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Conservation strategies require multifaceted approaches to monitor and protect primate populations, many of
which are rapidly declining around the world. We propose that microbial ecology and next-generation
microbiome analyses offer valuable perspectives and tools for investigating and monitoring primate health and
improving conservation efforts. Themicrobial communities inhabiting primates and other taxa profoundly affect
host health, nutrition, physiology, and immune systems, through relationships that range from commensal and
mutualistic to pathogenic. Recent advances in DNA sequencing now make it feasible and economically viable
to identifymicrobiomes among andwithin hosts. Herein, we highlight several examples inwhichmicrobial anal-
yses of primates can aid conservation approaches that are broadly applicable across other taxa. First, we highlight
evidence for clear spatial variation (e.g. biogeographic niche specificity, bothwithin the anatomical regions of the
host body, as well as in the geographic location of the host) and temporal (e.g. seasonal, ontogenetic) patterns in
microbial distribution. We emphasize that microbial communities are sensitive to alterations in the external en-
vironment and that microbial diversity correlates with habitat quality, imposing direct health consequences. In-
corporating microbial host and biogeographic variation holds great potential for forest corridor assessments and
for reintroduction efforts. Finally, microbial pathogens transmitted between humans and wild primate popula-
tions carry both direct and indirect conservation implications. Principally, we argue that phylogenetic analyses
of infectious pathogens (e.g., Ebola, dengue, Borellia, and Treponema) can aid our understanding of modes of dis-
ease transmission and aid conservation disease abatement efforts. The application of microbial analyses to con-
servation is currently in its infancy but holds enormous potential. To date, no conservation policy or legislation
includes microbiome assessments. Integrating new understanding of the patterns of microbial diversity and
early signs of impendingmicrobial disruption offer valuable tools for informing conservation strategies andmon-
itoring and promoting primate (including human) health.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The world's primates currently face enormous ecological pressures
(Cowlishaw and Dunbar, 2000; Estrada, 2013; Benchimol and Peres,
2014). Many species are critically endangered, and populations are
declining rapidly (Walsh et al., 2003). Primate conservation is a com-
plex and multifaceted challenge. Contributing factors are linked to the
enomic Biology, The University
USA.
rapidly expanding human population and anthropogenic activities,
such as logging, large-scale agriculture, and cattle ranching (Estrada,
2013). Tropical range countries of West Africa, Indonesia, and South
America hold some of the highest levels of plant and animal biodiversi-
ty, yet are also experiencing some of the highest rates of deforestation
(Fig. 1). These changes in the tropics are catastrophic for primate biodi-
versity, as these ranges represent their primary habitat, leading to ad-
verse conservation outcomes.

Current wildlife conservation strategies include establishing national
parks and protected areas, anti-logging and anti-poaching regulations, in-
centives for local conservation, captive breeding and reintroduction

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2016.03.035&domain=pdf
mailto:rstumpf@illinois.edu
http://dx.doi.org/10.1016/j.biocon.2016.03.035


Fig. 1. Rapid reduction in the forest cover of Côte d'Ivoire from 1955 (A) through 2010 (B),
largely due toWestern interests. Dark green indicatemore continuous forest cover, yellow
is open country. Continuous forest remains only in very limited, protected areas such as
the Taï Forest. Image A is from (http://www.grida.no/); B is modified from data at
www.fao.org.
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programs. More recently, the application of tools such as geographic in-
formation systems (GIS) and camera traps to conservation challenges
holds great potential for understanding patterns of habitat variation,
usage, and population densities. However, these strategies had
mixed results. Increasingly, effective conservation strategies require
integrated solutions at the macro- and micro-ecological levels.

Analyses of primate microbiomes are emerging as a suite of novel
tools that have great potential for supporting conservation efforts. The
primate body hosts trillions of microbial cells (Savage, 1977; Gill, et al.
2006; Peterson et al., 2009; Qin et al., 2010; Bianconi et al., 2013). These
microbial communities are genetically diverse, varying considerably by
individual, location in or on the body, host age, phase in life history, and
by host species (Ley et al., 2008; Costello et al., 2009; Kim et al., 2009;
Yildirim et al., 2010; Ravel et al., 2011; Aagaard et al., 2012; Faust et al.,
2012; HMPC, 2012; Li et al., 2012; Yatsunenko et al., 2012; Stumpf et al.,
2013; Swartz et al., 2014). Microbial communities also vary by host diet
and habitat and are sensitive to alterations in the external environment
(Amato et al., 2013; Gomez et al., 2015, 2016; Barelli et al., 2015).
Relationships between microbial communities and their primate
hosts are critically important.Microbes profoundly affect primate health
through interactions that range from commensal andmutualistic to path-
ogenic (Dethlefsen et al., 2006). In light of these interdependent relation-
ships, host and their associated microbes are now considered more
appropriately to be a ‘supraorganism’ or ‘holobiont’ (Rosenberg et al.,
2010; Zilber-Rosenberg and Rosenberg, 2008; Singh et al., 2013),
consisting of a single unit subject to evolutionary selection
(Zilber-Rosenberg and Rosenberg, 2008; Yeoman et al., 2011).

Wepropose thatmicrobial analyses offer valuable insight into primate
health, nutrition, behavior, life history, and disease, with significant
potential for informing primate conservation decisions. Recent advances
in DNA sequencing nowmake it feasible and economically viable to con-
duct metagenomic analyses for assessing the community of microbes
(bacteria, archaea, fungi, protists, and viruses) from a particular host or
environment (Gill et al., 2006). By permitting rapid identification of mi-
crobial communities one can examine and compare microbiomes across
a vast number of hosts, habitats, and species. Below, we suggest several
ways inwhich the application ofmetagenomic analyses and a greater un-
derstanding of microbial ecology could contribute to effective conserva-
tion of primates and other taxa. We commence with an overview of the
implications of the gutmicrobiome for host health and nutrition, and dis-
cuss the role of microbe–host interactions in a changing environment, in
captive care, and in reintroductions. We also provide an overview of mi-
crobial applications for understanding host dispersal and conservation
hotspots and investigate the potential of microbial phylogenetic analyses
for understanding disease transmission and wildlife trafficking. Finally,
we conclude with suggestions for future directions.

1.1. Microbes and host health

Primate hosts rely on microbes to conduct important metabolic and
immune functions (Hooper et al., 2012; LeBlanc et al., 2013; Lee and
Mazmanian, 2010; Lozupone et al., 2012; Tremaroli and Bäckhed,
2012; Yatsunenko et al., 2012). For example, much evidence supports
the significant impact of the gastrointestinal GI tract microbiome on
host health and nutrition (e.g., Ley et al., 2008; Muegge et al., 2011;
Kau et al., 2011; Flint et al., 2012; Amato et al., 2013; Foster and
McVeyNeufeld, 2013; Gomez et al., 2015, 2016). Microbes conduct crit-
ical functions for the host by producing vitamins important for health
and reproduction, (e.g., folate, B6, and B12 necessary for brain growth
Moran et al., 2008), and synthesizing hormone-like molecules, which
provide metabolic and reproductive regulation through modulation of
signal transduction pathways, gene expression and splicing (Backhed
et al., 2005; Blaser, 2006; Dethlefsen et al., 2007; Dominguez-Bello
et al., 2010; Hehemann et al., 2010; Heijtz et al., 2011; Hooper et al.,
2012; Mazmanian et al., 2008; Brownlie and Johnson, 2009; Costello
et al., 2009; Round and Mazmanian, 2009).

Digestion and nutritional benefits, in particular, are strongly affected
by the host microbiome (Stevens and Hume, 1998; Samuel et al., 2008;
Sekirov et al., 2010; Grenham et al., 2011). For example, gut microbes in
the large intestine play a significant role in increasing nutrient availabil-
ity (Turnbaugh et al., 2006), largely by breaking down resistant fibers
and starches, modulating nutrient absorption, and producing short
chain fatty acids (SCFAs, e.g., acetate, propionate, and butyrate), an im-
portant source for host energy (Macfarlane and Macfarlane, 2003;
Samuel et al., 2008). In humans, for example, SCFAs contributed by
gut microbes provide 6–10% of the daily energy supply and nutrition
(Stevens and Hume, 1998), whereas in more folivorous primates, such
as gorilla, SCFAs produced by gut microbes during fermentation pro-
duce up to 57% of host daily energetic needs (Popovich et al., 1997).

In addition to augmenting host nutritional status, the microbiome is
essential for host protection, contributing to thematuration andmodu-
lation of host immunity and barrier function by influencing innate and
adaptive immune defenses (Rakoff-Nahoum et al., 2004; Bäckhed
et al. 2004; Blaser, 2006; Dominguez-Bello et al., 2010; Dethlefsen



Fig. 2. Howler microbiomes clustered by host habitat. Bar graphs indicate the number of
unique taxonomic units (sharing 97% sequence identity) per total reads for each sample.
Overall = all populations, CER = Continuous Evergreen Rainforest; ER = Rainforest
Fragment, SDR = Semi-deciduous Rainforest, Captive = captive population. Analysis of
variance of the log-linear regression coefficients confirmed habitat differences (F3,
31.28.91, P b 0.0001). Modified from Amato et al. (2013).
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et al., 2007; Mazmanian et al., 2008; Brownlie and Johnson, 2009;
Costello et al., 2009; Round and Mazmanian, 2009; Ivanov et al., 2009;
Lee and Mazmanian, 2010; Hooper et al., 2012; Schachtschneider
et al., 2013). For example, experimental evidence indicates that germ-
free mice are characterized by an enlarged cecum, a reduced number
and activity of Peyer's patches, smaller lymph nodes, and smaller intes-
tine surface areas compared to conventional mice (Lee andMazmanian,
2010). Without a microbiome, the gut-associated lymphoid tissue
(GALT), which represents 70% of the immune system and is critical for
host defense against GI pathogens, does not develop normally
(Vaishnava et al., 2008; Hooper et al., 2012; Lopetuso et al., 2013). Mi-
crobes prevent pathogen colonization by competitive exclusion fromat-
tachment sites and receptors and via the production of anti-microbial
compounds (Sekirov et al., 2010). Thus, microbes affect GI homeostasis,
physiology, and immune function, and play fundamental roles in both
preventing and causing disease. Variation in these microbial processes
can directly affect host survival and reproduction (Dethlefsen et al.,
2006; Lee and Mazmanian, 2010; Kau et al., 2011; Gogarten et al.,
2012), underscoring their relevance to primate conservation.

1.2. Microbial communities increase resource availability and buffer
against food scarcity

Microbial interactions in the gut are particularly important for primate
hosts occupying stochastic or food-scarce habitats. GI microbes permit
hosts to access energy sources and nutrients that would otherwise be un-
available (MacFarlane andMacFarlane, 2003; Samuel et al., 2008), a bene-
fit that is particularly critical in a changing environment or one
characterized by high seasonality and periodic reduced food availability.
Moreover, evidence suggests that gutmicrobiome composition can change
rapidly in response to host diet (David et al., 2014). Recent microbiome
studies of wild gorillas and howler monkeys in habitats characterized
as highly seasonal, with temporal restrictions on resource availabili-
ty (e.g., alterations in fruit:fiber-rich food ratios) indicate that gut
microbes impact nutritional efficiency (Gomez et al., 2015, 2016;
Amato et al., 2015). Specifically, when relying on seasonally lower qual-
ity, more fibrous resources, gorilla and howler monkey gut microbes
were instrumental in increasing the amount of energy obtained from
these foods. Primates adjust to periods of low-quality food sources
through an increased abundance of microbes able tometabolize resistant
polysaccharides and produce energy-rich SCFA (Gomez et al. 2015, 2016;
Amato et al., 2015). This suggests a role for microbes in buffering hosts
during times of food scarcity or low quality diets. Thus, analyses of
microbial community compositions may provide a direct method
for monitoring primate health in unstable environments.

Evidence suggests that the microbiome may also buffer the host
against food scarcity and environmental change by modulating fat
storage (e.g. Faith et al., 2011; Turnbaugh et al., 2009; Williams et al.,
2012; David et al., 2014). The microbiome and metabolome (the com-
plete set of metabolites derived from host and bacterial metabolism)
of wild gorillas consuming greater than average amounts of fruit exhibit
profiles similar to those of humans and mice fed high fat, western-like
diets. Specifically, they possess high levels of long chain fatty acids,
high abundances of taxa related to Actinobacteria, and higher
Firmicutes:Bacteroidetes ratios (Serino et al., 2012; Turnbaugh et al.,
2009; Ley, 2010). These microbial characteristics associated with
increased fat consumption and deposition may contribute to short-
and long-term energy storage strategies that impact host fitness,
allowing animals to cope with periods of energetic constraints.

These data support the hypothesis that theGImicrobiota contributes
significantly to the physiology, adaptability, and health of hosts and that
these critical host–microbe interactions are responsive to environmen-
tal and dietary changes. Studies across broader comparative samples
suggest that changes in the environment and host diet not only affect
the host gut microbiome and digestive efficiency, but also immune
and stress responses (Bauer et al., 2006; Turnbaugh et al., 2009;
Bailey, 2012; Hooper et al., 2012; David et al., 2014). As the global cli-
mate continues to change and primates experience more arid and
seasonal environments, including more extreme fluctuations in tem-
peratures, gut microbes may be increasingly important contributors
to host foraging plasticity, efficiency, and ultimately resilience.

1.3. Microbial communities reflect habitat degradation and stress

Host-associated microbiomes are sensitive to environmental alter-
ations and can thus be useful biomarkers for primate habitat quality,
and in particular, health and diet. In a recent study of endangered black
howler monkeys (Alouatta pigra) from the Chiapas, Mexico, Amato et al.
(2013) found that the diversity and abundance of gut microbes varied
considerably across populations, with an association between microbial
operational taxonomic units (OTUs) and general habitat quality.
Specifically, howler monkey populations inhabiting pristine continuous
rainforest harbored significantly greater microbial richness and diversity
compared to populations in forest fragments or captivity (Fig. 2). Similar
findings were subsequently obtained for red colobus monkeys (Barelli
et al., 2015). Additionally, howler monkeys in a fragmented evergreen
rainforest had reduced relative abundances of butyrate-producing bacte-
ria, butyrate being an important energy source and modulator of host
health, and higher relative abundances of hydrogen-sulfide-producing
bacteria, a class of organisms that carry out a potentially toxic form of
hydrogenotrophy (Amato et al., 2013, 2014).

As habitat quality decreases, microbial diversity also decreases such
that the captive howler populations contain a depauperate network of
homogenous microbes lacking co-abundance networks (Fig. 3). These
co-abundance relationships are thought to containmetabolic interdepen-
dencies, and thus increasing amodularity is associatedwith increased vul-
nerability of these complex communities (Yeoman et al., 2013; Lozupone
et al., 2012). Moreover, diminishing habitats correspond to decreasing
host population sizes and reduced host genetic diversity, which presum-
ably also negatively affectmicrobiomediversity and richness.With fewer,
more homogenous microbes, the chemical, genetic, and metabolic diver-
sity of the microbiome is diminished. This in turn negatively impacts the
nutritional value of the diet and benefit to the host. It is important to note
that stable, healthy microbiomes also provide a protective function by
preventing colonization by pathogenic microbes. Microbial dysbiosis
can result in infection and disease arising not only from pathogenic mi-
crobes, but also from the absence of microbes or disruption of the com-
mensal microbiome (Croswell et al., 2009; Dillon et al., 2005; Koch and
Schmid-Hempel, 2011a, 2011b; Barelli et al., 2015).

Habitat degradation is associated with markers for host physiological
and nutritional stress (Chapman et al., 2007; Rangel-Negrín et al., 2009;



Fig. 3. Another view of howler gut microbial diversity across habitats from Fig. 2. Each color contains networks of related microbial taxa, i.e. neighborhoods of microbes within habitat
types, illustrating that richer habitats hold far greater heterogeneity of microbial networks. The captive population (bottom right) contains a largely homogenous microbiome
composed of closely related organisms in concentrated numbers (source: K. Amato, C. Yeoman).
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Balestri et al., 2014). Studies of animal models demonstrate that the
microbiome plays a major role in stressor-induced immunomodulation
and that exposure to stressors changes the GI microbiome composition
thereby increasing susceptibility to enteric pathogens and increasing in-
nate immune activity (reviewed in Bailey 2012). In a study comparing
four wild gorilla populations, Gomez et al. (2015; Fig. 4) found that GI
microbiomes of a wild gorilla group under increased anthropogenic pres-
sure could always be distinguished from that of all other groups by show-
ing increased abundance of Fusobacteriaceae. High abundance of
Fusobacteriaceae is associated with gut inflammation in humans and
mice (Huycke and Gaskins, 2004; Castellarin et al., 2012). While the etiol-
ogy of this microbial dysbiosis is still unclear, it appears to be associated
with unfavorable diets and stress (Hawrelak and Myers, 2004). Gomez
et al. (2015) cite higher incidences of human-derived enteric pathogens,
stress-like behaviors, and altered feeding rates in the anthropogenically-
disturbed wild gorilla population (see also Klailova et al., 2010; Sak et al.,
2013). Thus, host-associated microbiomes can serve a potential role as
sentinels for habitat quality and stochastic changes in food availability.
Shifts in GI microbiomes accompany increased stress or poor diet, they
can also informwhether there are health issues related to habitat degrada-
tion, with direct implications for primate health and conservation.
Fig. 4. Microbial community composition distances for four wild western Gorilla (G. g.
gorilla) groups: H1: Habituated 1; H2: Habituated 2; U1 and U2: Unhabituated. The
microbiome of habituated, H1, is different from that of any other group: H2, U1 and U2.
Habituation of H1 started in 2000 and tourism began in September 2004, with an
average frequency of 380 tourists per year during 2007–2009. H1 is the group under
highest anthropogenic pressure. Habituation of H2 started in 2005, but tourism had not
yet started at the time of sample collection (2009). Gomez et al. (2015, 2016).
1.4. Application ofmicrobial analyses to improve health and survivorship in
captivity, reintroductions and interventions

In response to habitat encroachment and plummeting populations,
current conservation strategies include providing sanctuaries and in-
creasing captive breeding. However, captivity represents an extreme
version of environmental alteration and stress. Not surprisingly, captive
breeding has hadmixed success. For instance, captive but not wildmar-
mosets and tamarins (Callidtrichidae) often succumb to chronic
wasting syndrome (CWS), a syndrome ascribed to microbiial dysbiosis



Fig. 5. Wild chimpanzee microbiomes are distinguished by host natal community
affiliation. Individuals retain signatures of natal microbial communities even up to a
decade after migration to new communities. Modified from Degnan et al. (2012).
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and characterized by diarrhea, loss of hair, paralysis of the hind limbs,
and eventual mortality (Gore et al., 2001).

Notably, highly folivorous primates (e.g. Asian colobines, wooly
spider monkeys) are particularly difficult to maintain in captivity
(Janssen, 1994; Milton, 1986). Mortality rates are high and many
succumb to diarrhea (Collins and Roberts, 1978; Oates and Davies,
1994; Pope, 1998). Specializeddigestive systemsofmany folivorous pri-
mates consist of either a largemulti-chambered stomach containing an-
aerobic cellulolytic bacteria that breakdown secondary toxins and foods
with high cellulose content (Davies and Oates, 1994) or a large hindgut
where microbial fermentation occurs within an enlarged cecum or
colon (Chivers and Hladik, 1980). Considering the role of diet in shaping
theGImicrobiome, host-microbiome co-adaptation, and the critical role
of the GI microbiome in processing hard-to-digest fiber and the toxins
associatedwith a leafy diet, it is not surprising that captivity is also asso-
ciated with a depauperate host GI microbiome and host morbidity
(Amato et al., 2013; Kohl et al., 2014).

The challenge may lie in the inability of the captive environment to
supply the specialized diets needed andmeet the specific nutritional re-
quirements due to lack of a diverse GI microbiome necessary to extract
nutrients from their diet. Captive primates may also lack sufficient mi-
crobial and functional diversity necessary to obtain all the homeostatic
compounds they rely upon from the food available in captive programs.
Moreover, disruption of the complex fibrolytic bacterial communities of
highly folivorous primates may diminish the ability to digest high-fiber
diets effectively. In other folivorousmammals (e.g. equines), disruption
of GI microbial content can have catastrophic consequences, including
morbidity (Al Jassim and Andrews, 2009). Microbiome monitoring has
the potential to improve captivemanagement by permitting rapid iden-
tification of shifts in GImicrobial health and dysbiosis (Hale et al., 2015)
and to aid in identifying the factors influencing diet-associated diseases
associated with captivity (see also Less et al., 2014 for captive apes).

Microbial analyses also have the potential to improve the success
rate of reintroduction efforts (e.g. Redford et al., 2012). Reintroductions
have a notoriously poor success rate and are fraught with controversy
(Stamps and Swaisgood, 2007). Unsuccessful reintroductions occur for
multiple reasons including the animal's lack of experience or ability to
survive in a natural environment, aggression from resident conspe-
cifics, predation, disease, and other factors (Soorae, 2011). Evidence
strongly suggests that releasing captive animals possessing relative-
ly depauperate gut microbial communities (e.g. Amato et al., 2013)
may further challenge survival during reintroductions. Given that sym-
patric hosts share microbial profiles (Goldberg et al., 2007, 2008;
Moeller et al., 2013), reintroducing individuals with dysbiotic
microbiomes may also negatively affect resident wild populations.

Applied and experimental research on captive and wild primate GI
microbiomes (e.g. Nijboer et al., 2006; Kohl et al., 2014) are needed to
test these hypotheses and to discern whether captive and reintroduced
animals lack certain crucial microbes found in conspecifics in their
introduced or native habitats. Microbiome analyses, monitoring, and
treatments before, during, and after reintroductions may improve
success rates. Strategies for improving the GI microbiome among
captive and reintroduced individuals could include fecal transplantation
or probiotic supplementations to enrich and ‘normalize’ the microbiome.
Fecal microbiome transplantation from healthy individuals have demon-
strated very high success rates for aiding recovery from disrupted GI
microbial communities and re-establishing a normal gut microbiome
among human hosts (Gough et al., 2011). Probiotics are also beginning
to be utilized to combat maladies in other Orders, such as amphibians
(e.g. Bletz, 2013). While more studies are needed to establish efficacy,
applying microbial therapies to non-human primates (NHPs) has poten-
tial for re-establishing healthy microbiomes and decreasing morbidity
and mortality rates. Conservation strategies that include consideration
of microbiomes in the overall profile are also important for informing de-
cisions to protect wild populations, particularly regarding the ethics and
rationale for implementing certain types of interventions, such as
antibiotic treatment (e.g., Warfield et al., 2014). While interventions
may be helpful in stemming acute disease, unintended consequences
may includenegative effects onhost GImicrobiomes. For example, antibi-
otic use after serious respiratory disease outbreak in wild westernl low-
land gorillas (G. g. gorilla) in Central African Republic was associated
with decreased GI microbiome abundance and diversity (Vlčková et al.,
2016). Controlled studies of the efficacy and safety of antibiotic use in pri-
mates and the development of best practices for intervention (potentially
including concurrent probiotic treatments) are critically needed.

Microbiome analyses are increasingly being used to identify the mi-
crobial components (toxins and other virulence factors) that help to es-
tablish infection and cause disease, an important step toward the
development of effective vaccines and treatments for NHPs, humans,
and other taxa (e.g. Stanley et al., 2014; Mire et al., 2015; Ryan and
Walsh, 2011, see also Rushmore et al., 2013) These same methods can
also be used to identify individuals or populations containing particular
disease-resistant microbes, which in turn could help prevent disease
transmission to at-risk populations (e.g., Koch and Schmid-Hempel,
2011a, 2011b).

1.5. Microbiomes can identify conservation hotspots and assess corridor
effectiveness, dispersal and social networks

Habitat loss and forest fragmentation are two of themain challenges
to primate conservation (Cowlishaw and Dunbar, 2000; Estrada, 2013;
Benchimol and Peres, 2014), resulting in declining primate populations,
reduced densities and more restricted home ranges with limited
dispersal opportunities, and leading to reduced genetic diversity
and increased population vulnerability (Van Belle and Estrada,
2006; Boyle and Smith, 2010). Conservation biologists tasked with
determining where to focus their limited resources and efforts face
uncertain options with regard to these challenges. Rapid area assess-
ments (RAPs) are often implemented to efficiently identify hotspots
with high primate density and biomass for targeted conservation ef-
forts. However, RAPs are often limited in their scope and duration
(Stem et al., 2005) and difficult to monitor and evaluate (Rosenberg
et al., 1997).

Another valuable conservation strategy involves establishing forest
corridors interconnecting forest fragments. Corridors are touted to facil-
itate movement of wildlife among forest fragments, thereby promoting
dispersal and exchange of genes among subpopulations with the goal of
increasing effective population sizes (Rosenberg et al., 1997). However,



Fig. 6. Ebola is a conservation issue. Ebola has decimated non-human primate (NHP)
populations. Human-mediated deforestation, bushmeat hunting, and wildlife trafficking
diminish NHP populations while simultaneously increasing human exposure to Ebola.
NHPs also suffer from backlash as they are often implicated as the source of Ebola.
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as with the identification of conservation hotspots, the effectiveness of
corridors has been difficult to assess. To date, techniques to evaluate
corridor usage and dispersal include mark-recaptures and gene flow.
However, mark recapture is not effective for small population sizes
(Mech andHallett, 2001), and density, movement, and dispersal assess-
ments are often based on inference and lack replication (Rosenberg
et al., 1997), even when the target animals are well habituated and reg-
ularly followed (Stumpf et al., 2009). Assessing population geneflow re-
quires large samples sizes that are challenging to obtain, and results are
based on microsatellite loci distances between populations with inher-
ent questions of validity, particularly in light of the unknown extent of
admixture in populations and assumptions of similar divergence levels
(e.g. Mech and Hallett, 2001). Consequently, identifying prime areas
for corridor usage, gene exchange and ultimately protection is a
major. But if it were possible to accurately identify regions of greatest
emigration and immigration in a threatened population, then conserva-
tion efforts could be more effectively targeted.

Applying microbiome techniques to forest corridor and habitat
assessments holds enormous promise for conservation. Recent
microbiome analyses indicate that GI microbiomes reflect the
biogeographical distribution of their primate hosts (Degnan et al.
2012; Moeller et al., 2013; Gomez et al., 2015, 2016; Tung et al., 2015;
Fig. 5). Specifically, GI microbiomes of conspecifics can be differenti-
ated by location of origin and by community affiliation. In a recent
study, wild gorilla groups occupying different geographical ranges
were characterized by differential abundances of metabolites and
bacterial taxa associated with the metabolism of cellulose, phenolics,
organic acids, simple sugars, lipids and sterols (Gomez et al., 2015,
2016). Moreover, microbial biogeographic signatures may persist
for up to a decade, allowing primate natal community members to
be identified many years after dispersal (Degnan et al., 2012;
Moeller et al., 2013; see also Faith et al., 2013).

Human and NHPs carry unique microbial ‘fingerprints’ that are sta-
ble over time (Fierer et al., 2010; Franzosa et al., 2015; Nguyen et al.,
in review). Applying these findings to conservation efforts, fecal
microbiome analyses from a targeted habitat, combined with informa-
tion about the life history and social structure of the host, would permit
identification of the natal community of origin for each individual,
which in turn could shed light on dispersal patterns and facilitate the
mapping of home ranges for discrete primate communities (see also
Phillips et al., 2012). Results indicating a diversity of microbial
signatures for a population in a particular habitat support that the
range or forest corridor is a major area for gene flow, and therefore a
conservation hotspot. In contrast, microbial signatures that are homog-
enous and/or depauperate, imply a population at risk of isolation. In
such cases conservation strategies could focus on increasing
interconnection between habitats and species. Following establishment
of such connections, the populations could be monitored using
metagenomics over time to determine whether the corridors are
being used effectively to stabilize the population.

Microbiome studies are also contributing to our understanding of
primate sociality (Archie and Theis, 2011) and social networks (Tung
et al., 2015) relevant with regard to a species' natural history and for
mapping potential disease connectivity (e.g., Rushmore et al., 2013).
Thus, microbiome biogeographic signatures provide a means to assess
primate densities, regions of maximum dispersal and conspecific inter-
change, social networks, and to model disease spread, all of which have
valuable implications for improving conservation outcomes.

1.6. Microbial phylogenies as forensic tools for identifying diseases, trans-
mission pathways, and wildlife trafficking

Pathogenicmicrobes, including viruses, bacteria, parasites, and fungi
have major impacts on host health (Bermejo et al., 2006; Boesch, 2008;
Goldberg et al., 2007, Rwego et al., 2008; Kondgen et al., 2008;Williams
et al., 2008). Transmission can be eipzootic (transmitted among
animals), zoonotic (transmitted from animals to humans; e.g., Le
Guenno et al., 1995; Formenty et al., 1999) or anthroponotic (transmit-
ted from humans to other species; e.g., Bermejo et al., 2006; Chi et al.,
2007; Kondgen et al., 2008). Growing interactions between wildlife
and humans are exponentially increasing, raising the risks and likeli-
hood for increased disease transmission. Indeed, 70% of all emerging in-
fectious diseases in humans are zoonotic in nature (Taylor et al., 2001).
For instance, compelling evidence implicateswild NHPs as an active res-
ervoir for Treponema pallidum, the infectious agent of yaws and syphilis
(Harper et al., 2012; Zobaníková et al., 2013).We propose that phyloge-
netic analyses of pathogenicmicrobes (viral, bacterial, fungal, or parasit-
ic) offer a critical tool for preventing future outbreaks and diminishing
their effects on primates (including humans).

The Ebola virus is one recent example of the multifaceted impacts
driven by disease outbreaks, on both human and NHPs. The
emergence and impact of Ebola cannot be understood or mitigated
without recognizing the impact of the virus on NHPs. A number of
factors contributing to viral-host interactions are affected by human-
NHP interactions, such as the role of deforestation, bushmeat
trafficking, and backlash by humans against perceived viral hosts.
Within this framework, there is a key role for phylogenetic analyses of
the pathogenic microbes for conservation and disease prevention
(Fig. 6).

The Ebola virus first emerged in equatorial Africa in 1976 (Walsh
et al., 2005). Thefirst Ebola strain, Zaire ebolavirus (ZEBOV),was respon-
sible for hundreds of human deaths in Congo. Since then, multiple
outbreaks have occurred across equatorial Africa with different
virulence and human mortality rates. Commencing in 2014, the world
experienced the largest outbreak of Ebola to date, with N99% of the
current cases occurring in West Africa. As of April 2015, over 11,308
people had died from this outbreak and over 28,600 cases were reported
(WHO) (Fig. 7). This episode crossed more borders than any prior
outbreak and expanded internationally, leading to a global public health
crisis.



Fig. 7.Magnitude and mortality of Ebola outbreaks since 1976. Data from CDC.
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In addition to the human tragedy of Ebola, this disease decimatedNHP
populations (Walsh et al., 2003; Ryan and Walsh, 2011). In the last
15 years, Ebola has killed one-third of Western lowland gorillas (Gorilla
gorilla) throughout their range (Leroy et al., 2004; Bermejo et al., 2006).
The Ebola strain discovered in 1993 in the Ivory Coastwas transmitted di-
rectly from an infected chimpanzee (Pan troglodytes verus) (Le Guenno
et al., 1995; Formenty et al., 1999). 12.9% of wild chimpanzees (Pan trog-
lodytes troglodytes) in Cameroon, Gabon and Congo possess antibodies to
Ebola (Leroy et al., 2004), indicating that these ape populations have also
been greatly affected by the disease.

Deforestation andhumanencroachment intowild habitats are inextri-
cably tied to zoonotic transmission. The past 40 years have seen large-
scale habitat destruction. For example, over 50% of Liberian forests have
been sold to industrial loggers (Karsenty, 2007). Sierra Leone retains
less than 4% of its once widespread forest (IUCN, 1993). Habitat destruc-
tion and encroachment from logging, new roads, and increasing land use
for agriculture simultaneously decimatewildlife populations and result in
increasing contact between NHPs, humans, and domestic animals, all of
which enhance the potential for zoonotic transmission (Jones et al.,
2008; Gillespie et al., 2008; Wood et al., 2012). Mining, trafficking, and
demand for bushmeat likewise degrade primate habitat and
Fig. 8. Variation in mortality rates of different Ebola strains. Data from CDC.
populations while exacerbating human-wildlife contact and conflict
(Walsh et al., 2003). Ebola and other filovirus outbreaks have occurred
in several African ape range states, including Angola, the Democratic
Fig. 9. Phylogeny of Ebola outbreaks scaled chronologically. The Guinean outbreak ismost
similar to Ebola from Congo. Animal trafficking may be implicated in the spread of the
virus from Congo to Guinea. Data from Calvignac-Spencer et al. (2014).
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Republic of Congo, and Uganda. The 2007 outbreak of Ebola in
Bundibugyo occurred close to several chimpanzee populations: Semliki
National Park Rwenzori National Park, ToroGameReserve, andKibaleNa-
tional Park (Ryan and Walsh, 2011). In such cases, human Ebola out-
breaks follow wildlife mortality (Rouquet et al., 2005). Habitat
conservation and protection are critical for preventing future outbreaks.

Phylogenetic analyses of pathogenic microbes using metagenomic
and next-generation DNA sequencing offer powerful, underutilized fo-
rensic and epidemiological tools for examining disease origins and evolu-
tionary relationships in order to identify transmission pathways and
mitigate the factors affecting disease transmission. For example, phyloge-
netic analyses indicate that the Ebola strain implicated in the recentWest
African Ebola (Guinea 2014 EBOV) is wholly distinct from the previous
West African (Taï Forest) strain (Calvignac-Spencer et al., 2014; Dudas
and Rambaut, 2014: Fig. 8) and is most closely related to themore deadly
Zairian strain (ZEBOV) centered in present day Congo (Fig. 9;
Calvignac-Spencer et al., 2014; Dudas and Rambaut, 2014). Thus, Guinea
2014 EBOV is argued to be most likely the result of a fairly recent intro-
duction of ZEBOV from Central Africa rather than a long-term endemic
West African strain (Calvignac-Spencer et al., 2014; Dudas and
Rambaut, 2014).

How this strain arose inWest Africa is central for understanding and
preventing transmission. Bats or another unknown reservoir may have
carried the strain fromCongo. However the distances between outbreak
sites are sizeable, particularly for a bat vector, and if Congo were the
source, then presumably, the disease would have occurred earlier in
areas near Congo and spread outward from there, rather than punctuat-
ed spread jumping across toWest Africa. Human transmission is anoth-
er possibility, but again, this appears less likely in the absence of gradual
spread outward from Congo. Moreover, no adults were implicated in
this outbreak and the first reported case in Guinea occurred in a small
child. One proposed scenario is that the virus was transported via the
bushmeat trade from Congo to Guinea (Stiles, 2014). Ten western go-
rillas (Gorilla gorilla) were exported from Guinea to China in 2010, and
Congolese bonobos (Pan paniscus) were recently exported from
Guinea to Armenia, suggesting that this is an active route for wildlife
trafficking (Stiles, 2014). Such trafficking could account for the rapid
jump of this strain from Congo to Guinea without affecting the human
populations in between. Progress on mitigating the impact of Ebola
on public health is inextricably tied to ongoing conservation efforts,
and microbial analyses offer an important diagnostic tool for such
efforts.

Beyond the Ebola viral outbreak, microbial phylogenetic analyses
have been effective for identifying routes of transmission for other mi-
crobial pathogens from wildlife to humans (e.g. Taylor et al., 2001, see
also Gao et al., 1999; Pedersen et al., 2005; Keele et al., 2006), as well
as the transmission of microbial pathogens from humans to wildlife. For
example, phylogenetic analyses reveal that disease outbreaks that killed
chimpanzees and gorillas share a close phylogenetic relationship with
human viruses (Leendertz et al. 2004, 2006; Bermejo et al., 2006; Chi
et al., 2007; Kondgen et al., 2008; Lonsdorf et al., 2006; Williams et al.,
2008; Boesch, 2008; Palacios et al., 2011; Ryan andWalsh, 2011). Humans
are presumed to be responsible for additional outbreaks among other
primates (e.g. yellow fever in howler monkeys: Bicca-Marques and
Santos de Freitas, 2010; Holzmann et al., 2010; Almeida et al., 2012)
and non-primates (e.g. Laurenson et al., 1998; Daszak et al., 2000).
As metagenomic and phylogenetic analyses become more econom-
ical, informative, and accurate, their importance for conservation
will continue to increase.

Increased fear toward NHP populations is a growing concern, and
preventing a backlash directed at NHPs requires a different level of in-
tervention. For instance, the main route of Ebola transmission to
humans is thought to be cross-species contact (Taylor et al. 2001, see
also Laurenson et al., 1998; Gao et al., 1999; Daszak et al., 2000;
Pedersen et al., 2005; Keele et al., 2006). NHPs can be mistakenly in-
ferred as the vector of the pathogens themselves, particularly with
health department posters graphically illustrating diseases spread
from NHPs to humans. Disease surveillance programs that apply rapid
analyses to identify local disease reservoirs and monitor infection
and spread can also aid conservation efforts by clearing nearby
wildlife of suspicion, thus helping to prevent backlash, a very real detri-
ment to primate populations. Microbial analyses targeting important
sentinels can serve to aid health assessments in host communities
(Calvignac-Spencer et al., 2012). For example, researchers recently de-
tected a novel virus (ChiSCV) in stool samples collected from one wild
chimpanzee community, suggesting that something particular to that en-
vironmentwas infecting individuals and spreading (Blinkova et al., 2010).
Lastly, mounting evidence indicates that individuals carry unique micro-
bial signatures that could be used as individual aswell as population iden-
tifiers (e.g. Fierer et al., 2010; Nguyen et al., in review). These findings
hold potential for combatting wildlife trafficking, currently an exceeding-
ly difficult task. However, microbial surveillance could eventually be ap-
plied to identify the biogeographic origins of confiscated wildlife and
thus target and protect source populations that are vulnerable to
trafficking.
2. Conclusions and future directions

Clearly, microbial communities are diverse and dynamic, varying
extensively by location, within and between individuals, and by host
species. Microbial communities are closely linked to host health and
monitoring their community structure and stability can aid primate
welfare in the wild and in captivity. Microbes enable extraction of addi-
tional resources from host diets, and can be used to buffer hosts against
food scarcity and poor nutritional quality. Understanding hostmicrobial
function can support the health of captive populations and interven-
tions may aid primate health during reintroduction programs. Phyloge-
netic profiles of the microbes implicated in disease outbreaks can be
used as signatures of primate trafficking and disease origin and transmis-
sion. Microbial analyses offer ways of monitoring primate population
health, density, movement, and dispersal, and can be used to evaluate
the efficacy of conservation strategies. Thus, microbiome analyses offer
a non-invasive window into host health, nutrition, distribution, and dis-
ease with important implications for conservation.

Despite of their vast potential, microbial analyses are underutilized
for conservation applications. To date, no conservation policy or legisla-
tion includes microbiome assessments. Fortunately, next generation
DNA sequencing is now an economically viable approach, such that mi-
crobial analyses can be effectively and accurately integrated into conser-
vation strategies. These methods and strategies could be applied to a
broad range of wildlife, and the rapidly growing technological advances
in portable sequencing machines will greatly facilitate field data collec-
tion. Future directions formicrobiome applications that enablemore fo-
cused conservation efforts include recognizing early signs of impending
microbial dysbiosis, understanding how gutmicrobes buffer against nu-
tritional challenges in susceptible ecosystems, targeting geographic re-
gions as conservation priorities, providing a mechanism for
understanding population declines, decreasing the risks while increas-
ing the efficacy of interventions for improving host health, and identify-
ingmajor hotspots and forest corridors for emigration. The recent Ebola
outbreak highlights the importance of rapid, accurate assessments of mi-
crobial ecosystemdiversity and function, the factors affectingmicrobiome
variation and disease transmission, and host-microbiome responses to
human impact and habitat degradation. While most host-microbiome
studies focus on bacteria and viruses, the rise in fungal epidemics
among bats, amphibians, and other organisms (Fisher et al., 2012) pro-
vide another critical application for microbial monitoring, disease pre-
vention, and conservation. The application of microbial ecology and
metagenomic analyses to conservation is currently in its infancy,
but understanding the patterns of and factors affecting microbial di-
versity holds vast potential for preserving primate (including
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human) health and broader biodiversity and for informing conserva-
tion strategies worldwide.
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