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KEY POINTS

e The gastrointestinal microbiome plays an important role in the health of the horse.

e Horses with colic and diarrhea exhibit dysbiosis of the gastrointestinal microbiome
compared with healthy horses.

o Antimicrobial drugs disrupt the healthy microbiota.

Although we are continuing to learn more about the equine gastrointestinal microbiome in

health and disease, more studies are need using consistent methodology for sample pro-
cessing and analysis to interpret results published to date.

Ultimately, the goal is to better understand the role of the microbiome in horses with colic
potentially leading to methods to optimize the microbial populations of the gastrointestinal
tract to prevent disease.

INTRODUCTION TO THE MICROBIOME

Colic is the principal cause of equine deaths worldwide' as well as a source of eco-
nomic and emotional loss to owners. Historically, researchers have implicated factors
such as modern management practices (diet,?™° exercise,*® and stabling/access to
pasture®’), hindgut fermentation resulting in the production of gas,® and anatomic fea-
tures of the gastrointestinal (Gl) tract itself® (intralumenal narrowing that predisposes
to obstruction, ischemic lesions created by entrapment of portions of bowel with a
long mesenteric attachment) as the contributing factors to Gl disease causing signs
of colic. Although great strides have been made in the treatment of individual horses
with colic, the prevalence of colic in the equine population remains high and un-
changed over the last 25 years.'%~'2 These statistics indicate that the underlying cause
of Gl disease remains unknown and poses an important, yet unanswered, clinical
question.
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Recent research into human Gl disease has brought to light the importance of the
microorganisms residing within the gut. Known as the microbiome, this collection of
bacteria, bacteriophages, fungi, protozoa, and viruses has coevolved over thou-
sands of years to form a symbiotic relationship with its host.”®'# For the purposes
of this discussion, the term microbiome will refer only to bacteria as they have been
more thoroughly investigated. The commensal bacteria of the Gl tract serve impor-
tant metabolic functions such as nutrient breakdown and absorption, the produc-
tion of short-chain fatty acids (SCFAs), the conversion of primary to secondary
bile acids, the biosynthesis of vitamins and amino acids, the regulation of the in-
flammatory environment of the gut, and the modulation of the immune system in
response to pathogens.'® Changes in the normal bacterial populations result in al-
terations in these metabolic functions. Oftentimes, these metabolic responses
result in inflammatory changes that are associated with disease. The term dysbiosis
has been used to describe the alterations in the bacterial community composition
and subsequent functional changes in metabolism associated with disease
states.”®'® In humans, the identification of the microbiome and its role in various
Gl diseases has enabled advances in the understanding, diagnosis, and treatment
of ulcerative colitis, Crohn’s disease, obesity, and metabolic disease.'” Similar
progress has been made in companion animals suffering from acute and chronic
enteropathies.’®2° Owing to the success of these efforts, equine researchers
have begun to investigate the gut microbiota in healthy horses and those with GlI
disease.

Characterization of the Gastrointestinal Microbiota

Until recently, the culture-based methods were used to identify bacteria. This limited
the number of identifiable species to only cultivable bacteria, an estimated 10% of the
total number of known species.?’ With the advent of next-generation sequencing
(NGS), over 1000 species of bacteria previously unrecognized by microbial culture
can now been identified.?"?> Two methods of NGS have been used to discover Gl
microbiome composition: 16S rRNA gene sequencing and whole genome or shotgun
sequencing. With each method, DNA is purified from a sample and its nucleic acid
sequence is defined. With 16S rRNA or short-read sequencing, primers target and
amplify a marker gene (the 16S ribosomal subunit) with conserved regions common
to all bacteria flanking variable regions unique to each species. This short sequence
of DNA (about 450 bp) is subsequently assigned to an operational taxonomic unit
(OTU) or amplicon sequence variant (ASV) depending on the pipeline used, and the
OTUs/ASVs will be compared with a library of bacterial sequences for identification.
In contrast, whole genome or shotgun sequencing identifies the entire genome of a
sample which is later assembled and compared with a database. Because it includes
areas of the genome beyond the 16S rRNA gene, it allows for investigation beyond
taxonomic classification, identifying functional genes such as virulence factors, anti-
microbial resistance genes, and genes associated with bacterial metabolism. It is
also not limited to bacteria (which possess a 16S ribosomal subunit) but includes se-
quences from other kingdoms such as viruses, fungi, archaea, and the host itself.

Data provided by both types of NGS include a taxonomic description of the bacteria
at the level of phylum, class, order, family, genus, and species as well as their abun-
dance. Although 16S rRNA sequencing is cheaper, faster, and more commonly used
than shotgun sequencing, it does not provide the resolution needed to identify bacte-
ria to the species level.?® It also does not include any functional genes, limiting itself to
answering “who is there?” but skipping the more pressing question of “what are they
doing?”
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How to Interpret Microbiome Data

Microbiome data are typically analyzed and reported as alpha diversity, beta diversity,
and taxonomy. Alpha diversity is used to summarize the diversity within a sample and
is reported as a single metric. This term can take into account either the number of
different species present in a sample (richness) and also their distribution among
each species (evenness).>* Frequently reported metrics of alpha diversity may report
just richness (number of unique taxa) or evenness (distribution among each taxa) or a
combination of both. Alpha diversity can include the OTUs or ASVs (richness), Chao1
(richness), Shannon (richness and evenness), or Simpson’s (richness and evenness)
indices.?® In Fig. 1, five healthy horses were administered metronidazole after sample
collection on Day 0 which was discontinued on Day 3 due to adverse effects. Howev-
er, fecal samples were collected on Days 7 and 14 (post-antibiotic administration).
There is a significant loss in the number of species found in feces on Day 3 compared
with Day 0 and followed by a recovery period by Day 14.

Beta diversity examines the composition of the bacterial community between sam-
ples, attributing a number to quantifiy similarity or differences between groups of sam-
ples. It is commonly reported as the Bray—Curtis index (composition), Jaccard index
(presence or absence of species without abundance), and UniFrac distances (phylo-
genic relatedness with or without abundance).?® Beta diversity is displayed using a 2-
or 3-dimensional principal coordinate analysis (PCoA) or principal component (PCA)
plots. Each individual animal is represented on the plot, with samples that are spatially
clustered together on the plot having similar bacterial composition than samples that
are distant from each other. In Fig. 2, Ericsson and colleagues demonstrated how
samples from each compartment of the Gl tract clustered on a PCoA plot. The
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Fig. 1. A plot demonstrating the alpha diversity measured as operational taxonomic units
(OTUs) for five horses treated with metronidazole. The red bar indicates the median for
each Day. There is a reduction in the number of species found in fecal samples between
Day 0 (pre-metronidazole administration) and Day 3 (post-metronidazole administration).
Although the Day 14 median OTUs was similar to Day 0, there was more variability in the
OTUs between horses.

383



384

Arnold & Pilla

is . Dorsal stomach
PPt TN . . Antral stomach
/ N
c / 5
o 1 / o\ O Jejunum
- 2 \,
8 ! o o\
- ! \ lleum
© ] \
= e RN :l " \\ C
© IO '. ° \ ecum
~ ! “. \ ‘. Cy ) \
© 0 i o \ ° ) ] Q Ventral colon
0 (g ! \ ® I
\ ]
| o 5\ o H Dorsal col
s \Q/ . e . ® 9 ° /, orsal colon
-’ A\, /
a 05 4 Ry & /
. L] /
\
\\\\ ,’I,
. %o
-1 T T e 1
-1.5 -1 -0.5 0 0.5 1 15

PC1-52.88% variation

Fig. 2. Principal component analysis (PCA) of luminal gut microbial populations of samples
from the dorsal stomach, antral stomach, jejunum, ileum, cecum, ventral colon, and dorsal
colon of nine healthy adult horses. Of note is that the samples from the proximal Gl tract
(dorsal stomach to ileum) cluster distinctly from samples of the distal Gl tract (cecum to dor-
sal colon). This indicates significant differences in bacterial populations. (Adapted from
Ericsson AC, Johnson PJ, Lopes MA, et al. A Microbiological Map of the Healthy Equine
Gastrointestinal Tract. PLoS One 2016 with permission.)

microbiome of the proximal Gl tract (stomach to the ileum represented by brown, or-
ange, and yellow spheres) clustered separately from the distal Gl tract (cecum, ventral,
and dorsal colons in shades of blue). This indicates different microbial community
composition.

Finally, the abundance of bacterial taxa (phylum, class, order, family, genus, and
species) in each sample is reported. Standard statistical methods are used to deter-
mine significant differences between groups of samples for each individual bacterial
taxa, such as healthy horses versus those with Gl disease, and methods to adjust
for multiple comparisons must be used to prevent false discoveries. Histograms of
the fecal microbiome at the phylum level for horses on five different diets are pre-
sented in Fig. 3.

It is important to note that methods for microbiome sequencing are not standard-
ized and different DNA extraction methods, primer sets for 16S rRNA sequencing, da-
tabases for taxa identification, and pipelines for data analysis are often used in
different combinations. In addition, high inter-individual variation is another known fac-
tor which means that studies with small sample sizes often have highly variable taxa
abundance. Any one of these factors can introduce bias to the results, favoring the
identification of certain taxa in detriment of others. Therefore, when looking at the liter-
ature it is important to focus not on the individual percentages themselves, but rather
the main trends that are common across studies.

The Microbiome of Equine Gastrointestinal Tract

The fecal microbiome is thought to be representative of the distal (aboral) Gl tract.
Fecal samples are also readily available and obtained using minimally invasive
methods of collection. In humans and companion animals,>-28 the resident bacterial
populations of each Gl compartment are reflective of the anatomic and functional
components of that segment as well as the substrate that reaches it.>° These distinct
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Fig. 3. Histograms representing the abundance of each phyla from healthy horses on
different diets: Diet A: horses fed forage only (hay and/or pasture); Diet B: horses fed forage
plus low fiber concentrate (5%-7%) at <0.5% of body weight in kg/d; Diet C: forage plus me-
dium fiber concentrate (10%-15%) fed at <0.5% of body weight in kg/d; Diet D: forage plus
high fiber concentrate (18%-33%) fed at <0.5% of body weight in kg/d; Diet E: forage plus
medium fiber concentrate (10%-15%) fed at 1% to 2% of body weight in kg/d. Asterisks
represent significant differences between bacterial phyla. Actinobacteria is significantly
more abundant in Diet E compared with Diet B-D, whereas Bacteroidetes is more abundant
in Diet E compared with B. (From Arnold, CE, Pilla, R, Chaffin, MK, et al. The effects of
signalment, diet, geographic location, season, and colitis associated with antimicrobial use
or Salmonella infection on the fecal microbiome of horses. J Vet Intern Med. 2021; 35(5):
2437-2448. https://doi.org/10.1111/jvim.16206.)

anatomical regions have specific pH ranges, enzymes, oxygen tensions, and micro-
biome compositions. Studies on the bacteria of the equine Gl tract have found similar
results. There seems to be distinct differences in the bacterial community composi-
tion, between the proximal (oral, stomach, and small intestine) and distal (aboral,
cecum, and large colon) Gl tract in horses (see Fig. 2).2°32 These studies have
confirmed that feces are an adequate proxy for the hindgut of the horse,*%*" allowing
for minimally invasive sampling from a portion of the gastrointestinal tract (GIT)
frequently affected by Gl disease.

Is There a Core Microbiome in the Hindgut of the Horse?

Researchers have attempted to define the “core microbiome” of the horse by identi-
fying bacterial populations consistently present among healthy individuals. These taxa
likely perform critical metabolic functions that are altered in dysbiosis or disease
states.®® As hindgut fermenters, the equine large colon contains fibrolytic bacteria
that break down non-soluble plant material and convert it into SCFAs that supply
the majority of the horse’s energy needs.®* Multiple studies in healthy horses have
identified 17 to 20 phyla with varying abundances in equine feces.>%>":25-3° The major
phyla that seem consistently present across studies include Firmicutes, Bacteroi-
detes, and Verrucomicrobia.

At this point in time, the functional role of these bacteria has not been definitely char-
acterized, and there is likely redundancy of function among taxa. Firmicutes, the most
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abundant phyla in the equine fecal microbiome, has an important role in the degrada-
tion of complex plant material.*® Firmicutes includes many commensal groups
belonging to the class Clostridia, which has previously been associated with patho-
genic species. However, taxa within this class such as Lachnospiraceae (which pro-
duce butyrate, the main nutrient for colonic enterocytes) and Ruminococcaceae
(production of acetate, propionate, and butyrate) perform important metabolic func-
tions that are altered by Gl disease. Bacteroidetes and Verrucomicrobia are often
cited as the second or third most abundant phyla.3%-37-38:41-43 Bacteroidetes also con-
tributes to the production of SCFA from fiber breakdown. Verrucomicrobia uses mucin
in the Gl tract as a nutrient and plays a pivotal role in maintaining the mucosal barrier at
the epithelial surface. Depletion of Verrucomicrobia has been associated with the loss
of barrier function in Gl diseases such as colitis.***> Other phyla that are present in
lower abundance include Spirochaetes, Tenericutes, Fibrobacteres, Proteobacteria,
and Actinobacteria.30-38:43:46

Factors Affecting the Healthy Horse Microbiome

The healthy equine fecal microbiome is affected by a number of factors that have been
previously implicated as risk factors for colic by epidemiological studies. Studies using
culture-based and non-culture-based methods have found inherent factors such as
breed,3>3"4" age,*?>*® and pregnancy status®® in addition to external factors such
as geographic location,*® transport,®® exercise intensity®'->® fasting,°*°® and sea-
son®® seem to have some influence on the fecal microbiome. Dietary variables such
as exposure to pasture,®>°” abrupt feed change,®’~°° and feeding concentrate versus
forage®® can alter the microbiome to some degree, whereas the feeding of high-starch
concentrates can not only alter the colonic environment but also induce laminitis.*2:’
These studies are commendable in their effort to characterize the response of the
healthy equine fecal microbiome to external factors; however, the magnitude of the ef-
fect that these factors have on the microbiome with regard to changes in alpha diver-
sity, beta diversity, and taxonomy is unclear, particularly if these changes are not
associated with states of dysbiosis. Furthermore, it is often hard to compare studies
because of their small sample size, the use of university teaching herds, or horses
housed at single locations.®?%® Finally, early studies often used culture-based or early
NGS sequencing methodologies (ie, terminal-restriction fragment length polymor-
phism,®° lllumina, 454-pyrosequencing),®”*>6" as well as a variety of methods for
sample collection, storage, and DNA extraction, which makes comparison across
studies unreliable.

In a study using the largest number of healthy horses to date, the fecal bacterial
microbiota of 80 adult horses from diverse geographical areas of the United States
was examined by 16S rRNA sequencing.*® Diet, a known driver of microbiome
composition, individual animal factors such as breed, sex, age, state of residence,
and season were evaluated. Individual animal factors had only minor influences on
either alpha or beta diversity. Diet was stratified by forages and concentrates of vary-
ing fiber content. Only the most extreme diet (feeding concentrate at 1%-2% of body
weight) influenced microbial community composition (beta diversity) and increased in
the abundance of Actinobacteria. A PCoA plot of healthy horses stratified by diet is
compared, as presented in Fig. 4.

Although the high-concentrate diet had a clear impact on microbiome composition,
it is important to quantify that impact and differentiate whether it reflects an adaptation
to the diet or a true dysbiosis (ie, changes in microbiome function associated with dis-
ease). For that, a comparison with samples from horses with colitis (due to antimicro-
bial usage or Salmonella infection) was compared with the healthy horse population
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Fig. 4. A three-dimensional principle component analysis (PCA) showing the effect of diet
on the fecal bacterial microbiota. Diet A: horses fed forage only (hay and/or pasture), pur-
ple. Diet B: horses fed forage plus low fiber concentrate (5%-7%) at < 0.5% of body weight
in kg/d, green. Diet C: forage plus medium fiber concentrate (10%-15%) fed at < 0.5% of
body weight in kg/d, orange. Diet D: forage plus high fiber concentrate (18%-33%) fed
at < 0.5% of body weight in kg/d blue. Diet E: forage plus medium fiber concentrate
(10%-15%) fed at 1% to 2% of body weight in kg/d, red. Of note is that horses fed Diet
E (high concentrate) clustered together and were spatially separated from horses fed Diets
A to D. (From Arnold, CE, Pilla, R, Chaffin, MK, et al. The effects of signalment, diet,
geographic location, season, and colitis associated with antimicrobial use or Salmonella
infection on the fecal microbiome of horses. J Vet Intern Med. 2021; 35(5): 2437-2448.
https://doi.org/10.1111/jvim.16206.)

(Fig. 5). Although samples from horses on diet E (high-concentrate) cluster together
from healthy horses on the other diets, they remain well within the main group of
healthy horses, suggesting that the size effect of an extreme diet is smaller than
that of a true disease-associated dysbiosis.

Microbiome Studies of Horses with Gastrointestinal Disease

Colic

Although there is evidence that dysbiosis plays a role in equine colic, there are rela-
tively few studies that have evaluated the fecal microbiome in horses with colic. Over-
all, horses with colic appear to have decreased diversity and changes in major phyla
that compromise the healthy horse fecal microbiome.

Daly and coworkers®* examined the fecal microbiome in three groups of horses:
healthy horses under two dietary conditions (hay and hay plus concentrate) and hors-
es with a large colon obstruction. Healthy horses consuming hay plus concentrate and
those with colonic obstruction had an increased abundance of the Bacillus-Lactoba-
cillus-Streptococcus families from the phyla Firmicutes, class Bacilli. These bacteria
proliferate in starch-rich environments and produce lactate. Interestingly, elevations
in the Bacillus-Lactobacillus-Streptococcus families are also found in oligofructose
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Fig. 5. Beta diversity of unweighted UniFrac distances in healthy horses and those with co-
litis caused by antimicrobials (antimicrobial-associated diarrhea, AAD) and salmonellosis
(SAL). There is distinct clustering of horses with AAD (red) and salmonellosis (yellow) from
healthy horses on Diets A-D (royal blue) and Diet E (light blue). There is statistically signif-
icant but less distinct separation of the two types of colitis horses from each other (AAD vs
Salmonella, ANOSIM, analysis of similarities, R = .226, P < .001) and healthy horses on Diets
A-D from those on Diet E (ANOSIM, R = .287, P < .001). (From Arnold, CE, Pilla, R, Chaffin,
MK, et al. The effects of signalment, diet, geographic location, season, and colitis associated
with antimicrobial use or Salmonella infection on the fecal microbiome of horses. J Vet
Intern Med. 2021; 35(5): 2437-2448. https://doi.org/10.1111/jvim.16206.)

models of laminitis and in clinical patients with colitis and laminitis.>*-¢1:65-%° Changes
in the bacterial community composition in disease states such as colitis indicate that
dysbiosis may also play a role in colic due to large colon obstruction.

Venable and colleagues’® collected feces from nine horses with acute colic attribut-
able to the large colon and obtained samples 30 to 90 days following colic resolu-
tion.”® Using 454 pyrosequencing, they found differences in taxa between groups.
Although a large number of unidentified taxa that were excluded from analysis
(54%), the investigators found 19 unique taxa in horses recovering from colic. Post-
colic samples had a higher abundance of Firmicutes and a lower abundance of
Bacteroidetes.

Weese and coworkers*® performed a longitudinal, case-controlled study of prepar-
tum and postpartum mares in central Kentucky. Feces were collected prospectively
prepartum and postpartum and subsequently mares were categorized as those that
developed colic (n = 13) and those that did not develop colic (control, n = 13). Eleven
percent of pregnant mares developed colic in the postpartum period. Pregnant mares
that developed colic had a higher abundance of Proteobacteria and lower abundance
of Firmicutes. Mares that developed a large colon volvulus, the most severe form of
colic, had significantly higher abundances of Proteobacteria compared with control
mares. Postpartum mares that did not colic had a higher abundance of Lachnospira-
ceae and Ruminococcaceae from the class Clostridia compared with mares that
developed a large colon volvulus.
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Stewart and coworkers’! performed a prospective clinical study comparing the
fecal microbiome of horse with colic to that of healthy horses presenting for elective
surgery. Horses with colic had decreased richness and diversity compared to horses
without Gl disease. Horses with colic had taxonomy changes at the phylum level
affecting Firmicutes, Bacteroidetes, Spirochaetes, Fibrobacteres, Actinobacteria,
and Proteobacteria compared with horses admitted for elective surgery.

Although these studies seem to implicate a role for dysbiosis in the microbiome of
horses with colic, this relationship is purely associative at this point in time. Future
studies using larger numbers of horses with clearly defined types of colic and more
standard sequencing approaches will be needed to further define the role of the micro-
biome in colic.

Colitis

In human and companion animals, colitis has been associated with changes in the fecal
microbiome. These changes are generally associated with inflammatory conditions
such as ulcerative colitis, inflammatory bowel disease or Crohn’s disease in humans, '’
or acute and chronic enteropathies in cats and dogs.'®2° As with other species, horses
develop colitis from multiple etiologies such as infectious diseases (Salmonella, Clostri-
dia, and Lawsonia), antibiotic use, parasitic infestations, non-steroidal anti-inflammatory
(NSAID) drugs, and undifferentiated or unknown causes. Although the effect on the fecal
microbiome from each type of colitis has not yet been characterized in a large group of
horses, studies have demonstrated that dysbiosis occurs in horses with colitis. Investi-
gators have found that colitis decreases alpha diversity indices in the fecal microbiome,
affecting both richness and evenness.®436%72 Costa and colleagues®® found de-
creases in alpha diversity metrics in horses with undifferentiated colitis, whereas Arnold
and colleagues*® found similar trends with colitis caused by antimicrobial use and Sal-
monella. An example of this is shown in Fig. 6, where the ASVs of healthy horses were
compared with those with antimicrobial-associated diarrhea (AAD) and Salmonella
colitis.
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Fig. 6. Horses with antimicrobial-associated diarrhea (AAD) or salmonellosis had decreased
diversity compared with two populations of healthy control horses (black sphere, low-
concentrate diet; blue sphere, high-concentrate diet). (From Arnold, CE, Pilla, R, Chaffin,
MK, et al. The effects of signalment, diet, geographic location, season, and colitis associated
with antimicrobial use or Salmonella infection on the fecal microbiome of horses. J Vet
Intern Med. 2021; 35(5): 2437-2448. https://doi.org/10.1111/jvim.16206.)
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Horses with colitis also appear to have differences in beta diversity. Significant dif-
ferences in beta diversity have been found in studies with horses with undifferentiated
colitis,*® AAD, and Salmonella*® and colitis due to multiple etiologies.®® In a study
comparing 36 healthy horses to 55 diarrheic horse from multiple causes (Neorickettsia,
Clostridium difficile, Salmonella, coronavirus, and undifferentiated),®® there was
distinct clustering between the two groups indicating differences in bacterial commu-
nity composition (Fig. 7).

Similarly to changes in alpha and beta diversity, horses with colitis also demonstrate
changes in taxonomy. In horses with undifferentiated colitis,*® the phyla Bacteroidetes
and Fusobacteria were increased in abundance, whereas Firmicutes (particularly
Lachnospiraceae and Ruminococcaceae) were reduced compared with controls.
When comparing horses with AAD and Salmonella, similar changes were found
(Fig. 8).*% All horses with colitis had increases in Bacteroidetes compared with healthy
controls. Horses with AAD had increases in Proteobacteria and decreases in Verruco-
microbia. Horses with salmonellosis had decreases in Actinobacteria and Firmicutes
compared with control horses. Similar changes were found by Ayoub and col-
leagues®® and McKinney and colleagues*® in which Enterobacteriaceae (phylum Pro-
teobacteria) and Lactobacillus and Streptococcus (order Bacilli, phylum Firmicutes)
were more abundant in horses with colitis and Ruminococcus and Lachnospiraceae
from the phylum Firmicutes were decreased.

Antibiotics’ effect on the microbiome

Antimicrobials can have a marked effect on the Gl microbiome by reducing diversity
and altering the bacterial community composition of the microbiome, even when an-
imals remain healthy and maintain normal fecal consistency. This effect has been
demonstrated with commonly used antimicrobials, such as penicillin, trimethoprim
sulfa, ceftiofur, enrofloxacin, and metronidazole.3%*":73-75 Although all antibiotics
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Fig. 7. Principal coordinate analysis (PCoA) based on Jaccard index analysis of the bacterial
16S rRNA gene sequence data for fecal samples collected from healthy horses (n = 36,
green) and horses with colitis (n = 55, red). Although there is some overlap between red
(colitis) and green (healthy) spheres, most of the spheres are spatially-separated by color
indicating that they have a distinct bacterial composition. (From Ayoub C, Arroyo LG, Mac-
Nicol JL, et al. Fecal microbiota of horses with colitis and its association with laminitis and
survival during hospitalization. J Vet Intern Med 2022, with permission.)
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Fig. 8. The abundances of each phyla in healthy horses and those with AAD and Sa/monella
colitis are displayed in histograms. Phyla marked with an asterisk are significantly different
across groups. (From Arnold, CE, Pilla, R, Chaffin, MK, et al. The effects of signalment, diet,
geographic location, season, and colitis associated with antimicrobial use or Salmonella
infection on the fecal microbiome of horses. J Vet Intern Med. 2021; 35(5): 2437-2448.
https://doi.org/10.1111/jvim.16206.)

have the potential to cause diarrhea, some antimicrobial agents have been associated
with an even higher risk because of the high drug concentrations in the intestinal lumen
due to poor enteral absorption, biliary excretion, or enterohepatic recycling.”® Mech-
anisms by which antimicrobials induce diarrhea include secondary functional meta-
bolic changes and a decrease in the abundance of commensal bacteria leading to
overgrowth and colonization by enteric pathogens.”” To date, all antimicrobials
used in horses have reported diarrhea in some patients.>%"®

Most studies using NGS methods to evaluate the effects of antimicrobials on the fecal
microbiome of healthy horses report that antimicrobials reduce the richness and even-
ness of the microbiome.®%*""® Usually, the maximal effect on diversity is seen on Day
3 to 5, with recovery often occurring after 30 days.®%*"#° Costa and colleagues®'
compared procaine penicillin G, ceftiofur, trimethoprim sulfamethoxazole (TMS) and a
saline control. In this study, TMS has the most dramatic effect on the microbiome, with
the phyla Verrucomicrobia significantly reduced. This result was duplicated by Arnold
and colleagues®' by giving metronidazole orally. Liepman and colleagues’® examined
the effects of ceftiofur, enrofloxacin, and oxytetracycline against an untreated control
group. Ceftiofur and enrofloxacin had the most significant effect, decreasing the abun-
dance of Fibrobacteres and increasing Clostridial groups such as Lachnospiraceae.

In a matched case-controlled study, Arnold and colleagues®' compared the fecal
bacterial microbiota of horses that developed AAD with those that did not develop
AAD controlling for drug, route of administration, dose rate, and days of administra-
tion. An untreated control group was included for comparison. Horses given antimi-
crobials had decreased fecal bacterial diversity compared with controls, but horses
that developed AAD were not different from those given antimicrobials that did not
develop diarrhea (Fig. 9). Horses that developed AAD had significant differences in
major phyla including Bacteroidetes, Fibrobacteres, and Verrucomicrobia. The
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Fig. 9. Alpha diversity metrics of horses with antimicrobial-associated diarrhea (AAD), anti-
biotic control horses (ABX), and control horses (CON). AAD and ABX horses show a decrease
in the number of species compared with CON horses but showed no significant difference
between each other. Antibiotic use is denoted by color: doxycycline (blue), ceftiofur (green),
procaine penicillin G/gentamycin (red), procaine penicillin G/gentamycin/doxycycline (or-
ange), procaine penicillin G/gentamycin/metronidazole (purple), trimethoprim sulfonamide
(yellow), and none (black).

depletion of Verrucomicrobia by antibiotics in horses with AAD may be an important
finding in regard to the development of AAD. Verrucomicrobia is thought to play a
role in the barrier function of the mucin layer at the colonic epithelial cell-lumen inter-
face. Potentially, the disruption of barrier function could lead to the absorption of
endotoxin and development of the systemic inflammatory response syndrome,
commonly seen in equine patients with colitis.

SUMMARY

The microbiome of the horse’s hindgut has an important role in the health of the horse.
Changes in the microbial community in the hindgut due to Gl disease such as colic,
colitis, or the administration of antimicrobials result in dysbiosis. Key findings to
date include a decrease in the diversity of species and changes in the bacterial com-
munity composition. Phyla consistently affected by Gl disease in multiple studies have
included Bacteroidetes, Firmicutes, and Verrucomicrobia. This likely reflects their
important functional roles in Gl health. Further studies using large numbers of horses
with well-defined disease processes that use consistent methods of sample process-
ing and sequencing will help eliminate bias related to methodology. Finally, the estab-
lishment of reference ranges of taxa important in states of health and disease will
provide a framework in which to evaluate the microbiome.
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