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Habitat degradation impacts black howler monkey
(Alouatta pigra) gastrointestinal microbiomes
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The gastrointestinal (GI) microbiome contributes significantly to host nutrition and health. However,
relationships involving GI microbes, their hosts and host macrohabitats remain to be established.
Here, we define clear patterns of variation in the GI microbiomes of six groups of Mexican black
howler monkeys (Alouatta pigra) occupying a gradation of habitats including a continuous
evergreen rainforest, an evergreen rainforest fragment, a continuous semi-deciduous forest and
captivity. High throughput microbial 16S ribosomal RNA gene sequencing indicated that diversity,
richness and composition of howler GI microbiomes varied with host habitat in relation to diet.
Howlers occupying suboptimal habitats consumed less diverse diets and correspondingly had less
diverse gut microbiomes. Quantitative real-time PCR also revealed a reduction in the number of
genes related to butyrate production and hydrogen metabolism in the microbiomes of howlers
occupying suboptimal habitats, which may impact host health.
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Introduction

The mammalian gastrointestinal (GI) microbiome
contributes significantly to host digestive efficiency
(Bauchop, 1971; Lambert, 1998; Flint and Bayer,
2008), while diet strongly influences the micro-
biome’s composition (Ley et al., 2006, 2008;
Turnbaugh et al., 2009; Yildirim et al., 2010;
Wu et al., 2011). Across species, host diet and GI
microbiome composition are correlated (Ley et al.,
2008), while within species, dietary shifts alter GI
microbiome composition (Ley et al., 2006;
Turnbaugh et al., 2009). For most wild, mammalian
populations, dietary shifts are common across

seasons and habitats. However, while experimental
studies imply that shifts in host diet in
wild, mammalian populations should impact GI
microbiome composition, the relationship between
host habitat, diet and GI microbiome composition
remains to be examined.

Understanding the interaction between host habi-
tat and microbiome composition may also be useful
for conservation efforts because changes in the GI
microbiome have been shown to affect host nutrition
and health (Dethlefsen et al., 2007; Sekirov et al.,
2010; Flint et al., 2011; Hooper et al., 2012).
Dysbioses may manifest themselves in a number of
different ways, but within the GI-tract they are most
often seen as losses of microbial species diversity.
Reductions in GI microbiome diversity may reduce
microbial functional groups, making the micro-
biome less efficient, less resistant to disturbance
and more susceptible to pathogenic invasion
(Rosenfeld, 2002; Costello et al., 2012). Hosts with
low GI microbiome diversity also exhibit increased
stress responses (higher glucocorticoid levels) and
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reduced immune function (fewer cells that
secrete local, strain-specific immunoglobulin A)
(Macpherson et al., 2008; Neish, 2009; Messaoudi
et al., 2010; Hooper et al., 2012).

Here, we explore cross-habitat patterns in the GI
microbiome richness, diversity and composition of
an endangered Mesoamerican primate, the black
howler monkey (A. pigra; IUCN, 2012) using 16S
ribosomal RNA gene sequencing to survey coloniz-
ing bacteria. The howler monkey (Alouatta sp.)
provides an exceptional model for understanding
how variation in host habitat and diet impacts
GI microbiome structure, and ultimately, host nutri-
tion and health. Howlers can consume a leaf-heavy
diet (Milton, 1980; Lambert, 1998; Estrada and
Coates-Estrada, 2005; Di Fiore and Campbell,
2007), permitting them to occupy areas with limited
resource availability and to persist longer in
degraded habitats than more frugivorous primate
taxa (Estrada and Coates-Estrada, 1996; Zunino
et al., 2007). As many leaves contain high levels of
resistant fiber and toxins, GI microbiome contribu-
tions to daily energy flows through metabolism of
xenobiotics are critical to howler nutrition (Milton,
1979; Lambert, 1998; Lambert and Fellner, 2012).
Fibrolytic processes of the GI microbiome contribute
up to 31% of a howler’s required daily energy via the
formation of short-chain fatty acids (93.7% acetate,
5.9% propionate, 0.4% butyrate in A. palliata; Milton
and McBee, 1983). Therefore, if shifts in howler diet
change GI microbiome composition or reduce micro-
biome richness and diversity, there may be conse-
quences for howler nutrition and health.

In this study, we test the hypothesis that howlers
occupying habitats of different qualities develop
different GI microbiomes. Animals in disturbed
habitats generally consume different types of food
resources than their counterparts in undisturbed
habitats (Kamler et al., 2007; Flaherty et al., 2010;
Abbas et al., 2011; Chaves et al., 2012). As a result,
their diets typically deviate from the host species
archetypical dietary regime and are likely to be
associated with shifts in GI microbiome composi-
tion. Specifically, because habitat degradation
leads to differences in available plant species and
reductions in plant diversity (Benitez-Malvido and
Martinez-Ramos, 2003; Vellend, 2003; Lindborg and
Eriksson, 2004), we predict that howlers inhabiting
disturbed habitats will exhibit signs of dysbiosis,
such as lower microbial richness and diversity. If
this is the case, then host nutrition and health may
be negatively affected.

To explore the relationship between host habitat,
diet and GI microbiome composition, we analyzed
fecal samples from six howler groups in four distinct
habitats along a gradient of disturbance (detailed
in Supplementary Information) in southeastern
Mexico: a continuous, evergreen rainforest (CR),
an evergreen rainforest fragment 4.5 km from the CR
(FR), a continuous, semi-deciduous forest (SD), and
a wildlife center (captive). Analyses utilize

important perspectives from non-human primate
ecology, biological anthropology, community ecol-
ogy and microbial ecology (Benezra et al., 2012;
Costello et al., 2012), and illustrate a ‘co-degrada-
tion’ of howler habitat, diet and GI microbiomes that
presents new concerns for conservation biology.

Materials and methods

Fecal sample collection
Samples were collected across an 8-week period
(May–June 2009) from two neighboring groups of
black howlers inhabiting a CR in Palenque National
Park, Mexico (Balam Group, n¼ 6 and Motiepa
Group, n¼ 8). Additional samples were obtained
from two groups of howlers in a continuous, but SD
forest B200 km from the national park (Tormento
Group 1, n¼ 3, and Tormento Group 2, n¼ 4),
a FR located 7 km outside of the national park near
human dwellings (Cuartel Group, n¼ 4), and a
rehabilitation center located 5 km outside of the
national park, which housed locally rescued mon-
keys on an atypical diet (AcaJungla, n¼ 7;
Supplementary Figure S1; additional information
about the collection sites is provided in Supple-
mentary Information). No continuous forest exists
between the sample sites, and they are separated by
distances far exceeding the territories occupied
by A. pigra groups, precluding migration of groups
among habitats.

Fecal samples were collected immediately upon
defecation, and then stored in 96% ethanol at 4 1C
until transport to the University of Illinois
at Champaign-Urbana where they were stored at
� 20 1C until processing. A total of 128 samples
were collected. Individuals in the CR were sampled
weekly when possible for the duration of the study.

Behavioral data collection
Feeding data for the CR and SD groups were obtained
from B225h of focal individual sampling with
binoculars. Twenty-minute focal samples of behavior
were collected between 0600 and 1600 hours each
day, with activity recorded instantaneously every
2min. During a feeding bout (active consumption of
food resources), the food type (e.g. young leaves,
mature fruit, flowers) and plant species were
recorded. Qualitative dietary data were collected for
rainforest fragments during fieldwork. General diet
data for the captive group were obtained from
veterinary records at the rehabilitation center.

As quantitative dietary data were expressed in
time spent consuming resources, comparisons were
standardized by body weight depending on indivi-
dual age and sex (Kelaita et al., 2011). The time each
individual spent feeding on food types and plant
species was analyzed as proportion data after
arcsine transformation. Non-parametric Mantel
tests comparing diet and fecal microbiomes were
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performed using PRIMER 6 for Windows v 6.1.10
(PRIMER-E, Plymouth, UK).

DNA analyses
Microbial DNA was extracted from fecal samples
using the MoBio UltraClean Soil Kit (Mo Bio
Laboratories Inc., Carlsbad, CA, USA). The V1–V3
region of the 16S ribosomal RNA gene was amplified
by polymerase chain reaction (20 cycles of 94 1C
(30 s), 48 1C (30 s), 72 1C (2min)) using primers 27f
50-(CGTATCGCCTCCCTCGCGCCATCAG-30, 50-AGA
GTTTGATYMTGGCTCAG-30, corresponding to
nucleotides 8–27 of the Escherichia coli 16s riboso-
mal RNA gene) and 534r 50-(CTATGCGCCTTGCCAG
CCCGCTCAG-30 (MID tag 1–50) 50-ATTACCGCGGCT
GCTGGCA)-30. The amplicons were pyrosequenced
using 454 FLX-Titanium technology at the J. Craig
Venter Institute (Rockville, MD, USA).

One-hundred and twelve samples were success-
fully sequenced, and the resulting sequences were
processed using mothur (Schloss et al., 2009) and
Tornado (Sipos et al., 2010). After removing low
quality sequences (oQ30) and sequences shorter
than 250nt, with homopolymers longer than six
nucleotides, and containing ambiguous base calls or
incorrect primer sequences, the average amplicon
length was 456.9 nt, which we trimmed to the
common 385nt (E. coli positions: 534�4149)
shared by all sequences. Sequences were aligned
against the silva (Pruesse et al., 2007) and infernal
(Nawrocki et al., 2009) databases and merged to give
an optimal alignment using Tornado (Sipos et al.,
2010). Potentially chimeric sequences were detected
using chimera slayer (o6%; http://www.mothur.
org/wiki/chimera.slayer/) and removed. The
remaining reads were pre-clustered (http://www.
mothur.org/wiki/Pre.cluster) and then clustered
using mothur’s average algorithm (Schloss et al.,
2009). Operational taxonomic units were defined as
sharing 497% sequence identity. Operational taxo-
nomic units detected fewer than twice across the
entire data set were removed as probable artifacts.

Rarefaction data, Simpson, Shannon-Weaver and
Chao1 indices were created using mothur (Schloss
et al., 2009). Taxonomic profiles were generated
using the Ribosomal Database Project MultiClassi-
fier (Wang et al., 2007). Dendrograms were
constructed and visualized in PRIMER 6 for
Windows v 6.1.10 (PRIMER-E, Plymouth, UK) using
Bray-Curtis similarity indexes (Clark and Gorley,
2006). Sample clustering patterns were tested using
analysis of similarity (ANOSIM) in PRIMER 6 (Clark
and Gorley, 2006). T-tests were used to compare the
relative abundances of bacterial taxa across habitats.

Initial sequence processing demonstrated that
samples collected weekly from CR howlers clustered
by individual (ANOSIM R¼ 0.43, P¼ 0.001) and
weekly variation explained only 3.5% of the total
variation in microbial community composition.
Therefore, weekly samples were pooled by indivi-
dual for sequence analysis to represent overall

microbiome structure without excluding low-read
samples and inflating of degrees of freedom in
statistical analyses. Analyses of each individual
sample from CR animals returned results consistent
with pooled samples (Supplementary Figure S2).

Quantitative real-time PCR (qRT–PCR) was per-
formed on a single sample from each individual
using the SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) as described
previously (Nava et al., 2012). Primers ACSF1/
ACSR1 (Gagen et al., 2010) and FTHFSf/FTHFSr
(Leaphart and Lovell, 2001) targeting functional
genes acs (acetyl-CoA synthase involved in the
acetyl-CoA pathway) of acetogens were used. Pri-
mers ME1/ME2 (Hales et al., 1996) and DSR1fdeg/
DSR4rdeg (Leloup et al., 2007) were used for mcrA
(coding for the methyl-coenzyme M reductase
catalyzing methane formation) and dsrA (dissim-
ilatory (bi)sulfite reductase catalyzing the anaerobic
respiration of sulfite or sulfate) genes. Primers
BcoAf/BcoAr (Louis et al., 2010) were used to
quantify the butyryl-CoA:acetate CoA-transferase
gene, involved in the microbial production of
butyrate. Primers NiFe-uniF/NiFe-uniR (Schmidt
et al., 2011) were used to quantify the (Ni-Fe)-
hydrogenase ((NF)hyd) gene, involved in the micro-
bial production of hydrogen. Samples were run on a
7900HT Fast Real-Time PCR System (Applied
Biosystems) using a dissociation curve. Standard
curves were determined simultaneously using plas-
mids containing dsrA, mcrA, (NF)hyd and BcoA or
diluted PCR products from reference strains for acs.
T-tests were used to compare the relative abundance
of each gene across habitats.

Results

Habitat-microbiome clusters
Microbial species richness and diversity differed
strikingly among howler monkey groups occupying
distinct habitats (Figure 1a). Chao1 richness esti-
mates (Chao, 1987) clustered by habitat, revealing
that howlers inhabiting the CR harbored as many as
six times the number of microbial operational
taxonomic units as captives, and up to twice as
many operational taxonomic units as the howlers
inhabiting the continuous, SD forest and the FR
(Figure 1a, Supplementary Tables S1, S2). This
pattern was maintained when unpooled data from
a given week were used to represent CR howlers
(Supplementary Figure S2). CR howler GI micro-
biome diversity varied little from week to week
(Supplementary Table S3) and exceeded diversity in
all other groups (Supplementary Tables S1, S2).
With regard to GI microbiome composition, Firmi-
cutes and Bacteroidetes phyla predominated, and
were detected in similar proportions across all
habitats (Supplementary Figure S3; 72±0.06% and
19±0.05%, respectively). However, both ANOSIM’s
and dendrograms based on Bray-Curtis similarity
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matrices indicate that abundance-weighted phylo-
genetic composition of individual howler micro-
biomes varied significantly by habitat (Figure 1b,

Table 1). The most extreme distinction was observed
among the microbiomes of captive and wild groups
(ANOSIM R40.85, Po0.003), but all samples
exhibited habitat-specific clusters of microbial taxa
(Figure 1b). For example, the microbiomes of captive
howlers were enriched with Proteobacteria (4.8% vs
1.1±0.001% in other groups), with a 36% incr-
ease in the genus Succinivibrio (Table 2). On
the other hand, FR howlers were enriched with
Verrucomicrobia (3% vs 0.32±0.002%), especially
genera of the class Opitutae (a 53% increase relative
to other habitats, Table 2).

Dietary impacts
As the captive howlers exhibited similar GI micro-
biomes but came from distinct geographic regions of
Mexico and possessed no known kin relationships,

Figure 1 Howler microbiomes clustered by host habitat. (a) Rarefaction curves show the number of unique Operational taxonomic units
(sharingX97% sequence identity) per total reads for each sample. Analysis of variance of the log-linear regression coefficients for each
curve confirmed habitat differences (F3, 31¼ 28.91, Po0.0001). (b) Dendrogram compares sample pairs using Bray-Curtis similarity
indices. Individual identities and groups are listed in Table 1. ANOSIM tests habitat clustering using permutations (ANOSIM R¼ 0.743,
P¼0.001). The CR outlier is the same individual in both panels.

Table 1 Inter-group ANOSIM results for gut microbiome
composition

CR SD FR

SD 0.663***
RF 0.721*** 0.429*
Captive 0.954*** 0.912*** 0.852**

Abbreviations: ANOSIM, analysis of similarity; CR, continuous
evergreen rainforest; SD, continuous semi-deciduous forest; FR,
fragmented evergreen rainforest.
R-statistic with P-value: *o0.025, **o0.005, ***o0.001.
ANOSIM of inter-habitat differences based on the abundance-
weighted phylogenetic composition of individual howler samples.
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the habitat-associated patterns in microbiome com-
position are most likely an effect of environmental
influences, such as diet, rather than genetic influ-
ence. Detailed observations of monkey diets col-
lected during the study period revealed nearly
identical diets in the two CR groups, which
consumed mature fruits 53.0% of their total feeding
time (Supplementary Table S4). In contrast, the two
SD groups consumed mostly young leaves (52.3%;
Supplementary Table S4), essentially substituting
leaves for fruits when compared with the CR
howlers. The CR howlers also consumed a more
diverse diet than SD howlers (15 vs 9 tree species),
and the tree species exploited by each individual
differed significantly between the forest habitats
(ANOSIM R¼ 0.637, P¼ 0.001; Supplementary
Table S5). Non-parametric Mantel tests comparing
Bray-Curtis similarity matrices of diet and micro-
biome composition for all CR and SD individuals
(n¼ 22 howlers) revealed a correlation between diet
and microbiome composition (plant part: Spear-
man’s r¼ 0.406, P¼ 0.08; plant species: Spearman’s
r¼ 0.820, P¼ 0.01). Howlers feeding on different
plant species also exhibited distinct profiles of GI
microbiome richness and diversity (Supplementary
Table S1, S5, Figure 1).

Qualitative dietary information obtained for the
FR and captive groups illustrated similar patterns.
Both FR and captive howlers consumed a diet with
severely reduced diversity. Rainforest fragment
howlers used a subset of tree species found in the
CR, while captives were fed an atypical diet,
including fruit, fiber-rich cereal and Leaf-Eater
Primate Diet feed (Mazuri, Purina Mills, St Louis,
MO, USA). The reduced number of plant species
utilized by the FR and captive howlers was
also associated with compositional changes and

reductions in richness and diversity of their fecal
microbiomes (Supplementary Table S1, Figure 1).

Taxonomic shifts in microbiome composition
corresponded to diet variation. Prevotella, a com-
mon bacterial genus capable of degrading hemicel-
lulose, pectin and simpler carbohydrates, such
as those expected in fruits and low-complexity
fibrous resources (Russell and Baldwin, 1979;
Salyers, 1979), was found in greater abundance in
the captive howlers than in any other individuals
(Table 2), and all howler groups exhibited more
Prevotella than Bacteroides, except the FR howlers
(Table 2). Differences in relative abundance of
Prevotella and Bacteroides have been associated
with diet-related gut microbial enterotypes in
humans (Wu et al., 2011). Additionally, all howlers,
except the SD howlers, possessed lactobacilli
(Table 2). Lactobacilli abundance has been found
to be favored by dietary calcium (Bovee-
Oudenhoven et al., 1999), and Ficus fruits, which
are present in every wild habitat except the SD, are
higher in calcium content compared with other fruit
species (O’Brien et al., 1998). The highest levels of
lactobacilli were observed in captive howlers
(Table 2) and may be a result of high calcium
supplementation in the Leaf-Eater Primate Diet feed
and occasional probiotic administration.

Potential health consequences
Habitat-associated reductions in GI microbiome
richness and diversity appear to influence the
stability of the gut community and may affect
howler health. Microbiome composition varied
least among individual CR howlers, while SD and
captive howlers showed significant inter-individual
variation (Tables 2 and 3). This may be indicative

Table 2 Relative abundance (± s.d.) of selected microbial genera in each howler group binned using the Ribosomal Database Project
(RDP) multiclassifier with bootstrapping 470% across howler habitats and groups.

Genus CR–Motiepa CR–Balam FR SD–T2 SD–T1 Captive

Mean (%) s.d. Mean (%) s.d. Mean (%) s.d. Mean (%) s.d. Mean (%) s.d. Mean (%) s.d.

Bacteroides 0.003 0.002 0.002 0.002 0.014 0.015 0.000 0.000 0.003 0.006 0.186* 0.143
Blautia 1.009 0.180 0.875 0.144 0.374* 0.204 1.830 0.558 1.500 0.558 2.860 1.834
Butyricicoccus 0.269 0.097 0.268 0.232 0.156* 0.149 0.106 0.055 0.231 0.155 0.036* 0.044
Butyricimonas 0.000 0.000 0.000 0.000 0.000* 0.000 0.000 0.000 0.000 0.000 0.022* 0.013
Butyrivibrio 0.013 0.003 0.017 0.012 0.008 0.003 0.010 0.006 0.008 0.013 0.001* 0.002
Desulfovibrio 0.002 0.003 0.000 0.000 0.006* 0.003 0.002 0.002 0.000 0.002 0.000þ 0.000
Lactobacillus 0.015 0.035 0.005 0.005 0.029þ 0.018 0.001* 0.001 0.005* 0.004 0.282# 0.333
Marvinbryantia 0.127 0.037 0.108 0.045 0.083þ 0.028 0.053* 0.012 0.038* 0.012 0.000# 0.000
Opitutus 0.007 0.003 0.003 0.002 0.026þ 0.013 0.000* 0.000 0.000* 0.000 0.001* 0.002
Prevotella 0.052 0.027 0.037 0.011 0.007 0.008 0.003 0.003 0.016 0.014 9.177* 5.153
Pseudobutyrivibrio 0.000 0.000 0.000 0.000 0.000* 0.000 0.000 0.000 0.000 0.000 0.006* 0.007
Ruminococcus 0.510 0.234 0.384 0.178 0.808 0.406 0.302 0.350 0.565 0.504 0.231 0.351
Succinivibrio 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 2.255* 2.742

Abbreviations: CR, a continuous evergreen rainforest; FR, evergreen rainforest fragment; SD, semi-deciduous forest.
Symbols indicate significantly different abundances (t-tests, a¼ 0.05). Abundances with matching symbols were not significantly different from
each other.
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of increased stochasticity in GI microbiome
colonization (Costello et al., 2012), which may
evoke a reduced resilience to disturbance or
invasion by pathogens. However, obvious patho-
genic bacteria were rare (except in DJF1A who
was experiencing severe diarrhea and harbored high
numbers of potentially pathogenic E. coli).

Although potentially pathogenic sequences were
not related to gut microbiome diversity, all captives
died within 6 months following the sampling
period, and DJF1B (CR infant outlier) also died
(predation cannot be excluded). None of these
individuals was considered a mature adult, but all
but two individuals (DJF1B and DJF1A) were old
enough to forage independently on an adult diet,
and age-matched wild animals had GI microbiomes
that were compositionally consistent with adults.
Indeed, there were no GI microbiome differences
according to age or sex in either the CR (ANOSIM
R¼ 0.20, P¼ 0.12) or the SD (ANOSIM R¼ � 0.13,
P¼ 0.74) howlers. These patterns warrant investiga-
tion in future studies to determine whether or not
reductions in GI microbiome richness may have a
role in disease susceptibility and host mortality.

Shifts in microbial taxa and metabolic functional
genes across habitats also demonstrate effects of
GI microbiome compositional changes on howler
health. Butyrate is the primary energy source for the
colonic epithelium and is recognized for numerous
health-promoting benefits (Donohoe et al., 2011;
Grootaert et al., 2011; Hu et al., 2010; Rawluszko
et al., 2011; Sharma and Singh, 2011). Butyrate-
producing taxa, such as Butyrivibrio spp. were most
abundant in howlers occupying the CR and were
detected at very low levels in all but one of the seven
captives (Table 2). Similarly, Butyricicoccus spp.,
were found in all non-captive individuals but in
only five of the captives (at significantly lower levels
than the CR individuals; Table 2). qRT–PCR of the
butyryl-CoA:acetate CoA-transferase gene, involved
in the microbial production of butyrate, indicated
that this pathway was most prevalent in the CR
individuals compared with other sites (Figure 2b).
Although the captive howlers exhibited the highest
average abundance of BcoA, this pattern was driven
by one individual, and overall prevalence of BcoA
was low (detected in only four of seven individuals).
Additionally, in captives, known butyrate producers
(for example, Pseudobutyrivibrio spp. only seen in

captives) may have been further offset by butyrate
oxidizing genera (for example, Butyricimonas spp.
also only observed in the captives).

Clear cross-habitat distinctions also occurred in
other microbial functional groups with known
impacts on host health. Hydrogen-production pro-
vides a proximal measure of the fermentative
activity in the microbiome, and qRT–PCR detected
more (Ni-Fe)-hydrogenase ((NF)hyd) genes in the CR
than any other habitat (Figure 2a). Similarly, the
relative abundance of different hydrogenotrophs
varied with habitat. Acetogens can convert dihydro-
gen and carbon dioxide to one of the primary
short-chain fatty acids, acetate, which can then be
absorbed and used by host epithelia (Rey et al.,
2010; Carbonero et al., 2012). Acetogenic
Marvinbryantia, were observed in all non-captive
howlers and were most abundant in the CR
(Table 2). This genus was not detected in any of
the captives. Although captives hosted another
common acetogenic genus, Blautia (Table 2), qRT–
PCR revealed a significantly greater number of
acetyl-CoA synthase genes in the CR howlers
(Figure 2a). Methanogens, which convert hydrogen
and carbon dioxide to methane, a product of no
nutritive value (Carbonero et al., 2012), are not
detected using the 534r primer used in our pyrose-
quencing evaluation of 16S ribosomal RNA genes.
However, qRT–PCR of the methyl-coenzyme M
reductase gene revealed methanogenesis to also be

Table 3 Average inter- and intra-group Bray-Curtis similarity
indices

CR SD FR Captive

Inter-group 20.12 20.72 24.34 2.16
Intra-group 51.20 30.54 48.25 32.27

Abbreviations: CR, a continuous evergreen rainforest; FR, evergreen
rainforest fragment; SD, semi-deciduous forest.
The table shows the average Bray-Curtis similarity measures among
howler groups and among individual howlers within groups.

Figure 2 (a) Abundance (±s.d.) of metabolic functional genes in
the microbiomes of howlers across habitats as determined by
qRT–PCR. Genes targeted included acs for acetogens, mcrA for
methanogens, dsrA for sulfate reducers, (NF)hyd for hydrogen
producers, and BcoA for butyrate producers. (b) Prevalence of the
butyryl-CoA:acetate CoA-transferase gene for butyrate producers
across habitats. Letters indicate significantly different abun-
dances among habitats (t-tests, Po0.05). Prevalence of all genes
except those involved in butyrate production was 100% for all
habitats. Patterns are similar when groups are taken into account
within habitats.
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least abundant in captives (Figure 2a). Instead,
hydrogenotrophy in captives appeared to be facili-
tated by sulfate-reducing bacteria, which dissipate
dihydrogen through the production of hydrogen
sulfide (H2S). Hydrogen sulfide is a toxic gas
that affects smooth muscle and has been linked
to colonic nociception, inflammatory bowel disease
and colorectal cancer (Medani et al., 2011;
Carbonero et al., 2012). Desulfovibrionales, the
prominent intestinal sulfate-reducing bacteria order,
were most abundant in the FR and captive groups
and rare in the CR and SD (Table 2). qRT–PCR of the
dissimilatory (bi)sulfite reductase gene confirmed
that sulfate-reducing genes were more abundant in
the FR and captive groups of howlers (Figure 2).

Discussion

Our results demonstrate that non-human primate
GI microbiome richness, diversity and composition
vary strongly with habitat. Although howler diets
likely shift seasonally within habitats, this study
suggests that dietary shifts associated with habitat
disturbance influence non-human primate GI micro-
biomes. The howler diet in minimally disturbed and
relatively pristine macrohabitats appears to promote
the acquisition and maintenance of a diverse set
of GI-tract microbes, while diets in suboptimal
habitats lead to greater variability in microbiome
composition, as well as reduced diversity.

While results from this study suggest that the
identity and diversity of plants in the diet are
driving patterns in microbiome richness and diver-
sity, further research is necessary to determine if
dietary diversity or certain plant metabolites that
vary between plant species promote a stable
GI microbiome composition with high alpha diver-
sity. A diverse host diet, such as that of the CR
howlers, delivers a large array of nutrients and
carbohydrate substrates to the gut thereby providing
a variety of feeding niches to support a high
diversity of microbial taxa or functional groups
(Louis et al., 2007). Therefore, less diverse diets
typical of degraded or suboptimal habitats may
sustain lower GI microbiome richness and diversity
regardless of the plant species being utilized. In
contrast, a specific food item or plant species may
strongly influence the composition of the gut
microbiome by determining the amount of one or
two key nutrients in the gut. Understanding the
importance of each of these mechanisms is critical
to improving our knowledge of host–microbe inter-
actions in wild primate populations.

As an observational field study of endangered
primates, the present study cannot establish caus-
ality experimentally. However, our results provide
some evidence that habitat degradation may affect
host health negatively via diet-associated shifts in
the gut microbiome. In general, efficient fermenta-
tion is inferred by the microbial activity of

butyrate- and hydrogen-producing fermenters and
hydrogen-utilizing acetogens and methanogens.
Butyrogenic and acetogenic metabolism are particu-
larly beneficial as they allow optimal energy gain,
and butyrate promotes intestinal development and
health (Donohoe et al., 2011; Grootaert et al., 2011).
In contrast, sulfate-reducing bacteria represent a less
desirable group of hydrogen-utilizers, whose end-
product H2S can provoke carcinogenesis and inflam-
mation (Medani et al., 2011; Carbonero et al., 2012).
Thus, high butyrogenic and acetogenic metabolism
indicate potentially healthier microbiomes in CR
while both captive and FR howlers present less
fermentative potential along with high numbers
of potentially harmful sulfate-reducing bacteria.

Future studies should examine the relationship
between howler GI microbiome composition
and health directly by measuring health factors that
might be influenced by the microbiome such as
glucocorticoid levels, parasite abundance and diver-
sity and immunoglobulin A levels (Macpherson
et al., 2008; Neish, 2009; Messaoudi et al., 2010).
Black howler monkeys living in small, highly
disturbed forest fragments are reported to exhibit
higher fecal glucocorticoid levels than those inha-
biting less-disturbed forest (Martinez-Mota et al.,
2007), and studies of several howler species,
including black howlers in Palenque, have reported
higher GI parasite diversity and abundance in
primates inhabiting degraded areas compared with
those in relatively undisturbed habitats (Eckert
et al., 2006; Stoner and Gonzalez Di Pierro, 2006;
Trejo-Macias et al., 2007; Vitazkova and Wade, 2007;
Trejo-Macias and Estrada, 2012). The depletion of
the GI microbiome in degraded environments may
explain these patterns, at least in part.

This study indicates that primates in degraded
habitats risk ‘double jeopardy’ from both external
factors (reduced resource availability) and internal
factors (diminished microbiomes). These findings
likely apply more broadly to other primate taxa and
to mammals in general. Further research should
prospectively investigate the mechanisms by which
diet impacts the microbiome in wild mammals and
by which degraded host microbiomes negatively
affect host health. Using this information as a basis
for developing new techniques and tools, conserva-
tion efforts can begin to better assess the impacts
of human activity on animal health and the
challenges faced by animal populations forced into
suboptimal habitats.
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