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Abstract
Background

Changes to the gut microbiota are associated with an increased incidence of disease in many species. This is particularly important
during the process of domestication, where captive animals commonly suffer from gastrointestinal (GI) pathology. Horses are a
prime example of a species which suffers from a high incidence of (often life-threatening) GI diseases in domesticated
environments. We aimed to indentify the gut microbial changes which occur due to domestication in horses by pro�ling the faecal
microbiota of adult female Exmoor ponies under three management conditions, representing increasing levels of domestication.

Methods

Faecal samples were collected from 29 adult female Exmoor ponies in the South West of the UK; ponies were categorised as Feral
(n=10), Semi-Feral (n=10) and Domesticated (n=9), based on their management conditions; thus controlling for age, gender and
random effects between groups. Diet and medication were recorded and faecal samples taken to assess parasite infection. Faecal
microbial composition was pro�led via high-throughput sequencing of the bacterial 16S rRNA gene.

Results

Downstream biostatistical analysis indicated profound step-wise changes in global microbial community structure in the transition
from Feral to Semi-Feral to Domesticated groups. A relatively high abundance of members of the phylum Proteobacteria and
Tenericutes were associated with the Domesticated group; and higher levels of Methanobacteria were seen in the Feral group. The
Semi-Feral group frequently had intermediate levels of these taxa; however, they also exhibited the greatest ‘within group’ variation in
bacterial diversity and parasites burdens. Functional predictions revealed increased amino acid and lipid metabolism in the
Domesticated group and increased energy metabolism in the Feral group; supporting a hypothesis that differences in diet was the
key driver of gut microbial composition.

Conclusions

If assumed the Feral population has a more natural gut microbial phenotype, akin to that with which horses have evolved, these data
can potentially be used to provide microbial signitures of balanced gut homeostasis in horses; which, in turn, will aid prevention of GI
disease in domesticated horses. 

Background
Humans have been domesticating animals on this planet for thousands of years, with the �rst cases in dogs estimated to be around
16,000 years ago [1]. This process is associated with changes to an animal’s natural environment, diet, breeding and behaviour
[2,3,4,5], often with a negative impact on animal health [6,7,8,9]. In particular, domesticated and/or captive animals commonly suffer
from gastrointestinal (GI) pathology [10,11,12], indicating that domestication can result in changes to the GI microenvironment which
compromise animal health.

Horses constitute a prime example of a domesticated species which suffer from a high incidence of (often life-threatening) GI
disease [13,14,15,16]. Unsurprisingly, the diet and feeding methods of domesticated horses often do not mimic those of wild horses
and, furthermore, changes in feeding, environment and management often precede episodes of GI disease [17,18,19]. Data on the
developing microbiota in foals show that the transition to an adult gut microbiome involves a rapid increase in microbial diversity
and increasing proportions of �bre digesting taxa belonging to Bacteroidetes and Fibrobacter Phyla [20, 21]. As horses are hind-gut
fermenters, this process is key to the ability to utilise dietary �bre and optimise gut health. Notably, alterations to microbial
communities of the equine gut have been intrinsically linked to GI diseases of domestication such as colic and colitis [18,22,23];
furthermore, obesity and metabolic disease in native pony breeds is associated with alterations to the equine GI microbiota
[24,25,26]. To understand how we can better manage domesticated horses and prevent GI and metabolic disease, it is important that
we understand how, and why, the domesticated equine microbiome differs from it’s natural state.

A handful of studies have investigated the impact of domestication on the GI microbiota of equids, with varying results
[27,28,29,5,30]. For example, one study found that domestication was associated with reduced microbial alpha diversity [4], whilst
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others showed no effect [31,32,33,]. There is little agreement in taxonomic changes due to domestication between these studies; and
whilst the data are a useful indication of the variation that we can expect to see in the gut microbiome within the genus Equus, and in
different environments, it is di�cult to draw general conclusions, as the speci�c impact of domestication was confounded by the
presence of many other variables (e.g. genetics, sex and age) which are known to in�uence the microbiota [34,35,36,37,38,39].
Furthermore, most studies to date include only two study groups, one of which is wild/feral, and the other domesticated
[4,27,29,30,32,40]; and you would expect to see differences between any two groups of horses which are managed separately,
regardless of their level of domestication.

Therefore, in this study we investigated the impact of domestication on the equine microbiome by characterising the faecal
microbiota of horses under three different types of management – representing step-wise increases in the level of domestication. To
make this process more rigorous, we matched each sub-population for breed, sex, approximate age and time of sampling, whilst
recording differences in diet, helminth parasite infections and recent/historical drug treatments.

Results
Microbiota Pro�ling

Freshly voided faecal samples from 29 adult female Exmoor ponies were collected in May 2019 from three populations categorised
at different levels of domestication. A Feral group (n=10), born wild, with no human intervention and grazed on 344 acres of rough
moorland dominated by purple moor grass, brown, bent and deer grass, bracken, heather and other native plant species. A Semi-Feral
group (n=10) with some human interference which were born wild, grazed on a combination of managed moorland and rye grass
mix pasture of approximately 60 acres. The Semi-Feral group were administered a yearly anthelmintic in winter as well as
supplementation with hay during this time. This group was minimally handled for health monitoring, anthelmintic administration and
hoof trimming. The remaining 9 were from a highly domesticated group, which were born in captivity, regularly handled, given
anthelmintics 3 times a year, grazed on a ryegrass pasture and fed hay, concentrate and stabled at night during the autumn and
winter. At the time of sampling none of the animals in the study were stabled, or receiving supplementary rations on a regular basis;
hence the main dietary difference between them was the level of access to ryegrass versus rough moorland grazing. Furthermore,
none of the animals in the study had been treated with an anthelmintic, or any other medication, in the last 8 weeks. DNA was
extracted from each faecal sample individually followed by identi�cation of microbial community composition by amplicon
sequencing of the V3-V4 hypervariable region of the bacterial 16S rRNA gene.

From the 29 faecal samples 1946910 (range per sample 30244-275624) raw paired-end reads were generated. Following primer
trimming, joining of paired-end reads, �ltering of low-quality sequences, denoising and chimera removal, a total of 844,229 (range per
sample 10,077-128,378) high-quality sequences were retained for further bioinformatics analyses.  The rarefaction curves generated
following in silico subtraction of low-quality and contaminant sequences indicated that the majority of samples were sequenced at
adequate read depth, thus allowing us to undertake further analyses (Additional File 1). Raw data and metadata was uploaded to the
European Nucleotide Archive (ENA) (accession number PRJEB39336). Taxonomic assignment was performed in QIIME2, using a
classi�er trained for 99% accuracy on the SILVA database [41]. The bacterial phyla Firmicutes (36.71%) and Bacteroidetes (30.99%)
were predominant in all samples, followed by the phyla Kiritimatiellaeota (9.58%), Spirochaetes (4.56%), Verrucomicrobia
(3.93%), Fibrobacteres (3.60%), Planctomycetes (2.30%), Actinobacteria (2.11%) Euryarchaeota (2.05%),Cyanobacteria
(1.37%), Proteobacteria (0.85%), Lentisphaerae (0.57%), Synergistetes (0.38%), Armatimonadetes (0.25%), Patescibacteria
(0.25%),  Tenericutes (0.23%), WPS-2 (0.09%), Elusimicrobia (0.04%), Chloro�exi (0.02%), Epsilonbacteraeota
(0.004%), Chlamydiae (0.002%), Acidobacteria (0.0005%) and Dependentiae (0.0002%) (Figure 1); 0.09% of OTUs could not be
assigned to any bacterial group. 

Clear step-wise differences in beta diversity were observed with increasing levels of domestication

Multivariate analysis of beta diversity between groups was performed on a weighted unifrac distance matrix using unsupervised
Principle Coordinate Analysis (PCoA) and supervised Canonical Correspondence Analysis (CCA). PCoA demonstrated clear clustering
by population with the greatest difference seen between Domesticated and Feral groups with the Semi-Feral group spanning between
the two (Figure 2a). Canonical Correspondence Analysis (CCA) showed a highly signi�cant difference between the three groups
(P=0.001, F=4.59) (Figure 2b).
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There were no signi�cant differences in alpha diversity between farms (evenness P=0.35; Shannon P=0.2; Richness P=0.33).
However, greater inter-individual variation in alpha diversity was seen between animals in the Semi-Feral group (see Additional File 2)

Many bacterial taxa showed clear step-wise differences in relative abundance according to domestication level

Differences in the abundance of speci�c bacterial taxa between the groups was evaluated using LEfSe (Linear Discriminant Analysis
Effect Size) analysis [42] (Table 1 and Additional Table 1). Examples of taxa which altered most signi�cantly between groups are
represented graphically in ANOVA plots (Figure 3). Many observed differences step-wise alterations between groups from
Domesticated, to Semi-Feral, to Feral; with Semi-Feral representing an intermediate between the two other groups. The highest
disparity (with regards to number of sign�cant differences observed) between study groups was seen at the family level, and these
differences were represented visually in a network analysis for clarity (Figure 4). As for the PCoA, the network analysis showed clear
clustering by population, with the least correlation between taxa in the Domesticated and Feral group, and the Semi-Feral group
showing a pro�le spanning that of the other two groups (Figure 4). In summary, the taxa Kirimatiellaeota (Lowest signi�cant
taxonomic level (LTL): Kiritimatiellae), Tenericutes (LTL: Anaeroplasma, Mycoplasma), Alphaproteobacteria (LTL: Rhizobales),
Deltproteobacteria (LTL: Desulfovibrio), Synergistes (LTL: Pyramidobacter), Actinomycetales (LTL: Mycobacterium), Negativicutes
(LTL: Acidaminococcaceae), Optituales and Lentispherae (LRL: Victivallaceae) showed step-wise reductions in relative abundance
from Domesticated > Semi Feral > Feral (Figure 3). Whereas the taxa Chlor�exi (LTL: Anaerolineaceae), Actinobacteria (LTL:
Eggerthellaceae, Atopobiaceae, Coriobacteriaceae), Euryarchaeota (LTL: Methanobrevibacter) and Clostridiales (LTL:
Lachnospiracaea, Shuttlesworthia) showed step-wise reductions in relative abundance from Feral > Semi Feral > Domesticated
(Figure 3). The abundance of taxa in the Semi-Feral group often represented an intermediate state between domesticated and feral
groups, as seen in the network analysis. However, there were some taxa which were differentially abundant in this group. Increases in
relative abundance were observed for Actinobacteria (LTL: Micrococcales (Arthrobacter) and Propionibacteriales (LTL:
Aeromicrobium), Gammaproteobacteria (LTL: Pseudomonales and Succinovibrionaceae), Bacillales (LTL: Bacillus), Selenomondales
(LTL: Anaerovibrio), Prevotellaceae UCG001, Saccharomonas (synonyms – Zymomonas, Pseudomonas), Methanocorpusculum and
Clostridium butyricum (Additional Table 1).

Differences in Faecal egg counts between populations, and correlation between FEC and individual bacterial taxa

The FEC pro�les between the groups were compared by one-way ANOVA using R studio [43], and were sign�cantly different
(P=0.005), with domesticated having lower FEC on average than the Feral and Semi-Feral groups; there was more inter-individual
variation in FEC in the Semi-Feral group (Additional Table 2; Supplementary Fig 4). Association of individual bacterial taxa with
faecal egg count (FEC) was assessed using linear regression analysis (Figure 5). For ease of comparison, the results of regression
analysis are summarised alongside LEfSe results in Table 1. Bacterial taxa most signi�cantly correlated with FEC are shown
graphically in Figure 5. Of the taxa which were increased in the Domesticated group; Kirimatiellaeota, Lentispherae,
Alphaproteobacteria and Tenericutes were also negatively correlated with FEC. Of those taxa increased in the Feral group
Actinobacteria (Eggerthellaceae), and Lachnospiraceae (Shuttlesworthia) were also positively correlated with FEC. Of those taxa
increased in the Semi-feral group, Micrococcales, Proponibacteriales and pseudomonales, and Prevotellaceae UCG001 were also
positively correlated with FEC.

Predicted functional analysis from 16S sequencing data

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUST) with KEGG Orthology (KOs)
classi�cation was used on the data to predict the functional implications of differences between microbial community structure
between Domesticated, Semi-feral and Feral groups [44]. Network analysis with Pearson’s Correlation was used to demonstrate
functional differences between the groups; the clearest differences between groups was seen at KEGG level 2 (Figure 6). As seen with
beta diversity and taxonomic analyses, functional pathways in the Feral and Domesticated were poorly correlated with each other,
whereas pathways upregulated in the Semi-feral group spanned between them. LEfSe analysis of predicted functional data
supported the network analysis (Additional File 3); glycan, amino acid, lipid, polyketides and xenobiotics metabolism were increased
in the Domesticated group; carbohydrate metabolism, cancers, neurogenerative diseases, excretory system, immune system diseases
and metabolic diseases were increased in the Semi-feral group; and energy metabolism, transcription, membrane transporters and
genetic information processing were increased in the Domesticated group.
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Discussion
In this study we have reported a clear difference in faecal microbial composition and predicted function between adult horses of the
same breed and gender, but different levels of domestication; ranging from no human intervention to high human intervention (i.e.,
Feral – Semi-feral – Domesticated). The overall structure of the microbiome in the study participants was similar to that previously
described for horses, with the most abundant phyla being Firmicutes and Bacteroidetes [45,21,46,47,48,22,25]. There were clear
differences in global composition between the groups according to unsupervised beta diversity analysis. This was supported by
supervised multivariate analysis using CCA, in which the differences between the three groups were signi�cant (p= 0.001). Clustering
of individuals according to PCoA (Fig 2b) showed that the greatest difference in microbial beta diversity was between Domesticated
and Feral groups, and the Semi-feral animals spanned between them, indicating step-wise differences in the composition of the
faecal microbiota in response to increasing levels of domestication. The predicted functional changes mirrored those in the
micorbiome data, with a network analysis revealing the least correlation between the Feral and Domesticated groups.  To our
knowledge, this is the �rst time a step-wise response to domestication level has been described in the equine GI microbiota.

Based on previous studies of the equine microbiome [49], and given that all animals were clinically healthy at the time of sampling,
the differences in management between groups which were likely to be responsible for the observed differences were diet [31,19,
50,51,17,52], drug use [53,48,54,57], level of GI parasites [48,54,55] and, potentially, handling stress  [56]. We attempted to dissect
these factors by recording the dietary differences, drug use and GI helminths burden (by proxy of FEC) in each group at the time of
sampling. It being spring, the main difference in diet between groups was the level of access to managed ryegrass pasture versus
rough moorland grazing; although the Semi-Feral and Domesticated groups had also received supplementary hay and concentrate
(in the case of the latter) over the winter. None of the animals in the study had been treated with an antibiotic, nor anthelmintic in the
last 8 weeks, and previous studies have shown that anthelmintic use alone has small and transient effects on the GI microbiota
[48,54,57,53]. Therefore, we assumed that there were no direct effects of anti-infective drugs at the time of sampling. However,
evidently the different parasite treatment protocols have led to different FEC pro�les between groups.

Strongyle FECs were signi�cantly lower in the Domesticated group (Additional File 4), which is expected as these animals were tested
and treated more regularly for these parasites. The average FEC was similar between the Feral and Semi-feral group, however there
was much greater variation in parasite burden between animals in the Semi-Feral group (Additional Table 2; Additional File 4). Of
note, the ponies in this group were wormed only once per year, and they were kept in a relatively restricted area which would allow for
the build-up of parasites on the pasture. Therefore, it is likely that these animals were exposed to high helminth infection intensity
and, consequently, parasite burdens would �uctuate widely between treatments.  Over the course of the year, the diet of the Semi-
feral herd would also be expected to �uctuate more than the other two groups as they were grazed on different pasture types and
had sporadic supplementation with hay. Both dietary changes and acute helminth infection have been shown to cause alterations to
microbial composition and alpha diversity in horses [31,19,50,51,17,52,48,54,55] and, interestingly, there was also a much higher
variation in the microbial alpha diversity in the Semi-feral group when compared to the Feral and Domesticated group (Additional File
2). Furthermore, the predicted functional analysis for the Semi-feral group included increases in KEGG pathways for cancers,
metabolic diseases and immune system diseases, all of which appear to represent an unhealthier phenotype. This may be an
indication that a lack of consistency in diet and parasite management on a small holding may be more disruptive to gut microbiota
than either a Feral or a Domesticated system with relatively stable management. Indeed, parasite treatment and changes in diet have
both been found to be precede GI disease in horses [16,58,59,60].

In contrast to some previous studies comparing wild and domesticated populations [4] the average alpha diversity between groups in
this in this study did not differ signi�cantly (P=0.2). Notably, reduced diversity has been associated with domestication and GI
disease in many species including horses, and based on this data it is tempting to infer that low diversity is a contributing factor in
diseases resulting from domestication [61,62,63,64,65,66]. However, an increasing body of evidence, including our data, calls this
assumption into question, as no signi�cant differences in alpha diversity between equid groups were reported [31,32,33]. Indeed, it
may be that a high variation in alpha diversity (as was seen in the Semi-Feral herd), or a sudden drop in alpha diversity within a given
population, is a better indication of GI health than the diversity metric itself.

Overall, taxonomic analysis using a combination of LEfSe and network analysis corroborated the �ndings of multivariate analyses,
demonstrating clear step-wise changes in the abundance of many bacterial taxa between the Domesticated, Semi-Feral and Feral
groups (Figs 2,3,4). With respect to the Domesticated group, the taxa Kirimatiellaeota (Kiritimatiellae), Tenericutes (Anaeroplasma,



Page 6/20

Mycoplasma), Alphaproteobacteria (Rhizobales), Deltproteobacteria (Desulfovibrio), Synergistes (Pyramidobacter), Actinomycetales
(Mycobacterium), Negativicutes (Acidaminococcaceae), Optituales and Lentispherae (Victivallaceae) showed a step-wise decrease in
relative abundance from Domesticated, to Semi-Feral, to Feral. Of these taxa Kirimatiellaeota, Lentispherae, Alphaproteobacteria and
Tenericutes were also negatively correlated with FEC which, given the domesticated group had the lowest FEC, may indicate that high
levels of these bacteria were related to low parasite burden. On the other hand, this may actually be a false correlation, since there
was a signi�cantly lower FEC in the Domesticated group; indeed, we were not able to �nd examples of negative relationships
between these bacterial taxa and helminth infection in the literature.

Notably, members of the Classes Alpha- and Delta-proteobacteria were signi�cantly higher in the apparently healthy Domesticated
ponies. Higher levels of the Class Alphaproteobacteria were largely attributable to increases in the order Rhizobales; whereas an
increase in Class Deltaproteobacteria was attributable to an increased abundance of genus Desulfovibrio. In general, elevated levels
of Proteobacteria in horses have been linked to increased starch intake [19,50,67]. The domesticated group had the highest level of
access to ryegrass pasture, which has a higher starch level than rough moorland grasses [68,69,70]; therefore, the increase in
Proteobacteria seen in the Domesticated group may be linked to dietary starch levels. The long-term effects of concentrate
supplementation over the winter may also have contributed to this �nding, although there are no studies evaluating the residual
effects of starch in horses to con�rm this hypothesis. Similar increases in Proteobacteria in horses have also been associated with
intestinal in�ammation, colic and equine grass sickness [22,71,72,73]. In particular, Weese et al (2015) showed that Proteobacteria
increased in horses in the days prior to presenting with colon torsion, suggesting that bacteria belonging to this phylum may play a
role in precipitating disease. Therefore, increases in Proteobacteria associated with dietary starch intake, such as seen here, may be a
risk factor for the development of GI disease.  Other changes in taxa which linked to diet in the Domesticated group included a
relative increase in Negativicutes (Acidaminobacteriaceae) abundance. These bacteria use amino-acids as their sole source for
growth, and so their increase is consistent with a higher protein diet, consistent with a diet of ryegrass versus rough moorland
grasses [68,69,74]; furthermore, these �ndings would explain the functional prediction of increased amino acid metabolism from
PICRUST analysis.

In the Domesticated group there were also relative increases in bacterial taxa (e.g. Tenericutes, Synergistes and Actinomycetales)
which have been described either in horses, or other species, as pathobionts. For example, the increase in Tenericutes was largely
attributable to increases in the abundance of Anaeroplasma and Mycoplasma. These bacteria are gram-negative, anaerobic, and
found in mammalian gut microbiota [75,76]. They are considered a pathobiont and are known to increase in response to GI
in�ammation in mice and humans; for example, Mycoplasma are implicated in the aetiology of Chrohn’s disease in humans [76,77].
Mycoplasma are also a cause of respiratory disease in horses [78,79,80]. The elevated abundance of these taxa may therefore
indicate an ‘unhealthy’ gut microbial pro�le, however there is currently no data in horses to prove this hypothesis.

With regards to the Feral group, Chlor�exi (Anaerolineaceae), Actinobacteria (Coriobacteriia; Eggerthellaceae) Atopobiaceae,
Coriobacteriaceae), Euryarchaeota (Methanobrevibacter) and Clostridiales (Lachnospiracaea, Shuttlesworthia) showed step-wise
decreases in abundance from Domesticated > Semi-feral > Feral. Chlor�exi (Anaerolineacae), Actinobacteria (Coriobacteriiia), and
Lachnospiraceae (Shuttlesworthia) were also positively correlated with FEC. Coriobacteriales have been found in previous work to
increase with helminth infection [80]. Actinobacteria were also increased in helminth infections in cats [82] and mice [83], and they
have been shown to increase in response to helminth infection with Trichuris suis infection in pigs alongside dietary inulin
supplementation [84]. In the latter case, these changes were linked to an anti-in�ammatory Th2 immune response. Hence, it is
plausible that some bacteria belonging to these taxa have a genuine link with helminth infection, which may explain their presence at
higher levels in the Feral group.

As for the Domesticated group, many of the other taxa which were associated with the Feral group had strong links to diet. In
particular, Euryarchaeota (genus Methanobrevibacter) was the bacterial taxa most strongly associated to this group.
Methanobrevibacter spp facilitate the fermentation rate and colonic energy production in the form of SCFA by removing H2 from
bacterial fermentation [84], which is important to utilise energy from �brous diets. High levels of Euryarchaeota are associated with
high �bre diets in horses [86,46]; and have also been linked to wild horses in studies comparing wild and domestic populations [32].
Therefore, the association of these taxa with the Feral group in this study most likely re�ects the relative high �bre content of the
rough moorland diet of the Feral population. Anaerolinaceae are anaerobic fermenters producing methanogens, synergistically linked
with members of Euryarcheota [87], such as Methanobrevobacter. Furthermore, Coriobacteriaceae have been shown to increase in
abundance proportionately to increasing concentration of cellobiose supplementation in horses [88].  Cellobiose forms when
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cellulose is partially hydrolyzed by the enzyme cellulase [89], suggesting that an increase in these bacteria could be a downstream
effect of a high �bre diet. Lachnospiraceae are also associated with the breakdown of cellulose and hemicellulose [90] which may
indicate that these bacterial taxa were increased as a result of the high level of �bre in a rough moorland diet. Increased abundance
of Lachnospiraceae due to diet may, in turn, have positive health effects for the horse as increased levels of this family have been
reported in the faecal microbiome of healthy horses when compared with animals with colitis [22] and diarrhoea [91]. The predicted
functional analysis performed in this study supports the role of the microbiota of Feral group in �bre digestion, with KEGG pathway
for energy metabolism being signi�cantly increased in the Feral group compared with the other two groups.

Study Limitations
When considering the observed differences in bacterial taxa between groups we have drawn upon previous literature describing the
impact of diet, parasite burden, and handling stress on the equine microbiome; however, given the relatively sparsity of equine
microbiome data in general, and the level of variation between studies, it was not always possible to �nd a clear explanation for our
�ndings. With the inherent limitations of analysing the faecal microbiota in horses [92], our discussion of the potential biological
signi�cance of the changes above can only ever be regarded as speculative (mechanistic studies are required to validate the
functional hypotheses generated by this work). Furthermore, acknowledging the strong effect of genetics and environment on the
microbiome [93,94,95], we can only have con�dence that the changes we have observed are true for adult female Exmoor ponies in
spring.

Methods
Animals

29 adult Exmoor pony mares were sampled from 3 different premises in Somerset and Devon in May 2019. All had a body condition
score of between 3 and 4. Sample group 1 (Feral) was a sub-sample of female adults (n=10) from a wild population (~ 50) on a 344
acre moorland site (GPS: N51° 19' 41.7 W2° 45' 8.6) which has no human intervention. These animals were either born on this site or
transported to it from Exmoor 15 years prior to this study, but all were born wild. This grazing is described as rough, dominated by
purple moor grass, brown, bent and deer grass, bracken, heather and many species of native plants. Sample group 2 (Semi-feral) was
a sub-sample of female adults (n=10) from a Semi-feral population (approx. 30) on Exmoor (GPS: 51.2142° N, 3.6211° W). These
animals had some human intervention including one anthelmintic treatment of moxidectin in the winter, access to hay in winter and
were rotationally grazed on a combination of moorland type land and farmland which was a ryegrass mix. This group were all
originally born on Exmoor and removed as youngstock. Sample group 3 (Domesticated) was a sub-sample of females (n=9) from a
domesticated and highly managed population (GPS: 50.5627° N, 4.2619° W). These animals were in given anthelmintics 3 times a
year, restricted to grazing on ryegrass mix managed paddocks, were often stabled and given concentrate feed and supplementation
during the winter, and when deemed necessary. All these ponies were born in captivity.  At the time of sampling all individuals were at
grass 24/7. None of the animals in the study were known to be pregnant or lactating.

Sample collection and processing

Freshly voided faecal samples were collected from study participants in May 2019. Fresh samples were immediately snap frozen in
liquid nitrogen before storing at -80°C until further processing. A second sub-sample sample was stored anaerobically in a sealable
sample bag for faecal egg counting (FEC) and culturing, these samples were stored in a 4-degree fridge and processed within 3 days.
FEC were conducted using mini-FLOTAC method, sensitive to 5 eggs per gram [96,97]. 5g of faeces was weighed in the mini-FLOTAC,
45ml of saturated saline (minimum speci�c gravity of 1.18) was added and then homogenised.  Slides were then �lled and read to
determine eggs per gram value. R studio [43] was used to determine statistical difference between groups by one-way ANOVA
(P=0.005).

16S rRNA Sequencing

As replicated by Peachey et al, 2019, Genomic DNA was extracted from individual faecal samples, as well as from three negative
‘blank’ (= no DNA) controls, using the PowerSoil DNA Isolation Kit (Qiagen, Carlsbad, CA, USA), according to the manufacturers’
instructions. The V3-V4 region was PCR-ampli�ed using forward (TACGGGAGGCAGCAG) and reverse primers
(CCAGGGTATCTAATCC). For PCR ampli�cation, the following thermocycling protocol was used: 98  /2 min, 20 cycles of 98  /15 s, 63
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 /30 s, and 72 /30 s, and 72 5 min. Amplicons were puri�ed using AMPure XP PCR Puri�cation beads (Beckman Coulter, Brea,
California, USA). The index PCR was performed using the NEBNext hot start high-�delity DNA polymerase and Nextera XT index
primers (Illumina) according to the following thermocycling protocol: 98  /30 s, 8 cycles of 98  /10 s, 65  /75 s and at 65 /5 min. The
indexed samples were puri�ed using AMPure XP beads and quanti�ed using the Qubit Quant-iTTM dsDNA High-Spec Assay Kit (Life
Technologies, Carlsbad, California, USA). Then, equal quantities of DNA from each sample were pooled and the resulting library was
quanti�ed using the NEBNextLibrary Quant Kit for Illumina (New England Biolabs Inc). Sequencing was performed on an Illumina
MiSeq platform using V3 chemistry (301 bp paired-end reads).

Bioinformatics

Raw paired-end Illumina reads were processed using the Quantitative Insights Into Microbial Ecology 2 (QIIME2-
2018.4; https://qiime2.org) software suite [98]. Successfully joined sequences were quality �ltered (Read cut-off: 17; 286 and 17; 255
for forward and reverse, respectively), dereplicated, chimeras identi�ed, and paired-end reads merged in QIIME2 using DADA2 [99]. A
phylogenetic tree was generated for diversity analysis, followed by calculation of alpha and beta diversity metrics using the ‘core-
metrics-phylogenetic command’ in QIIME2. Sequences were assigned to taxonomy using the feature classi�er: SILVA 99% OTUs full-
length sequences. A feature table with the assigned taxonomy was exported from QIIME2 alongside a weighted UniFrac distance
matrix for downstream biostatistical analysis. Statistical analyses were executed using the Calypso software [100]
(cgenome.net/calypso/); total sum scaling (TSS) normalisation was applied, followed by square route transformation to account for
the non-normal distribution of taxonomic counts data. Beta diversity of microbial communities was calculated using weighted
UniFrac distances and samples were clustered according to domestication group using principle coordinates analysis (PCoA) and
supervised Canonical Correspondence Analysis (CCA). Differences in bacterial alpha diversity (Shannon diversity) between groups
were evaluated using an ANOVA. Differences in the relative abundances of individual microbial species between groups were
assessed using the Linear Discriminant Analysis Effect Size (LEfSe) work�ow [42], by assigning group as the comparison class.
Networks of Pearsons correlation were created to identify correlations between bacteria associated with each of the groups.
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUST) [44] was used to predict the
functional pathways associated with the bacterial taxa identi�ed vy 16S rRNA sequencing. LEfSe analysis was used to compare the
output of PICRUSt between groups, in the form of KEGG Orthology (KO’s) [101]. These data were inputed into a network analysis to
demonstrate links between functional pathways associated with the 3 respective groups. Regression analysis between individual
bacterial taxa and FEC was performed.

Conclusions
We have identi�ed clear step-wise changes to the faecal microbiome relative to increasing domestication level of Exmoor ponies. It is
important to consider how we can translate these �ndings into our approach to management of domestic equids. Based on our data,
we can suggest faecal biomarkers of a healthy equine microbiome which can potentially be used to assess the GI health of equids.
For example, adequate levels of Methanobrevibacter could be used as a marker for a “healthy”, wildtype microbiome associated with
adequate dietary �bre. Speci�c species of proteobacteria, e.g. Desulfovibrio and Pseudomonas could potentially be used as markers
of in�ammation, stress or a diet too high in starch. Interestingly, our data also suggest that wide variation in alpha diversity between
animals on a premises may be an indication of poor management, leading to ‘unstable’ microbiomes; which differs from the current
thinking that low diversity is associated with poor health.  There may be yet more markers which we have identi�ed here; such as
increases in Coriobacteriaceae for Feral and Mycoplasma for Domesticated groups. Following on from this study, validation of
potential biomarkers within the faecal microbiome should be extended to other systems and breeds of horses, and it is likely that
each breed will have its own benchmark for what is considered optimal. We would strongly suggest that people working in this �eld
undertake similar studies in other equine breeds. Nonetheless, we have laid the foundations for a sensible approach to using
microbiome data to improve the health of one of the most ancient of domestic animals – the horse.
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Tables
Table 1: Bacterial taxa with a signi�cantly different relative abundance between Domesticated, Semi-feral and Feral groups
according to LEfSe analysis; and those correlated with faecal egg count (FEC) in regression analysis. Rows under group headings are
highlighted grey when the taxa was relatively increased in that group. For FEC, rows highlighted green represent a positive correlation
with FEC, and those highlighted red represent a negative correlation (n.b. only those taxa which changed in a step-wise modus from
Domesticated to Semi-Feral to Feral are shown here; for full LEfSe results see Additional Table 1).

Table 1
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Phylum  Class Order Family Genus Domesticated Feral FEC
Euryarchaeota           
  Methanobacteria          
   Methanobacteriales        
    Methanobacteriaceae      
        Methanobrevibacter      
Chloroflexi           
  Anaerolineae          
   Anaerolineales         
      Anaerolineaceae        
Firmicutes Clostridia          
   Clostridiales         
    Lachnospiraceae        
        Shuttleworthia      
Actinobacteria           
  Coriobacteriia          
   Coriobacteriales         
    Eggerthellaceae        
    Atopobiaceae        
    Coriobacteriaceae Parvibacter      
               
  Actinobacteria Actinomycetales Mycobacteriaceae        
        Mycobacterium      
Tenericutes           
  Mollicutes          
   Anaeroplasmatales         
    Anaeroplasmataceae        
     Anaeroplasma      
              
    Mycoplasmatales Mycoplasmataceae  Mycoplasma      
Kiritimatiellaeota           
  Kiritimatiellae            

Lentisphaerae           
  Lentisphaeria          
   Victivallales         
      Victivallaceae        
Synergistetes           
  Synergistia          
   Synergistales         
    Synergistaceae        
        Pyramidobacter      
  Thermoplasmata            
Proteobacteria Deltaproteobacteria          
   Desulfovibrionales         
    Desulfovibrionaceae        
       Desulfovibrio      
    Myxococcales          
  Alphaproteobacteria          
    Rhizobiales          
Firmicutes Negativicutes          
    Acidaminococcales Acidaminococcaceae        
Verrucomicrobia Opitutae Opitutales          

 

Figures
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Figure 1

Bar charts depicting the relative abundances of faecal bacterial phyla of the Feral, Semi-Feral and Domesticated Exmoor pony
groups.

Figure 2
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Multivariate analysis of weighted unifrac distance beta diversity measures between samples from Feral, Semi-feral and
Domesticated Exmoor groups showed clear clustering according to domestication level. (a) Unsupervised Principle Coordinates
Analysis (PCoA) plots comparing the faecal microbial beta diversity of Domesticated, Semi-feral and Feral groups. (b) The faecal
microbial beta diversity of faecal samples ordered by Domesticated, Semi-feral and Feral groups using supervised Canonical
Correspondence Analysis (CCA) (P=0.001).

Figure 3

Examples of bacterial taxa showing signi�cant step-wise changes in relative abundance between Domesticated, Semi-Feral and
Feral group at each taxonomic level. Represented by ANOVA plots (those which were most statistically signi�cant were selected for
presentation).
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Figure 4

Network analysis with Pearson Correlation at Family level. Showing correlations between bacterial families and their relative
association with Domesticated, Semi-feral and Feral groups.
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Figure 5

Regression plots showing examples of bacteria which were positively or negatively associated with faecal egg count across all
groups. The examples selected were the most statistically signi�cant at each taxonomic level.
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Figure 6

Network analysis with Pearson Correlation of predicted functional pathways at Kegg level 2 based on taxonomic data. Showing
correlations between metabolic pathways, and their relative association with the Feral, Semi-feral and Domesticated groups.
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