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Simple Summary: Synbiotics are often provided to horses receiving antibiotics to protect against
disturbances of gut microbioma, despite a lack of evidence for efficacy. The purpose of this study was
to evaluate the effect of a synbiotic (PROBIOPlusTM) in horses receiving antibiotics. Sixteen actively
racing Standardbred horses were randomly allocated to one of four groups: antibiotics (10 days; AB),
synbiotic (28 days; PBP), PBP + AB, or Control. Make-up of the bacterial gut population was assessed,
as well as indicators of manure quality. The PBP + AB group had a significantly different population
of bacteria in their manure compared with all other groups. Most of the differences were found
in bacterial populations that function to degrade fiber, including Fibrobacter and Ruminococcaceae.
The Fibrobacter population was significantly higher in AB and PBP + AB horses than Control. For
Ruminococcaceae, Control was significantly higher than AB and PBP during antibiotic treatment, and
PBP + AB horses were significantly higher than PBP horses after antibiotic treatment. In conclusion,
these data provide support for the ability of PROBIOPlus™ to maintain healthy gastrointestinal
microbiome during antibiotic treatment.

Abstract: Synbiotics are often provided to horses receiving antibiotics to protect against microbiome
disturbances, despite a lack of evidence for efficacy. The purpose of this study was to evaluate the
effect of a synbiotic product in horses receiving antibiotics. Sixteen actively racing Standardbred
horses were randomly allocated (four-way crossover) to one of four groups: antibiotics (10 days;
AB), synbiotics (28 days; PROBIOPlusTM; PBP), PBP + AB, or Control. The fecal microbiome was
investigated using 16S rRNA sequencing, and fecal dry matter (DM; %), pH, and scores (FS; 0–9)
were measured. Data were analyzed with two-way ANOVA. Results found microbiota differences
in community membership between PBP + AB and all other treatments during and after antibiotic
treatment. During antibiotic treatment, AB and PBP + AB were significantly different from Control.
After antibiotic treatment, PBP + AB was significantly different from all other treatments. The
few differences found in relative abundance of phyla or predominant genera were mostly in fiber
degrading bacteria. The Fibrobacter population was significantly higher in AB and PBP + AB horses
than Control. Unclassified Ruminococcaceae was significantly higher in Control than AB and PBP.
After antibiotic treatment, PBP + AB horses were significantly higher than PBP horses. In conclusion,
these data provide support for the ability of PROBIOPlus™ to maintain healthy gastrointestinal
microbiome during antibiotic treatment.

Keywords: probiotics; synbiotics; fecal microbiome; horses; antibiotics

1. Introduction

Antimicrobials are commonly used in equine clinical practice. Antibiotics can benefit
equine patients by reducing infection, recovery time, mortality, and loss of performance [1].
However, antibiotic use can also result in significant and severe side effects. Seizures,
neurological effects, nephrotoxicity, dysrhythmia, and severe diarrhea or colitis are some
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of the reported adverse reactions to antibiotic use in horses [2]. Furthermore, all classes
of clinically relevant antibiotics have been documented to cause antimicrobial associated
diarrhea (AAD) in horses [3]. The etiology of AAD is still relatively unknown, and likely
there are a combination of contributing factors. Nevertheless, a disturbance in the normal
gastrointestinal (GI) microflora caused by antibiotic treatment is generally accepted as
a major contributing factor. It has been postulated that the disturbance in the normal
GI microbiota caused by antibiotic therapy results in a loss of colonization resistance to
pathogens, allowing the proliferation of pathogenic bacteria and production of toxins.
Baveurd et al. [4] identified C. difficile or its toxin in 40% of horses that developed colitis
when treated with antibiotics for a condition other than diarrhea. Interestingly, all horses
that developed colitis in this study, regardless of whether C. difficile was identified, were
treated with a β-lactam class antibiotic or β-lactam in combination with another antibiotic.
The methods to protect against the loss of commensal bacteria and subsequent GI coloniza-
tion with opportunistic pathogens during antibiotic treatment represent an important area
of study.

Enteric biologics, including probiotics (direct-fed microbials), prebiotics (microbial
growth substrate which is indigestible by the horse), and synbiotics (combination of pro-
and prebiotics), are popular in the nutritional supplement industries due to their perceived
natural health benefits and general safety. Most research pertaining to enteric biologics
has focused on probiotics. The Food and Agricultural Organization of the World Health
Organization define probiotics as “live microorganisms which, when administered in ade-
quate amounts, confer a health benefit on the host” [5]. Mechanisms of action of probiotics
include antimicrobial production, immune enhancement, bacterial toxin inactivation, and
competitive exclusion of pathogenic bacteria [6,7]. In humans, the use of probiotics to
prevent and treat AAD has been explored with some promising results. The probiotic
bacteria Lactobacillus GG was found to reduce the incidence of AAD in children treated
with oral antibiotics [8]. The yeast Saccharomyces boulardii given for 2 days prophylactically
and throughout a course of antibiotic treatment significantly reduced the incidence of AAD
in patients treated with β-lactams [9]. The greater reliance of horses upon a robust GI
microbial environment when compared to humans makes a strong case for the potential of
probiotics to combat AAD in equines.

In horses, the use of probiotics to maintain a normal GI microflora during dietary
challenges has been explored. Jouany et al. [10] fed the yeast Saccharomyces cerevisiae to
cannulated horses on either high-fiber or high-starch diets. The yeast was not found in GI
contents of unsupplemented individuals but was recovered from cecal and colonic contents
of supplemented animals indicating its survival through the GIT. Furthermore, increases in
lactobacilli and lactic acid utilizing bacteria were evident in the cecum of supplemented
horses. These alterations in the distal GI microbiota, along with increases in the activity
of fiber-degrading enzymes, support previous results that demonstrate improved fiber
digestion in horses supplemented with S. cerevisiae. Conversely, supplementing horses with
either Lactobacillus acidophilus or a probiotic combination of L. acidophilus, L. casei, Bifidobac-
terium bifidum, and Enterococcus faecium did not have any effect on nutrient digestibility or
reducing the risk of acidosis [11]. Clearly, not all probiotic bacteria confer a measurable
effect on GI health when fed to horses. The efficacy of commercially manufactured probiotic
supplements cannot be assumed; each product must be tested within the bounds of its
expected use and performance.

PROBIOPlusTM (PBP; Selected Bioproducts Inc., Guelph, ON, Canada) is a commer-
cially available enteric biologic which is labelled to contain probiotic organisms (Bacillus
coagulans, Bifidobacterium animalis, Enterococcus faecium, and Lactobacillus acidophilus), prebi-
otic substances (chicory, inulin, and fibres from flax and fenugreek), and digestive enzymes
(amylase, protease, glucanase, and xylanase). We previously explored the effect of PBP on
metabolism and growth of equine cecal microorganisms grown in a chemostat or anaerobe
chamber [12]. In this study, a consistent stimulatory effect of PBP on the metabolic profile
of cultures in both culture methods was observed, evidenced by higher production of
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acetate, propionate, and butyrate. These data support the application of PBP as an effective
modulator of gastrointestinal microbiome metabolism, primarily through a prebiotic effect.
What is not known, however, is whether this effect is reproducible in the live horse or
whether it will normalize the enteric microbiome in the face of a physiological challenge.
Thus, the objective of the current study was to compare the effects of PBP with that of a
common oral antibiotic (A; Trimethoprim/Sulfadiazine), their combination (PBP + A), and
an unsupplemented control diet (CO) on fecal microbial and physical characteristics in
actively racing Standardbred horses.

2. Materials and Methods

This study was conducted at a private Standardbred racing facility in Puslinch, On-
tario, Canada. All experimental procedures and conduct were approved by the University
of Guelph Animal Care Committee under the standards of the Canadian Council of Ani-
mal Care (AUP#4205). Signed informed consent was obtained by horse owners prior to
enrollment in the study.

2.1. Animals

Adult Standardbred horses (n = 16) in active race training were recruited into this
study. Mares, stallions, and geldings with ages ranging from 2 to 7 year (median 3 year) and
weights ranging from 460 to 567 kg (mean 502.3 kg) were enrolled. Horse characteristics
are detailed in Table 1.

Table 1. Study horse demographics.

Horse Sex Age (yr) Height (hh) Weight (kg)
Treatment

Trial 1 Trial 2 Trial 3 Trial 4

1 G 3 15.2 485 CO × × ×
2 M 2 15.3 567 CO PBP + AB AB PBP
3 M 2 15.3 540 PBP CO PBP + AB AB
4 G 2 15.3 485 PBP CO AB PBP + AB
5 S 2 15.3 460 AB PBP CO PBP + AB
6 G 7 15.3 522 AB PBP × ×
7 G 6 15.2 472 PBP + AB AB × ×
8 G 4 16.2 540 PBP + AB × × ×
9 G 3 15.3 512 × PBP + AB × ×

10 S 2 15.1 512 × AB PBP CO
11 G 2 15.1 460 × × PBP ×
12 M 3 16.2 540 × × PBP + AB ×
13 M 3 15.2 526 × × CO ×
14 G 3 15.3 472 × × × AB
15 M 3 14.2 460 × × × CON
16 G 3 14.3 485 × × × PBP

G: gelding, M: mare, S: stallion, CO: unsupplemented control, PBP: PROBIOPlusTM, 30 mg/kg BW top-dressed
on feed once per day; days 1–28; n = 8, AB: Trimethoprim/Sulfadiazine, 75 mg/kg BW by oral syringe once per
day; days 1–10; n = 8, ×: horse not used in the trial.

All horses received a standard diet that consisted of mixed timothy-alfalfa hay (1.5% of
body weight), 7 kg Brooks Leading Edge Complete Feed (Brooks Equine Nutrition, Guelph,
ON, Canada), 0.7 kg of beet pulp pellets, and 0.33 kg Peak Performance Nutrients Miner-
alade (Peak Performance Nutrients, Delray Beach, FL, USA) daily. Water was provided
ad lib.

Horses were exercised 6 days per week (Monday–Saturday) beginning at 5 a.m. The
daily exercise routine consisted of 20–25 min of jogging under tack. Horses also underwent
1 (if horse was scheduled to race that week) or 2 (if horse was not scheduled to race that
week) simulated racing work outs, in addition to their daily exercise. After training, horses
were turned out in small turnout paddocks until approximately 1 p.m., after which time
they were returned to their stalls (10′ × 12′) until the next day.
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Weekly general health assessments were performed on all horses during the trials,
which included rectal temperature, heart rate (stethoscope), respiratory rate, hydration
status (skin pinch), and 4 quadrant gut sounds. Fecal scoring was performed on days −1,
0, 1, 2, 9, 10, 11, 28, 29, and 30 to monitor for occurrence of AAD. A fecal score of 1 (dry
balled)–9 (yellow diarrhea) adapted from John et al. [13] was assigned to freshly voided
feces based on visual assessment.

2.2. Experimental Design

Four treatments were investigated in this experiment, which was designed as a 4-way
crossover with a total of 4 trials completed over the period of November 2019–June 2020.
In each of the 4 trials, 8 horses (2 per treatment) were utilized. Each trial was a total of
32 days in length (day −1–day 30) with a 28-day washout period between trials. Horses
received one of each of the supplement in each trial, resulting in a final ‘n’ of 8 horses
per treatment group. Due to COVID-19, Standardbred racing was temporarily shut down
during trial 3. A visual representation of the experiment and sampling time course is
presented in Figure 1a.
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Figure 1. (a). Depiction of treatment durations and sampling days during each trial. Light blue
lines represent fecal sampling days. Green arrow indicates the beginning of TMS and PROBIOPlus
treatment. Red arrows represent the end of treatments. Green bracket represents TMS treatment
period. Orange bracket represents PROBIOPlus treatment period. (b). Depiction of sampling periods
and sampling days during one trial. Light blue lines represent fecal sampling days. Red dashed lines
represent divisions between sampling periods.
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The 4 treatments were:

• Antibiotic only (AB; Trimethoprim/Sulfadiazine, 75 mg/kg BW administered by oral
syringe once per day on days 1–10).

• Synbiotic only (PBP; PROBIOPlusTM (Selected Bioproducts Inc., Guelph, ON, Canada),
30 mg/kg BW administered as a feed top-dress once per day (per manufacturer
directions) on days 1–28).

• Synbiotic + Antibiotic (PBP + AB).
• Unsupplemented control (CO).

Not all horses were able to complete all 4 trials (and therefore all 4 treatments) as
some were sold or returned to their home farm. If a horse could not complete the entire
experiment, it was replaced by a different horse to complete the trials and treatments.
Therefore, a complete crossover design could not be accomplished. The treatments and
trials completed by each horse enrolled are included in Table 1.

2.3. Sampling

Fecal samples were taken on trial days −1, 0, 1, 2, 9, 10, 11, 28, 29, and 30. Visual
assessment for fecal scoring [13] was performed on each sample prior to placing them into
sterile cups. Cups were immediately stored in a cooler on ice until all samples had been
collected. They were then transported in the cooler to the University of Guelph and placed
into a −80 ◦C freezer until analysis.

2.4. DNA Extraction and Illumina Sequencing

Fecal samples were thawed overnight in a refrigerator. DNA extraction was performed
using a standard kit (ENZA Stool DNA Kit, Omega BioTek, Norcross, GA, USA) accord-
ing to the manufacturer’s instructions. Extracted DNA was stored at −20 ◦C until PCR
sequencing could be performed. The V4 region of the 16S rRNA gene was amplified using
modified primers [14] and KAPA2G Fast Hot Start Ready Mix (Sigma Aldrich, Oakville,
ON, Canada). PCR products were then visualized on a 1.5% agarose gel and purified using
MagBind magnetic beads (Omega BioTek, Norcross, GA, USA). Following visual confirma-
tion, a second PCR was performed using Illumina SetD Indexing primers (Animal Health
Laboratory, University of Guelph, Guelph, ON, Canada). Samples were again purified and
then sent to be sequenced on an Illumina Miseq (Agriculture and AgriFood Lab, University
of Guelph, Guelph, ON, Canada). A total of 320 samples were sent for sequencing.

Bioinformatics analysis was performed using the opensource software mothur [15,16]
v1.34. Pair end reads were aligned and underwent a standard series of quality control filter-
ing steps [17]. Alpha diversity indices including richness (the number of taxa present within
a sample), evenness (the relative abundance of the taxa within a sample), and diversity
(accounts for both richness and evenness) were calculated within mothur. Beta diversity
measures of community membership (taxa that are not present within a community of sam-
ples) and community structure (accounts for membership as well as abundance) were also
calculated using mothur. Structure and membership were visualized using PCOA plots.
Community characteristics were compared using AMOVA (analysis of molecular variance)
and HOMOVA (homogeneity of molecular variance). Linear discriminant analysis effect
size (LEfSe) was used to identify OTUs that were differentially abundant between groups.

2.5. Bioinformatics

To simplify comparisons within mothur, days −1, 0, 1, and 2 were compared; days 9,
10, and 11 were compared; and days 28, 29, and 30 were compared. As no differences were
noted with these comparisons, samples from these days were then grouped into periods
as follows:

Baseline period: days −1, 0, and 1 (prior to treatment)
Early period: day 2 (commencement of treatment)
Mid period: days 9, 10, and 11 (end of AB treatment)
Late period: days 28, 29, and 30 (end of PBP treatment)
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A visual representation of the grouping of sampling days is presented in Figure 1b.

2.6. Fecal pH and Dry Matter Measurements

Fecal samples were thawed overnight, and pH was measured using a Sartorius™ pH
basic meter (Sartorius AG, Niedersachsen, Germany). The probe was placed directly into
the fecal sample to measure pH. The probe was rinsed with deionized water and dried
between measurements.

Following pH measurements, approximately 20 g (wet weight) of fecal material was
removed from the container and placed on a 10 × 10 cm2 sheet of tinfoil; the remainder
of the fecal sample was returned to the −80 ◦C freezer. The tinfoil sheet was placed into
a drying oven (60 ◦C) for 72 h. After drying, samples were removed from the oven and
weighed (dry weight). Dry matter (%) was calculated as (dry weight/wet weight) × 100.

2.7. Synbiotic Culture

Five lots of manufactured product were used over the course of the trial. A repre-
sentative sample of the product from each lot was collected directly from a commercial
supplement tub. A sample of the lyophilized base probiotic mix that was used for supple-
ment manufacturing was also collected. Samples were placed in a −80 ◦C freezer until
further processing.

Samples from all lots were cultured aerobically on phenylethyl alcohol agar (Oxoid
Limited, Nepean, ON, Canada), as well as anaerobically on Muller Hinton agar (Sigma
Aldrich, Oakville, ON, Canada). One (1.0) g of sample was serially diluted in 9 mL of
sterile PBS and plated in triplicate from a concentration of 10−1–10−9. Aerobic plates
were cultured for 24 h at 37 ◦C, and anaerobic plates were cultured in a DG250 Whitley
anaerobic chamber (Microbiology International, Frederick, MD, USA) at 37 ◦C for 48 h.
Plates with <300 colonies were counted, and the average between all 3 plates was used to
determine viable bacteria. Visual assessment of morphology was used to differentiate bac-
teria, and representative colonies were sub-cultured and sent to Animal Health Laboratory
(University of Guelph, Guelph, ON, Canada) for MALDI-TOF identification.

2.8. Statistics

Statistical analyses were performed in SAS v.9.4 using PROC GLIMMIX. The optimal
model run in ANOVA was based on the assessment of residuals. Data are presented as
means ± SEM, and p < 0.05 was considered significant.

Alpha diversity, including Chao1 (richness), Shannon Inverse Evenness Index (even-
ness), and Inverse Simpson Index (diversity), taxonomy, fecal dry matter, and fecal pH
were assessed via RM ANOVA according to the following model:

γijk = µ + treatmenti + periodj + treatment × periodij + treatment × day(period)k + horsel + εijkl

where µ is the overall mean, treatment is the effect of the treatment (i = PBP, AB, PBP + AB,
CO), period is the effect of the predefined sampling periods of grouped days (j = baseline,
early, mid, and late), treatment × period is the interaction between the treatment and
sampling periods, treatment × day (period) is the nested effect of the individual sampling
days within their sampling period for each treatment, horse is the random effect of horse,
and εijk is the residual error. Post hoc comparisons were adjusted using a Tukey–Kramer
adjustment. Phyla had a total relative abundance of greater than 1%, and genera had a
total relative abundance of greater than 2%. The Benjamini–Hochberg procedure was used
to control the False Discovery Rate (FDR) for taxonomic comparisons using sequential
modified Bonferroni correction for multiple hypothesis testing in taxonomic comparisons.
A p-value of ≤0.05 was considered significant for all comparisons.
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3. Results
3.1. Microbiome Analysis

A total of 37,945,565 sequences passed through quality control filtering. Sequences
per sample ranged from 45,946 to 391,787 (median 117,931). Subsampling at a depth of
40,000 sequences per sample was performed to normalize sequences across sampling [18].

3.2. Beta Diversity

When treatments at each sampling period were compared, no differences in com-
munity structure (Yue and Clayton index) or membership (Jaccard index) as assessed by
AMOVA or HOMOVA were found between any of the sampling periods in PBP, AB, or CO.
Community membership, when assessed by AMOVA, demonstrated a difference between
PBP + AB in the mid- and late sampling periods. Furthermore, during the mid-sampling pe-
riod CO significantly differed from AB (p = 0.012), PBP + AB (p = 0.002), and PBP (p = 0.05).
PBP was also significantly different from AB (p = 0.001) and PBP + AB (p < 0.001) during
the mid-sampling period. In the late sampling period, there was a significant difference
between PBP + AB and CO (p = 0.004), AB (p = 0.003), and PBP (p < 0.001). However, no
distinct clustering could be visualized on PCOA plots.

3.3. Alpha Diversity

No significant differences in richness were noted. A significant interaction between
treatment and sampling period was evident in evenness (p = 0.043, Table 2). There was also
a significant effect of period (p = 0.041; Table 3) and interaction between sampling period
and treatment in diversity (p = 0.0071; Table 3). Furthermore, in the early sampling period
PBP had significantly lower diversity than CO (p = 0.026; Table 3).

Table 2. Shannon Evenness Index for treatments by sampling period.

Trt
Sampling Period p

Baseline Early Mid Late trt 0.409

CO 0.6004 ± 0.005 0.6143 ± 0.007 0.5980 ± 0.005 0.5993 ± 0.005 period 0.054
AB 0.5982 ± 0.005 0.6047 ± 0.007 0.6075 ± 0.005 0.5993 ± 0.005 trt × period 0.043
PBP 0.5998 ± 0.005 0.5871 ± 0.007 0.6068 ± 0.005 0.6013 ± 0.005
PBP + AB 0.5996 ± 0.005 0.6089 ± 0.007 0.6090 ± 0.005 0.6000 ± 0.005

CO: unsupplemented control, AB: Trimethoprim/Sulfadiazine, 75 mg/kg BW by oral syringe once per day; days
1–10; n = 8, PBP: PROBIOPlusTM, 30 mg/kg BW top-dressed on feed once per day; days 1–28; n = 8.

Table 3. Inverse Simpson Index for treatments by sampling period.

Trt
Sampling Period p

Baseline Early Mid Late trt 0.098

CO 10.83 ± 0.2 11.62 ± 0.4 a 10.32 ± 0.2 10.33 ± 0.2 period 0.041
AB 10.32 ± 0.2 10.99 ± 0.3 ab 10.78 ± 0.2 10.41 ± 0.2 trt × period 0.007
PBP 10.32 ± 0.2 9.95 ± 0.3 b 10.64 ± 0.2 10.44 ± 0.2
PBP + AB 10.60 ± 0.2 10.79 ± 0.3 ab 10.87 ± 0.2 10.31 ± 0.2

CO: unsupplemented control, AB: Trimethoprim/Sulfadiazine, 75 mg/kg BW by oral syringe once per day; days
1–10; n = 8, PBP: PROBIOPlusTM, 30 mg/kg BW top-dressed on feed once per day; days 1–28; n = 8. Differing
superscript letters denote significantly different values.

3.4. Taxonomy

There were seven phyla with a total relative abundance of greater than 1%. These
included Firmicutes (45.3%), Bacteroidetes (25.3%), Verrucomicrobia (8.7%), Spirochaetes
(2.2%), Fibrobacteres (2.1%), and Actinobacteria (1.3%).

There was a significant effect of treatment on the relative abundance of Bacteroidetes
(p = 0.02; Figure 2). The population of Bacteroidetes was lower in CO (24.0 ± 0.006%)
compared to PBP + AB (25.7 ± 0.006%; adj. p = 0.026).
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Figure 2. Relative abundances of the top six phyla by treatment. Eight (8) horses were
treated with either no antibiotic or synbiotic (CO), 10 days with oral antibiotic (AB; Trimetho-
prim/Sulfadiazine; 75 mg/kg BW/day), 28 days with a top dressed commercial synbiotic supple-
ment (PBP; PROBIOPlusTM, Selected BioProducts Inc., Guelph, ON, Canada; 30 mg/kg BW/day as
per the manufacturer’s instructions), or both AB for 10 days and PBP for 28 days (PBP + AB).

There were nine genera with a total relative abundance of greater than 2%. These
included an unclassified member of Bacteroidetes (17.2%), an unclassified member of
Ruminococcaceae (11.6%), an unclassified member of Lachnospiraceae (11.5%), an unclassi-
fied member of Clostridiales (6.4%), an unclassified member of Subdivision 5 (5.8%), an
unclassified member of Bacteroidales (4.6%), an unclassified member of Firmicutes (3.8%),
Trepomona (2.1%), and Fibrobacter (2.1%).

There was a significant effect of treatment on the relative abundance of unclassi-
fied Bacteroidetes (p = 0.035), Fibrobacter (p = 0.0024), and unclassified Ruminococcaceae
(p = 0.0037).

The relative abundance of Fibrobacter was significantly higher in AB (1.66 ± 0.003%)
than CO (1.14± 0.002%; adj. p = 0.0012) and PBP (1.31± 0.002%; adj. p = 0.045). The relative
abundance of unclassified Ruminococcaceae was significantly higher in CO (12.5 ± 0.004%)
than AB (11.3 ± 0.004%; adj. p = 0.0066) and PBP (11.1 ± 0.004%; adj. p = 0.006). In the
late sampling period, unclassified Ruminococcaceae was lower in PBP (10.7 ± 0.005%) than
either the CO (12.9 ± 0.006%; adj. p = 0.036) or PBP + AB (12.8 ± 0.006%; p = 0.042).

3.5. LEfSe Analysis

A total of seven OTUs from the phylum Firmicutes and one from Proteobacteria were
differentially enriched within particular treatments during different sampling periods
(Figure 3). In the mid-sampling period, Clostridium XIVa was enriched in AB; Clostridium
IV was enriched in PBP; unclassified members of Erysipelotrichaceae and Coprococcus were
enriched in the PBP + AB group. In the late sampling period, both Eubacterium and
an unclassified member of Alphaproteobacteria were enriched in AB; Cellulosilyticum was
enriched in PBP; and an unclassified member of Clostridium was enriched in PBP + AB.
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Figure 3. Enriched bacterial genera as assessed by LEfSe analysis with LDA scores greater than
two per treatment during the mid-sampling period (corresponds to sampling days 9, 10, and 11;
gray bars) and during the late sampling period (corresponds to sampling days 28, 29, and 30;
dashed bars). Eight (8) horses were treated with either no antibiotic or synbiotic (CO), 10 days with
oral antibiotic (AB; Trimethoprim/Sulfadiazine; 75 mg/kg BW/day), 28 days with a top dressed
commercial synbiotic supplement (PBP; PROBIOPlusTM, Selected BioProducts Inc., Guelph, ON,
Canada; 30 mg/kg BW/day as per the manufacturer’s instructions), or both AB for 10 days and PBP
for 28 days (PBP + AB).

3.6. Fecal pH and Dry Matter

There was a significant effect of treatment (p = 0.017) and sampling period (p = 0.0008)
on fecal pH. PBP + AB had a significantly lower pH (6.34 ± 0.06) compared to CO
(6.55 ± 0.06, p = 0.02; Figure 4). When pH was assessed during each sampling period
between treatments, it was numerically lowest in PBP + AB during the mid-sampling
period (6.25 ± 0.07). However, the difference in pH did not reach statistical significance
between the treatments during this sampling period, and fecal pH remained within refer-
ence intervals reported for healthy horses throughout the study [19]. No differences were
noted in fecal DM. All fecal samples during the experiment were within the normal range
between a score of 2 and 3.
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Figure 4. Fecal pH as measured by Sartorius™ pHbasic meter. Measurements correspond to the
baseline sampling period (days −1, 0, and 1), early sampling period (day 2), mid-sampling pe-
riod (days 9, 10, and 11), and late sampling period (days 28, 29, and 30). Eight (8) horses were
treated with either no antibiotic or synbiotic (CO), 10 days with oral antimicrobial (AB; Trimetho-
prim/Sulfadiazine; 75 mg/kg BW/day), 28 days with a top dressed commercial synbiotic supplement
(PBP; PROBIOPlusTM, Selected BioProducts Inc., Guelph, ON, Canada; 30 mg/kg BW/day as per the
manufacturer’s instructions), or both AB for 10 days and PBP for 28 days (PBP + AB).
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3.7. Synbiotic Culture

According to the manufacturer’s label, PROBIOPlusTM contains four added probiotic
bacteria with a total 2.2 × 1011 CFU/g. These probiotic bacteria include Bacillus coagulans,
Bifidobacterium animalis, Enterococcous faecium, and Lactobacillus acidophilus. Bacterial strain
information is not provided. Bacterial colonies confirmed by MALDI-TOF analysis on
culture plates from each LOT included Pediococcous acidilactici and Enterococcous faecium. In
the probiotic base, P. acidilactici had a count of 1.7 × 1011 CFU/g, and E. faecium had a count
of 3.4 × 1010 CFU/g. Across all five LOTs, total bacterial counts ranged from 3.1 × 106 to
2.5 × 107 CFU/g (average 1.3 × 107 CFU/g/LOT). Counts of P. acidilactici ranged from
9 × 105 to 9.7 × 106 (average 3.9 × 106 CFU/g/LOT). Counts of E. faecium ranged from
2.2 × 106 to 1.5 × 107 (9 × 106 CFU/g/LOT).

4. Discussion

Antibiotics are an important medical treatment and are required to combat bacterial
infections in certain cases. However, commensal communities of bacteria are integral for
host health. This is particularly relevant within the GIT as a large part of its function is
dependent upon the highly complex microbiota that resides therein. Many antibiotics,
particularly broad-spectrum antibiotics, indiscriminately act against all bacteria resulting
in the loss of necessary microbes and an overall decrease in GI microbial diversity [20,21].
A loss of microbial diversity is generally considered problematic and is often associated
with GI disease. Some examples of this include ulcerative colitis, Crohn’s disease, and
C. difficile AAD in humans which are all accompanied by a decrease in GI microbial
diversity [22,23]. Reduced microbial diversity has also been noted in horses suffering
from post-partum colic [24] and those presenting at a referral practice with a diagnosis
of colic [25]. However, reduced microbial diversity is not a universal finding during
disease, and, conversely, reduced microbial diversity can be observed in clinical healthy
individuals [26]. As such, care must be taken to remember these data do not prove causation
but rather they suggest that decreased microbial diversity may play a role in increased risk
for gastrointestinal disease.

In this study Firmicutes, Bacteroidetes, and Verrucomicrobia were the predominant
phyla in equine feces. These results agree with other reports on the equine fecal micro-
biome [27–29]. Although these represent the most prevalent phyla in many studies, the
relative abundances are inconsistent. These discrepancies, at least in part, are likely due to
differences in the method of sample collection, sample storage conditions, and laboratory
techniques as these factors can impact sequencing output [30–33]. Furthermore, the use of
different bioinformatics pipelines and databases can influence taxonomy results.

All the horses given oral AB during this study remained clinically healthy, and this is
consistent with others who report no clinically significant effect of TMS-associated decline
in microbiome diversity [26]. No negative effects of any treatments were noted during
weekly health assessments, and no evidence of diarrhea was observed during fecal scoring.
This was expected and is consistent with the relatively frequent use of this AB in equine
veterinary practice. Nevertheless, the microbial profile of horses with and without AAD is
similar, with the only distinguishing taxonomic difference being in Verrucomicrobia [34].
Therefore, microbial alterations seen in horses on antibiotics without diarrhea are still likely
have a degree of relevance when considering clinical cases of AAD.

Although there was minimal evidence of significant microbial community shifts due to
the treatments used in this study when evaluating alpha and beta diversity measures, some
interesting taxonomic differences were noted in horses treated with AB or a combination of
PBP + AB. In particular, the LEfSe analysis identified OTUs that were differentially enriched
in the mid- and late sampling periods within the treatment groups. These alterations in
particular taxa may have important implications on how the equine GIT responds to
external pressures. Following 9 days of antibiotic treatment an enhancement in the bacterial
group, Clostidium XIVa was evident. This is somewhat unexpected as Clostridium XIVA
is generally considered beneficial for gut health. It is a butyrate producer along with
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Clostridium IV [35,36], which was the bacterial cluster enriched during the mid-sampling
period in PBP horses. These Clostridium clusters exert anti-inflammatory effects and have
been considered as potential probiotics [34]. Furthermore, the loss of Clostridium XIVa and
Clostridium IV has been associated with the loss of colonization resistance 72 h following
the use of broad-spectrum antibiotics in patients admitted to the ICU [37]. Therefore,
it is interesting that they were upregulated in both the AB and PBP treatments in this
study. Additionally, direct comparisons of taxonomic relative abundances demonstrated a
significantly higher relative abundance of the genus Fibrobacter in both groups of horses
that received antibiotic treatment. Fibrobacter strains residing in hindgut fermenting hosts
are diverse but demonstrate a conserved specialization in cellulose fermentation [38]. The
PBP + AB treatment group also exhibited an enrichment of Coproccocus, another butyrate
producing bacteria [39] during the mid-sampling period. Coproccocus has been postulated to
support gut health by synthesizing acetate and b-vitamins [40]. It is interesting that what are
generally considered beneficial bacteria are enhanced in feces from horses following 9 days
of treatment with antibiotics. Collinet et al. [41] observed a similar event wherein the genera
Lachnoclostridium and Ruminococcaceae were discriminating features in the microbiome
of horses during TMS treatment. The authors postulated that these microbial changes
might represent an adaptive response to maintain the fiber degrading ability during TMS
induced dysbiosis.

During the late sampling period, the results of microbial alterations between treat-
ments are less clear. This is primarily due to the unclassified nature of the genera that
are enriched or the lack of information regarding the specific genera which were altered.
In the antibiotic treatment, Eubacterium species were enriched. Eubacterium species are a
normal component of the GI microflora and are of fairly limited clinical importance [42].
In the probiotic treatment group, Cellulosilyticum species were enriched. A strain of this
bacterium, isolated from the rumen of yak, possesses specific fiber degrading strategies
that may be particularly relevant for animals that subsist on forage rich diets [43]. The
fibrolytic enzyme production was specifically ascribed to the Cellulosilyticum ruminicola
H1 strain [43]. Unfortunately, a limitation of 16S variable region short-read sequencing is
the lack of certainty regarding species level resolution [44]. Strain resolution was beyond
our capabilities using this methodology. Furthermore, to the authors’ knowledge Cellu-
losilyticum ruminicola has not been identified in equine fecal samples. Thus, attributing an
improvement in the specific fiber degrading capacity of the H1 strain following PBP treat-
ment requires further research. A hypothesis of improvement in fiber degrading capacity
afforded by enrichment of Cellulosilyticum following 28 days of probiotic supplement may
be challenged by the concurrent lower relative abundance of unclassified Ruminococcaceae
observed in this group at the late sampling period when compared to controls. Although
the genus was unclassified, the family Ruminococcaceae are also a group of fiber-degrading
butyrate producers [45]. Thus, the reduction in Ruminococcaceae during the late sampling
period appears to represent a functional conflict with the enrichment of Cellulosilyticum.
Culture based work to explore and isolate relevant microbes and specifically investigate
their fermentative/metabolic capacities could aide in illuminating the practical relevance
of these results.

Fecal pH was numerically lower during the mid-sampling period in PBP + AB horses
when compared to the other treatment groups. As the pH remained within a physiologically
normal range and no adverse effects on health were noted, it is unlikely this change in fecal
pH was linked to any type of GI metabolic acidosis due to an over production of lactic acid.
C. difficile growth, sporulation, and toxin production are affected over a physiological range
of pH and are reduced at more acidic pH [46]. Due to the importance of this particular
pathogen with regard to AAD in equines, it would be interesting to explore this effect
of PBP further. In vitro culturing could be a particularly useful and cost-effective tool to
pursue this avenue of inquiry. At the moment, it is difficult to assess the relevance of this
result, because no changes in lactic acid producing bacteria were identified, and therefore
the source of the reduced fecal pH is not obvious. When PBP was previously assessed
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in vitro [12], its addition significantly increased SCFA production with a concomitant
reduction in system pH. This may provide some insight into the mechanism for lower
fecal pH in the current study, but this must be evaluated in future studies which quantify
fecal metabolites. The addition of fecal metabolite analysis in the current study may have
assisted in creating a context for the pH results that were observed.

There are several limitations which must be addressed when interpreting the results
from this study. An n value of eight horses per treatment group is a fair size when
performing live animal trials with horses. However, a true crossover design in which each
horse was administered all treatments would have been ideal due to high inter-individual
differences within the equine GI microbiota [47,48]. Although utilizing a crossover in which
there was no subject attrition would have been ideal, the prolonged period the experiment
required still represents a drawback in study design. Salem et al. [29] identified changes
within the fecal microbiomes of horses managed on pasture over 12 months. Similarly,
Blackmore et al. [47] identified intra-individual differences in fecal microbial characteristics
as identified by DGGE from ponies taken with an 11-week interval. Nevertheless, these
limitations increase variability and thus are more likely to obstruct potential differences
between treatments. Therefore, the results from this study are likely to be on the more
conservative side. The results from this study should be interpreted within the context of
the study limitations. Nevertheless, these results do provide preliminary data regarding
the adaptive response of equine GI microbial communities to oral antibiotic treatment with
TMS and the concurrent administration of a synbiotic supplement.

The synbiotic used over the course of this study is a commercially manufactured
product and represents a suitable example of a common supplement the typical horse
owner would feed. The lack of specificity and consistency between the label and prod-
uct is a longstanding issue within the probiotic supplement industry [49–51]. The lack
of strain identification is particularly problematic as this precludes the determination of
whether the probiotic bacterial strains used within the study were resistant to TMS. This
resistance would be a requirement if an effect attributable to the probiotic bacteria were
to be observed during concomitant TMS administration. Strain identification is also in-
creasingly relevant as the identification of probiotic strains with transferrable antibiotic
resistance genes challenges the commonly accepted view regarding the general safety of
probiotics [52].

5. Conclusions

No direct effects of the synbiotic supplement used in this study on the equine fecal
microbiome were obvious from these results. However, the enrichment of Clostridium XIVa
and IV during treatment with the antibiotic and treatment with the synbiotic supplement
demonstrates the potential of the equine gut to adapt to external pressures through micro-
bial community shifts which might improve colonization resistance and mucosal health.
There were also upregulations in fiber degrading bacterial taxa following the cessation of
antibiotic treatment which could potentially represent an adaptive response to maintain
microbial community activity and enhance recovery from antibiotic treatment.
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