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Co-evolution in context: The importance of studying gut

microbiomes in wild animals

Abstract

Because the gut microbiota contributes to host nutrition, health and
behavior, and gut microbial community composition differs according
to host phylogeny, co-evolution is believed to have been an important
mechanism in the formation of the host-gut microbe relationship. However,
current research is not ideal for examining this theme. Most studies of
the gut microbiota are performed in controlled settings, but gut microbial
community composition is strongly influenced by environmental factors.
To truly explore the co-evolution of host and microbe, it is necessary to
have data describing host-microbe dynamics in natural environments with
variation in factors such as climate, food availability, disease prevalence,
and host behavior. In this review, | use current knowledge of host-gut
microbe dynamics to explore the potential interactions between host
and microbe in natural habitats. These interactions include the influence
of host habitat on gut microbial community composition as well as the
impacts of the gut microbiota on host fitness in a given habitat. Based on
what we currently know, the potential connections between host habitat,
the gut microbiota, and host fitness are great. Studies of wild animals wil
be an essential next step to test these connections and to advance our
understanding of host-gut microbe co-evolution.
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Introduction

As sequencing technology makes data generation faster,
cheaper, and more comprehensive, studies of gut microbial
communities are multiplying at an astonishing rate. As a
result, our understanding of the host-gut microbe relationship
is constantly improving. Studies to date have demonstrated
that the gut microbiota contributes to host nutrition, health
and behavioral patterns by providing energy and nutrients,
improving immune function, and influencing the production of
neuroactive molecules [1-12]. Changes in the composition of
the gut microbial community are known to lead to changes in
its function, which can alter host nutrition, health and behavior
[6,13-23]. Environmental factors such as diet or social contact
are largely responsible for determining the composition of the
gut microbial community [24-31], but host genotype also affects
the abundances of some microbial genera [28,32,33].

Because host-gut microbe relationships are influenced to
some extent by host genotype, and gut microbial community
composition differs according to host phylogeny [34-36],
discussions of the co-evolution of host and gut microbiota are
common in the current literature [7,34-37]. Some researchers
argue that since microbes are found in animals as simple as
earthworms, the co-evolution of animals and bacteria has been
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occurring for more than 800 million years [38,39]. Additionally, the
increased complexity and stability of gut microbial communities
in vertebrates as well as the presence of fewer physical barriers
to bacteria has been used to suggest that the adaptive immune
system evolved in vertebrates to recognize gut bacteria and
improve host-gut microbe interactions [40]. Nevertheless, while
it seems likely that co-evolution is an important mechanism for
understanding host-gut microbe relationships, current research
is not ideal for examining the co-evolution of host and microbe.

Most studies of the gut microbiota are performed in
controlled laboratory settings or are focused solely on human
populations [9,16,25,41-49]. Therefore, despite an understanding
that environmental factors greatly influence the host-gut microbe
relationship [25,27-29,31], the effects of natural environmental
variation in factors such as food availability on the host-gut
microbe relationship have generally not been explored. Because
the host-gut microbe mutualism evolved in a natural environment
with complex patterns of climate, food availability, disease
prevalence, and host behavior, a comprehensive examination
of host-gut microbe dynamics must consider these factors.
Specifically, we must establish the ways in which a host’s habitat
influences the selective environment the host imposes upon its
gut microbiota, and in turn, how the gut microbiota influences
the host’s response to its own selective environment in a
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particular habitat. Studies of laboratory animals are only useful
for addressing the topic of host-microbe co-evolution if the
microbial communities in laboratory animals are representative
of those in wild animals [50]. Since captive animals tend to
exhibit distinct gut microbial communities compared to their wild
counterparts [51-58], studies of wild animals are a critical next
step for examining the co-evolution of host and gut microbe.
As reduced sequencing costs make extensive sampling of
large populations more feasible, we must begin to complement
studies of humans and laboratory animal models with studies of
other animals in diverse environments.

In this review, | highlight some of the current major themes
in host-gut microbe research and discuss their relevance to
understanding host-gut microbe dynamics in wild animals.
| begin using our current knowledge of microbial ecology to
explore how host habitat might influence the composition of the
gut microbial community both in terms of exposure to microbes
and in terms of food availability and host diet. | then use results
from human and laboratory studies to consider the potential
impacts of the gut microbiota on host fitness in a particular
habitat via contributions to host nutrition, immune function and
health, and nervous system function and behavior. Although |
include data from a variety of metazoans, it is important to note
that host-microbe interactions in vertebrates are likely to differ
from those in invertebrates. Nevertheless, based on what we
currently know, the potential for interactions among host habitat,
the gut microbiota, and host fitness, is great, and few datasets
currently describe these relationships. Therefore, while studies of
human populations and laboratory animal models will continue
to be important for determining cause-and-effect, studies of wild
animals are essential for advancing our understanding of host-
gut microbe co-evolution.

1. The influence of host habitat on microbial
metacommunity dynamics

Microbial colonization of the gastrointestinal tract occurs primarily
through horizontal transfer via host contact with the environment.
Infants begin to acquire microbes in utero, in the birth canal,
and from breast milk [24,59-61], and colonization continues
via social contact with conspecifics and incidental contact with
environmental microbes [24]. As a result, the development of an
individual’s gut microbial community depends to some extent on
the pool of available microbes in its environment and the amount
of contact it has with other individuals.

In ecology, metacommunity dynamics are often used to
describe the mechanisms by which a pool of species comes to
occupy a given environment or habitat. In this framework, the
neutral processes of colonization, extinction, and drift result in
the differentiation of communities across space [62]. Suitable
habitats or environments are considered patches separated
by uninhabitable space, and the size and distance of patches
from one another influence the rate of transfer of taxa between
patches. Patches that are closer to the source patch from which
a particular taxon originates, as well as patches that are larger

in size, will be colonized by that taxon more frequently based on
the higher probability of individuals migrating. These dynamics
result in similar communities in patches that are nearer to
each other and/or larger in size. Because taxa also go extinct
randomly in each patch, patches that are farther apart or smaller
in size will lose species and will not be recolonized. The unique
combination of colonization and extinction in each patch leads
to distinct communities in these distant and/or smaller patches,
a process referred to as “ecological drift.”

When these metacommunity dynamics are applied to
microbial communities, both host habitats and the hosts
themselves can be considered patches among which microbial
taxa are transferred [30,62,63]. In the first case, metacommunity
dynamics predict that individuals in habitats that are farther
apart from each other should exhibit more distinct communities
of gut microbes [63]. Migration of microbial taxa (via host
migration) becomes less frequent as distance between host
habitats increases due to host dispersal limitation, and random
extinctions lead to genetic drift without frequent colonization
from neighboring habitats. As a result, members of the same
host species that occupy different habitats are exposed to
distinct microbial pools and are colonized by distinct gut
microbial communities. Populations of a host species that
become geographically isolated from the main population due
to processes such as habitat fragmentation should also develop
distinct gut microbial communities with lower taxonomic and/or
functional diversity, which reflect the local microbial taxa pool.

Although these processes have not been studied in detail,
evidence exists to suggest they occur [64,65]. Lankau et al.
[64] detected geographical patterns in Galapagos iguana gut
microbial community composition that suggest an influence
of metacommunity dynamics over historical timescales. The
gut microbiota of iguanas on islands farther apart from each
other were most distinct, suggesting either drift in microbial
communities on more geographically isolated islands or more
frequent cross-colonization by microbes on geographically
proximate islands as a result of iguana migration. Likewise, a
study by Fallani et al. [65] demonstrated that the human infant
gut microbiome differs in response to geography independently
of diet. These patterns were suggested to be an influence of
differences in regional microbial species pools that may have
resulted from metacommunity dynamics. Additional research is
necessary to determine if the patterns observed in both studies
occur in other host species and whether geographical differences
are truly the result of variation in the available microbial taxa in
each habitat, but it seems that metacommunity dynamics may
play a role.

Metacommunity dynamics can also be applied to gut
microbial communities by considering individuals of a host
species within a habitat to be patches. In this case, microbial
communities are expected to be more similar among individuals
that spend the most time in close proximity [30,62]. As a result,
the social behavior of the host species impacts patterns in gut
microbial community composition across individuals (Figure 1).
Host species that live in more cohesive social groups with high
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Figure 1. Basic model of factors influencing host fitness, including predicted interactions between host and gut microbiota. Relationships and factors
represented by dashed lines indicate areas that are not well studied in wild animal populations.

frequencies of social interaction and contact are likely to have
fewer inter-individual differences in gut microbial community
composition than host species that spend more time solitary
and less time engaged in social behavior. Although additional
data are necessary to test this prediction thoroughly, data from
black howler monkeys (Alouatta pigra) and chimpanzees provide
support for it [53,66]. Howler monkeys live in highly cohesive
social groups and show an inter-individual Bray-Curtis similarity
index of 0.51 within social groups [53,67], while chimpanzees
live in less cohesive social groups and show an index of
approximately 0.20 [66,68,69].

Because social interactions within species vary in response
to habitat [70-74], we would also expect different patterns in
gut microbial community composition among individuals of
a given species in distinct habitats. For example, a study of
chacma baboons (Papio ursinus) showed that more grooming
occurs when temperatures are higher [74]. It follows that inter-
individual differences in gut microbial community composition
should be smaller among baboons in warmer habitats compared
to baboons in cooler habitats. Similarly, juvenile gelada baboons
(Theropithecus gelada) spend less time playing in habitats

with reduced resource availability [71]. Such a trend is likely
to lead to increased inter-individual differences in juvenile gut
microbiomes in these habitats. Finally, habitat differences such
as forest fragmentation can alter host population densities
[75-79]. In habitats with increased population densities individuals
are likely to come into contact with one another more often and
should therefore exhibit fewer inter-individual differences in gut
microbial community composition. The opposite should occur in
habitats with decreased population densities.

To date, no study measures differences in host social
interactions or population densities across habitats in conjunction
with analyses of the gut microbiota. However, it is likely that a
relationship between individual host contact and gut microbial
community composition exists. Studies of parasites and disease
in wild animals frequently take these factors into account when
examining patterns of transmission [80-83], and processes that
are relevant for pathogenic microbes are likely to be relevant for
commensal microbes as well.

Because established gut microbial communities have been
shown to resist colonization by certain types of microbes [e.g.
84-87], a framework that does not include competition between
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organisms is not sufficient for describing patterns in gut microbial
community composition. However, despite an emphasis on
neutral processes, metacommunity dynamics are important
for understanding the co-evolution of host and gut microbe.
Metacommunity dynamics suggest that not every microbial taxa
detected in a particular host is an adaptive member of the gut
microbial community. Some members of the community may
be present by chance. Similarly, distinct microbial taxa that
perform similar functions may occupy the same host species
in different habitats as a result of chance exposure. Currently,
the concept of a “core microbiome” —those microbes that are
consistently associated with a certain host species across time
and space—takes these neutral processes into consideration
[88-92]. Even so, without a detailed exploration of the variation
in gut microbial communities among individuals of the same
host species occupying distinct habitats, our understanding of
what constitutes the “core microbiome” and what is simply there
by chance is incomplete. Human studies provide an excellent
starting point, but future studies must encompass hosts from a
variety of taxa and environments.

2. The influence of host habitat on diet and
microbial community composition

In addition to neutral processes associated with exposure to
gut microbes, the composition of an individual’s gut microbial
community is determined via selective processes. Because
different microbes utilize different substrates, the substrates
available to the gut microbial community, as well as competition
between microbes, dictate which microbes will flourish and
which will not [2,13,15,17,20,25,85,86,93,94]. Therefore, host
diet creates strong selective pressure in the gut that shapes the
structure of the gut microbial community [16,25,27] (Figure 1).

Studies of captive animals have demonstrated the relationship
between diet and gut microbial community composition
experimentally [43,95-100]. For example, changing the diet of
340 mice from a low-fat diet rich in plant polysaccharides to a
high-fat, high-sugar diet, results in a dramatic increase in the
abundance of several classes of bacteria in the Firmicutes
phylum over the course of one day [25]. Additionally, in a study of
over 700 mosquitoes, a blood diet reduced community diversity
and favored enteric bacteria that cope with oxidative and
nitrosative stress produced by blood breakdown [101]. In wild
land snails, a sugar-cane diet reduced Firmicutes abundances
by 50% and increased Bacteroidetes abundances [102], and
cockroaches fed dog chow have been shown to possess more
lactic acid bacteria (9.6 x 10 vs 1.0 x 10°- 1.0 x 107) compared
to cockroaches fed cereal leaves, milled corn cobs, or All Bran
flakes [103].

Studies of human populations have also revealed a strong
influence of diet on the gut microbial community. Human
gut microbial communities have been shown to express at
least two stable “enterotypes,” the Bacteroides enterotype
and the Prevotella enterotype, which are associated with the
long-term intake of either animal protein and saturated fat or

plant-based resources [27,29]. Likewise, a study of children
in Burkina Faso (N = 14) and Europe (N = 15) demonstrated a
connection between diet and the gut microbiota with children
in Burkina Faso exhibiting more Prevotella, associated with
cellulose breakdown, more Xylanibacter, associated with xylan
breakdown and fewer Enterobacteriaceae such as Shigella
and Escherichia than children in Europe [104]. Another study
detected more genes related to amino acid breakdown, vitamin
synthesis, xenobiotic breakdown and bile salt metabolism in the
gut microbiota of adults from the U.S. compared to Amerindians
and Malawians [105]. The gut microbiota from Malawians and
Amerindians included more genes for starch breakdown [105].
These differences appeared to be the result of a diet dominated
by meat and fat in the U.S. versus a diet dominated by corn in
Malawi and Amazon Venezuela [105].

Diet is believed to be a key factor in understanding the
evolution of many animals, including humans [106-116].
However, because of its influence on the gut microbiota, diet is
also likely to be a key factor in understanding the co-evolution
of animals and their gut microbes [21,34,35,117]. Although
most animal species are adapted to exploit certain diets [e.g.,
primates, 110,112,118], shifts in diet are a regular occurrence
for wild animals and are closely associated with their habitats.
Changes in abiotic factors such as climate across habitats and
seasons, as well as anthropogenic disturbance, lead to spatial
and temporal variation in food availability [119-127], and as food
availability changes, many animals respond by altering their diet
[119,124,128-131]. For example, mantled howler monkeys (A.
palliata) on Barro Colorado Island, Panama spend 46% of feeding
time consuming fruits during months when fruit availability is
high but spend 85% of feeding time consuming leaves during
months when fruit availability is low [119]. We would therefore
expect howler monkeys, and other wild animals that undergo
diet shifts, to exhibit distinct gut microbial communities across
habitats and seasons.

Some studies of wild animals provide evidence that these
patterns may be occurring. A study of 40 bees at different sites
in Arizona and Maryland showed that gut microbial community
composition differed between sites as well as among colonies
within sites [132], and in Louisiana the stomach microbiome of six
oysters was shown to differ according to site [133]. Additionally,
the degree of similarity in gut microbial community composition
between land and marine iguanas in the Galapagos has been
attributed to the degree of habitat and diet overlap [64]. Land and
marine iguanas on smaller islands, where dietary overlap is more
likely, exhibit more similar gut microbial communities. A study
of Hokkaido native horses also reveals changes in gut microbial
community composition across seasons [134]. However, despite
suggesting an influence of diet on the wild animal gut microbiota
across space and time, none of these studies actually measures
diet. A single study of wild black howler monkeys directly
correlates differences in gut microbial community composition
across four habitats with differences in diet composition
(Spearman’s p = 0.82; [53]), and a related study demonstrates
that changes in the relative abundances of individual bacterial
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genera such as Acetivibrio and Butyricicoccus are correlated
with shifts in diet composition across time [135].

Based on what we know from studies of laboratory animals
and humans as well as the patterns that have been observed
in wild animals, data describing the relationship between host
habitat, diet, and the gut microbial community are crucial for our
understanding of host-gut microbe relationships. Microbes that
are always associated with a particular host species, regardless
of diet, can be considered part of the core microbiome, and
differences in the core microbiome across species can provide
us with insight regarding which microbes might facilitate a host
species’ ability to exploit certain food items. This information
will improve our understanding of the evolution of host feeding
ecology and life history processes. As the diets of mammals
diverged over the course of evolution, concurrent genomic
changes that affected characteristics such as gastrointestinal
morphology were necessary to process new foods [115,136].
However, because bacteria have a short generation time, the
gut microbial community can evolve and adapt to new diets
more quickly than the host gastrointestinal tract [34,115,137].
Therefore, mammalian evolution may have depended heavily on
the gut microbiota.

Similarly, determining which microbes vary in abundance
with host diet will provide important information regarding host
plasticity and the response of mammals to variable environments.
If a subset of gut microbes can change in abundance in response
to short-term changes in host diet across months or long-term
changes in diet incurred by habitat alteration, it may allow hosts
to adapt digestively in order to fulfill nutritional demands while
maintaining activity patterns and life history processes despite
changes in the types and amounts of food items available. An
understanding of these dynamics has the potential to transform
the study of mammalian behavioral ecology and physiology and
will greatly inform our understanding of host-gut microbe co-
evolution.

3.The influence of gut microbial community
composition on host nutrition

For decades we have known that the gut microbiota is crucial
to metazoan host nutrition. To begin with, short chain fatty
acids (SCFAs) produced by the microbial breakdown of fiber in
the gut can supply hosts with up to 70% of their daily energy
needs [2]. They also reduce the pH of the intestinal lumen to
facilitate nutrient absorption and prevent the accumulation of
toxic metabolic by-products [4,12]. Germfree rats have reduced
intestinal levels of SCFAs [138]. They excrete twice as many
calories in urine and feces as conventional rats fed the same diet
[139] and must compensate for the lack of energy-rich SCFAs
by increasing their food intake [139]. Mice with a conventional
microbiota have 42% more body fat than germfree mice despite
eating 29% less food [140], and colonization of germfree rodents
with a healthy gut microbiota results in a 57% increase in body fat
[140]. As a result, germfree mice exhibit less ketogenesis during
fasting [141]. They use glucose instead of ketones to maintain
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heart function and do not increase heart size in response to
exercise [141]. These differences can have strong impacts on
host health.

Interactions between microbes in the gut can also affect
SCFA production [16,142,143]. For example, fermentation of
dietary fructans increases when gnotobiotic mice are colonized
with both Bacteroides thetaiotaomicron and Methanobrevibacter
smithii [143]. M. smithii uses formate for methanogenesis, and
B. thetaiotaomicron produces more acetate and formate in
its presence [143]. These interactions promote more efficient
fermentation and energy production in the gut, and co-colonized
mice exhibit increased adiposity compared with mice colonized
with only B. thetaiotaomicron [143]. Changes in gut microbial
community composition can alter the interactions between
microbes and ultimately affect energy production and host
nutrition. Studies of humans have demonstrated that distinct
gut microbial communities produce different amounts of SCFAs
[14,104,144,145]. For example, children in Burkina Faso possess
a distinct gut microbiome compared to children in Europe
and produce more SCFAs such as butyrate [104]. Similarly,
treatment of seven short bowel patients with Lactobacillus and
Bifidobacterium led to double the concentration of SCFAs in
fecal material [144], and six patients gained weight as a result
[144].

In addition to producing SCFAs, the gut microbiota affects
host nutrition by regulating xenobiotic metabolism [146] and
producing vitamins [11]. For example, the health benefits
of soya—such as improvements in vasomotor symptoms,
osteoporosis, prostate cancer and cardiovascular disease—
have been attributed to (S)-equol produced by gut bacteria [147].
It has also been suggested that the production of folic acid by
the gut microbiota benefits women and female nonhuman
primates during reproduction [135,148]. Differences in the
relative abundances of bacterial taxa in the gut therefore may
influence host nutrition by affecting the production of these
compounds. A study of seven individuals from a Chinese family
provided evidence for this process by demonstrating that relative
abundances of Bacteroides, Clostridium, and Bifidobacteria were
correlated with the concentrations of urinary metabolites, and
variation in the relative abundance of Faecalibacterium prausnitzii
was associated with changes in eight urinary metabolites [149].
Germfree rats have also been shown to become anemic when
fed a low-iron diet and exhibit increased fecal iron content
compared to rats with a healthy microbiota [150].

Based on what we know from studies of humans and
laboratory animals, we would expect differences in gut microbial
community composition across habitats and seasons to affect
energy and vitamin production in wild animals. However,
virtually no studies examine these relationships [135,151]. A new
generation of investigations is necessary to better understand
the contributions of the gut microbiota to wild host nutrition and
fitness (Figure 1). Assuming wild animal gut microbial community
composition is linked to nutrition, random differences in gut
microbial community composition that result from host exposure
to local microbial taxa pools could have important fitness
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consequences via their impacts on host nutrition. An individual
in a given habitat might receive more energy or vitamins to use
for reproduction based solely on the chance development of a
more nutritionally beneficial gut microbiota.

Additionally, differences in gut microbial community
composition in response to diet across habitats and seasons
might be expected to improve host nutrition by improving
digestive efficiency. If diet selects for those microbes that most
efficiently break down a substrate, and the same microbes that
process the host diet most efficiently also provide the host
with the most energy and nutrients, diet-induced shifts in gut
microbial community composition are likely to be adaptive
to the host. In this scenario, differences in the gut microbiota
might allow hosts to endure shifts in diet across space and time
without negative nutritional consequences. For example, as
the nutritional content of host diet decreased or the nutritional
demands of host reproduction and growth increased, the
energy and nutrients produced by an adaptive gut microbiota
could compensate. This process would make reductions in host
activity levels and birth and growth rates less common during
periods of reduced food availability or in habitats with fewer
food resources. In contrast, if changes in the gut microbiota are
not always adaptive to host nutrition, as has been suggested by
preliminary data in howler monkeys [53], studies must determine
what factors dictate whether changes are beneficial or not and
pinpoint the potential detrimental effects of the gut microbiota
on the host.

By understanding how changes in gut microbial community
composition influence host nutrition, we can improve our
understanding of wild animals’ responses to variability in food
availability. Although shifts in behavior such as reducing day
range may help animals meet nutritional demands during times
of limited food availability, the gut microbiota may also play a
role. Similarly, the ability of the gut microbiota to adapt to novel
diets may in part explain the ability of a particular host species
to colonize new habitats and/or persist in degraded habitats.
These processes are critical to understanding host fitness and
evolution and therefore must be considered in discussions of
host-gut microbe co-evolution.

4. The influence of gut microbial community
composition on host health

Although the gut microbial community has a strong influence
on host health through nutrition, other aspects of host health
are closely related to gut microbial community composition
and function. To begin with, a healthy gut microbial community
excludes pathogenic microbes from the gastrointestinal system
[30,86,152] and attenuates inflammation [153]. For example, the
production of acetate by Bifidobacterium longum appears to
improve rodents’ ability to survive infection by a lethal E. coli
strain [154]. Mice that are not colonized by B. longum show more
inflammation of colonocytes, higher levels of toxic E. coli protein
in blood, and higher mortality rates compared to mice that are
colonized [154]. Germfree mice are also more susceptible to

infection by Shigella flexneri, Bacillus anthracis, and Leishmania
[155]. Piglets raised in natural environments with a high diversity
of microbes are more resistant to invasion by pathogenic gut
microbes than those raised in more sterile environments
[156], and bees with a normal gut microbiota exhibit parasite
abundances (Crithidia bombi) an order of magnitude lower than
those without [157]. Probiotics have also been shown to reduce
the effects of pathogenic bacteria in fish [158-162].

In addition to protecting the host from pathogenic microbes,
the gut microbiota contributes to the development of the host
intestinal mucosal and systemic immune systems [1,4,5,12]. The
development of gut-associated lymphoid tissue (GALT), which
is used by the intestinal mucosa for defense, is dependent
on the gut microbial community [5,12,163]. Germfree mice
possess fewer Peyer’s patches, mesenteric lymph nodes, and
cellular lamina propria in the small intestine as well as fewer
intraepithelial lymphocytes compared to mice with healthy
microbiota [164-170]. Epithelial cells in the gut also exhibit fewer
Toll-like receptors (TLRs) and class Il major histocompatibility
complex molecules [171,172], which are involved in pathogen
detection. Conventionalization of germfree mice leads to
induction of MHC Il molecules and glycolipids on small intestinal
epithelial cells and improves immune function [173], and the gut
microbiota has been shown to incite TLRs and improve host
resistance to intestinal damage [174]. Aimost 50% of genes
regulated in response to microbial colonization are related to
immune response [175].

The gut microbiota also supports
homeostasis by influencing immune function during and after
development. In the gut, T-regs cells, which suppress unwanted
immune reactions, and Th-17 cells, which stimulate the epithelium
to produce anti-microbial proteins, are partially regulated by the
gut microbial community [175-182]. Vitamin A deficiency, which
leads to reduced Firmicutes and Proteobacteria in the gut, is
associated with fewer Th-17 cells [96]. Similarly, immunoglobulin
A (IgA), which is secreted into the lumen of the gut as secretory
IgA (slgA), is used by the mammalian innate immune system
to tag potential pathogenic invaders and prevent them from
entering the body. There are one to two orders of magnitude
fewer IgA-producing cells in germfree animals and none in
neonates [183-185]. However, colonizing germfree mice with
segmented filamentous bacteria leads to a 24-63% increase
in IgA production in the small intestine [186], suggesting that
exposure to gut microbes is critical for normal development of
the immune system.

Host systemic immune function is also closely associated
with the gut microbiota. Germfree mice possess reduced
numbers of helper T cells in the spleen, fewer and smaller
germinal centers within the spleen, and reduced systemic
antibody levels [42,187-189], but colonization with Bacteroides
fragilis eliminates many of these differences [188]. Additionally,
mice treated with antibiotics and then infected with an influenza
virus have reduced immunoglobulin and T cell responses
[190], indicating reduced immune function. In fish, a variety of
studies have demonstrated that the gut microbiota enhances

intestinal immune

Brought to you by | University of New Mexico University Libraries
15 Authenticated
Download Date | 10/11/16 1:05 AM

VERSITA



VERSITA

the immune response to a variety of infections [160,191-193].
This phenomenon is likely due to interactions that mirror those
between the gut microbiota and the innate immune system
in mammals. For humans, the Hygiene Hypothesis suggests
that sanitation and antibiotic use have reduced exposure to
microorganisms in some environments and consequently have
led to suppressed development of the immune system, resulting
in increased rates of allergies, autoimmunity, and other immune
inflammatory conditions [4,194-196]. This effect has been
observed in germfree mice that have an accumulation of natural
killer T cells in the colon and lungs and increased sensitivity to
colitis and asthma [197].

Finally, the gut microbiota has been shown to have both
positive and negative effects on host health via the production
of metabolic compounds. For example, germfree mice do not
possess antioxidant metabolites such as indole-3-propionic
acid in their blood plasma, and metabolites such as serotonin
are observed in higher quantities in conventional mice [198].
Similarly, differences in gut microbial community composition
have been associated with increased toxic hydrogen sulfide
production in the gut of captive howler monkeys [53], and in mice
and humans, many gastrointestinal diseases are also associated
with shifts in the gut microbial community [47,48,199-201].
Additionally, it has been shown that gut microbes can incite
nematode parasite eggs to hatch via interactions between the
eggs and the bacterial cell surface [202].

Studies in germfree individuals represent a phenotypic
extreme unlikely to be observed in wild populations, and much
remains to be learned regarding the conventional interactions of
the host immune system and the gut microbiota. Nevertheless,
together, the studies cited suggest that differences in gut
microbial community composition and diversity may allow wild
animals to better fight parasites and infections in some habitats
and during some seasons. Such variation in host susceptibility
to disease and parasite infection across habitats and seasons
has been reported for some animals [203-207]. For example,
Mexican black howler monkeys have more parasites in forest
fragments compared to continuous forests [204], contrary to
the theory that increased species diversity in continuous forests
should result in increased prevalence and abundance of parasites
[208]. These patterns may be the result of reduced gut microbial
diversity or changes in the composition of the gut microbial
community. However, no study directly measuring wild animal
health or immune function has considered the effects of the gut
microbiota composition. Only differences in the abundances of
microbial sulfate-reduction genes (such as dsrA) that may be
associated with potential health risks in howler monkeys provide
preliminary evidence that the gut microbiota may be important to
host health across habitats and seasons [53].

Regardlessofwhethertheyresultfromneutralmetacommunity
dynamics or the selective influence of diet, if differences in gut
microbial community composition impact host health, they will
likely influence host fitness since increased rates of disease
and/or mortality will lead to decreased birth rates. Therefore,
investigations of host-gut microbe co-evolution must take into
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account the effects of gut microbial community composition
on host immune function and metabolite production across
habitats and seasons. Additionally, because the host immune
system monitors and regulates the gut microbial community
independently of environmental factors [5,37,165], studies of
host-gut microbe dynamics must also consider the feedback
between host and microbe and how it affects host health. While
laboratory studies provide important data regarding cause-and-
effect for health risks associated with the gut microbiota, only
studies of wild animals will allow us to understand how the gut
microbe-host health relationship evolved.

5. The influence of gut microbial community
composition on host behavior

In addition to nutrition and health, the gut microbiota is also
thought to affect host behavior by altering gene expression and
impacting the neuronal circuits involved in motor control and
anxiety [1]. Measures of plasma adrenocorticotropic hormone
(ACTH) and corticosterone responses indicate that germfree
mice are more susceptible to stress when physically restrained
than specific pathogen-free mice [8]. Compared to conventional
mice, germfree mice have also been reported to exhibit more
locomotor activity, exploratory behavior, and reduced anxiety
behavior in light-dark boxes and elevated mazes [209,210]. These
differences have been linked to variation in neurotransmitters,
signaling pathways, and the expression of genes related to
emotional behavior [209,210] and may have important fitness
consequences since reduced anxiety can make mice more
vulnerable to predators.

Probiotic treatment has also been shown to affect host
In one study, the administration of
Lactobacillus and Bifidobacterium reduced stress, anxiety-,
and depressive-like responses in both rats and humans [211].
The same supplements also altered gut microbial community
composition and reduced anxiety scores in 35 people with
chronic fatigue disorder who were treated for eight weeks [212].
In mice, Lactobacillus rhamnosus has been shown to alter
gamma-aminobutyric acid (GABA) receptor mRNA levels in the
brain and reduce corticosterone and anxiety- and depression-
related behaviors in maze and forced swim tests [213,214] while
Bifidobacteria probiotics reduced immobility during forced swim
tests in maternally-separated mice [215]. These probiotics have
similar effects on host anxiety and depression assays during
infection. 39 mice infected with the Trichuris muris parasite
showed increased anxiety-like behavior [216], but B. longum
supplements provided over ten days reduced these behaviors
and normalized brain-derived neurotropic factor [216]. Similarly,
increased anxiety-like behaviors in mice given a dextran sodium
sulfate toxin to induce colitis can be reversed with B. longum
supplements [217].

The gut microbiota is believed to have these impacts on
host mood and behavior via a variety of mechanisms [218,219].
Although it has been suggested that gut microbes can alter gene

mood and behavior.
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expression and signaling pathways [209,210,220,221], changes
in gut microbial composition that induce changes in SCFA or
metabolite production may also influence host behavior. For
example, in a study of 36 mice, anxiety and aggression increased
in response to lactic acid and VFA production on a fermentable
diet [222]. In contrast, conventionalization of germfree mice
leads to 2.8 fold increase in plasma serotonin levels [198].
Additionally, because inflammation can induce fatigue and
depression in hosts [223], the gut microbiota may influence host
behavior through its interaction with the immune system. The
anti-inflammatory effects of the gut microbiota [5,153,170,224]
may reduce host susceptibility to disease-associated emotional
symptoms.

The effects of the gut microbiota on the development and
health of the host brain are also likely to impact host behavior.
Both pre- and post-natal brain development depends heavily
on an individual’s nutrient intake [225]. Because some microbial
genera produce important nutrients such as folic acid [148,226],
the composition of the maternal gut microbiota is likely to impact
prenatal brain development during pregnancy by influencing the
availability of these nutrients in utero. A study of obesity and
pregnancy provides evidence for this mechanism by reporting
an association between infant birth weight and the maternal
abundances of certain microbial genera such as Lactobacillus
and Escherichia [148]. Furthermore, low birth weight and pre-term
infants tend to exhibit reduced growth in terms of weight, length
and head circumference, and infants with reduced gestational
periods have an increased potential for delayed cognitive
development [227]. It is therefore possible that the maternal
gut microbiota has strong effects on infant brain development,
cognition, and behavior. Similarly, the gut microbiota is likely
to impact postnatal brain development via the production of
key nutrients and other contributions to overall nutrition, but
the relationship between the gut microbiota, postnatal brain
development, and cognition is not well studied. Finally, the gut
microbial community may affect host brain health in adults. In
a study of 35 mice, probiotic treatment with Bacteroides and
Lactobacillus reduced cell death in the brain after a heart attack
[228]. Improved brain health is likely to positively affect host
nervous function and behavior.

Similar to studies of the immune system, germfree studies
of behavior represent extreme phenotypes, and much remains
to be learned about host behavior and the gut microbiota even
in controlled settings. However, based on what we know from
existing studies about the effect of the gut microbial community
on host behavior, it is possible that individuals of the same species
occupying distinct habitats exhibit different behaviors as a result
of either random or diet-induced differences in the gut microbial
community. Likewise, seasonal variation in host behavior could
be associated with changes in the gut microbial community to
some extent. While patterns in animal behavior across seasons
and habitats are widely studied, variation in behavior is normally
attributed to factors such as food availability or social interactions
[229-234]. Nothing is known regarding the potential influence of
the gut microbiota on host behavior in the wild.

Understanding the interaction between the gut microbial
community and host behavior is important for understanding
host-gut microbe co-evolution in the context of host ecology
and evolution. For example, if a particular gut microbial
community increases host symptoms of anxiety or depression,
it may ultimately influence host activity levels and social
interactions. Although a relationship to the gut microbiota was
not established, a study of human children has shown that
undernourishment can lead to reduced sociality [235]. In the
wild, animals that are less active may forage less and experience
reduced nutrition, while animals that are isolated or do not
interact with group members may lose some of the benefits of
group living such as access to feeding sites or protection from
predation [236-240]. In both scenarios, we would expect host
fitness to be reduced. Gut microbial community composition
may also directly influence host fitness by influencing mating
patterns. A study of Drosophila demonstrated that individuals
raised on molasses and starch preferred to mate only with each
other in 29 of 38 matings as a result of their gut microbiota.
Although the mechanism behind this behavior could not be
determined, the effect could be eliminated with antibiotic
treatment and influenced using infection with a mixture of
bacteria or pure Lactobacillus culture [10].

Studies of animal personalities should also begin to
consider the effects of the gut microbiota. Personality is typically
described using qualities such as “boldness” and “reactivity”
[241-244]. Since different gut microbes result in different
amounts of exploratory, aggressive, and anxiety-like behavior
in hosts [209,213,222], it is likely that a link between the gut
microbiota and host personality exists. If individuals of the same
species in different habitats tend to exhibit distinct personalities,
gut microbial community composition may play a role in
determining host personality in addition to factors such as social
interactions and predation [245-247]. In fact, a link between host
personality and metabolism has been suggested [248]. Because
host personality affects host fitness through processes such as
feeding, mating and predation [249-252], an understanding of
the plasticity of personality and its potential relationship to the
gut microbial community is important to understanding host
fitness and evolution.

Finally, while host mood and behavior are affected by the
gut microbiota, they in turn may also influence it. Changes
in patterns of host diet and inter-individual contact incited
by the gut microbiota may ultimately feedback to affect gut
microbial community composition. Likewise, in addition to being
affected by gut microbes, stress has been shown to affect the
abundances of some microbial genera. For example, a study of
captive rhesus macaques (Macaca mulatta) indicated that six-
to-nine-month-old infants separated from their mothers showed
increases in plasma cortisol and a significant reduction in fecal
lactobacilli starting the third day after separation [253]. The
same effect of has also been documented in mice [214], and rats
and chicks exposed to stress from heat and crowding possess
distinct gut microbiota compared to individuals not exposed to
these stressors [254]. Therefore, studies of host-gut microbe co-
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evolution must take into account that feedback loops likely exist
between host behavior and the gut microbiota.

6. Discussion

Because current studies of the gut microbial community focus
on laboratory animals and humans [9,16,25,41-49], our current
understanding of the co-evolutionary relationship between host
and gut microbe is limited. While we know that host genotype
influences the composition of the gut microbial community to
some extent [28,32,33], studies overwhelmingly indicate that
environmental factors such as exposure to local microbial
taxa pools and host diet exert the strongest influence on gut
microbial community composition [24-30,64]. However, until
recently virtually no studies examined the relationship between
gut microbial community composition and environmental factors
in natural habitats where variation in host exposure to microbes
and in food availability and diet are common [53,55]. Additionally,
while studies of laboratory animals and humans indicate that the
gut microbiota has important impacts on host nutrition, health,
and behavior, we do not fully understand the consequences of
these impacts for host fitness. Birth and death rates associated
with different gut microbial communities have not been measured
in any study, and in natural habitats the effects of differences
in the gut microbial community on host nutrition, health, and
behavior have barely been explored [53,135].

To begin to clarify the mechanisms involved in the co-
evolution of host and gut microbe, we must be able to pinpoint
the effects of the host (and its habitat) on the composition and
fitness of the gut microbial community as well as the effects
of the gut microbial community on the fitness of the host. For
example, resource availability in a given habitat determines host
diet, which influences the gut microbiota. However, the beneficial
effects of the gut microbiota on host metabolism may allow
animals to exploit wider variety of food resources than possible
based on physiology alone [34,255,256], allow animals to persist
in habitats with limited resource ability, or reduce the impact of
resource availability on reproduction. Figure 1 illustrates these
potential host-gut microbe interactions in relation to other
factors that are known to affect host fitness in wild animal
populations. Although studies of host-gut microbe relationships
in controlled environments allow us to predict how the gut
microbiota is affected by host ecology and evolution, as well as
how it might affect it, additional studies are necessary to test
these interactions. Because the host-gut microbe relationship
evolved in natural habitats, these studies must be performed,
at least in part, in natural habitats. While studies of the human
gut microbiota are beginning to target more diverse populations
and habitats with this aim [257], studies of other animals must
follow suit.

Discussions of co-evolution also require a comparison
of phylogenetic patterns in host and microbe, and several
studies use patterns in gut microbial community composition
associated with host phylogeny to argue for the importance of
co-evolution [26,34,132,258,259]. Although these studies offer
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an important starting point, representation from a wider variety
of species is necessary. Furthermore, many of these studies
utilize samples from captive populations [9,25,34,41-43], but
captive animals have consistently been shown to possess a
distinct gut microbiota compared to their wild counterparts
[51-58]. Therefore, phylogenetic studies must begin to sample
wild animals more widely to more accurately depict the
phylogenetic relationship between host and microbe.

Finally, researchers are beginning to investigate the evolution
of gene functions in gut bacteria to determine if and how the
ability to synthesize novel compounds that maintain the host-gut
microbe mutualism evolved [21,46,255,260,261]. As resources
become available, these studies must be expanded to include
a variety of host species outside the laboratory environment.
Because the microbial genome has the potential to evolve quickly
due to short generation times and horizontal gene transfer, it is
possible that microbial gene functions have evolved differently
in laboratory environments compared to natural environments.
As a result, recent evolutionary patterns detected in microbial
genes in laboratory populations must be verified via comparison
to wild populations.

General guidelines for wild animal studies

For questions of co-evolution, studies of animals with minimal
human contact are ideal, but sites with any wild animal
population that does not have direct physical contact with areas
heavily utilized by humans, receives no medical intervention
from humans, and does not utilize domesticated food items
should provide a representative gut microbiome sample. For
questions regarding the effects of diet and social contact on
the gut microbiota and of gut microbial shifts on host nutrition,
health, and behavior, populations in reserves and sanctuaries
with food supplements as well as populations in fragmented
or anthropogenically disturbed environments can be used to
provide contrasts to wild populations. However, while data
from these dramatically altered habitats can be used to discuss
the plasticity of the gut microbiota and potential evolutionary
implications for hosts, they should not be used in direct
examinations of host-microbe co-evolution. The composition of
the gut microbial community as well as host nutritional status
and health status are likely to be altered in ways not observed in
unaltered habitats with no human intervention.

Despite their importance, studies of wild animal populations
are associated with a variety of sampling challenges including
access to animals and the collection and preservation of
samples. However, many of these challenges can be overcome
through collaboration between ecologists with established
field projects and microbiologists with established microbiome
analysis protocols. For example, many primatologists have long-
term field sites where continuous collection of data regarding
the primates and their environments occurs [e.g. 262-265]. In
most of these sites, permits for non-invasive sample collection
are already in place for analyses of variables such as parasite
prevalence and genotype. At some sites, permits for more
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invasive sampling via darting also exist. Similar situations exist
for studies of other mammals, amphibians, and birds [e.g.
266-269). Furthermore, many field projects either utilize bands
or dyes for individual identification or depend on researchers’
ability to visually distinguish individuals [270-272]. Therefore,
by accompanying field workers or training them in sample
preservation, gut microbiome researchers should be able to
obtain samples from identified host individuals fairly easily. These
types of collaborations should also result in a wealth of contextual
ecological data collected simultaneously with microbial data,
which will broaden our ability to address important themes in
host-microbe dynamics.

Fecal samples are generally the easiest type of sample
to obtain from wild animals and the easiest to transport. As
a result, researchers should rely upon fecal samples for gut
microbial analyses when possible. Because fecal samples will
normally come into contact with the ground or other parts of
the environment regardless of whether an animal is being
followed or handled, sample contamination is likely to occur.
Care should be taken to collect samples with sterile equipment
and to avoid obvious contamination by only taking parts of
the sample that have not come into direct contact with the
environment. Accidental observer-subject microbe transmission
is also a possibility, especially with terrestrial host species.
To avoid this, personal protective equipment should be worn
at all times if animals are being handled, and researchers
should avoid depositing refuse in study areas. If result-altering
environmental or observer contamination is suspected despite
these precautions, some tools are available to help identify and
remove artifact sequences during and after analysis [273].

While immediate freezing tends to be the sample
preservation method of choice for microbiome studies
[274-276], liquid nitrogen and/or freezers are not always
available at field sites. In these cases, the use of RNAlater
or ethanol is more feasible and reliable. Additionally, even if
freezers are available, not all commercial shippers allow the
use of dry ice so the risk of samples thawing or going through
freeze-thaw cycles during transport must be considered [277].
Preservatives that minimize these risks and have limited
effects on sample quality are ideal. Both RNAlater and ethanol
have been deemed acceptable for sample preservation in
these scenarios, but it is ideal for samples to be frozen and
for nucleic acids to be extracted as soon as possible in both
cases [275,278-282]. Experiments should be used to determine
the impact of preservation method on sample quality and
microbiome results if any doubts exist.

Finally, it is important to remember that fieldwork has its own
limitations. In addition to the issues of sample collection and
preservation outlined above, researchers have limited practical
control over the study and potential confounding factors. For
example, although | focus on the impact of host habitat on the
gut microbiota in this review, there are a variety of other factors

that can shape the composition of the gut microbial community.
Birth mode and parental care differ across species and are likely
to affect the development of the gut microbiota in offspring.
Specifically, we would expect parents and offspring to exhibit
more similar gut microbial communities in animals that give birth
to live offspring and provide parental care than in animals that lay
eggs or do not provide parental care since live birth and parental
care implicate more parent-offspring contact. The amount of
parental care and the transition time from a modified diet such
as milk to an adult diet should also influence the trajectory and
speed of gut microbial development in offspring. Additionally, in
humans and primates, reproductive status and age/sex class
have been associated with differences in gut microbial community
composition both among individuals and within individuals
over time [66,135,283]. For animals that breed on a seasonal
basis, temporal changes in the gut microbiota associated with
reproductive status may occur in a predictable pattern and
must be isolated from seasonal changes associated with diet.
Similarly, if animals undergo seasonal bouts of stress due to
mating or food availability [284-287], they are likely to exhibit
temporal changes in gut microbial community composition that
must be separated from diet. By carefully designing studies and/
or sampling a variety of populations across seasons, researchers
should obtain sufficient data to separate and identify the effects
these factors. However, the type of control afforded by a
laboratory setting can never be achieved.

Conclusion

Based on what we currently know regarding the host-gut
microbe relationship, both studies of gut microbial communities
and studies of their hosts are lacking. Many studies of the
gut microbiota fail to present data from wild populations, and
many studies of wild animal ecology and evolution ignore the
importance of the gut microbiota to host nutrition, health,
and behavior. As a result, collaborations between researchers
studying the gut microbiota and researchers studying the ecology
and evolution of wild animals are critical for the advancement
of both fields. Ultimately, understanding of the co-evolution of
host and gut microbe depends on the co-evolution of research
techniques. A true examination of co-evolutionary relationships
between host and microbe requires increased interdisciplinary
interactions that address both the fitness of the gut microbial
community and the fitness of the host.
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