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SCIENTIFIC REPLIRTS

Evaluating the impact of
domestication and captivity on the
horse gut microbiome
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The mammal gut microbiome, which includes host microbes and their respective genes, is now
recognized as an essential second genome that provides critical functions to the host. In humans,
studies have revealed that lifestyle strongly influences the composition and diversity of the
gastrointestinal microbiome. We hypothesized that these trends in humans may be paralleled in
mammals subjected to anthropogenic forces such as domestication and captivity, in which diets and
natural life histories are often greatly modified. We investigated fecal microbiomes of Przewalski’s
horse (PH; Equus ferus przewalskii), the only horses alive today not successfully domesticated by
humans, and herded, domestic horse (E. f. caballus) living in adjacent natural grasslands. We discovered
PH fecal microbiomes hosted a distinct and more diverse community of bacteria compared to domestic
horses, which is likely partly explained by different plant diets as revealed by trnL maker data. Within
the PH population, four individuals were born in captivity in European zoos and hosted a strikingly low
diversity of fecal microbiota compared to individuals born in natural reserves in France and Mongolia.
These results suggest that anthropogenic forces can dramatically reshape equid gastrointestinal
microbiomes, which has broader implications for the conservation management of endangered
mammals.

The gut microbiota of mammals provides the host with important functions, such as training the immune
system early in life, metabolism, and synthesis of vitamins. This essential relationship between mammals and
their microbes is the result of millions of years of co-evolution'. Therefore, disruptions between mammals
and their microbial partners likely have major consequences for host health. In humans, the transition from
hunter-gathering to farming and later to urban lifestyles included major dietary shifts, increased exposure to
indoor environments, and the introduction of antibiotics and possibility of cesarean birth. These transitions are
associated with a distinct and less diverse gut microbiome®- that has been implicated in the rise of immuno-
logic and metabolic diseases’™. A disruption of tightly evolved host-microbe relationships may be evident in
non-human mammals as well, particularly those exposed to major diet and life history changes. We hypothesize
that anthropogenic forces on mammals such as domestication and captivity in zoos may have reshaped mammal
gut microbiomes. Domestication of animals is associated with modifications of species movement, feeding, pro-
tection, environment, and breeding, particularly to control behavior'®. Captivity of mammals in zoos results in
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similar lifestyle modifications as domestication, but on shorter timescales and often with more extreme changes
such as highly restricted diets, small habitat sizes, reduced social interactions, and higher exposures to antibiotics.
Similar to humans, it is possible that these modifications will result in a distinct and less diverse gut microbiota in
domesticated and captive mammals compared to wild conspecifics.

We investigated the effects of domestication and captivity on the fecal microbiomes, as a proxy for the gastro-
intestinal microbiome, of a unique pair of horse populations living in Mongolia. PH, which were never success-
fully domesticated, are enclosed by a fence to separate them from herded, domestic horse (Figure S1). Twenty-two
individuals of PH were reintroduced in 2004 and 2005 to the 140 km? reserve in Seer, Mongolia, and the popu-
lation has grown to 59 individuals. Translocated animals originated from a 400 ha reserve in Villaret, France as
well as the Prague zoo in the Czech Republic and the Kosice Zoo in Slovakia. Domestic horses live within a short
range of the reserve on the Khomyn Tal plateau, which includes similar grazing vegetation as the Seer PH reserve
(Figure S1).

Adult mammal gut microbiomes are largely constrained by host phylogeny'"'2, but also influenced by diet'"'2,
cohabitation’?, and host kinship to a lesser extent!*. We acknowledge that care should be taken when comparing
trends across mammals with very different digestive physiologies. However, we suspect that forces shaping gut
microbiomes may be similar across different gastrointestinal physiologies because the gut microbiome serves the
same basic function across mammals - providing the host with expanded metabolic capabilities such as addi-
tional energy and nutrient extraction from their diet'!. Therefore, we hypothesized that PH and domesticated
horse may differ in their gut microbiomes reflecting their divergence time of approximately 45,000 years ago'>'°.
Alternatively, because pedigree records and whole-genome sequence data show that all 2,100 PH individuals
living today descend from approximately 12-16 founders including several domestic Mongolian mares'>!7~!°,
PH may not host a distinct gut microbiome. We also hypothesized that the gut microbiomes of domesticated
horses may be less phylogenetically diverse compared to PH, following microbiome diversity trends associated
with humans living traditional versus urban lifestyles**®. Alternatively, PH microbiomes may be less diverse due
to extreme host genetic bottlenecks since the second half of the 19th century'. Additionally, we hypothesized
that the two horse populations likely consumed a fairly similar plant diet because of their close proximity and
similar forage environment. However, it is also possible that the two groups of horses consume different plant
diets, which would likely contribute to differences in their fecal microbiomes. Finally, within the PH population,
we hypothesized that horses born in zoo environments may be exposed to a different and less diverse suite of
microbes® that may persist even after reintroductions into reserves.

To test these hypotheses, we characterized fecal microbiomes via 16S rRNA amplicon sequencing of 44 PH
and 28 domestic horses. In horses, fecal microbiomes are highly similar to the microbiome of the dorsal colon,
but include many of the microbial taxa present in the ventral colon and cecum?!, in which the bulk of fiber fer-
mentation takes place. Therefore, we conclude that horse feces are an excellent, non-invasive means to assess the
microbial fermentation communities in the large intestine of the horse. Additionally, we investigated whether
horse populations were eating similar plant diets by amplicon sequencing of the P6 loop of the chloroplast trnL
intron®? from the same fecal DNA extracts.

Results and Discussion

As in comparative studies of fecal microbiomes from human populations®, age had the most striking effect on
horse fecal microbiome composition and diversity (Fig. 1, Figure S2). In horses >1 year in age, fecal microbi-
omes of both horse populations were dominated by taxa in the groups Bacteroidales, Treponema, Bacteroidetes,
Fibrobacter, and Lachnospiraceae (Figure S3). The PH population included five pre-weaned newborn foals, which
had a less phylogenetically diverse (Fig. 1a), and compositionally distinct (Figure S3) fecal microbial community
compared to PHs over the age of 1 year. Two of the five PH foals had fecal microbiomes with very high abundance
of Bacteroides (Figure S3), which are typically in high abundance before weaning in mammals?. The correla-
tion of fecal microbial diversity present within the PH population and age remained significant even with foals
excluded (Fig. 1b).

PH fecal microbiomes differ in composition and are more diverse compared to domesticated horses (Fig. 2).
The two horse populations’ fecal microbiomes were phylogenetically distinct (Fig. 2a), driven by different ratios
of taxa in the Orders Clostridiales, Bacteroidales, Erysipelotrichales, and Spirochaetales (Fig. 2b). An Analysis of
Composition of Microbiomes (ANCOM) revealed that PH fecal microbiomes had a significantly higher abun-
dance of the Clostridia genus Phascolarctobacterium (Table S1), which is associated with the succinate pathway
for producing the short chain fatty acid propionate?. Furthermore, PH fecal microbiomes harbored a signifi-
cantly higher relative abundance of Archeal methanogen Methanocorpusculum. While these differences may be
suggestive of PH and domestic horse gut microbiomes utilizing different gut metabolism pathways, we also found
that individuals from the two horse lineages consumed a similar level of plant diversity, yet differing composi-
tions of plant taxa, as indicated by trnL gene maker molecular operational taxonomic units (MOTU) (Fig. 2c,
Figure S4).

Diet differences likely account for some of the differences in gut microbiota, as demonstrated by a significant
but weak correlation via a Procrustes Analysis of 16S rRNA and trnL Principal Coordinate Analysis (PCoA) plots
as well as a Mantel test on 16S rRNA and trnL distance matrices (Figure S5). Overall, the diet of PH contained
many plant MOTUs that were either not detected or present at lower abundance in domestic horse (Table S2,
Figure S6). This included MOTUs with taxonomy matching the thorny shrub family Elaeagnaceae such as sea
buckthorn (Hippophae). Sea buckthorn has been demonstrated to be rich in vitamins, carotene, flavonoids, essen-
tial oil, carbohydrates, organic acids, amino acids, and minerals®®, and was originally named “hippo” (horse)
“phaos” (glossy) because it was believed to give horses a shiny coat®. Also more abundant in PH were the grasses
Stipa glareosa/gobica, locally known for their high palatability and protein content”’, and trees of the genus Salix
which is known, for some species, for its antioxidant, antimicrobial and cytotoxic properties?®?. These dietary
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Figure 1. Age is an important influence on horse fecal microbiomes. (a) Shannon diversity of PH foals vs PH
greater than 1 year of age (p =0.0206). The five newborn foals exhibited great variation in Shannon diversity
compared to older PH individuals. (b) Correlation of Shannon diversity with PH age (Spearman rho = 0.45,
p=0.0061). The red line indicates regression and the blue line a Lowess fit.

differences may be due to the fact that the rugged, ecologically diverse PH enclosure hosts 62% of the whole
Khomyn Tal plant diversity, although accounting for only 5% of its area®. For example, sea buckthorn and Salix
species were not observed in the range of the domestic horses. Grazing preferences and human influences on
horse movements may be additional contributing factors and further research is required to assess the relative
weights of all drivers.

PH individual fecal microbiomes had a significantly more diverse consortia of bacteria compared to domestic
horses (Fig. 2a), although inter-individual variation was lower (Figure S7). It is possible that the distinct PH diet
supports a higher diversity of gastrointestinal microorganisms. Another possibility is that gut diversity in horses
was lost as a result of domestication, mirroring losses detected in humans transitioning to agricultural and urban
lifestyles. Furthermore, we discovered that inter-individual variation was significantly lower in the PH population
compared to the domestic population (Figure S7), which is similar to a trend discovered in gut microbiomes of
a small human hunter-gatherer population in South America?. Whether this trend is due to a less diverse host
genetic pool or due to similar diets within the small host population is unknown. Testing these various intriguing
hypotheses would require comparisons of additional equine populations, as well as comparisons of other pairs of
wild and domesticated animals.

PH fecal microbiomes are influenced by life history. The PH population in Seer Mongolia is composed of
individuals born in several locations. Of the 39 non-foals, 20 were born in the Seer reserve itself, and 19 were relo-
cated in 2004-2005 to the reserve after birth in Villaret, France (n=15) and in 2011 from European zoos (N =4).
We discovered that place of birth was associated with significant although small differences in fecal microbi-
ota, even after taking into account social group membership (r*=0.093, Pr(>F) =0.001). In particular, the four
PH individuals born in the European zoos appeared to harbor a distinct (Fig. 3a) and less diverse community
of microbes (vs Villaret p=0.016, vs Seer p=0.33, Fig. 3b). In contrast, the animals born in Villaret, a nature
reserve, harbor a community that is more similar in composition to those born in Seer. We first considered that
these trends in fecal microbiome diversity may be related to diet diversity. However, fecal microbial diversity was
only weakly correlated with the plant diversity found in their feces (Spearman rho=0.075, p =0.05), suggesting
that current diet diversity may not necessarily equate to a diverse gut community. Furthermore, diversity of diet
was not associated with place of birth (Figure S8). Therefore, we hypothesize that birth environment is another
factor important in shaping gut microbiomes of PHs. We may be witnessing potential lasting founder effects of
colonization by microbes in early life. In a similar vein, human infants born in differing environments (cesarean
vs vaginal delivery) assemble different starting gut microbiomes, with differences persisting for over a year in
some cases’*2,

PHs are social animals, with families consisting of a single dominant stallion bonding with adult females
over many years, and their common offspring who stay in their natal group often beyond puberty. We compared
fecal microbiomes collected from PH individuals (foals excluded) and found that social structure has a signifi-
cant effect on the composition of horse fecal microbiomes (r>=0.13, Pr(>F) =0.005). To remove the potential
influence of relatedness within social group, we also included a test with only reproductive adults (r*=0.14,
Pr(>F)=0.058). Similar to fecal microbiome taxa differentiating host lineages, taxa in Orders Clostridiales,
Bacteroidales, Erysipelotrichales, and Spirochaetales differed among social groups (Fig. 3c). Fecal microbiome
similarities within social groups could be due to a shared similar diet as individuals belonging to the same social
groups tend to graze together and tend to share a more similar diet profile than expected by chance (r>=0.18,
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