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Many colobine species—including the endangered Guizhou snub‐nosed monkey
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(Rhinopithecus brelichi) are difficult to maintain in captivity and frequently exhibit
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gastrointestinal (GI) problems. GI problems are commonly linked to alterations in the
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captive R. brelichi. We used high‐throughput sequencing of the 16S rRNA gene to

gut microbiota, which lead us to examine the gut microbial communities of wild and
compare the gut microbiota of wild (N = 7) and captive (N = 8) R. brelichi. Wild
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monkeys exhibited increased gut microbial diversity based on the Chao1 but not
Shannon diversity metric and greater relative abundances of bacteria in the
Lachnospiraceae and Ruminococcaceae families. Microbes in these families digest
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complex plant materials and produce butyrate, a short chain fatty acid critical to
colonocyte health. Captive monkeys had greater relative abundances of Prevotella

Anthropology, Northwestern University,
Evanston, Illinois

and Bacteroides species, which degrade simple sugars and carbohydrates, like those
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monkeys also had a greater abundance of Akkermansia species, a microbe that can
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present in fruits and cornmeal, two staples of the captive R. brelichi diet. Captive
thrive in the face of host malnutrition. Taken together, these findings suggest that
poor health in captive R. brelichi may be linked to diet and an altered gut microbiota.
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1 | INTRODUCTION

microbiome indicate that the gastrointestinal (GI) tract is home to
trillions of microbes that play an important role in immune development

Primates have evolved over millions of years and adapted to a wide

and defense (Belkaid & Hand, 2014; Cho & Blaser, 2012; Hachung et al.,

array of habitats and diets, and meeting the unique needs of some

2012; Hooper, Littman, & Macpherson, 2012; Littman & Pamer, 2011;

species in captivity has proved challenging. While we often focus on

Round & Mazmanian, 2009; Yu et al., 2018), disease (Petersen & Round,

improving the “macro” elements of captive management—nutrition,

2014; Round & Mazmanian, 2009; Sekirov, Russell, Antunes, & Finlay,

enrichment, enclosures, groupings—addressing the “micro” elements of

2010; Young, 2017), digestion (Backhed et al., 2004; Martin et al., 2007;

captivity—specifically host‐associated microbial communities—may be

Turnbaugh et al., 2006; L. S. Zhang & Davies, 2016), dietary adaptation

just as critical to captive primate health. Recent studies on the gut

(David et al., 2014; Ley et al., 2008; Tian, Wu, Chen, Yu, & He, 2017),
reproduction (Morimoto, Simpson, & Ponton, 2017; Rosengaus, Zecher,
Schultheis, Brucker, & Bordenstein, 2011; Sharon et al., 2010), and
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behavior (Forsythe, Sudo, Dinan, Taylor, & Bienenstock, 2010; Heijtz

wileyonlinelibrary.com/journal/ajp

© 2019 Wiley Periodicals, Inc.

|

1 of 14

2 of 14

|

HALE

ET AL.

et al., 2011; Vuong, Yano, Fung, & Hsiao, 2017). The gut microbiome is

(FNNR, 2013). Despite time, attention, and much expertize from

also affected by multiple factors including diet (Amato, Leigh et al.,

primate biologists, curators, nutritionists, and veterinarians during

2015; David et al., 2014; Hale et al., 2018), habitat (Amato et al., 2013),

the past 40 years, there has been limited progress in resolving GI

stress (Vlčková et al., 2018), medications (Maier et al., 2018; Ursell &

distress in captive colobines. With GI disease as one of the leading

Knight, 2013), disinfectants (Tun et al., 2018), and social contact (Archie

causes of morbidity and mortality in colobines, the role of the gut

& Tung, 2015). Captivity can alter many of these factors and has been

microbiota cannot be underestimated. Early studies on colobines

associated with changes in the gut microbiota (Amato et al., 2016;

indicate that gut microbes are essential to digestion (Bauchop &

Clayton et al., 2016; McKenzie et al., 2017). For example, captive

Martucci, 1968). In addition, some studies suggest that GI problems

primates may consume commercially pelleted food as opposed to a

in colobines (including phytobezoars, gastroenterocolitis, and amoe-

natural diet, have increased contact with humans, and have increased

biasis) may result from alterations in the gut microbiota (Amato et al.,

exposure to medications like antibiotics, dewormers, and vaccines.

2016; Ensley et al., 1982; Overskei et al., 1992).

Much remains to be understood about what constitutes a healthy

In this study, we use 16S rRNA sequencing to examine the gut

gut microbiota; however, several patterns have emerged from recent

microbiota of wild and captive Guizhou snub‐nosed monkeys,

work on the microbiome's role in health. First, decreased gut

R.brelichi. These monkeys live in the Wuling mountains of Guizhou,

microbial diversity is commonly associated with disease and GI

China and are considered endangered (Bleisch, Yongcheng, &

inflammation (Cho & Blaser, 2012; de Vos & de Vos, 2012; Kostic,

Richardson, 2008; Yang et al., 2002). As with many folivorous

Xavier, & Gevers, 2014; Manichanh et al., 2006; Petersen & Round,

colobines, R. brelichi—including the monkeys in this study—fare

2014). Second, dysbiosis, or alterations the gut microbiota associated

poorly in captivity and commonly exhibit chronic diarrhea, poor hair

with poor health, can result from a decrease in beneficial microbes,

coats, pale skin tone, weakness, lethargy, low reproductive success,

an increase in pathogenic microbes, or an altered metabolic

high infant mortality, and a general failure to thrive. The global

environment in the gut (Atarashi et al., 2010; Battaglioli et al.,

population of R. brelichi is estimated to be 700 to 800 individuals

2018; Lupp et al., 2007; Petersen & Round, 2014; Round &

(Xiang et al., 2009; Yang et al., 2002), and these monkeys are only

Mazmanian, 2009). Examining the gut microbiota of captive and wild

found captive in two locations: the Panxi Wildlife Rescue Center, and

primates can provide insights as to how captivity can alter the gut

the Beijing Zoo. Evaluating the gut microbiota of wild and captive

microbiome, and, in turn, how these changes affect captive primate

Guizhou snub‐nosed monkeys may be critical to understanding and

health. Such data are especially important for endangered primate

addressing health concerns in captive R. brelichi.

species that fail to thrive in captivity ‐ like many colobine species.

Assessing wild and captive diets is also an important part of

Colobine monkeys, also known as leaf‐eating monkeys, are

understanding the gut microbiome. In the wild, the R. brelichi diet is

difficult to maintain in captivity and frequently exhibit GI problems

composed of approximately 60 to 80 plant species in the spring and

(e.g. diarrhea, vomiting, abdominal pain, weight loss, bloat; Agor-

summer (Xiang, Liang, Nie, & Li, 2012; Yang et al., 2002). In spring,

amoorthy, Alagappasamy, & Hsu, 2004; Davies & Oates, 1994;

the wild diet consists primarily of young leaves (~60%) and flowers

Edwards, 1997; Nijboer & Clauss, 2006; Sutherland‐Smith, Janssen, &

(~35%); in summer, the diet consists of young leaves (~50%) and

Lowenstine, 1998). Major zoos around the world have reported

fruits and seeds (~45%; Xiang et al., 2012; Yang et al., 2002).

numerous colobine deaths as the result of GI pathologies including GI

Invertebrates are consumed opportunistically (Xiang et al., 2012;

obstructions from phytobezoars (indigestible masses of fibrous plant

Yang et al., 2002). In captivity, the R. brelichi diet is composed of

material; Calle et al., 1995; Ensley et al., 1982; Janssen, 1994;

approximately 20 to 30 plant species in the spring and summer—

Shelmidine, McAloose, & McCann, 2013), gastroenterocolitis (inflam-

including leaves and branches from native trees and a variety of

mation of the intestines and stomach; Janssen, 1994; Sutherland‐

fruits (cantaloupe, dragon fruit, apple, banana, watermelon, peach,

Smith et al., 1998), amoebiasis (Heldstab, 1988; Loomis & Britt, 1983;

tomato, pear, honeydew, plum, pumpkin) and vegetables (carrot,

Overskei et al., 1992), and nutritional‐related disease (Shelmidine

radish, kang kong, cucumber, corn, lettuce, sweet potato, beans) that

et al., 2013). In some of these studies, greater than 20% of the

are not available to wild monkeys (Hale et al., 2018). Captive diets

captive colobine deaths are attributed to GI disease (Janssen, 1994;

are also supplemented with steamed corn meal cakes (added after

Shelmidine et al., 2013; Sutherland‐Smith et al., 1998). These reports

2010), eggs, peanuts, cooked beef, and leaf biscuits.

are available in published literature, but likely underrepresent the

In this study, we address the question: How does gut microbial

true number of colobine GI issues seen in zoos. Some zoos—like the

diversity and composition differ between wild and captive R. brelichi?

Singapore Zoo—have had success in maintaining and breeding

We predicted that wild monkeys would have different and more

colobines, such as the proboscis monkey, by providing a wide variety

diverse microbial communities due to a more diverse diet. Diet

of plant species that these monkeys feed on in the wild (Agor-

affects gut microbial diversity (Heiman & Greenway, 2016; Ley et al.,

amoorthy et al., 2004). Other institutions—such as the Panxi Wildlife

2008; Xiao et al., 2014), and dietary diversity has been positively

Rescue Center of Fanjingshan National Nature Reserve (FNNR;

linked to microbial diversity (Heiman & Greenway, 2016; Nelson,

Guizhou, China)—continue to report difficulty in maintaining Guizhou

Rogers, Carlini, & Brown, 2013; Xenoulis et al., 2010); although, there

snub‐nosed monkeys (Rhinopithecus brelichi) despite great efforts to

are a few studies that observe the opposite (freshwater fish (Bolnick

replicate natural diets through daily native plant supplementation

et al., 2014b), pika (Li et al., 2016). Recent reports in several
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species—including primates—have also observed greater microbial

Captive monkeys were observed for defecation and the location,

diversity in wild as compared with captive individuals (wood grouse

time, and identity of each defecator was recorded. When captive

(Wienemann et al., 2011), black howler monkeys (Amato et al., 2013;

monkeys were shifted into adjacent enclosures for enclosure

Nakamura et al., 2011), red pandas (Kong et al., 2014), woodrats

cleaning, fecal samples from the original enclosure were obtained.

(Kohl & Dearing, 2013; Kohl, Skopec, & Dearing, 2014), dugongs

All wild and captive fecal samples were less than 12 hr old when

(Eigeland et al., 2012), Atlantic cod (Dhanasiri et al., 2011), douc

collected, and no captive monkey had ever been treated with

langurs (Clayton et al., 2016), lemurs (McKenzie et al., 2017)).

antibiotics. Spring and summer diets of wild R. brelichi (Xiang et al.,

However, there are also few studies that report increased microbial

2012) and detailed diets of the captive R. brelichi sampled in this

diversity in captive animals (baboons (Tsukayama et al., 2018),

study were published previously (Hale et al., 2018). This study was

rhinoceros (McKenzie et al., 2017), leopard seals (Nelson et al., 2013),

approved by the FNNR, the Panxi Wildlife Rescue Center, the Beijing

parrots (Xenoulis et al., 2010). Diet also affects microbial composition

Zoo, and complied with the American Society of Primatologists’

(David et al., 2014; Muegge et al., 2011; Turnbaugh et al., 2009). The

Principles for the Ethical Treatment of Primates. Purdue University

microbial community adapts to the nutritional content of the diet

IACUC deemed the study exempt.

(Amato, Leigh et al., 2015). For example, gut microbiota in hosts with
high fiber diets have a greater prevalence of fiber‐degrading bacteria
(Bruorton, Davis, & Perrin, 1991; David et al., 2014; De Filippo et al.,
2010; Makki, Deehan, Walter, & Bäckhed, 2018).

2.2 | Sample processing, sequencing and taxonomy
assignment

We further predicted that captive monkeys, all of which exhibited

Feces were processed as described previously (Hale, Tan, Knight, &

chronic intermittent diarrhea, would have an increased relative

Amato, 2015). Briefly, a sterile cotton swab (Dynarex, Orangeburg,

abundance of potentially pathogenic microbes. Specifically, we

NY) was inserted into each fecal sample and approximately 0.25 g of

looked for GI pathogens common in wild and captive primates

stool was then applied to an FTA Card (Whatman Inc., Florham Park,

including Campylobacter, Shigella, Escherichia coli, Salmonella, Aero-

NJ). FTA cards lyse cells but stably trap nucleic acids for downstream

bacter, Yersinia, Lawsonia, or Helicobacter species (Good, May, &

applications. FTA cards were air dried for 12 to 24 hr then stored in

Kawatomari, 1969; Parrott, ; Sasseville & Mansfield, 2010). A healthy

Ziploc bags along with desiccant packets (MiniPax; Multisorb

gut microbial community acts to prevent pathogen invasion (He,

Technologies Inc., Buffalo, NY). Cards were stored at room

McLean, Guo, Lux, & Shi, 2014; Van der Waaij, 1987; Van der Waaij,

temperature and desiccant packets were regularly refreshed until

Berghuis‐de Vries, & Lekkerkerk‐van der Wees, 1971), while

DNA extraction. Samples from 2010 were extracted in 2012.

alterations in this community (e.g., due to diet change, disease,

Samples from 2013 were extracted in 2013, within 4 months of

antibiotics, stress) can support pathogen colonization (David et al.,

collection. DNA extraction, PCR amplification, and DNA library

2014; Kelly & LaMont, 1998; O'Mahony et al., 2009; Stecher & Hardt,

preparation were performed according to Earth Microbiome Project

2008; Stecher et al., 2007; Vollaard, Clasener, Vansaene, & Muller,

protocols (Gilbert et al., 2010); https://www.protocols.io/view/emp‐

1990). The goal of the study was to better understand how microbial

dna‐extraction‐protocol‐nutdewn) as described previously (Hale

communities differ between wild and captive R. brelichi and,

et al., 2018). Wild and captive samples from 2010 were paired‐end

ultimately if these differences could be underlying or contributing

sequenced on an Illumina HiSeq. 2000 and wild and captive samples

to the poor health of captive R. brelichi.

from 2013 were paired‐end sequenced on an Illumina MiSeq. MiSeq
reads, 150 base pairs long, were trimmed to 100 base pairs to match

2 | MATERIALS AND METHODS

HiSeq reads (100 base pairs long). All sequencing was performed at
the BioFrontiers Institute Next‐Generation Genomics Facility at

2.1 | Rhinopithecus brelichi study population and
fecal collection

University of Colorado, Boulder.
Library preparation and sequencing were performed by the Earth
Microbiome Project (www.earthmicrobiome.org), and all amplicon

Fecal samples from seven wild Guizhou snub‐nosed monkeys

and metadata has been made public through the data portal (https://

(Rhinopithecus brelichi) were collected in April 2010, April 2013,

qiita.ucsd.edu/). Microbial taxonomic assignment was carried out as

and July 2013 at Yangaoping, a field site in the FNNR (Niu, Tan, &

described previously (Hale et al., 2018) using QIIME (version 1.8.0),

Yang, 2010). FNNR is a 41,900 ha area that is recognized as part of

Greengenes (version 13_8, release date August 2013), and a 97%

the UNESCO Man and Biosphere Program in Guizhou, China (Yang

sequence similarity threshold. A total of 721,412 reads (mean:

et al., 2002). The fresh feces of R. brelichi could be differentiated from

40,078; standard deviation: 11051) were obtained after sequence

those of sympatric Tibetan macaques (Macaca thibetana) based on

filtering. All samples were rarified at 20,995 reads.

their shape (Niu et al., 2014). Fecal samples from eight captive R.
brelichi were collected May 2010 and July 2013 from FNNR's Panxi
Wildlife Rescue Center (Guizhou, China) and the Beijing Zoo (Beijing,

2.3 | Statistical analyses

China). Three captive monkeys were sampled both in 2010 and 2013

Alpha diversity (Shannon and Chao1 diversity indices) was

resulting in 11 total captive monkey samples from eight individuals.

evaluated using QIIME (version 1.8.0). Data were tested for

4 of 14
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3 | RESULTS

and parametric (t test) or nonparametric (Kruskal–Wallis) tests
were selected accordingly. Alpha diversity was compared across

R. brelichi gut microbial communities from wild individuals were

groups (wild vs. captive) using the Kruskal–Wallis test in R Studio

distinct from those of captive individuals (Figure 1), and microbial

(version 1.1.456). Beta diversity was visualized using a principal

diversity based on Chao1 but not the Shannon diversity index was

coordinates analysis based on UniFrac distances in QIIME

significantly higher in wild monkeys (Figure 2). A shift in gut microbial

(version 1.8.0). A Random Forests analysis was performed in

communities was also noted in captive individuals between sampling

QIIME (supervised_learning.py) to determine if groups (wild and

years (2010 and 2013) despite the fact that three of the same

captive) could be differentiated by microbe composition (OTUs)

monkeys were sampled in both years (Figure 1). A single captive

in a better‐than‐random manner (Breiman, 2001; Knights,

monkey, G043, had a microbial composition more similar to the wild

Costello, & Knight, 2011). We performed this analysis after

monkeys than to the captive monkeys. This individual was relocated

filtering out OTUs present in less than 20% of the samples. Using

from the wild to Panxi Wildlife Rescue Center 3 months before

an iterative process, 80% of the data were used as a training set,

sampling and put in an enclosure separate from all other captive

and 20% as a test set. One thousand decision trees were

monkeys.

generated based on OTUs and groups. This analysis produced
an error ratio, a confusion matrix, and feature importance scores.
has on the “forest” of decision trees. One OTU at a time is

3.1 | Microbial composition differences between
wild and captive R. brelichi and over time

removed from the analysis. The loss of an “important” OTU

The relative abundances of multiple microbial taxa differed

results in a significant change to the forest and a high feature

significantly between wild and captive R. brelichi. OTUs from

Feature importance scores are a measure of the impact each OTU

importance score. Microbial composition of each sample was also

the phyla Firmicutes and Bacteroidetes dominated both wild and

assessed at various taxonomic levels (phylum through genus)

captive samples (Firmicutes average relative abundance = 46%;

using QIIME. To compare relative abundances of OTUs present in

Bacteroidetes average relative abundance = 14%; Figure 3) Lach-

wild and captive monkeys, Kruskal–Wallis tests were used in

nospiraceae and Ruminococcaceae were the most abundant

combination with the tail area‐based false discovery rate (FDR)

families across all samples. The relative abundances of 110

correction for multiple comparisons using a q‐value threshold of

OTUs differed significantly between wild and captive R. brelichi

0.05 for significance (RStudio, Version 0.98.501, fdrtool). Alpha

(Table 1; Table S1). Of these, all but 6 ranks within the top 200

diversity (t test in R version 1.1.456) and relative abundances of

supervised learning feature importance scores, suggesting that

OTUs in captive monkeys were also compared between years of

these OTUs drive the observed difference between wild and

sampling (2010 vs. 2013). An analysis of similarities (ANOSIM)

captive monkeys. Forty‐three of the of the significantly different

was used to compare samples from each captive sampling year to

OTUs were within the phylum Firmicutes: 30 of those OTUs,

the wild samples independently (i.e., 2010 captive samples vs.

which were significantly more abundant in wild R. brelichi, were in

wild, 2013 captive samples vs. wild) to assess if samples from one

the Lachnospiraceae and Ruminococcaceae families, including

captive year were more similar to wild samples.

multiple species in the genus Oscillospira. OTUs in the genera

F I G U R E 1 Beta‐diversity—(a) unweighted and (b) weighted UniFrac distances—of gut microbial communities in wild and captive R. brelichi.
Unweighted UniFrac metrics account for microbial species richness but not evenness. Weighted UniFrac metrics account for microbial species
richness and evenness. Gray circles indicate samples collected in 2010. All other samples were collected in 2013. Gray arrow indicates
individual G043, a captive monkey rescued from the wild 3 months before sampling
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F I G U R E 2 Alpha diversity—(a) Shannon diversity index and (b) Chao1 index—comparing the microbial diversity in wild and captive R. brelichi
(Kruskal–Wallis: *p = 0.03). The Shannon diversity index accounts for richness and evenness of species’ distribution, whereas the Chao1 index
extrapolates the number of rare taxa that may have been accounted for with deeper sampling

F I G U R E 3 Relative abundances of bacterial phyla in captive and wild R. brelichi. Each column represents the gut microbial community from a
single individual. Only phyla that comprised greater than 0.1% relative abundance (on average) were included below. Phylum Firmicutes and
phylum Bacteroidetes made up the majority of the phyla in each individual. Phylum Verrucomicrobia had a significantly higher relative
abundance in captive monkeys

Greater

Unclassified Bacteria species

Phylum Firmicutes, Family
Ruminococcaceae

Phylum Firmicutes, Family
Lachnospiraceae

Phylum Firmicutes, Order Clostridiales

Phylum Bacteroidetes, Order
Bacteroidales

Phylum Firmicutes

Phylum Bacteroidetes

Phylum Tenericutes, Class Mollicutes

Phylum Firmicutes, Genus Lachnospira

Phylum Firmicutes, Genus Oscillospira

Phylum Firmicutes, Genus Oscillospira

Phylum Firmicutes, Genus Oscillospira

Phylum Firmicutes, Genus Oscillospira

Phylum Firmicutes, Genus Oscillospira

Phylum Firmicutes, Genus Oscillospira

Phylum Firmicutes, Genus Ruminococcus

Phylum Actinobacteria, Family
Coriobacteriaceae

Phylum Firmicutes, Genus Coprococcus

Phylum Firmicutes, Genus Dorea

Phylum Firmicutes, Genus Dorea

Phylum Firmicutes, Genus Dorea

Unclassified Bacteria species

Phylum Firmicutes, Order Clostridiales

Phylum Firmicutes, Family
Ruminococcaceae

Phylum Verrucomicrobia, Genus
Akkermansia

45

10

8

5

5

3

3

3

1

1

1

1

1

1

1

1

1

1

1

1

1

5

2

2

1

0.002

0.097

0.053

0.782

Greater

0.027

0.108

0.015

0.143

0.160

0.213

0.223

0.270

0.004

Greater

0.171

Greater

Greater

Greater

Greater

Greater

Wild RA
mean %

# of OTUs Bacterial taxa

3163

194

47

32, 102,167

148

9

113

117

468

23

21

15

115

86, 140, 144

198

77, 119, 155

24, 45, 66, 11, 131

8, 52, 84, 85, 95

18, 41, 48, 50, 62, 99, 212, 228, 3384

6, 17, 35, 42, 56, 61, 82, 91, 121, 124

0.038

<0.05

<0.05

<0.05

74

89, 126

58, 72

19, 51, 59, 71, 314

(Continues)

1, 3, 5, 7, 10–13, 16, 20, 22, 25–31, 34, 36, 38, 40, 46, 49, 53, 55, 59–60, 64, 68–69,
73, 75–76, 78, 80, 90, 96, 104, 106, 108, 129, 137, 149, 160, 174, 232

OTUs enriched in captive R. brelichi

0.049

0.048

0.044

<0.05

0.040

0.031

0.046

0.045

0.040

0.036

0.049

0.041

0.039

<0.05

0.043

<0.05

<0.05

<0.05

<0.05

<0.05

<0.05

Feature importance score rank (of 3415)

|

0.019

Greater

Greater

Greater

0.015

0.010

0.155

0

0.003

0.002

0.027

0.023

0.060

0.030

0.085

0

0.013

FDR corrected
p values

OTUs enriched in wild R. brelichi

Captive RA
mean %

T A B L E 1 Differentially abundant OTUs in wild and captive R. brelichi
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Note. Rows in which multiple OTUs are represented indicate whether these OTUs had a “greater” relative abundance (RA) in wild or captive monkeys. See Table S1 for full version of this table that lists each
OTU and relative abundance individually. Abbreviations: FDR, false discovery rate; RA, relative abundance.

14
0.037
0.044
0
Phylum Bacteroidetes
1

44

100
0.043

0.041
0.035

0.153
0

0

Phylum Firmicutes, Family
Lachnospiraceae

Phylum Bacteroidetes, Genus Bacteroides
1

1

4
0.031

0.033
0.019

0.653
0

0.002
Phylum Bacteroidetes, Genus Prevotella

Phylum Bacteroidetes, Family
Paraprevotellaceae
1

1

FDR corrected
p values
Captive RA
mean %
Wild RA
mean %
# of OTUs Bacterial taxa

(Continued)

TABLE 1

2

ET AL.

Feature importance score rank (of 3415)
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Akkermansia, Prevotella, and Bacteroides were significantly increased in captive R. brelichi (Table 1; Table S1).
Distinct clustering was also observed by sampling year in captive
monkeys (Figure 1); although, no OTUs differed significantly in
relative abundance between 2010 and 2013 (all FDR corrected p
values > 0.23). However, microbial diversity based on the Shannon
diversity index—which accounts for species richness and evenness,
but not Chao1—which accounts for rare species, was significantly
increased in captive monkeys in 2013 as compared with 2010
(Figure 4). This suggests that evenness but not the number of
microbial species increased in captive monkeys between years.
Conversely, in wild monkeys, microbial diversity based on Chao1, but
not the Shannon diversity index was significantly higher in 2010 as
compared with 2013 (Figure 4). This suggests that fewer rare species
were observed in 2013 but evenness was similar across years. We
interpret these results with caution as there were only two wild
samples collected in 2013, and with such a small sample size, we
would expect fewer rare species to be identified.
Based on the taxonomic profiles observed in Figure 3, captive
2013 samples appeared to be more similar to wild samples than
captive 2010 samples. We decided to test this idea using an
ANOSIM. ANOSIM results indicated that microbial communities
from captive R. brelichi samples collected in 2013 were indeed more
similar to wild samples (2010 captive vs. wild: R = 0.95, p = 0.003;
2013 captive vs. wild: R = 0.72, p = 0.002; also see Figure 3). (Note, an
ANOSIM R value of 0 indicates no dissimilarity between microbial
communities. The greater the ANOSIM R value, the more dissimilar
the communities.)
Random Forests analysis confirmed that wild and captive
monkeys differ in microbial composition. The reported error ratio
(error of random guessing over the sum of the error in the test sets)
was 3.65. Error ratios greater than 2 indicate that groups differ
significantly. The confusion matrix (Table 2)—which assigns samples
to groups based on microbial composition—indicated that only 1
captive monkey (G043) was misassigned to the wild group, and only 1
wild monkey was misassigned to the captive group. The history of
this wild monkey is unknown.

4 | D I S C U SS I O N
The gut microbial communities of wild and captive R. brelichi differed,
but not in all of the ways we expected. We predicted that the gut
microbiota of wild R. brelichi would be more diverse due to their more
diverse diet and that the gut microbiota of captive R. brelichi would
have greater relative abundances of potentially pathogenic microbes.
We did not observe an increased abundance of potentially
pathogenic microbes (specifically Campylobacter, Shigella, Escherichia
coli, Salmonella, Aerobacter, Yersinia, Lawsonia, or Helicobacter species)
in captive monkeys, but we did observe increased microbial diversity
in wild R. brelichi as measured by the Chao1 Index, which accounts for
under‐sampled rare species. There was no significant difference in
microbial diversity based on the Shannon diversity Index which
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F I G U R E 4 Alpha diversity—(a) Shannon diversity index and (b) Chao1 index—comparing the microbial diversity in wild and captive R. brelichi
(t test: *p < 0.05) between sampling years
accounts for abundance and evenness of species. Reduced microbial

dominated by OTUs in the phyla Firmicutes and Bacteroidetes, a

diversity in captivity has been associated with decreased dietary

finding common to other studies on folivorous primates (colobus

diversity, antibiotic use, and increased sanitation (Amato et al., 2013;

monkeys—Colobus guereza, red‐tailed guenon—Cercopithecus asca-

Dhanasiri et al., 2011; Eigeland et al., 2012; Kohl & Dearing, 2013;

nius: (Yildirim et al., 2010); black howler monkeys—Alouatta pigra:

Kohl et al., 2014; Kong et al., 2014; Nakamura et al., 2011;

(Amato et al., 2013); douc langurs—Pygathrix nemaeus: (Clayton et al.,

Wienemann et al., 2011). In our study, captive monkeys did not

2016); Yunnan snub‐nosed monkeys—Rhinopithecus bieti: (Xu et al.,

have any history of antibiotic treatment; however, the dietary

2015); proboscis monkeys—Nasalis larvatus: (Hayakawa et al., 2018)).

diversity of captive monkeys was less than half that of than that of

Differences between the wild and captive group were driven by

wild monkeys: Captive monkeys were regularly offered 20 to 30

OTUs in the Lachnospiraceae and Ruminococcaceae families, which

plant species while wild monkeys were observed consuming 60–80

were significantly increased in wild monkeys. Both of these families

plant species within the same season (diet details published

have been reported as prominent gut microbial community members

previously – wild (Xiang et al., 2012; Yang et al., 2002), captive

in other folivorous monkeys (Amato, Leigh et al., 2015; Clayton,

(Hale et al., 2018)). The lack of difference in the Shannon diversity

Gomez et al., 2018). Microbes in the Lachnospiraceae and Rumino-

index between wild and captive monkeys could be due to small

coccaceae families also contain enzymes, transport mechanisms, and

sample size. However, there were only eight living captive R. brelichi

metabolic pathways that enable degradation of complex plant

in the world over the course of this study, and all of them were

material, including cellulose, hemicellulose, and lignin (Biddle,

sampled. Alternately, dietary diversity may not be a good predictor of

Stewart, Blanchard, & Leschine, 2013). Leaves, rich in fibrous

gut microbial diversity (Bolnick et al., 2014a), or diet could affect

compounds, dominate the wild monkey diet but only represent a

microbial composition but not diversity. Studies comparing the gut

portion of the captive monkey diet, which is supplemented with

microbiota of several wild and captive animal species have reported

fruits, leafy and starchy vegetables (e.g. sweet potato, carrots), and

altered composition between the two groups but no change in

processed grains (e.g., steamed cornmeal cakes; Hale et al., 2018;

diversity (Heliconius butterflies (Hammer, McMillan, Fierer, &

Xiang et al., 2012; Yang et al., 2002). Six of the OTUs in the

Smagghe, 2014), turkeys (Scupham, Patton, Bent, & Bayles, 2008),

Ruminococcaceae family were further identified as OTUs within the

chimpanzees (Uenishi et al., 2007), ring‐tailed lemurs (Villers, Jang,

genus Oscillospira. Oscillospira species are found on the cuticle of

Lent, Lewin‐Koh, & Norosoarinaivo, 2008), grizzly bears (Schwab,

leaves and grass within the rumen of sheep, cattle, and reindeer

Cristescu, Boyce, Stenhouse, & Ganzle, 2009)).

(Mackie et al., 2003). Importantly, these bacteria are not found on

In terms of gut microbial composition, we observed several

leaves, grass, or soil in nature (Clarke, 1979; Mackie et al., 2003);

important differences between wild and captive R. brelichi. In both

rather, they are gut microbiota adapted to living on and degrading

wild and captive monkeys, the gut microbial community was

leaves in the digestive tract. In ruminants, Oscillospira abundance
increased when animals were shifted from grain to pasture diets; the

T A B L E 2 Confusion matrix produced by supervised learning
analyses that indicates how many times samples were misassigned
based on the microbial composition of the sample

opposite was true when ruminants were shifted from pasture to grain
diets (Mackie et al., 2003). This provides further support for the
prediction that wild R. brelichi gut flora is characterized by bacteria

True/predicted

Captive

Wild

Class error

that facilitate the digestion of a heavily leaf‐based diet in spring and

Captive

10

1

0.09

summer.

1

6

0.14

Wild

Captive R. brelichi had greater abundances of Akkermansia,
Bacteroides, and Prevotella species as compared with wild monkeys.
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Akkermansia species are mucin degraders that live in the mucus layer

diversity index – accounting for richness and evenness) in the 2013

of the gut (Belzer & de Vos, 2012) and have been reported in multiple

captive R. brelichi samples and that these samples more closely

captive primates (Amato et al., 2016; Clayton, Gomez et al., 2018). In

resembled wild R. brelichi gut microbial communities, as compared to

humans, Akkermansia is often touted as a marker of health in the

captive samples collected in 2010. Several recent studies have

intestine: the abundance of Akkermansia has an inverse correlation

reported that the microbiota of captive, semi‐captive, or wild

with obesity (Everard et al., 2013; H. Zhang et al., 2009),

monkeys in disturbed habitats have altered gut microbiota compared

inflammatory GI diseases (e.g., inflammatory bowel disease [IBD],

to that of wild monkeys in pristine habitats and that these alterations

Crohn's disease, and ulcerative colitis) (Belzer & de Vos, 2012; Png

may negatively impact host health (Amato et al., 2013; Clayton et al.,

et al., 2010), and metabolic syndrome (Roopchand et al., 2015). Due

2016). As such, diet or management changes that shift captive

to its ability to use host mucin as its sole energy source, Akkermansia

monkey microbiota to become more “wild‐like,” as observed in the

can also thrive when the host is fasting or experiencing malnutrition,

2013 captive monkeys, could potentially to benefit host health. In

while other microbes are less able to compete due to their reliance

this case, the captive R. brelichi in 2013 were still exhibiting clinical

on substrates supplied by the host diet (Belzer & de Vos, 2012;

signs including intermittent diarrhea and poor hair coats despite the

Derrien, 2004; Sonoyama et al., 2009; Derrien, 2004). Given the

microbial community shift, indicating that this shift was not sufficient

clinical signs present in captive R. brelichi—diarrhea, poor hair coat,

to resolve the clinical issues.

poor reproductive success—the increased abundance of Akkermansia

The only captive monkey that had a gut microbial community

seems less likely to be a marker of health and more likely to be an

more similar to wild monkeys was G043—an individual relocated

indicator of poor nutrition.

from the wild in April 2013, 3 months before he was sampled for this

The increased relative abundance of Bacteroides and Prevotella in

study. G043 was a healthy subadult male housed separately from but

captive monkeys has been observed previously in captive colobines

with through‐cage contact with other captive monkeys for the

and has interesting implications. (Clayton, Al‐Ghalith et al., 2018)

duration of his time at the Rescue Center. Considering how quickly

Captive R. brelichi consume more fruits and carbohydrates (i.e.,

(i.e., less than 1 day), diet changes can alter the gut microbiota (David

cornmeal cake) than wild R. brelichi; Prevotella abundance is

et al., 2014), it is remarkable that G043′s gut flora still resembled

associated with carbohydrate and simple sugar digestion (Wu et al.,

that of wild monkeys after 3 months on a captive diet. This indicates

2011). In black howler monkeys, Prevotella abundance was similarly

that diet is not the only thing that affects the gut microbiota of

elevated in captive monkeys (Amato, Leigh et al., 2015; Amato,

captive monkeys. Stress, disease, or exposure to unique microbes in

Yeoman et al., 2015). Bacteroides and Prevotella species also have a

captivity may also be altering the gut microbial communities of

negative correlation with adiposity and calorie intake (Furet et al.,

captive R. brelichi.

2010). While this pattern supports the idea that captive R. brelichi

A few studies have observed an increased presence or abundance

may be undernourished, other human studies report conflicting

of potential pathogens in captive animals (wood grouse; Wienemann

results (Durbán, Abellán, Latorre, & Moya, 2013; Zhang et al., 2009).

et al., 2011); lemurs (Villers et al., 2008). In this study, we did not

Interestingly, in captive monkeys, we observed a distinct effect of

observe an increase in potentially pathogenic species in captive R.

year on microbial communities (Figure 1). This could be attributed to

brelichi. However, the microbial shifts we observed in captive animals

multiple potential factors, technical or biological. Samples from 2010

—decreased relative abundances of Lachnospiraceae and Rumino-

and 2013 were sequenced on different sequencing platforms

coccaceae species—could negatively affect R. brelichi health. Bacterial

(Illumina HiSeq. 2000, Illumina MiSeq). However, if the sequencing

species within the Lachnospiraceae and Ruminococcaceae families

platform was driving the differences between years, we would also

are butyrate producers (Barcenilla et al., 2000). Butyrate is a short

expect to see differences between the wild samples collected in 2010

chain fatty acid critical to colonocyte health and immune defense

and 2013. Instead, the wild samples from 2010 and 2013 cluster, and

(Velazquez, Lederer, & Rombeau, 1997). Inflammatory GI diseases

we only observe this major shift by year in the captive samples. A diet

like Crohn's disease, IBD, and ulcerative colitis are associated with a

change could also account for microbial community differences

decreased abundance of OTUs in the Lachnospiraceae (Frank et al.,

between years as diet can rapidly and dramatically alter the gut

2007) and Ruminococcaceae families (Fujimoto et al., 2013). While

microbiota (David et al., 2014). Steamed cornmeal cakes were added

these bacteria are likely increased due to a greater proportion of

to the R. brelichi diet at the Panxi Wildlife Rescue Center after 2010.

complex plant material in the wild monkey diet, the loss of these

The cakes contained 50% corn, 15% barley, 16% soybean meal, 10%

butyrate producers in captive monkeys could make these animals

bran, 2% calcium carbonate, 1% calcium hydrogen phosphate, 1%

more susceptible to disease, diarrhea, and poor colon health

salt, and 5% sugar (Hale et al., 2018). The cakes were added to the

(Velazquez et al., 1997). The clinical signs exhibited by captive

Panxi monkey diets to more closely model the Beijing Zoo monkey

R. brelichi (i.e., frequent GI problems) lend support to this idea.

diets and in hopes of improving captive R. brelichi health. Before this

This study is the first to compare the gut microbiota of wild and

addition, captive R. brelichi did not receive any form of processed

captive R. brelichi, and the findings have implications for improving

grains. Notably, we did not detect any significant differences in

the diets and captive management of these endangered monkeys.

microbial taxa abundance between years, likely due to small sample

Notably, this study also had several limitations. First, the sample size

size. However, we did observe increased microbial diversity (Shannon

was quite limited. Wild R. brelichi are elusive monkeys that live in
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challenging terrain and are not habituated to tracking. Captive R.
brelichi monkeys are easy to sample, but there were very few
available. Second, fecal samples do not necessarily represent the
microbial composition and diversity of the entire GI tract. Colobine
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monkeys—including R. brelichi—are foregut fermenters (Caton, 1998),
which means that much of their critical microbial mass and activity—
including fermentation—occurs in the foregut before acidic stomach
digestion (Nijboer & Clauss, 2006). Although one study reported no
differences in the microbiota located in different regions of the
colobine GI tract (Amato et al., 2016), recent work examining foregut
bacterial communities in proboscis monkeys identified interesting
microbial community patterns across differing habitats (Hayakawa
et al., 2018). This underscores the idea that future work examining
microbial communities of the colobine foregut is necessary to assess
if and how foregut and fecal microbial communities differ and how
each of these communities is linked to host health. Finally, recent
work has also indicated that microbial community function, the
metabolic environment of the gut, and microbial community
interactions may be even more important to host health and disease
than microbial composition (Amato et al., 2018; Battaglioli et al.,
2018; Buffie et al., 2015; Lozupone, Stombaugh, Gordon, Jansson, &
Knight, 2012). None of those factors were evaluated in the present
study but are important avenues for future research on R. brelichi
health, management, and conservation.
This study provides a basis for understanding the role of gut
microbiota in R. brelichi health. Characterizing the microbiota of wild R.
brelichi provides a foundation for future studies on diet and digestive
adaptations in this and other closely related Rhinopithecus species. The
differences we identified in gut microbial composition between wild and
captive R. brelichi suggest that diet could be a playing a role in the poor
health of captive monkeys. Further, captive R. brelichi could potentially
benefit from an increased amount and variety of plant species in their
diet. The clinical signs observed in captive R. brelichi—including chronic
diarrhea, poor hair coat, lethargy, poor reproductive success, and high
infant mortality—can also be linked to poor nutrition. Unraveling the
interplay between diet, the gut microbial community, and host health is
critical to improve captive management of R. brelichi and other colobine
species.
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