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Abstract Both diet and host phylogeny shape the gut micro-
bial community, and separating out the effects of these vari-
ables can be challenging. In this study, high-throughput se-
quencing was used to evaluate the impact of diet and phylog-
eny on the gut microbiota of nine colobine monkey species
(N = 64 individuals). Colobines are leaf-eating monkeys that
fare poorly in captivity—often exhibiting gastrointestinal (GI)
problems. This study included eight Asian colobines
(Rhinopithecus brelichi, Rhinopithecus roxellana,
Rhinopithecus bieti, Pygathrix nemaeus, Nasalis larvatus,
Trachypithecus francoisi, Trachypithecus auratus, and
Trachypithecus vetulus) and one African colobine (Colobus
guereza). Monkeys were housed at five different captive in-
stitutes: Panxi Wildlife Rescue Center (Guizhou, China),
Beijing Zoo, Beijing Zoo Breeding Center, Singapore Zoo,
and Singapore Zoo Primate Conservation Breeding Center.
Captive diets varied widely between institutions, but within
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an institution, all colobine monkey species were fed nearly
identical or identical diets. In addition, four monkey species
were present at multiple captive institutes. This allowed us to
parse the effects of diet and phylogeny in these captive
colobines. Gut microbial communities clustered weakly by
host species and strongly by diet, and overall, colobine phy-
logenetic relationships were not reflected in gut microbiota
analyses. Core microbiota analyses also identified several
key taxa—including microbes within the Ruminococcaceae
and Lachnospiraceae families—that were shared by over
90% of the monkeys in this study. Microbial species within
these families include many butyrate producers that are im-
portant for GI health. These results highlight the importance of
diet in captive colobines.
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Introduction

The gut microbiota—a community of microbes living within
the gastrointestinal tract—play an important role in both
health and evolution of host species. On a broad scale, Ley
et al. (2008a) examined the gut microbiota of 60 mammalian
species and found more similar gut microbial composition in
animals that were closely related taxonomically [1]. This
study also found that animals with similar diets (i.e., herbi-
vores, carnivores, omnivores) had more similar gut microbial
communities. Host phylogeny influences the microbial com-
munity through immune-related genes that shape host-
microbiota interactions and through vertical transmission of
the microbiota [2—5]. Diet shapes the gut microbial commu-
nity by providing substrates that differentially support or en-
hance the growth of specific microbes [6—8]. The gut micro-
biota can enable adaptation to new dietary niches [1]; thus, the
effects of diet and host phylogeny are often intertwined, as
dietary changes—which are mediated through gut mi-
crobes—can play a role in host speciation [9]. The effects of
both host phylogeny and diet on the gut microbiota have been
examined in multiple studies: In a few of these studies, similar
diets appear to drive convergence of gut microbial communi-
ties between host species [10, 11]. In other studies (e.g., turtle
ants, zebrafish, Oriental river prawn, great apes, New World
leaf-nosed bats), host phylogeny appears to have a stronger
impact on gut microbial community composition [12—16].
One complicating factor in many of these studies is that dif-
fering host species often have different diets and environ-
ments—either in captivity or in the wild—making it challeng-
ing to separate out the effects of phylogeny from diet.

In this study, we had the unique opportunity to parse effects
of diet and phylogeny by examining gut microbiota of several
closely related leaf-eating monkey species (subfamily
Colobinae) that shared the same captive diets. Colobine mon-
keys are Old World monkeys that occur in Asia and Africa.
They have evolved several specialized anatomical and physi-
ological features that facilitate consumption of a cellulose- and
lignin-rich diet. These foregut fermenting primates have sig-
nificantly longer gastrointestinal (GI) tracts and larger stom-
ach surface areas than other mammals—including other her-
bivorous primates [17]. Expansion of the gut increased reten-
tion time, and the highly sacculated forestomachs, also known
as the saccus and presaccus, became the site for microbial
fermentation [17, 18]. It has been suggested that these adap-
tations allowed colobines to shift their diet gradually from
frugivory to folivory, reducing their competition with apes
[17]. While colobine digestive anatomy has been well de-
scribed [17, 19-21], less is known about the composition
and diversity of the colobine gut microbial community and
how it potentially evolved from handling a high sugar, low
fiber diet (ripe fruit) to a low sugar, high fiber diet (mature
leaves) [22-25]. Studying the gut microbiota of colobines can
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provide insights into the evolution of folivory in these pri-
mates. This type of study is also important for another reason:
colobines fare poorly in captivity and commonly exhibit GI
problems (e.g., diarrhea, vomiting, bloat, etc.) [21, 25-29]. In
the wild, colobines consume a variety of plants daily and
seasonally. Captivity represents a rapid and dramatic change
in diet and environment, which can significantly alter the gut
microbiota and potentially have negative consequences on
host health [30, 31].

For colobine phylogeny, we referred to the phylogenies
constructed by Wang et al. [32] and Liedigk et al. [33].
These phylogenies are based on both mitochondrial and nu-
clear DNA sequences. While there is some controversy about
the phylogenetic tree at the species level, there is a general
consensus at the genus level: Rhinopithicus is most closely
related to Pygathrix and Nasalis followed by
Trachypithecus. Colobus, the African colobine, is the most
distantly related (Fig. 1). We predicted that if diet plays a
stronger role in gut microbiota composition than phylogeny
does, or if diet overwhelms subtle microbial community dif-
ferences between closely related host species, then gut micro-
bial communities should be more similar in all colobine spe-
cies consuming the same diet. Alternately, if primate phylog-
eny plays a stronger role in gut microbiota composition than
diet, then gut microbial communities should be more similar
in conspecific or congeneric monkeys that consume different
diets.

Methods
Study Design
Our study examined gut microbiota in nine colobine spe-

cies: eight Asian colobines (Rhinopithecus brelichi,
Rhinopithecus roxellana, Rhinopithecus bieti, Nasalis
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Fig. 1 Colobine phylogeny and divergence. Only colobine genera
included in our study are featured in the phylogeny below. See [32] or
[33] for more detailed colobine phylogenies. Ma = mega-annum or
million years
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larvatus, Trachypithecus francoisi, Trachypithecus
auratus, Trachypithecus vetulus, Pygathrix nemaeus) and
one African colobine (Colobus guereza). These colobines
were housed at five captive institutes: Beijing Zoo
(China), Beijing Zoo Breeding Center (China), Panxi
Wildlife Rescue Center (China), Singapore Zoo
(Singapore), and Singapore Zoo Primate Conservation
Breeding Center (Singapore). Six species (R. brelichi,
R. roxellana, R. bieti, N. larvatus, P. nemaeus,
T. auratus) were sampled at multiple captive institutes.
We also sampled multiple monkey species within each
captive institute. Diets varied by captive institute; howev-
er, within an institute, diets for all colobine species were
identical or nearly so, as assessed through observation and
review of diet sheets (Table 1). Therefore, “captive
institute” is used in this study as a proxy for diet.

Primate Fecal Collection and Processing

A total of 70 fecal samples were collected from 64 individuals
during the summers of 2010, 2012, and 2013. All individuals
at each captive institute had access to both indoor and outdoor
enclosures that were cleaned daily. Monkeys at the Beijing
Zoo, Panxi Wildlife Rescue Center, and Singapore Zoo addi-
tionally had access to natural space including trees and soil.
Average temperature and humidity across locations and col-
lections dates were relatively similar (Table S1). As available,
age, sex, grouping, and wild/captive born status were recorded
(Table S2). Dietary data was also recorded at each captive
institute (Table 1).

All feces were processed on Flinders Technology
Associates (FTA) cards as previously described [34, 35].
Briefly, a sterile cotton swab (Dynarex, Orangeburg, NY,
USA) was inserted into the center of the feces, rotated, and
withdrawn. The swab was then applied to an FTA card
(Whatman Inc., Florham Park, NJ), which was air dried and
then stored in a Ziploc bag at room temperature with MiniPax
desiccant packets (Multisorb Technologies Inc., Buffalo, NY,
USA). Samples were stored for up to 38 months prior to DNA
extraction.

Earth Microbiome Project (EMP) protocols were followed for
DNA extraction, amplification, and library preparation [36] with
one alteration: Twenty punches were made in each FTA sample
circle using a 2-mm Harris Uni-Core biopsy punch (TedPella,
Redding, CA, USA). These 20 punches were then used as the
starting material for DNA extraction with a PowerSoil DNA
isolation kit (MoBio Laboratories, Carlsbad, CA, USA).
Extraction was performed at Purdue University (West
Lafayette, IN, USA) or the Zhejiang Institute of Microbiology
in Hangzhou, China. The remainder of sample processing, se-
quencing, and core amplicon data analysis were performed by
the Earth Microbiome Project (www.earthmicrobiome.org) at the
BioFrontiers Institute Next-Generation Genomics Facility at

University of Colorado, Boulder, USA as previously described
[34, 35]. All amplicon and metadata have been made public
through the data portal (https:/qiita.ucsd.edu/) [36]. Samples
collected in 2010 and 2012 were paired-end sequenced on an
Illumina HiSeq 2000. Samples collected in 2013 were paired-end
sequenced on an Illumina MiSeq. MiSeq reads (150-base pair
long) were trimmed to 100 base pairs to match HiSeq reads.

Microbial Taxonomic Assignment

16S amplicons were de-multiplexed, quality-filtered, and clus-
tered using default parameters in Quantitative Insights Into
Microbial Ecology (QIIME version 1.8.0), a software that facil-
itates microbial community analysis [37]. A total of 11.2 million
reads (mean = 36,000; standard deviation = 9600) resulted after
filtering. Sequences were grouped into operational taxonomic
units (OTUs) at a sequence similarity of 97%. Sequences were
then assigned to OTUs via open-reference picking. This was
done through UCLUST in QIIME, which used the Greengenes
reference dataset (version 13_8, release date August 2013 [38])
(http://greengenes.secondgenome.com). Representative OTU
sequences were aligned to a Greengenes reference alignment
[39]. De novo OTUs were classified using RDP classifier and
the Greengenes reference set (version 13_8, release date August
2013) with a minimum 80% confidence threshold [40]. Samples
were rarified at 15,029 reads.

Statistical Analyses

Observed OTUs, Shannon, Simpson, Chaol, and PD Whole
Tree diversity indices were calculated in QIIME to compare
gut microbial species richness between colobine species and
genera. These values were then compared using ANOVA or
Kruskal-Wallis tests with Tukey’s HSD or Dunn’s post hoc
pairwise comparisons respectively in RStudio (version
0.99.465). In all diversity index analyses, two outliers were
noted. One outlier, a nursing 3-month-old male infant
R. roxellana, C008, had a very low gut microbial diversity.
Human studies indicate that gut microbial diversity of nursing
infants is low compared to adults but expands rapidly when
solid food is added to the diet [41, 42]. CO08 was removed
from diversity index analyses because he was the only infant
sampled in our study. Thus, his age and diet (primarily milk)
were distinct from that of all other monkeys. The other outlier
was a sub-adult female R. brelichi, G032, who had the lowest
overall gut microbial diversity (4.1 standard deviations below
the average) of any monkey we sampled. She was co-housed
with two other R. brelichi that did not exhibit low gut micro-
bial diversity. No other information is available regarding the
health or history of G032 at the time of sampling. Because of
the significant effect G032 had on some results, analyses are
reported with and without this individual included.
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Microbial composition of each sample was assessed at var-
ious taxonomic levels (phylum through genus) using QIIME.
A core microbiota analysis was also run in QIIME to identify
OTUs (bacterial taxa) present in >90% of the samples includ-
ed in this study. The goal of this analysis is to identify taxa that
may be shared across host species potentially due to the im-
portance of these taxa in association with host evolution and
dietary choices.

Beta diversity was assessed using UniFrac distances within
QIIME [43]. UniFrac distances are measured as the distances
between microbial communities accounting for phylogenetic
relationships between microbes. Principal coordinate analysis
(PCoA) and Unweighted Pair Group Method with Arithmetic
mean (UPGMA) allowed visualization of UniFrac distance
patterns. Unweighted PCoA, which only accounts for the mi-
crobial species present, not their abundance, was used to de-
termine if monkeys cluster by primate species or diet (i.e.,
captive institute).

Supervised learning analyses—also known as Random
Forests—were performed in QIIME to determine if host phy-
logeny or diet could be used to differentiate samples based on
microbial composition (OTUs) [44, 45]. This analysis was
performed after filtering out all OTUs that were present in
fewer than two samples. Twenty percent of the data were used
as a test set, while 80% of the data were used as a training set.
One thousand decision trees were generated based on groups
(genera, diet) and microbial composition (OTUs.) Results
from this analysis produced an error ratio. The error ratio is
the error of random guessing over the error in the test sets
summed. Finally, a PERMANOVA to test the effects of both
host genera and diet was run in R Studio (version 0.99.465;
vegan package, adonis function) [46].

Results

Differences in Microbial Diversity Associated
with Phylogeny but Not Diet

Diversity indices were calculated for the microbial communi-
ties within each individual. Shannon, Simpson, PD Whole
Tree, and observed OTU metrics all produced similar results
(Figs. 2 and S1); thus, we chose to focus our analyses on the
Shannon Diversity Index that accounts for both microbial
richness and abundance. Chaol results differed slightly (Fig.
S1). When analyzing Shannon diversity by host species alone,
N. larvatus had a significantly lower microbial diversity than
all other species except T. vetulus, R. bieti, and P. nemaeus
(Table S3). Ata genus level, Nasalis monkeys had significant-
ly lower microbial diversity than all other genera except
Pygathrix (Shannon without G032 ANOVA: F, ¢; = 8.53,
p < 0.0001—Fig. 2; Shannon with G032 Kruskal-Wallis:
p < 0.0001; post hoc pairwise comparisons: Nasalis-Colobus

without G032: p = 0.008; with G032: Benjamini-Hochberg
adjusted (BH): p = 0.007; Nasalis-Rhinopithecus without
G032: p < 0.0001; with G032 BH: p = 0.0003; Nasalis-
Trachypithecus without G032: p = 0.0001; with G032 BH
adjusted: p = 0.0003).

Shannon diversity indices for primate species that had two
or more individuals housed at more than one captive institute
were also analyzed by diet. One model was run for each host
species with diet as the sole regressor. There were no signifi-
cant differences in gut microbial diversity by diet
(N. larvatus—Singapore Zoo versus Singapore Zoo Primate
Conservation Breeding Center diet: F; 14 = 2.23; p = 0.16;
R. roxellana—Panxi Wildlife Rescue Center versus Beijing
Zoo diet: F| 7=0.001; p =0.97; R. bieti—Beijing Zoo versus
Beijing Zoo Breeding Center diet: Fy 5 = 1.51; p = 0.27;
R. brelichi—Panxi Wildlife Rescue Center versus Beijing
Zoo diet: Fy g = 2.24; p = 0.17). When primate species and
diet were combined in an ANOVA with collection year includ-
ed as a random effect, species but not diet was a significant
predictor of Shannon diversity (species: Fg s3 = 5.25,
p < 0.0001; diet/captive institute: F5 s3 = 2.67, p = 0.058).
The interaction term between species and diet was not signif-
icant (F3, s3 =0.71, p = 0.55).

Microbial Composition Varied by Phylogeny and Diet

A core microbiota analysis found that the colobine monkeys
we sampled share many of the same gut bacterial taxa
(Table 2). One hundred percent of the monkeys sampled
shared two OTUs (roughly equivalent to bacterial species) in
the phylum Firmicutes, order Clostridiales. Ninety percent of
the monkeys sampled shared a total of 38 OTUs, 27 of which
were in the phylum Firmicutes. Common families of these
shared Firmicutes OTUs include Lachnospiraceae and
Ruminococcaceae.

A PCoA based on unweighted beta diversity values indi-
cated that gut microbial communities cluster weakly by pri-
mate species (Fig. 3a), moderately by primate genus (Fig. 3b),
and strongly by diet (Fig. 3c). For all Principal Coordinate
Analyses, PC1 accounted for 8% of the variation and samples
along this axis separated roughly by country of sampling, with
samples collected in China clustering separately from those
collected in Singapore. PC2 accounted for 6% of the variation
and samples along this axis separated roughly by captive in-
stitute within China (Beijing Zoo, Beijing Zoo Breeding
Center, Panxi Wildlife Rescue Center) or within Singapore
(Singapore Zoo, Singapore Zoo Primate Conservation
Breeding Center). A UPGMA based on unweighted UniFrac
distances also indicated clustering of gut microbial communi-
ties by primate genus and diet (Fig. 4). The left side of the
figure, labeled by primate genera, shows that while there is
clustering evident by genera, there were also some clusters
(e.g., the Trachypithecus, Colobus, Rhinopithecus cluster in
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Fig. 2 Shannon diversity index 10

values by primate genera. C008,

the R. roxellana infant outlier, and 9 a
G032, the sub-adult R. brelichi, I
were removed prior to calculating 8

these results. Genera marked with
the same letter do not differ sig-
nificantly in post hoc pairwise
comparisons

Shannon Diversity Index
wv

Colobus

the center) that could only be explained by diet. All five of the
monkeys in this central cluster were housed at the Beijing Zoo
Breeding Center and received the same diet.

Two R. roxellana individuals separated out from the
R. roxellana cluster in both PCoA and UPGMA analyses
(Figs. 3a—c and 4). One of these individuals was C008
(the nursing infant). The second individual, C005, was a
singly housed sub-adult female. No information is known
about the health of C00S5; although, it is possible that
stress (from being housed singly) could have had altered
her gut microbiota [47, 48].

Supervised learning and PERMANOVA analyses indicat-
ed that diet had a stronger effect on microbial composition
than primate phylogeny. Supervised learning analysis by pri-
mate species yielded an error ratio (error of random guessing
over the sum of the error in the test sets) of 3.7. In contrast,
analysis by diet produced an error ratio of 6.2. Error ratios
greater than 2 indicate a significant difference among groups;
higher error ratios indicate greater differences. When host
species and diet were combined in a PERMANOVA analysis,
diet had a significant effect while species had only a margin-
ally significant effect on microbial composition (diet: pseudo-
F=1.17, R? = 0.067, p = 0.016; host species: pseudo-
F=1.09, R>= 0.124, p = 0.053). The diet/species interaction
was not significant (diet: pseudo-F = 0.926, R? = 0.04,
p =0.865).

Discussion
Our results revealed that both diet and host phylogeny shape

the gut microbiota in colobine monkeys. This finding is not
unique to colobines (ants [49]; Antarctic seals, [50];
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Trachypithecus Rhinopithecus ~ Pygathrix Nasalis

myrmecophages [10]; woodrats [51]; fish [52]; hominids
[12]; bees, wasps, beetles, termites [53]). In our study, clear
patterns of microbial composition emerged based on diet and
primate genus. Microbial diversity played a lesser role in these
patterns. Additionally, diet had a stronger influence on the gut
microbial community than host phylogeny did—potentially
because hosts were so closely related phylogenetically that
there may have been few differences in their gut microbiota.

Microbial Diversity

All colobine genera except Pygathrix had significantly greater
gut microbial diversity than Nasalis. Interestingly, Pygathrix
and Nasalis are the most closely related genera phylogeneti-
cally and in the wild, Colobus, Trachypithecus, and
Rhinopithecus, all tend to consume higher proportions of
leaves—and particularly mature leaves—than Nasalis and
Pygathrix (Table 3). In general, mature leaves contain higher
amounts of cellulose, lignin, and tannins [66, 67] and lower
amounts of protein than young leaves [68]. As a result, mature
leaves are more difficult to digest than young leaves, and
microbial fermentation may play an even more important role
in primate species that consume higher proportions of mature
leaves in their diet. Perhaps historically, the Colobus,
Trachypithecus, and Rhinopithecus gut microbial communi-
ties expanded in diversity to increase their fermentative capac-
ity, while Nasalis and Pygathrix, with their lower consump-
tion of mature leaves, did not require a “fermentation boost.”
Higher fiber consumption [69], and notably in wild colobine
monkeys as compared captive colobine monkeys [30, 31], has
been linked with increased microbial diversity in multiple re-
cent studies. Unique behavioral physiology of Nasalis mon-
keys may also contribute to their microbial dynamics: Nasalis
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Table 2 Core OTUs—OTUs
present in >90% of the samples

Number of OTUs

Bacterial taxa (OTU)

% of samples in which OTU
is present (n = 70 samples)

2 Phylum Firmicutes, Order Clostridiales 100
4 Unclassified Bacteria 98
1 Phylum Firmicutes, Class Clostridia 98
1 Phylum Firmicutes, Genus Oscillospira 98
1 Phylum Firmicutes, Family Ruminococcaceae 98
1 Phylum Firmicutes, Genus Roseburia 98
1 Phylum Firmicutes, Family Ruminococcaceae 96
1 Phylum Firmicutes, Order Clostridiales 96
1 Phylum Firmicutes, Genus Faecalibacterium 96
4 Phylum Firmicutes, Family Lachnospiraceae 94
1 Phylum Firmicutes, Genus Oscillospira 94
1 Unclassified Bacteria 94
2 Phylum Firmicutes, Genus Oscillospira 92
1 Phylum Firmicutes, Family Lachnospiraceae 92
1 Phylum Firmicutes, Order Clostridiales 92
1 Phylum Firmicutes 92
1 Unclassified Bacteria 92
3 Phylum Firmicutes, Family Lachnospiraceae 90
3 Unclassified Bacteria 90
2 Phylum Firmicutes, Genus Dorea 90
1 Phylum Firmicutes, Order Clostridiales 90
1 Phylum Firmicutes, Genus Blautia 90
1 Phylum Firmicutes 90
1 Phylum Bacteroidetes, Family Paraprevotellaceae 90
1 Phylum Bacteroidetes, Genus Prevotella 90

monkeys are the only colobines in which facultative merycism
(rumination) has been reported [70, 71]. Regurgitation and
remastication could potentially impact Nasalis gut microbial
diversity by exposing forestomach ingesta and microbes to
varying pH, oxygen, and nutrient conditions that reduce mi-
crobial diversity [72].

There were no significant differences in Shannon diversity
indices as a function of diet (captive institute) within a primate
species. This may have been due to small sample size. A
power analysis (G*Power, version 3.1.5.1) indicated that the
following sample sizes would have been necessary to detect
significant differences based on diet: N. larvatus—41 mon-
keys at each captive institute; R. biei—43 monkeys at each
institute; R. brelichi—22 monkeys at each institute; and
R. roxellana—130 monkeys at each institute. Our actual sam-
ple sizes were as follows: N. larvatus—16 monkeys total;
R. bieti—7 monkeys total; R. brelichi—8 monkeys total; and
R. roxellana—7 monkeys. Alternatively, diet may affect com-
position but not diversity of the gut microbiota. In a study on
obesity, humans exhibited no change in microbial diversity
but a dramatic change in gut microbial species composition
before and after diet therapy [73]. Similarly, horses subjected

to two different diets (high-energy forage versus forage-con-
centrate) differed in gut microbial species composition but not
diversity [74]. Different but not fewer microbial species may
thrive in the presence of different dietary substrates, and even
if we had had larger sample sizes, we may still have made the
same observation that, within a host species, microbial diver-
sity did not differ across diets.

Microbial Composition

Our study identified a colobine “core microbiota” or a group
of bacteria shared by captive colobine hosts. Because
colobines are leaf-eating monkeys with similar digestive phys-
iology, they might be expected to share microbes associated
with the digestion of cellulose. That is, in fact, what we found.
Most of the shared taxa were in the Lachnospiraceae and
Ruminococcaceae families, including several OTUs in the
genus Oscillospira (family Ruminococcaceae). Oscillospira
species are found on leaf and grass cuticles within the gut of
ruminants [75]. Notably, these bacteria are not found on leaves
or grass in nature [75, 76]; rather, they are gut microbes
adapted to living on and degrading leaves in the GI tract.
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Fig. 3 Principal Coordinate
Analysis (PCoA) on unweighted
UniFrac distances between a
colobine species, b colobine gen-
era, and ¢ diets based on captive
institute. Unweighted UniFrac
distances account for microbial
species richness but not evenness.
In a, arrow indicates a 3-month-
old R. roxellana infant (C008)
that was still nursing at the time of
sample collection. The dashed
square indicates a juvenile female
R. roxellana, C005, who was
housed singly. This sample was
collected in 2010. The dashed
circle indicates the same individ-
ual (C005) sampled in 2013, at
which time she was co-housed
with a large family group
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Microbes within the Ruminococcaceae and Lachnospiraceae
families have been reported in wild folivorous primates, and
one study by Amato et al. [77] suggests that the changing
abundances of these microbes seasonally are linked to in-
creases and decreases in dietary energy consumption.
Bacterial species within the Ruminococcaceae and
Lachnospiraceae families also contain enzymes, transport
mechanisms, and metabolic pathways that enable degradation
of complex plant material, such as cellulose, hemicellulose,
and lignin [78]. Many of these species also produce butyrate
as a metabolic product of fiber degradation [79]. Butyrate is a

£
Eﬁ
=

T
=

Fig. 4 Unweighted Pair Group Method with Arithmetic mean
(UPGMA) using unweighted UniFrac distances. On the leff, samples
are identified by primate genera. On the right, the same samples are

Nasalis

Trachypithecus

Colobus

Trachypithecus

Pygathrix

Nasalis

~7

short chain fatty acid (SCFA) critical to colonocyte health and
immune defense [80, 81]. Butyrate also has anti-inflammatory
properties and has been reported to alleviate obesity and the
risk metabolic disease [82, 83]—both of which are growing
concerns in captive populations. Inflammatory GI diseases
have an inverse relationship with the abundance of bacterial
species in the Lachnospiraceae [84] and Ruminococcaceae
families [85]. The core microbiota emphasized the broad die-
tary similarities between leaf-eating monkeys and the co-
evolution of gut microbes within colobines. The core also
highlighted taxa (Ruminococcaceae and Lachnospiraceae)
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identified by diet. Arrow indicates R. roxellana individuals C008 and
C005. (Note: Captive institute is used a proxy for diet). SZPCBC
Singapore Zoo Primate Conservation Breeding Center
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Table 3 Proportion of leaves

consumed in wild diets of several Genera Proportion leaves in wild diet Proportion mature leaves in wild diet ~ References
colobine genera
Rhinopithecus 93% 82% (varies seasonally, [54-57]
can be as low as 0.6%)
Trachypithecus  60% 40% [17, 58]
Colobus 81% 13% [17, 59, 60]
Pygathrix 82% 9% [61-64]
Nasalis 73% (some reports indicate <50%) 3% [17,58, 65]

that may play an important role in colobine health. Altered
abundances or reductions in these taxa could be contributing
to captive colobine GI problems. Given the strong effect we
observed of diet on the colobine gut microbial community,
dietary modifications may be a promising way to improve
captive colobine GI health. Future work comparing the gut
microbial communities of wild and captive colobines as well
as healthy and unhealthy colobines is needed to further assess
the potential role of the gut microbiota and the core taxa in
colobine health.

Microbial diversity and core microbiota analyses provided
some support for our prediction based on primate phylogeny.
Notably, the fact that primate phylogeny produced a signal—
albeit not strong—across different regions and climates and
despite different diets indicates that host evolution does in-
deed play a role in shaping the microbial community.
However, overall, host phylogeny was a weaker predictor of
gut microbial composition. Diet, on the other hand, was a
stronger predictor of gut microbiota. PCoA, UPGMA,
PERMANOVA, and supervised learning analyses supported
our prediction based on diet: gut microbial communities were
more similar in colobine species consuming the same diet.
PCoA and UPGMA analyses demonstrated moderate cluster-
ing of samples by primate species and genera but strong clus-
tering of samples by diet. Muegge et al. (2011) came to a
similar conclusion while examining the effect of diet and host
phylogeny on the gut microbiota of 33 mammalian species.
Animals clustered by diet (herbivores, omnivores, and carni-
vores), but the gut microbiota did not reflect mammalian phy-
logeny. For example, colobus monkeys clustered with other
herbivores like sheep and kangaroos, rather than with other
primates such as chimpanzees or baboons, which are omni-
vores [11].

Similarly, in our study, colobine phylogeny was not reflected
in our gut microbial analyses. The African colobine (Colobus)
was the outgroup relative to the Asian colobines
(Rhinopithecus, Trachypithecus, Pygathrix, Nasalis). African
and Asian colobines diverged approximately 10 million years
ago, and all subsequent divergences within the Asian colobine
clade occurred more recently [86]. However, the Colobus sam-
ples did not diverge from the Asian colobines in PCoA clusters
or in UPGMA branching. There are several possible explana-
tions for this: (1) a long-term captive diet overwhelmed subtle

@ Springer

or previous differences in Colobus gut microbiota or (2)
folivory in primates is thought to have evolved from frugivory
[17, 20]. If the common ancestor to both African and Asian
colobines was frugivorous, then folivory may have evolved
independently in both sets of colobines. Convergence would
then explain similarities in gut microbial composition between
African and Asian colobines. A recent study on distantly related
myrmecophages (ant and termite eating mammals; e.g., ant-
eaters, aardvarks, aardwolves) found convergence of the gut
microbiota due to highly similar diets [10]. A similar result
was found in a study of 283 ant species: distantly related her-
bivorous ant species shared more similar gut microbial commu-
nities with each other than they did with more closely related
carnivorous ants [87]. In these cases, gradual diet change due to
competition or changing resources for the host probably altered
the gut microbial environment. In turn, the gut microbial com-
munity changed. Similarly, both African and Asian colobines
may have begun eating unripe fruits, seeds, and young leaves in
order to avoid competition with frugivores [20]. Colobine gut
microbiota may have then adapted to this dietary change, and
microbes that processed sugar were outcompeted by microbes
that processed secondary compounds found in seeds and
leaves. This, in turn, may have primed the colobine digestive
system to degrade cellulose, hemicellulose, and lignin; thus,
colobines could begin consuming mature leaves [20].
PERMANOVA and supervised learning analyses provided
additional support for our prediction based on diet. Although
error ratios were greater than 2 for analysis by diet and primate
species, samples classified by diet had a higher error ratio (in-
dicating lower classification error) than samples classified by
primate species. Additionally, only diet was significant by
PERMANOVA. These results, taken together, illustrate that
the colobine gut microbial community is shaped by multiple
factors. Diet played a large role in gut microbial composition,
but host phylogeny could not be discounted. Another example
of the interplay between diet and phylogeny comes from a
controlled study on rodents: two closely related species of
woodrats were captured from the wild and brought into captiv-
ity [51]. Both species were maintained under identical condi-
tions and fed an identical diet. After 6 months, both species still
had distinct gut microbial communities, and both retained over
50% of the OTUs they had as wild rodents [51]. In other words,
~50% of their gut microbiota was altered by captivity and a
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captive diet. The other ~50% was unaffected by the new envi-
ronment and retained a likeness to their wild conspecifics, po-
tentially due to host phylogeny or host genetics.

In our study, we used captive institute as a proxy for diet. We
report the diets offered at each institute, but notably, diet offered
may vary from the diet consumed and we did not track this
information. Additionally, there are other features of captive
institutes that could potentially contribute to the differences
we observed in our study. For example, soil, air, or water mi-
crobes may differ between China and Singapore or between
locations within China and Singapore. There may be different
husbandry or sanitation practices at each institute that result in
varying microbial exposures to the monkeys. And frequent vis-
itors or tourists at some of the captive institutes may create
stressors or increased potential for bacterial transmission from
humans. Some studies suggest that free living or environmental
sources of bacteria contribute little to the overall gut microbial
community [50, 517, but we cannot rule this out as a possibility.

Conclusions

Our study highlights the importance of diet in shaping captive
colobine gut microbiota. Differences in microbial diversity
between Nasalis monkeys and other colobine genera and the
presence of a core microbiota suggest the influence of host
phylogeny on the gut microbiota. UPGMA, PCoA,
PERMANOVA, and supervised learning analyses indicate
the strong effect of diet on colobine gut flora. While we cannot
change colobine phylogeny, we can certainly alter captive
colobine diet in attempt to improve the GI health of these
endangered primate species. This study provides a foundation
for further work on colobine gut microbiota and for improving
captive diets with both host and microbiota in mind.
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