus),
and gorillas (Gorilla gorilla) revealed that patterns of microbial community structure
recapitulated host phylogeny, supporting earlier studies across a range of species indicating
broad patterns of host-microbiome co-evolution [Ley et al., 2008a,b; McFall-Ngai, 2002;
Moran et al., 2008; Ochman et al., 2010; Yeoman et al., 2011]. Work by Frey et al. [2006]
on wild gorillas and Degnan et al. [2012] on wild chimpanzees revealed evidence of
temporal stability in primate microbiomes, lending support to a growing body of research
suggesting that gastrointestinal microbiomes may be acquired early in life, quickly reaching
a stable-state climax community that is resistant to perturbation [Degnan et al., 2012;
Koenig et al., 2011; Turnbaugh et al., 2009]. Degnan et al. [2012] also provided evidence of
microbial partitioning by social group, suggesting socio-demographic influences on
microbial community structure. Recent work by Amato et al. [2013] demonstrates plasticity
of microbiomes of black howler monkeys (Alouatta pigra) in response to habitat
degradation [Amato et al., 2013].
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The “heirloom vs. souvenir” dichotomy was originally developed as a conceptual
framework for parasite—host dynamics, but it has also been used to describe the processes by
which microbial communities may be structured [Banks et al., 2009; Kliks, 1990]. Under the
“heirloom” model, maternal inoculation of offspring with a Specific collection of microbes
at birth creates a shared microbial community among closely related individuals. In this
case, microbiomes are inherited and stable. Alternatively, under the “souvenir” model,
microbial communities frequently shift in response to extrinsic factors such as host stress,
reproductive status, nutritional circumstances, or health state [Caporaso et al., 2011; Costello
et al., 2009]. In this case, dynamic colonization or extinction events constantly re-shape
microbial communities such that individuals with a history of common environmental
exposures develop similar microbiomes [Dethlefsen et al., 2007]. Applied to wild primates,
the “heirloom” model would be reflected as phylogenetic clustering of microbiomes
irrespective of geography, whereas the “souvenir” model would be reflected as geographic
clustering of microbiomes irrespective of phylogeny. Partitioning the effects of phylogeny
and geography would require a system in which multiple phylogenetically divergent species
inhabit the same environment. Such systems have been used to assess kin-associated
bacterial communities of multiple frog species living in shared ponds, revealing strong
evidence of species-specific partitioning [McKenzie et al., 2012]. However, we are aware of
no such studies that have addressed these questions in mammals or primates.

The diverse and abundant primate community of Kibale National Park (KNP), Uganda,
contains species with different digestive physiologies and phylogenetic relationships that
occupy the same habitats. By comparing the fecal microbiomes of these primate species
across habitat types, we examine the degree to which primate microbiomes are structured as
“heirlooms” versus “souvenirs.” To build upon previous work on cross-species microbial
transmission in shared habitats, we also examine the fecal microbiomes of people and
livestock living close to this primate community. To extend our analyses spatially, we
include fecal microbiomes from geographically distant red colobus in Kenya. Our results
reveal how fecal microbiomes differ among hosts and across environments, and how primate
gastrointestinal microbiomes are structured in this setting.

METHODS

Study Site and Sample Collection

Kibale National Park is a moist evergreen forest near the foothills of the Rwenzori
Mountains in Uganda (795 km?, 0°13/-0°41" N, 30°19'-30°32’E) and is surrounded by a
mosaic landscape of densely populated human settlements, farmlands, and remnant forest
fragments. Fecal samples were collected between January 2008 and December 2010 from
two social groups of each species of primate living within the intact forest in KNP (N = 65)
and from primates in 20 highly disturbed forest fragments outside the park (N = 270), as
previously described [Goldberg et al., 2008]. Because these fragments are typically close in
size or smaller than the home range of a primate social group, only one social group inhabits
each fragment. The forest fragments are relatively recently isolated (since approximately the
1950s) and close to KNP, with fragments having been connected to KNP as recently as
1999. For comparison, samples from human volunteers (N = 578) and their domestic
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animals (N = 364), including cattle (Bos indicus and B. indicus x B. taurus crosses), goats
(Caprus hircus), sheep (Ovis aries), and pigs (Sus scrofa), living near the forest fragments
were also collected as previously described [Johnston et al., 2010; Salyer et al., 2012]. Each
fecal sample included in this study represents a unique individual sampled only once.

We restricted our primate sampling to the three species that commonly inhabit both the park
and the forest fragments: red colobus (Procolobus rufomitratus; n = 26 KNP, n = 98
fragment) and black-and-white colobus (Colobus guereza, n = 20 KNP, n = 80 fragment),
both of which are folivorous colobines with ruminant-like chambered stomachs and fore-gut
fermentation; and red-tailed guenons (Cercopithecus ascanius), an omnivorous
cercopithecine with a simple stomach and hind-gut fermenting digestive system (n = 19,
KNP, n =92 fragment). For comparison, we also included 18 fecal samples from red
colobus (P. rufomitratus) in Tana River National Primate Reserve (171 km?, 1°55’S,
40°5’E) in Kenya. Tana River is comprised of a series of 23 protected evergreen riparian
forest fragments that occur along a 16-km? stretch of the lower Tana River system [Owino
& Oyugi, 2010] and is approximately 1,100 km from KNP.

Prior to the research, all procedures were reviewed and approved by the Uganda National
Council for Science and Technology, the Uganda Wildlife Authority, the University of
Wisconsin Institutional Review Board (IRB #H2009-0007), and the University of Wisconsin
Research Animal Care and Use Committee (V01385-0-08-08). This research adhered to the
American Society of Primatologists Principles for the Ethical Treatment of Non-Human
Primates.

Analysis of Fecal Microbiomes

DNA from fecal samples was extracted using the Zymo Research (Irvine, CA) Fecal DNA
MiniPrep Kit, with the following three modifications: (1) 4 uL of a Cy5-labelled internal
amplification control from Primer Design Ltd (Southampton, UK) was added to the lysis
buffer before addition of fecal samples, (2) samples were lysed for 3 min using a
commercial “bead beater” homogenizer, and (3) the elution buffer was allowed to soak the
filter for 2 min prior to final centrifugation. As an initial quality control step, internal
amplification control real-time quantitative PCRs were performed on each sample according
to Primer Design Ltd manufacturer instructions on a Bio-Rad (Hercules, CA) CFX96
instrument. Only samples that passed quality control (sigmoidal amplification curves and Ct
values within normal ranges) were carried forward.

A microbial community fingerprint technique, automated ribosomal intergenic spacer
analysis (ARISA), was then used to assess bacterial diversity based on operational
taxonomic units (OTUs), which correspond roughly to species [Fisher & Triplett, 1999]. The
highly variable bacterial intergenic spacer region between 16S and 23S rRNA genes was
amplified using the primer set 1606f-FAM (16S FAM 5-TGYACACACCGCCCGT-3) and
23Sr (23S 5’-GGGTTBCCCCATTCRG-3’). PCR conditions were optimized using the
FailSafe PCR system from Epicentre Biotechnologies (Madison, W1). Each 25 pL reaction
contained 10 ng total DNA, 400 nM of each primer, 1x Epicentre FailSafe Pre-Mix B PCR
Buffer, and 1 pL Epicentre FailSafe Enzyme Mix. A Bio-Rad C1000 thermocycler was used
with the following cycling parameters: (1) initial denaturation for 2 min at 94°C, (2) 30x
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amplification cycles with 35 sec at 94°C, 45 sec at 55°C, and 2 min at 72°C, and (3) final
extension for 2 min at 72°C. One microliter of PCR product diluted 1:1 in nuclease-free
water was then mixed with 9.6 pL 10% formamide and 0.4 pL custom internal ROX-labeled
size standard (100-2,000 bp; BioVentures, Murfreesboro, TN). The mixture was run for
fragment analysis on ABI 3730xI DNA Analyzers (Life Technologies, Grand Island, NY) at
the University of Wisconsin-Madison Biotechnology Center.

As a final quality control step, peak profiles were examined visually; only samples with
peak profiles indicative of successful ARISA were analyzed. For these samples, a matrix
was created of the relative abundance of OTUSs present. Peaks were called as previously
described using an R-script and smoothing algorithm [Jones & McMahon, 2009]. A
universal binning profile with a gradually scaled design was used to assign 172 OTUs
according to amplicon size (300-399 bp: £1 bp, 401-500 bp: £1.5 bp, 501-600 bp: £2 bp,
601-700 bp: £3 bp, 701-800 bp: +4 bp, 801-1,000 bp: +10 bp).

Statistical Analyses

RESULTS

Operational taxonomic unit relative abundance matrices for each fecal sample were analyzed
using non-metric multi-dimensional scaling to identify clustering of microbial communities
[Ramette, 2007]. A Bray—Curtis similarity matrix was used to compare the OTU
composition and abundance of all microbial communities. Statistical significance was
assessed using analysis of similarity (ANOSIM) with the computer program PRIMER 6.1.9
(PRIMER-E Ltd, Plymouth, UK) to compare within- and between-group similarity. The
ANOSIM R statistic varies from —1 to 1, with —1 indicating 100% between-group similarity,
1 indicating 100% within-group similarity, and O indicating random grouping. Although
values are relative, R > 0.75 is generally considered strong evidence of separation, R > 0.5
suggests separation, and R < 0.25 suggests strong overlap [Clarke, 2001]. Unpaired
Student’s t-tests were also used to compare average Bray—Curtis similarities among primate
fecal microbiomes within KNP to average Bray—Curtis similarities among primate fecal
microbiomes within the forest fragments, as a comparison of inter-individual diversity of
microbiomes within each habitat type.

Fecal microbiomes of red colobus, black-and-white colobus, and red-tailed guenons within
KNP sorted strongly according to host species (Table I; Fig. 1). These significant patterns
persisted for the same species in the highly degraded forest fragments surrounding KNP
(Table I; Fig. 1). When primates from KNP were compared directly to primates of the same
species living in the fragments, no differences in fecal microbiome community composition
were detectable between forest and fragment populations (Table I; Fig. 1). When
microbiomes of red colobus from KNP were compared to those of geographically distant red
colobus from Tana River National Primate Reserve in Kenya, strong separation was
observed (Table I; Fig. 1); however, Tana River red colobus microbiomes still clustered
most closely with Ugandan red colobus microbiomes. These results are based on 1,340
samples that passed quality control, with 118 samples excluded because of internal
amplification control RT-PCR failure and 24 samples excluded because of failure to pass
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peak profile assessment. Within these samples, an average of 97 OTUs were present (range
28-129 OTUs).

A Student’s t-test comparing average Bray—Curtis similarities of fecal microbiomes within
KNP to average Bray—Curtis similarities of fecal microbiomes within nearby forest
fragments indicated less intra-specific variation among microbiomes of primates in KNP
than among primates in the forest fragments (Fig. 1). Red-tailed guenons (t = 5.90, df = 109,
P < 0.0001) and black-and-white colobus (t = 3.56, df = 98, P < 0.001) exhibited significant
differences in this regard; however, red colobus did not show such a difference (t = 0.84, df
=122, P < 0.40).

To assess whether observed differences in intraspecific microbiome variability resulted from
physical location or membership in a particular social group, we analyzed microbiomes of
primates within KNP according to social group. ANOSIM revealed a strong pattern of
partitioning among black-and-white colobus social groups (ANOSIM: Global R =0.48, P <
0.001), moderate partitioning among red colobus social groups (ANOSIM: Global R = 0.37,
P < 0.001), and weaker partitioning among red-tailed guenon social groups (Global R =
0.27, P < 0.001).

Species-specific patterns of microbial community composition generally persisted when
livestock and human samples were included. Human microbiomes clustered together
strongly and were separate from livestock and non-human primate microbiomes (Fig. 2).
However, microbiomes of different species of livestock strongly overlapped (Table I; Fig.
2). When people and livestock were grouped according to location (i.e., the settlements
surrounding forest fragments) no separation of microbiomes was observed (series of 4 nM
DS plots not shown, Table I).

DISCUSSION

Our results suggest that species-specific processes strongly structure microbial communities
and that geography plays a lesser role in this system. The dominant pattern of species-
specific primate microbial community structure remained robust across habitat types.
Although forest fragmentation in the Kibale area did not increase the similarity of
microbiomes among different primate species, forest fragmentation had a modest, but
discernible, effect on microbiome variation within species. These findings suggest that
primate microbiomes are strongly constrained by host species, but that landscape-level
factors, such as physical separation on the order of 1-10 km and/or habitat degradation, can
lead to minor differentiation of microbiomes within species. Overall, our results suggest that
primate microbial communities are more likely to be inherited than accumulated from the
environment, conforming more closely to the “heirloom” paradigm than the “souvenir”
paradigm.

Our results differ somewhat from those of other studies that have reported strong
phylogenetic signal in primate microbiomes, albeit based on smaller sample sizes [Ley et al.,
2008a; Ochman et al., 2010; Yeoman et al., 2011]. Despite evidence that species-Specific
processes appear to dominate in the KNP system, the patterns of microbial community
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similarity that we document do not closely reflect host phylogeny. Specifically, although
black-and-white colobus and red colobus are closely related [Perelman et al., 2011],
microbiomes of these two colobine species were as different from each other as either was
from the microbiomes of more distantly related red-tailed guenons. In fact, the degree of
separation between red colobus and black-and-white colobus microbiomes was remarkably
high considering the close phylogenetic relationship, similar digestive physiology,
comparable ecology, and similar diets of the two species [Chapman & Pavelka, 2005;
Chivers, 1994]. Because gastrointestinal microbial communities are known to partition into
unique consortia along the gastrointestinal tract [Walter & Ley, 2011], we speculate that the
greater-than-expected differentiation of microbiomes between red colobus and black-and-
white colobus may reflect heretofore underappreciated differences in the digestive
physiologies of the two species, perhaps reflecting “niche differentiation” of microbes
within the gut. For example, we note that red colobus have an additional stomach
compartment, the presaccus [Groves, 2007]; although the presaccus is an anatomic feature
of the fore-gut, it could have “downstream” effects on fecal microbiomes.

Contrary to a similar study of black howler monkeys [Amato et al., 2013], species-specific
differences among primate microbiomes in our study persisted even in the face of habitat
degradation. Primates in the forest fragments near Kibale are rapidly going extinct
[Chapman et al., 2012]. Indeed, many of our samples represent the last biological specimens
collected prior to the extirpation of the population [Goldberg et al., 2008]. For primates in
fragments, these conditions alter parasite dynamics and increase the potential for microbial
transmission among species [Bonnell et al., 2010; Chapman et al., 2006; Rwego et al., 2008;
Salyer et al., 2012; Salzer et al., 2007]. Furthermore, fragmentation decreases the ecological
complexity of forest habitats, reducing the diversity of primate foods and preventing the
degree of dietary niche partitioning that primates achieve in intact habitats [Chaves &
Arroyo-Rodrigues, 2012]. The fact that microbiomes of primate species in fragments were
no less differentiated than microbiomes of those same species in intact habitats re-enforces
the idea that species-specific processes fundamentally shape and constrain primate
microbiomes.

We note that forest fragmentation near KNP is a recent phenomenon, with some primate
social groups becoming geographically isolated as recently as 10 years ago. Also, some
fragments are as close as 1 km to the park edge, perhaps enabling primate movement across
the park boundary. Finally, although ongoing habitat destruction in the fragments is
occurring more rapidly than in KNP, the encroachment of human settlements along the
increasingly abrupt national park boundary could influence primate social groups within
KNP. Thus, our results are Specific to the spatial and temporal scale of our system, and
considering fragments as isolated “islands” is probably an oversimplification [Weins, 1995].

Our results show that intra-specific variation in primate microbiomes was greater in forest
fragments than in KNP. This finding may reflect the combined effects of each fragment’s
unique history and ecology [Onderdonk & Chapman, 2000] or the nutritional and social
stress that primates in fragments experience [Chapman et al., 2006], either or both of which
could lead to changes in microbiome composition. Because, we were only able to analyze
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fecal microbiomes, which sample hind-gut bacteria [Eckburg et al., 2005], such effects
could be even more pronounced for other compartments within the gastrointestinal tract.

Notably, when each primate social group within KNP was considered separately, significant
microbiome partitioning was also observed. Previous studies of fecal microbiomes of wild
chimpanzees revealed that gut microbial communities were partitioned according to social
group and that such patterns persist even when animals migrate to new social groups
[Degnan et al., 2012]. Our data support the conclusion that social group membership
influences primate gastrointestinal microbial communities. Apparently, primate social
structure can lead to sub-structuring of microbiomes even within geographically contiguous
populations.

We observed strong evidence of microbiome partitioning between red colobus in the Kibale
area and red colobus from Tana River in Kenya. However, Tana River red colobus
microbiomes still clustered most closely with those of Kibale red colobus in our multi-
species analysis, indicating that host species effects still predominate even across large
geographic distances. This result was especially surprising given that diets and other
ecological factors must vary considerably across such distances. We suggest that examining
geographically disparate populations of related primates may offer valuable insights into the
role of phylogeny versus geography in structuring primate microbiomes.

Previous work in Kibale has shown that forest fragmentation alters primate parasite
dynamics and may increase the potential for disease transmission between people and
wildlife [Bonnell et al., 2010; Chapman et al., 2006; Rwego et al., 2008; Salyer et al., 2012;
Salzer et al., 2007]. However, the mechanisms underlying these dynamics are not well
understood. People, domestic animals, and wildlife move freely across the permeable
boundaries of forest fragments, creating ample opportunities for direct and environmentally
mediated cross-species disease transmission [Goldberg et al., 2012]. The fact that our data
showed microbial communities to sort strongly by species may indicate lack of resolution
for detecting such effects when entire microbiomes are considered. We speculate that
evidence for environmental effects and cross-species microbial transmission may emerge
more clearly when individual microbial taxa are considered, especially those associated with
disease.

Our study is based on ARISA, which provides only a general “fingerprint” of the
microbiome but lacks the resolution of “deep sequencing.” DNA sequence data will allow
identification of the micraobial taxa underlying the trends we have documented and could
reveal specific microbial taxa that are associated more strongly than others with
environmental perturbation or cross-species transmission. Nevertheless, our findings support
an emerging consensus in the literature that species-specific “heirloom” effects largely
structure animal microbiomes [Arumugam et al., 2011; Muegge et al., 2011; Phillips et al.,
2012; Smith et al., 2012; Walter & Ley, 2011]. “Souvenir” effects such as diet,
environmental variation, and socio-demography can shift microbiomes slightly, but appear
not to be major determinants of microbiome structure in this system. If primate microbiomes
are generally highly constrained by species-specific processes, then this raises concerns
about the ability of primates and their microbiomes to adapt to changing environments.
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Fig. 1.
Non-metric multi-dimensional scaling ordination based on Bray—Curtis similarity matrix for

fecal microbiomes of three primate species from Kibale National Park (KNP) and
surrounding forest fragments: red colobus (RC), black-and-white colobus (BW), and red-
tailed guenon (RT). Red colobus from Tana River National Park, Kenya (TRNPR) are
included for comparison. Each point represents the fecal microbiome of an individual
primate. Two-dimensional stress value indicates moderate fidelity of original Bray—Curtis
similarity matrix as represented in 2D space.
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Fig. 2.
Non-metric multi-dimensional scaling ordination based on Bray—Curtis similarity matrix

comparing the fecal microbiomes of people, livestock, and non-human primates (BW, black-
and-white colobus; RC, red colobus; RT, red-tailed guenon) from the Kibale area. Red
colobus from Tana River National Park, Kenya (TRNPR) are included for comparison. Each
point represents the fecal microbiome of an individual. Two-dimensional stress value
indicates moderate fidelity of original Bray—Curtis similarity matrix as represented in 2D
space.

Am J Primatol. Author manuscript; available in PMC 2014 July 15.



yduasnuel Joyny Yd-HIN

MCcCORD et al. Page 15

TABLE |
Analysis of Similarity (ANOSIM) Comparing Microbiomes of Primates, People, and Livestock

ANOSIM Global R  Significance (P)

Among species

Within KNP: BWC vs. RC vs. RT 0.63 <0.001
Within Fragment: BWC vs. RC vs. RT 0.40 <0.001
Among locations
BWC: KNP vs. Fragment -0.06 0.81
RT: KNP vs. Fragment -0.169 0.99
RC: KNP vs. Fragment 0.03 0.34
RC: KNP vs. TRNPR 0.82 <0.001
People among communities 0.10 <0.001
Livestock among communities 0.09 (BO) 0.05 (BO)
0.28 (SH) <0.005 (SH)
0.22 (PIG) 0.15 (PIG)
0.15 (GT) <0.001 (GT)

Note Primates living in Kibale National Park (KNP), in forest fragments (Fragment) and in Tana River National Primate Reserve, Kenya (TRNPR).
“Communities” refers to the human settlements surrounding the forest fragments. RC, red colobus; BWC, black-and-white colobus; RT, red-tailed
guenon; BO, cattle; SH, sheep; PIG, pigs; GT, goats.
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