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I n t r o d u c t i o n
Gut bacteria of the host, such as in nutrition (1), energy metabo-

lism (2), immune development (3), and host defense against harm-
ful pathogens (4). For example, the equine gut microbiota plays an 
important role in cellulose fermentation and short-chain fatty acid 
(SCFA) production to provide a horse with an important source of 

energy (5). The gut microbiota are composed of many microorgan-
isms such as viruses, fungi, and archaea, with bacteria comprising 
the vast majority of them (6).

Although the use of the term dysbiosis remains a topic of dis-
cussion, it can be defined as significant changes of the normal 
composition of the microbiota. Many factors are associated with 
changes in the equine intestinal microbiota and dysbiosis which are 
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A b s t r a c t
Bacterial imbalances are observed in intestinal diseases and fecal microbiota transplantation (FMT) has been used to restore the 
intestinal microbiota of horses. However, there is evidence that the current methods proposed for FMT in horses have limited 
efficacy. The objective of this study was to concentrate the bacteria present in the donor stool by centrifugation, and to test the 
effect in horses with antibiotic-induced dysbiosis. One healthy 11-year-old horse was selected as a fecal donor and 9 horses 
were given trimethoprim sulfadiazine (TMS) for 5 days to induce dysbiosis. Horses received either a concentrated FMT (cFMT, 
n = 3), fresh unconcentrated FMT (fFMT, n = 3), or 10% glycerol solution (vehicle, VEH, n = 3) by nasogastric tube for 3 days. 
Fecal samples were collected on Days 0, 4, 9, 11, and 21 for microbiota analysis (Illumina sequencing). The TMS significantly 
changed the bacterial composition of horses’ feces (D0 versus D4). The composition of the cFMT and fFMT recipient horses 
was significantly different after transplantation compared to after antibiotic-induced dysbiosis (D4 versus D11), whereas the 
microbiota of the vehicle recipients was not, indicating that both protocols induced transient changes. However, preparation of 
FMT solutions markedly changed the original composition present in the donor’s feces, with significant enrichment of Escherichia 
genus in the cFMT. Individual susceptibility to restoration of the microbiota was observed in horses, similar to what is known 
for other species. Our results suggest that concentrating bacteria should not be recommended in preparation of FMT solutions 
and that further research is required to improve current methods recommended to perform FMT in horses.

R é s u m é
Des déséquilibres bactériens sont observés dans les maladies intestinales et la transplantation de microbiote fécal (FMT) a été 
utilisée pour la restaurer le microbiote intestinal des chevaux. Cependant, que les méthodes actuelles proposées pour FMT 
chez les chevaux ont une efficacité limitée. L’objectif de cette étude était de concentrer les bactéries présentes dans les selles 
du donneur par centrifugation, et de tester leur effet chez des chevaux atteints de dysbiose induite par les antibiotiques. Un 
cheval sain de 11 ans a été sélectionné comme donneur fécal et 9 chevaux ont reçu du triméthoprime sulfadiazine (TMS) 
pendant cinq jours pour induire une dysbiose. Les chevaux ont reçu soit une FMT concentrée (cFMT, n = 3), une FMT fraîche 
non concentrée (fFMT, n = 3) ou une solution de glycérol à 10 % (véhicule, VEH, n = 3) par sonde naso-gastrique pendant 3 jours. 
Des échantillons fécaux ont été prélevés aux jours 0, 4, 9, 11 et 21 pour analyse du microbiote (séquençage Illumina). Le TMS 
a significativement modifié la composition bactérienne des matières fécales des chevaux (D0 versus D4). La composition des 
chevaux receveurs cFMT et fFMT était significativement différente après la transplantation par rapport à la dysbiose induite 
par les antibiotiques (D4 versus D11), alors que le microbiote des receveurs de véhicules ne l’était pas, indiquant que les deux 
protocoles induisaient des changements transitoires. Cependant, la préparation des solutions FMT a considérablement modifié 
la composition originale présente dans les matières fécales du donneur, avec un enrichissement significatif du genre Escherichia 
dans le cFMT. Une susceptibilité individuelle à la restauration du microbiote a été observée chez les chevaux, à l’instar de ce qui 
est connu chez d’autres espèces. Nos résultats suggèrent que la concentration des bactéries ne devrait pas être recommandée 
dans la préparation des solutions FMT et que des recherches supplémentaires sont nécessaires pour améliorer les méthodes 
actuelles recommandées pour effectuer la FMT chez les chevaux.
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present in cases of gastrointestinal (GI) diseases, such as colitis and 
colic (7,8) and with antimicrobial administration (9,10). Importantly, 
GI diseases are the leading causes of morbidity and mortality in 
horses (11,12), which can reach up to 40% (12). Therefore, advances 
in therapeutic approaches of equine colitis are warranted.

There are many methods of microbiota manipulation that might 
be used to restore a dysbiotic environment including probiotics, 
prebiotics, synbiotics, postbiotics, and fecal microbiota transplan-
tation (FMT) (13,14). Of these methods, FMT is increasingly being 
used as therapy for GI diseases due to its success in treating human 
patients with recurrent Clostridioides difficile infection (15). Fecal 
microbiota transplantation involves administration of stool from 
a healthy donor to a patient with dysbiosis (16). Fecal microbiota 
transplantation has also seen success in several other species such 
as dogs (17), cattle (18,19), and pigs (20,21).

In the absence of well-controlled clinical studies demonstrating 
the efficacy of FMT in the treatment of equine dysbiosis, controver-
sial results are reported in the literature. Although some reports 
claim that the procedure can restore the microbiota of patients with 
diarrhea (22,23), other studies reported no changes before and after 
FMT (24). Therefore, additional controlled studies of FMT treatment 
in horses are needed.

The use of FMT administered via colonoscopy is more efficient 
in treating colonic dysbiosis compared to the oral route in humans, 
but the long equine small colon precludes the solution infused by 
enema from reaching the large colon and cecum (25). Consequently, 
FMT needs to be administered via nasogastric tube, which decreases 
bacterial viability by exposure to gastric acidity, enzymatic activity 
in the small intestine, and fermentation in the cecum (26). Therefore, 
alternative protocols are required to enhance FMT capacity of distal 
gut colonization in horses.

The development of culture-independent DNA-sequencing tech-
nologies, such as next generation sequencing, has made it possible 
for in-depth characterization of the bacterial communities present 
in the intestinal microbiota (13). Trimethoprim sulfadiazine (TMS) 
has been shown to significantly alter equine intestinal micro-
biota (9,10,27), suggesting that oral administration of TMS could be 
used as a model for equine dysbiosis.

The objective of this study was to test a protocol using con-
centrated bacteria to improve FMT in horses. Thus, we tested the 
hypothesis that concentrating bacteria by centrifugation would more 
rapidly correct antibiotic-induced dysbiosis in horses compared to 
the current FMT recommendations.

M a t e r i a l s  a n d  m e t h o d s

Ethics statement
Experimental procedures were performed in accordance with the 

Canadian Council for Animal Care guidelines and were approved 
by the Animal Care Committee of the Université de Montréal 
(#19Rech2025).

Animal selection
One healthy 11-year-old female Standardbred horse (teaching 

animal housed at the institution) weighing 490 kg was selected as a 

fecal donor (DON). The mare had no history of gastrointestinal dis-
ease and did not receive antimicrobials or other medications during 
the 3 mo prior to the study. The donor horse was fed hay with daily 
access to a paddock and access to a salt block with mineral supple-
ments. Feces from the donor horse tested negative for the presence 
of Salmonella enterica (4 consecutive cultures), Clostridium perfringens 
and Clostridioides difficile (culture), and parasites eggs (egg counting 
using the quantitative Wisconsin technique) (25). The microbiologi-
cal tests were conducted at the Centre de diagnostic vétérinaire de 
l’Université de Montréal.

Nine adult horses belonging to a research herd of asthmatic ani-
mals housed at a research facility located within 5 km from the donor 
horse were enrolled. All horses were in remission and had no history 
of gastrointestinal diseases or antimicrobial administration during 
the previous 3 mo. Three months before the study, horses received 
methylprednisolone, and 2 mo before the study, horses received a 
dewormer (ivermectin and praziquantel) and a Vetera Gold vaccine. 
The animals were housed on turnout with shelter, kept on grass 
pasture, fed silage, and had access to a salt block. Table S1 (avail-
able online from: www.canadianveterinarians.net) summarizes the 
studied population including previous treatments received.

Study design
All 9 horses received TMS (30 mg/kg, PO, q12h) for 5 d (D0 to D4). 

Three days after the last dose (Day 7), the 9 horses were randomly 
assigned to each of 2 treatment groups or a vehicle group (controls). 
The first group received 3.2 L of concentrated FMT (cFMT), q12h 
by nasogastric tube for 3 consecutive days (D7 to D9). The solution 
of cFMT was prepared by thawing and mixing 8 plastic bags each 
containing 400 mL of cFMT (total volume 3.2 L). The second group 
received 3.2 L of fresh FMT (fFMT) as per current recommendations, 
q24h for 3 d (D7 to D9), prepared the same morning of administra-
tion. The vehicle group (VEH) received 3.2 L of 10% glycerol in 
0.9% saline solution q24h for 3 d (D7 to D9). The same donor was 
used for all horses receiving cFMT and fFMT. All horses received 
500 mL of 0.1 molar solution of sodium bicarbonate by nasogastric 
tube minutes before treatment administration to increase the pH of 
the stomach (28). Figure 1 shows a detailed experimental timeline. 
Horses were monitored daily (physical examination, fecal consis-
tency) from Days 0 to 9, and again on Days 11 and 21. The experi-
ment was carried out concomitantly in all 9 horses.

Fecal samples were collected from the rectum before and after 
antibiotic administration (Days 0 and 4, respectively), before and 
during the transplants (Days 7 and 8), as well as after the trans-
plants (Days 9, 11, and 21). A fecal sample from the rectum of the 
donor horse was collected during the cFMT fecal collection period. 
Samples of the fFMT and cFMT solutions were also collected on each 
of the 3 d of FMT administration. Fecal samples were refrigerated 
and stored at 280°C within 3 h of collection until DNA extraction.

Protocol for bacterial concentration
Feces from the donor horse were collected using a fecal collector 

(Equisan Marketing Pty, Southbank VIC, Australia) that was attached 
to the horse and maintained overnight to obtain approximately 10 kg 
of feces per day, over a 23-day period. The concentrated solution 
(cFMT) was made by adding 2 L of distilled water to 1 kg of feces, 
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mixing thoroughly to break the fecal balls, and then filtered with a 
cheesecloth to remove large particles. The filtered feces were then 
added to 500 mL centrifuge bottles and centrifuged at 24 470 3 g for 
30 min. The supernatant was discarded, and the pellet was resus-
pended in 400 mL of 10% glycerol in 0.9% saline solution. The cFMT 
was transferred into plastic bags and stored at 280°C until use.

Protocol for fresh FMT preparation
The fresh FMT (fFMT) was made from feces collected using the 

fecal collector on the donor horse the evening before each treatment 
day (Days 6, 7, and 8). On the day of the transplants, 3.2 L of water 
were added to 1.6 kg of feces, mixed thoroughly, and the mixture 
strained through a cheesecloth to remove large particles (25). This 
procedure was repeated until enough fFMT was made to treat the 
3 horses (3.2 L 3 3 horses = 9.6 L).

Bacterial quantification
Samples of the cFMT and fFMT solutions that were given to the 

respective recipient horses were collected on each day of transplan-
tation (D7, D8, D9) for bacterial quantification using fluorescence-
activated cell sorter (FACS) analysis. Briefly, samples were centri-
fuged at 10 000 3 g for 2 min to pellet the cells and resuspended 
in 0.85% NaCl. The previous steps were repeated twice for a final 
resuspension in 0.85% NaCl. Samples were diluted 10-fold, and 
then 10 mL were added to 977 mL 0.85% NaCl along with 10 mL of 
the microsphere standard, as per the manufacturer’s recommen-
dations (LIVE/DEAD BacLight Bacterial Viability and Counting 
Kit; Molecular Probes, Thermo-Fisher Scientific, Mississauga, 
Ontario). Data acquisition was performed on an LSR Fortessa X-20 
(BD Biosciences Canada, Mississauga, Ontario) using FACSDiva soft-
ware v9.0 (BD Biosciences Canada). The data were further analyzed 

using FlowJo software v10.7.0 (FlowJo, LLC). The number of bacteria 
per milliliter was calculated using the following formula as per 
manufacturer’s recommendations (LIVE/DEAD BacLight Bacterial 
Viability and Counting Kit, Molecular Probes, Thermo-Fisher):

Number of events in bacteria region 3 dilution factors
Number of events in bead region 3 1026

Microbiota analysis
Total DNA was extracted using a commercial kit (DNeasy 

PowerSoil Kit, QIAGEN, Toronto, Ontario) following the manu-
facturer’s instructions. Polymerase chain reaction amplification 
of the V4 region of the 16S rRNA gene was performed using 
the primers 515F (GTGCCAGCMGCCGCGGTAA) and 806R 
(GGACTACHVGGGTWTCTAAT) as previously recommended (29). 
Sequencing was performed using an Illumina MiSeq platform for 
250 cycles from each end at the Génome Québec Innovation Centre.

Sequencing and statistical analysis
Bioinformatic analysis was performed using the software 

mothur (30) following the Standard Operating Procedure previously 
described (31). Sequencing reads were aligned with the SILVA refer-
ence, clustered at 97% similarity and taxonomic classification was 
obtained using the Ribosomal Databank Project (RDP). Sequences 
classified as the same genus (94% similarity) were clustered together 
for further analyses (Phylotypes).

The Chao richness estimator, Simpson’s index, and Shannon 
index were calculated for characterization of richness (number of 
different genera present in a community) and diversity (number of 
genera present and their relative abundances). Those indices were 
compared between donor solution and recipients, and between 

Figure 1. Experimental timeline. Trimethoprim sulfadiazine (TMS) administration for 5 consecutive days (Days 0 to 4). Transplants were performed by 
nasogastric tube for 3 consecutive days (Days 7, 8, 9). Group 1 (3 horses) received 3.2 L of concentrated FMT (cFMT) q12h for 3 d. Group 2 (3 horses) 
received 3.2 L fresh unconcentrated fFMT (fFMT) q24h for 3 d. Group 3 (3 horses), the vehicle recipients (VEH) received 3.2 L 10% glycerol in 0.9% 
saline solution q24h for 3 d. Fecal samples were collected on Days 0, 4, 7, 8, 9, 11, and 21.
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recipients at the different time points using a paired Student’s t-test 
and 1-way repeated measures analysis of variance (ANOVA) using 
the software GraphPad Prism v9.0.0. Beta diversity (comparison of 
taxonomic composition between each sample) was characterized 
by the Jaccard index and the Yue and Clayton index to evaluate 
community composition (membership) and structure, respectively. 
It is important to note that membership analysis considers only the 
presence or absence of bacterial taxa, whereas the structure also 
considers how often that bacteria appeared in the analysis (relative 
abundance). A 2-dimensional Principal Coordinate Analysis (PCoA) 
plot was generated to visualize the similarity between samples. 
Analysis of molecular variance (AMOVA) was used to determine 
significance of clustering between recipients in different treatment 
groups at different time points.

The most abundant bacteria (. 1%) were visualized by generating 
bar charts representing the relative abundance of the main phyla 
and genera in each horse. The linear discriminant analysis effect size 
(LEfSe), which uses a non-parametric factorial Kruskal-Wallis with 
a subsequent unpaired Wilcoxon test, was used to detect significant 
differences in relative abundances with respect to each group of 
interest (recipients before and after antibiotic administration, and 
after treatment), followed by a linear discriminant analysis (LDA) 
to estimate the effect size of each differentially abundant group (32). 
A P-value of less than 0.05 and LDA higher than 3 were used to 
determine significance.

Data from bacterial quantification using FACS analysis were 
expressed as mean 6 SD and analyzed for significance using 
Student’s unpaired t-test (GraphPad Prism v9.0.0).

Re s u l t s

Horses
The recipient horses presented no evident changes in behavior, 

appetite, temperature, respiratory and cardiac frequency, GI motility, 
and stool consistency.

Bacterial quantification
The number of bacteria per milliliter was significantly higher 

(P , 0.001) in the cFMT solution (3.96 3 109 6 4.5 3 108) compared 
to the fFMT solution (1.36 3 109 6 9.8 3 107), indicating that the 
protocol successfully concentrated the bacteria.

Microbiota analysis
A total of 11 084 884 reads were obtained from 78 samples 

6 543 737 of which passed all quality filters and were used in the 
analysis. To normalize the number of reads across all samples and 
decrease bias of non-uniform sizes, a subsample of 12 144 reads per 
sample was used for analysis.

Figure 2. Alpha diversity indices. Chao richness estimator of all horses before (D0) and after (D4) antibiotic administration (A) and before (D7) and after 
(D9) transplantation (B). Simpson’s index of all horses before (D0) and after (D4) antibiotic administration (C) and before (D7) and after (D9) trans-
plantation (D). Shannon index of all horses before (D0) and after (D4) antibiotic administration (E) and before (D7) and after (D9) transplantation (F). 
cFMT represents horses receiving the concentrated FMT, whereas fFMT represents the horses receiving the fresh FMT. VEH represents the horses 
receiving 10% glycerol in 0.9% saline solution. Statistical analysis was performed using paired Student’s t-tests (A, C, E) and 1-way ANOVA (B, D, F). 
Bars represent mean and SD. 
** P ## 0.01.
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Alpha diversity
As expected, a significant decrease in richness (Chao richness 

estimator) was observed after antibiotic administration (P , 0.01, 
paired Student’s t-test of D0 fecal samples versus D4 fecal samples, 
Figure 2 A). No significant difference in richness was observed after 
microbiota transplant (D9) in either cFMT, fFMT, or control groups 
compared to D4 addressed by the ANOVA analysis (Figure 2 B). 
However, as richness was consistently numerically increased in 
all horses with cFMT, a post-hoc t-test comparison was performed 
and demonstrated significance (P = 0.03). Diversity (Simpson’s and 
Shannon indices) was not significantly different after antibiotic 
administration, or when comparing samples after antibiotic admin-
istration to those after the microbiota transplant (Figure 2 C–F).

Beta diversity
A complete list of P-values for beta-diversity comparisons obtained 

from the AMOVA test is provided in Table I. A significant difference 
was observed in community composition after antibiotic adminis-
tration compared to baseline (P , 0.001, D0 versus D4, Figure 3 A), 
confirming the capacity of TMS to induce changes in the distal 
gut microbiota. Composition of cFMT and fFMT recipients after 
transplantation was significantly different than after antibiotic 
administration (D4 versus D9), whereas vehicle recipients were not 
(P = 0.004 for cFMT; P = 0.04 for fFMT; P = 0.26 for VEH; Figure 3 B). 
When compared to baseline values, the composition of cFMT and 
fFMT recipients after transplantation (D0 versus D9) was significantly 

different, but so was the composition of vehicle recipients (P = 0.004 
for cFMT; P = 0.004 for fFMT; P = 0.02 for VEH; Figure 3 C).

The community composition from the cFMT and fFMT donor’s 
fecal suspensions were significantly different from the cFMT and 
fFMT recipients’ baseline values (D0 versus DON), respectively 
(P = 0.004 for cFMT; P = 0.003 for fFMT; Figure 3 F). Both fecal 
suspensions were also different from the donor fecal microbiota 
(fresh sample, pre-processing), indicating that the preparation of 
FMT alters the microbiota present in the feces of the healthy donor. 
Indeed, the fecal sample obtained from the donor clustered with 
the baseline composition of all recipients (grey circle in Figure 3 F).

No significant difference was observed in community struc-
ture after antibiotic administration compared with baseline 
values of all recipients (P = 0.11, all recipients on D0 versus D4, 
Figure  S1 A; all supplementary figures are available online from: 
www.canadianveterinarians.net), indicating that TMS affects the 
rare populations of a community, but not the most abundant. 
The structure was not significantly different when comparing 
values after transplantation to values after antibiotic administra-
tion (D4 versus D9) (P = 0.44 for cFMT; P = 0.22 for fFMT; P = 0.11 for 
VEH; Figure S1 B), indicating no impact of treatment. Similarly, no 
significant difference was observed when comparing the structure of 
baseline values to after transplantation (D0 versus D9) (P = 0.38 for 
cFMT; P = 0.27 for fFMT; P = 0.06 for VEH; Figure S1 C). The fecal 
microbiota structure of the donor clustered together with the base-
line structure of all recipients (Figure S1 F). The structures from the 
cFMT and fFMT of the donor’s fecal suspensions were significantly 
different from the cFMT and fFMT recipients’ baseline structure 
(D0 versus DON) (P = 0.003 for cFMT; P = 0.005 for fFMT; Figure S1 F), 
as well as from the donor’s fecal microbiota (Figure S1 F).

Relative abundances
The relative abundances at the phylum and genus levels 

found in each group at the various sampling times are shown 
in Figure 4. Bacteroidetes was the most abundant phylum 
among recipient horses (45%), followed by Fibrobacteres (19%), 
Firmicutes (15%), unclassified bacteria (9%), Spirochaetes (7%), and 
Verrucomicrobia (5%) (Figure 4 A). The most abundant taxa classi-
fied at lower taxonomic levels included unclassified Bacteroidetes, 
Fibrobacter, unclassified bacteria, unclassified Bacteroidales, 
Treponema, unclassified subdivision 5 (Verrucomicrobia), unclas-
sified Lachnospiraceae, unclassified Ruminococcaceae, unclassi-
fied Clostridiales, Prevotella, Phascolarctobacterium, unclassified 
Prevotellaceae, and unclassified Firmicutes (Figure 4 B).

The relative abundance of Fibrobacter was similar between 
cFMT and fFMT donor fecal suspensions (P = 0.63, Figure 5 A), 
but significantly lower in the cFMT and fFMT groups at D9 com-
pared to VEH (P , 0.05, Figure 5 B). The relative abundance of the 
Escherichia genus was significantly increased in the cFMT donor 
fecal suspension (P = 0.009, Figure 5 C); but this was not represented 
in the cFMT group on D9 compared to fFMT and VEH (P = 0.69, 
Figure 5 D). A significant greater relative abundance of the unclas-
sified subdivision 5 genus was observed in the fFMT donor fecal 
suspension (P = 0.01, Figure 5 E); however, no significant differ-
ence was observed in horses treated with that solution (P = 0.07,  
Figure 5 F).

Table I. P-values obtained from the AMOVA test for structure 
(Yue & Clayton index) and composition (Jaccard index) 
comparing groups at different sampling times. Bolded data 
represent significant P-values ,, 0.05.

Group comparisons	 Structure	 Composition
D0 versus D4	 0.11	 ,, 0.001
cFMT_D4 versus cFMT_D9	 0.44	 0.004
fFMT_D4 versus fFMT_D9	 0.22	 0.04
VEH_D4 versus VEH_D9	 0.11	 0.26
cFMT_D0 versus cFMT_D9	 0.38	 0.004
fFMT_D0 versus fFMT_D9	 0.27	 0.004
VEH_D0 versus VEH_D9	 0.06	 0.02
cFMT_D9 versus VEH_D9	 0.03	 0.37
fFMT_D9 versus VEH_D9	 0.02	 0.89
cFMT_D9 versus fFMT_D9	 0.71	 0.16
D4 versus cFMT_D11	 0.13	 0.008
D4 versus fFMT_D11	 0.01	 ,, 0.001
D0 versus cFMT_D11	 0.68	 0.008
D0 versus fFMT_D11	 0.08	 0.13
cFMT_D11 versus fFMT_D11	 0.17	 0.7
cFMT_D0 versus DON_cFMT	 0.003	 0.004
fFMT_D0 versus DON_fFMT	 0.005	 0.003
cFMT_D9 versus DON_cFMT	 0.09	 0.09
fFMT_D9 versus DON_fFMT	 0.11	 0.11
DON_cFMT versus DON_fFMT	 0.1	 0.1
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Figure 3. Principal coordinate analysis (PCoA) of bacterial communities’ composition present in the feces of healthy donor horse, FMT recipients, and 
vehicle recipients. Bidimensional representation of the principal coordinate analysis of bacterial communities’ composition addressed by the Classic 
Jaccard analysis. A — Membership before antibiotic administration (D0) and after antibiotic administration (D4) of recipients receiving the concentrated 
FMT (cFMT), recipients receiving the fresh FMT (fFMT) and recipients receiving the vehicle (VEH). B — Membership after antibiotic administration (D4) 
and after transplantation (D9). C — Membership before antibiotic administration (D0) and after transplantation (D9). D — Membership before antibiotic 
administration (D0) and 6 d after transplantation (D15). E — Membership before antibiotic administration (D0) and 12 d after transplantation (D21). 
F — Membership of the donor feces, the donor’s fecal suspensions (DON_cFMT, DON_fFMT), and of the recipients before antibiotic administration (D0), 
and after transplantation (D9). Circles were used to highlight the major clustering.
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Overrepresentation in taxa between donor fecal suspensions, 
and between recipients before and after antibiotic administration, 
and before and after transplantation seen using LEfSe analysis is 
represented in Figure 6.

D i s c u s s i o n
This study tested the effect of a concentrated bacterial suspension 

on the fecal microbiota after antibiotic induced dysbiosis in horses. 

Administration of concentrated (cFMT) and fresh unconcentrated 
(fFMT) solutions was associated with changes in microbiota com-
position after 3 d of treatment (D4 versus D9), although this was not 
observed in the control group. Interestingly, it can be observed from 
the PCoA results that although cFMT solution had a homogeneous 
effect on animals receiving the solution, there was great individual 
variation in horses receiving fFMT and in controls (VEH). It is note-
worthy that the changes induced by administration of cFMT did not 
resemble the composition of the normal microbiota of horses seen 

Figure 4. Relative abundance of predominant bacteria at the phylum (A) and genus (B) levels. Recipients before and after antibiotic administration, 
after transplantation, and vehicle recipients are represented. Fecal samples collected directly from the donor (DON_Fresh) and from the transplanted 
solutions (DON_cFMT, DON_fFMT) are represented as well. Only the 6 most common phyla and 14 most common genera are represented.
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Figure 5. Relative abundances of genera in donor fecal suspensions and treatment groups. Relative abundances in the cFMT donor fecal suspension 
(DON_cFMT) and fFMT donor fecal suspension (DON_fFMT) of Fibrobacter (A), Escherichia (C) and unclassified subdivision 5 (E) on D7, D8, and D9. 
Relative abundances in the cFMT recipients (cFMT), fFMT recipients (fFMT), and vehicle recipients (VEH) of Fibrobacter (B), Escherichia (D), and unclas-
sified subdivision 5 (F) on D9. Note that the scale of relative abundances (y-axis) is different between each graph.
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Figure 6. Linear Discriminant Analysis Effect Size (LEfSe) of treatment groups and time points. LEfSe analysis showing taxa that were significantly 
overrepresented in cFMT donor fecal suspensions (DON_cFMT), fFMT donor fecal suspensions (DON_fFMT), in the recipients before antibiotic adminis-
tration at D0 (Baseline), after antibiotic administration at D4 (TMS), in the cFMT recipient group at D9 (cFMT), fFMT recipient group at D9 (fFMT), and 
the vehicle recipients at D9 (VEH).
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at baseline (D0). Therefore, it is unclear whether those changes are 
in fact beneficial for horses recovering from a dysbiotic state. Data 
from this study suggest that FMT has the potential to change, but 
not to restore the microbiota composition of horses after treatment 
with antimicrobials.

Conversely, neither antibiotic treatment nor FMT affected the 
community structure, which considers the relative abundance of 
each taxon, suggesting that the main groups of bacteria were not 
affected by treatment. It is possible that further studies should 
focus on diseases models (i.e., colitis patients) rather than antibiotic-
induced dysbiosis.

Current recommendations would be to perform FMT in horses 
once a day and that is what the few studies published in the lit-
erature have used (22–24,27). In this study, we used a concentrated 
solution containing 33 more bacteria, which was administered q12h 
(thereby increasing the dose to 63 what is normally used) in an 
attempt to increase the number of bacteria donated to the horses thus 
increasing the chances of successful manipulation of the microbiota. 
Despite no side effects being observed in the 3 horses receiving the 
cFMT, the protocol cannot be recommended at this time considering 
lack of information regarding the benefits of the induced changes, 
as well as the increased abundance of Escherichia in the cFMT 
solution. This might be especially important when treating sick  
animals.

As expected, the donor’s fecal microbiota before processing 
for FMT preparation clustered with the fecal microbiota of all 
recipients at baseline (D0), indicating that their microbiota was 
similar before treatment even though the donor and recipients 
were housed at different facilities. However, the microbiota of both 
cFMT and fFMT donor fecal suspensions substantially differed 
from the donor feces, suggesting a potential marked impact of 
handling feces. Interestingly, although the cFMT donor fecal sus-
pension had a high relative abundance of Proteobacteria (15.7%) 
mainly caused by increased Escherichia genus, the feces of the cFMT 
recipient horses had low abundances of this phylum (, 1%) on 
all days. Proteobacteria are part of the gut microbiota of healthy 
horses (33,34), but it has also been associated with dysbiosis (35,36). 
Studies have reported that handling feces at room temperature in 
ambient air greatly decreases the abundance of anaerobic bacteria 
and increases the abundance of opportunistic facultative aerobic 
bacteria such as E. coli (37) and Proteobacteria (38). In this study, the 
cFMT donor fecal suspension was exposed to ambient air for 3 to 5 h 
longer than the fFMT donor fecal suspension with the addition of 
the centrifugation step. Furthermore, cFMT donor fecal suspensions 
underwent freeze-thawing, which was also shown to affect bacterial 
viability and composition (40). Although this study did not measure 
bacterial viability of the fFMT and cFMT suspensions prior to treat-
ment, studies have shown a negative impact of oxygen exposure and 
freeze-thawing cycles (26,37).

In addition, abundance of Subdivision 5, which are also part of 
a healthy equine gut (39,40), was higher in the fFMT donor fecal 
suspension compared to the cFMT donor fecal suspension. These 
results suggest that the relative abundance of Subdivision 5 might 
be negatively affected by longer exposure to oxygen or freezing 
cycles. Therefore, it might be important to minimize exposure time 

to oxygen to prevent the overgrowth of potential pathogenic bac-
teria, but further studies investigating the best conditions for FMT 
preparation in horses are required.

The use of FMT to treat GI issues in horses is widely adopted. The 
current FMT protocol proposed to correct dysbiosis in horses (25) 
using fresh feces failed to induce microbiota changes in 6 horses 
with diarrhea (24). Another study in which FMT was administered 
to geriatric horses with diarrhea reported a significant increase 
in alpha-diversity in 3 out of 5 horses; however, no control group 
was included in this study (22). Improvements in fecal scores and 
alpha-diversity was reported in 12 horses with colitis treated with 
FMT, compared to 10 control horses treated at another hospital (23). 
Therefore, larger controlled clinical trials demonstrating clinical and 
microbiological benefits of FMT in horses remain to be performed.

This study observed the most abundant phyla to be 
Bacteroidetes, followed by Fibrobacteres and Firmicutes. 
Compared with other studies, horses with colitis have a high 
relative abundance of Bacteroidetes (40%), Firmicutes (30.3%), and 
Proteobacteria (18.7%), whereas healthy horses have a high rela-
tive abundance of Firmicutes (68.1%), Bacteroidetes (14.2%), and 
Proteobacteria (10.2%) (35). Differences can be due to the variation 
in methodologies used. One study using the same methods on the 
same horses had similar results to the study herein (39).

Furthermore, the Fibrobacteres phylum, and correspondingly, 
the Fibrobacter genus, were observed in significantly relatively high 
levels in vehicle recipients, compared to horses receiving cFMT or 
fFMT. Fibrobacter was also increased in healthy horses compared 
to horses with metabolic syndrome (41) and asthma (39) and was 
part of the core gut microbiota of the horse (42), with abundances 
increasing with age in foals (43).

The composition of one vehicle recipient was different from all 
other recipients, suggesting that the horse remained in a dysbiotic 
state up to 17 d after antibiotic administration. This result had been 
previously observed in horses and humans in whom the gut micro-
biota of individuals can take days or months to recover after antibi-
otic administration and return to the original composition (9,44,45).

As frequently observed in other studies investigating the micro-
biota of horses (22,42,46), the main limitation of this study was the 
small sample size. However, this study brings new information 
to guide future research on microbiota manipulation in horses. 
Furthermore, a great degree of interindividual variability is present 
in response to treatments aimed at manipulating the gut microbiota, 
such as FMT (47), probiotics (48), prebiotics (49), and dietary inter-
ventions (50), highlighting the importance of larger studies and 
the inclusion of control animals. Lastly, this study was performed 
in healthy horses with antibiotic-induced dysbiosis, which might 
substantially differ from inflammation-driven dysbiosis, such as in 
cases of naturally occurring colitis.

In conclusion, FMT has the potential to transiently change, but 
not to restore the microbiota composition of horses after antibiotic-
induced dysbiosis. The composition of the transplanted solution 
greatly differed from the microbiota in healthy horses, possibly 
caused by oxygen exposure and extended preparation time at room 
temperature. Thus, the concentration protocol evaluated in this study 
cannot be recommended to treat clinical patients.
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