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ABSTRACT The intestinal microbiota of the horse, an animal of huge economic and
social importance worldwide, is essential to the health of the animal. Understanding
the intestinal ecosystem and its dynamic interaction with diet and dietary supple-
ments currently requires the use of experimental animals, with consequent welfare
and financial constraints. Here, we describe the development and assessment, using
multiple analytical platforms, of a three-vessel, continuous-flow, in vitro model of the
equine hindgut. After inoculation of the model with fresh horse feces, the bacterial
communities established in each vessel had a taxonomic distribution similar to that
of the source animal. Short-chain fatty acid (SCFA) and branched-chain fatty acid
(BCFA) production within the model at steady state was consistent with the ex-
pected bacterial function, although higher concentrations of some SCFA/BCFA rela-
tive to those in the ex vivo gut content were apparent. We demonstrate the inter-
model repeatability and the ability of the model to capture some aspects of individual
variation in bacterial community profiles. The findings of this proof-of-concept study, in-
cluding recognition of the limitions of the model, support its future development as a
tool for investigating the impact of disease, nutrition, dietary supplementation, and
medication on the equine intestinal microbiota.

IMPORTANCE The equine gut model that we have developed and describe has the
potential to facilitate the exploration of how the equine gut microbiota is affected
by diet, disease, and medication. It is a convenient, cost-effective, and welfare-friendly al-
ternative to in vivo research models.
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Commensal bacteria that reside within the large intestine of the equine gastroin-
testinal tract are vital for the horse to be able to utilize a forage-based diet. Some

of these bacteria produce short-chain fatty acids (SCFA), which are absorbed through
the gut wall and contribute to the energy requirements of the horse. Sequencing of
bacterial 16S rRNA genes from the gastrointestinal content or feces has been used to
profile the gut microbiota of healthy horses (1–5) and to assess the impact of diseases,
such as colitis and grass sickness, on equine fecal bacterial communities (6, 7). In
common with the majority of human microbiota studies, most disease-related studies
have characterized the equine fecal microbiota due to ease of access to samples. The
communities in equine feces have been shown to be broadly representative of the
bacterial communities within distal parts of the large colon (1) and to more orad parts
of the intestinal tract.

To accurately analyze bacterial communities within the gastrointestinal tract of the
horse, direct sampling of each region of interest would be ideal. While this can be done
postmortem or with fistulated horses, both techniques have limited application due to
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financial, ethical, and welfare implications. Therefore, a fermentation model represent-
ing the microbiota of the equine large intestine in vitro would facilitate this important
area of equine health research, enhancing our ability to explore the impact of diet,
pathogens, novel foodstuffs, dietary supplements, and drugs on the equine gut micro-
biota.

Models of the human gut have been a valuable and widely used research tool (8).
Studies have shown how an intervention with galactooligosaccharide (GOS) has effects
on the microbial community in vitro similar to those on the microbial community in a
human study population (9). In vitro and in vivo approaches were taken to study the
effect of the prebiotic GOS on the gut microbiota of children with autism (10, 11). Both
approaches demonstrated an increase in butyrate production (in the gut model and
human feces, respectively), suggesting that the model is metabolically valid. Gut models
have provided preliminary insights into the effects of dietary supplements or drugs on
the human gut microbiota before commencing costly human trials.

In vitro fermentation models developed to represent bacterial activity in the equine
gastrointestinal tract have been reported previously (12–20). However, the majority of
these models have used a simple medium or equine feed to maintain fecal bacterial
populations and do not replicate the continuous flow of ingesta through the gastro-
intestinal tract (12, 13, 16–22). These models often use gas production as a marker of
bacterial function and measure the kinetic properties of the bacterial populations
cultured (13, 17–21). Sequencing of bacterial DNA from fermentation samples allows for
a more comprehensive overview of the bacterial communities present; however, this
approach has so far been reported in only one equine fermentation study (14).

In this study, we report on the development and performance of a three-stage
fermentation model designed to simulate bacterial communities in the equine large
intestine. Two experiments were designed: (i) a concordance study of three individual
gut models, each inoculated with feces from a different horse (postmortem), to
evaluate the extent to which the gut bacterial profiles of individual horses are repli-
cated, and (ii) a repeatability study of two gut models inoculated with feces from the
same horse (premortem). To analyze samples taken from the vessels of the gut model,
we used fluorescence in situ hybridization (FISH) analysis to assess total bacterial
numbers and 16S rRNA bacterial gene sequencing to characterize the microbial com-
munity profile in vitro compared to that in the samples taken ex vivo. Proton nuclear
magnetic resonance (1H NMR) spectroscopy and gas chromatography were used to
measure a broad range of metabolites to evaluate the functional activity of the model
microbiota. Specifically, we report on (i) the model concordance with in vivo gut
bacterial populations, (ii) the repeatability of the model, and (iii) the ability of the model
to capture individual variation in the bacterial community profile.

RESULTS
The gut model medium was adapted to reflect a normal equine diet. The acid

detergent fiber (ADF) and starch contents of gastrointestinal content samples were
analyzed to inform the compositional changes made to the gut model medium. We
aimed to replicate the diet of the average UK leisure horse in the medium used to feed
the model. A large percentage of the gastrointestinal content of the equine ileum, large
colon, and feces was ADF (see Fig. S1 in the supplemental material). Feces had the highest
percentage of ADF (42.9% � 3.9%) and the lowest percentage of starch (0.56% � 0.49%),
whereas the ileal content had the lowest percentage of ADF (25.9% � 10.8%) and the
highest percentage of starch (3.8% � 3.3%). The analysis of ADF and starch from the
ileum content informed the cellulose and starch content of the gut model medium
used to feed the model.

The equine in vitro gut model can support a metabolically functioning bacte-
rial population. The concentrations of five short-chain fatty acids (SCFA) and branched-
chain fatty acids (BCFA) produced in each vessel of the in vitro gut models were measured
during the concordance study to assess the metabolic output of bacterial fermentation.
Figure 1 shows the concentrations of acetate, propionate, butyrate, isobutyrate, and
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valerate in the three vessels as a mean for the three separate gut models. The
concentrations of acetate and propionate rose quickly in all three vessels after initial
inoculation (Fig. 1A and B). The concentrations of butyrate, isobutyrate, and valerate
increased only marginally between samples taken immediately after inoculation (re-
ferred to as turnover �1 [T�1]) and turnover 0 (T0; which was after batch culture for
24 h) but then increased sharply after the flow of medium was started at T0 (Fig. 1C to
E). The mean concentration for all SCFA/BCFA measured was observed to stabilize in all
three vessels by turnover 5 (T5), as there was no significant change in concentration
between T3 and T5 (P � 0.05).

The metabolic profiles of the three gut models in the concordance study were
compared to those of the gastrointestinal content of the donor horses. Figure 2 shows
the principal-component analysis (PCA) model (R2 � 0.64), built with metabolic data
from the gastrointestinal contents, feces from the rectum, and all samples taken from
the three gut models. The PCA scores plot shows that the largest source of variation

FIG 1 Demonstration of the biological functionality of the gut models in the concordance study. The SCFA/BCFA
production of the three separate gut models inoculated with feces from three different horses during the concordance
study is shown as the mean and standard deviation for the three vessels of the model. The SFCA/BCFA measured were
acetate (A), propionate (B), butyrate (C), isobutyrate (D), and valerate (E). T, turnover; V, vessel.
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within the data set (the first principal component [PC1], representing 50% of the total
variation in the data set) was explained by samples taken from the model after T1
having higher concentrations of acetate (Fig. 2A and B). Within the second principal
component (PC2) of this PCA model, samples of gastrointestinal content clustered away
from samples from the gut models (representing 14% of the total variance; Fig. 2A). This
was due to the content of the large colon having a higher concentration of acetate than
the gut model (Fig. 2C).

A PCA model was constructed with the metabolic profiles of the gastrointestinal
content and samples taken from the three concordance study models at T5 (R2 � 0.64).
There was a separation of points representing samples from the two groups in PC1
(explaining 48% of the variance in the data set) in the PCA scores plot (Fig. S2A),
indicating metabolic differences between samples of gastrointestinal content and the
gut model. When these differences were explored further, samples of gastrointestinal
content had higher concentrations of acetate, whereas the samples from the gut model
at T5 had higher levels of valerate and propionate (Fig. S2B). An orthogonal projection
to latent structures-discriminant analysis (OPLS-DA) model was also built with the
metabolic spectra from these two groups of samples (Q2Y � 0.82). This supervised
model highlighted differences in the levels of acetate, propionate, and valerate (which
were also evident in the PCA model) alongside higher levels of diethylene glycol (DEG),
ethanol, trimethylamine (TMA), and isovalerate in samples from the gut models (Fig.
S2C).

FIG 2 Biochemical variation (measured by 1H NMR spectroscopy) between the gut contents of donor horses and the in vitro gut model
supernatant from the concordance study. (A) PCA scores plot for PC1 and PC2 of the model (R2 � 0.64). (B and C) The loading plot for
PC1, describing 50% of the total variance associated with the higher concentration of acetate in model supernatant at time points T1 to
T5 (B), and the loading plot for PC2, describing 14% of the total variance associated with the higher acetate concentration in gut contents
(C). PC, principal component; T, turnover.
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The equine gut model can replicate part of the equine large intestinal micro-
biota. An estimate of the total number of bacteria was created using FISH analysis to
assess the bacterial concentration within the gut model after fecal inoculation. The
mean total numbers of bacteria per milliliter for the three gut models of the concor-
dance study were lower in the vessels of the gut model at T�1 (2.68 � 108, 2.86 � 108,
2.21 � 108 bacteria per ml) than in the gastrointestinal content (3.93 � 108, 3.40 � 108,
3.32 � 108 bacteria per ml). At T0, bacterial counts had risen in all three vessels
(2.81 � 108, 4.02 � 108, 3.69 � 108 bacteria per ml). By T5 (steady state), bacterial
proliferation had plateaued, with vessel 1 (V1) having the highest counts (5.51 � 108

bacteria per ml) and vessel 3 having the lowest counts (3.74 � 108 bacteria per ml).
Bacterial alpha diversity (measured as the operational taxonomic units [OTUs], which
are bacterial groups with different taxonomic classifications, observed) within the gut
models at T0 and T5 was significantly lower than the bacterial diversity of the gastro-
intestinal content and the models at T�1 (P � 0.05; Fig. S3A).

Unsurprisingly, the bacterial community profile at the phylum level of the model at
T�1 (immediately after inoculation) was similar to that of the gastrointestinal contents
of the horses that provided feces for inoculation (Fig. 3). However, the abundance of
Verrucomicrobia was greater in the in vitro gut models immediately after inoculation
(T�1) than in the gastrointestinal content (14% versus 1%, P � 0.05). After the gut
models were batch cultured for 24 h (T0), an increased abundance of Proteobacteria
(from an average of 2% to 27%) and Firmicutes (from an average of 40% to 64%) was
observed in all vessels (P � 0.05 from T�1 to T0 for both bacterial phyla). However, by
T5 the relative abundance of Firmicutes and Bacteroidetes was comparable to that of the
gastrointestinal content and the relative abundance of Proteobacteria was much re-
duced relative to that at T0 (from an average of 37% to 8%, P � 0.05).

On average, samples taken directly from the cecum were composed of 40% Bacte-
roidetes and 46% Firmicutes (as the mean for the three horses sampled), whereas in the
gut model, these proportions of bacteria were 21% and 59% (as an average for vessel
1 for the three models of the concordance study), respectively. For the right ventral
colon, the proportions were 40% and 47%, respectively, for the gut contents and 15%
and 53%, respectively, in the gut model (vessel 2), and for the left ventral colon, the gut

FIG 3 Relative abundance of the bacterial phyla (assigned by bacterial 16S rRNA gene sequencing) identified in the gastrointestinal (GI) content from donor
horses and the three gut models from the concordance study. The key indicates whether bacterial phyla were identified in both gastrointestinal and gut model
samples at T5 (black), only in gastrointestinal samples (blue), or only in gut model samples (red). C, cecum; RVC, right ventral colon; LVC, left ventral colon; V,
vessel; T, turnover; M, model; WPS-2, “Candidatus Eremiobacterota.”
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content proportions were 37% and 50%, respectively, and the gut model proportions
were 25% and 48%, respectively (vessel 3).

Interestingly, the percentage of the bacterial community within the in vitro gut
model that was identified as Bacteroidetes decreased further down the model (from
vessel 1 to vessel 3), similar to the changes observed in aboral regions of the large
colon. There were higher levels of Bacteroidetes in vessel 3 of model 1 (M1V3) than in
vessel 3 of the other two models (M2V3 and M3V3). There was a higher relative
abundance of Synergistetes in the gut model at T5 (mean for all three vessels � 14%)
than in the gastrointestinal content (�1%). There were also slight differences in the
bacterial communities in the three models (M1, M2, and M3) inoculated with feces from
different horses. M2 had a significantly higher percentage of reads identified as
Firmicutes than M3 (P � 0.05), and M3 had a significantly higher percentage of Verru-
comicrobia and Synergistetes bacteria than the other two models (P � 0.05).

The mean SCFA/BCFA concentration and bacterial phylum count for each vessel of
the concordance study gut models were used to build regression models. A number of
the models built showed a positive correlation between SCFA/BCFA and bacterial phyla
with a good model fit (R2 � 0.5). However, only a few of these associations were
significant (P � 0.05); these included Fusobacteria and acetate (V1), Synergistetes and
valerate (all vessels), and Synergistetes and isobutyrate (V1 and V3). For the R2 and P
values for the regression analyses, see Table S2.

Bacterial community profiles were also illustrated at the class and order levels (Fig.
S4). The bacterial class Clostridia (on average, 47% in gastrointestinal samples and 53%
in all vessels of the gut model at T5) and the order Clostridiales (47% and 53%,
respectively) were present at abundances similar to those of the Firmicutes phylum
(48% and 53%, respectively), and the class Bacteroidia (37% and 21%, respectively) and
the order Bacteroidales (37% and 21%, respectively) were present at abundances similar
to those of the Bacteroidetes phylum (39% and 21%, respectively) in all gastrointestinal
and gut model samples. Differences associated with a different relative abundance of
Clostridia/Clostridiales and Bacteroidia/Bacteroidales were observed between the gut
models inoculated with feces from different horses.

Venn diagrams were produced to visualize the number of distinct OTUs that were
shared between the three vessels of the gut models (at T5) of the concordance study
and their corresponding region of the equine large intestine (Fig. 4). Vessel 3 shared the
highest number of OTUs, with 57 OTUs (59% of the total OTUs identified in samples
from vessel 3) being common between vessel 3 and the content from the left ventral
colon. Vessel 2 shared 53 OTUs (56%) with the right ventral colon samples, and vessel
1 shared 47 OTUs (57%) with cecum samples.

FIG 4 Venn diagram showing the total number of distinct OTUs that are unique and shared between
samples taken from the areas of the equine large intestine and their corresponding vessels from the gut
models. These models were from the concordance study used to capture individual variation.
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The metabolic and microbial profile created by the equine gut model is repeat-
able. The concentrations of the five SCFA/BCFA measured using gas chromatography
rose significantly between T�1 and T1 in all of the vessels of the two gut models of the
repeatability study, before plateauing (P � 0.05; Fig. 5). As with the concordance study,
the models from the reproducibility study were deemed to be stable by T5 (P � 0.05 for
all SCFA/BCFA between T3 and T5). The concentrations of butyrate and valerate slightly
decreased after steady state was reached (between T5 and T7), but this decrease was
not significant (P � 0.05). Furthermore, the concentrations of the five SCFA/BCFA
measured by gas chromatography were not significantly different in the two models of
the repeatability study (P � 0.05 for all SCFA/BCFA at all turnovers).

The reproducibility of the metabolic signatures of the two gut models was assessed
by building a PCA model with the 1H NMR spectra gained from the two gut models of

FIG 5 Demonstration of the repeatability of biological function between models. SCFA/BCFA production (measured by gas chroma-
tography) in each vessel of the models inoculated with the same feces (repeatability study) was determined. Each line represents the
level of an SCFA/BCFA in a single vessel of one of the two gut models of the repeatability study. The SFCA/BCFA measured were
acetate (A), propionate (B), butyrate (C), isobutyrate (D), and valerate (E). T, turnover; V, vessel; M, model.
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the repeatability study (R2 � 0.75; Fig. S5). The largest source of variation within this
data set (PC1, representing 63% of the total variance in the model) was the increase in
the concentrations of propionate and acetate over the first 4 days of the model (T�1
to T1). Points representing samples from the two different models clustered together
after T1, indicating that the two models were metabolically similar.

Total bacterial counts calculated by FISH were similar in the two gut models of the
repeatability study (M4 and M5). M4 had slightly more bacteria in all three vessels at T5
than M5 (mean number of bacteria per milliliter, 4.02 � 108 for M4 and 3.88 � 108 for
M5), but this was not statistically significant (P � 0.05). There was a slight increase in the
total number of bacteria per milliliter between T5 and T7 in all of the vessels of the two
gut models of the repeatability study (on average, the total number of bacteria per
milliliter of all vessels increased by 3.74 � 107), but this increase was not statistically
significant (P � 0.05).

The bacterial alpha diversity (measured as observed OTUs) within the models at T0,
T5, and T7 was significantly lower than the bacterial diversity of the fecal sample used
as the inoculum in the model at T�1 (P � 0.05; Fig. S3B). However, the bacterial
diversity in the models did not significantly change between T5 and T7 (P � 0.05).
Bacterial community profiles were constructed for the two gut models of the repeat-
ability study to assess the reproducibility of the equine gut model (Fig. 6). There were
no significant differences between the two models when the bacterial phyla identified
in each of the three vessels of the models at T5 were compared (P � 0.05). There were
also no significant differences between the bacterial phylum profile of each vessel at T5
and T7 (P � 0.05). The bacterial community profiles at the class and order levels were
similar between the two models of the repeatability study and stable between T5 and
T7 (Fig. S6).

FIG 6 Demonstration of the repeatability of model bacterial communities. Taxonomic assignments (the phyla determined from bacterial 16S rRNA gene
sequencing) are from the repeatability study; two models were inoculated with feces from the same horse. M, model; V, vessel; T, turnover.
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DISCUSSION

We have presented a description of an in vitro model of the equine hindgut and
have examined it against intestinal content samples taken from euthanized horses. This
allowed for the assessment of the equine gut model’s ability to maintain bacterial
communities representative of those found in vivo, the repeatability of the gut model
setup, and the model’s ability to capture the individual variation that exists in the gut
microbial communities of horses. Models, by definition, are not exact representations of
reality. We acknowledge that a model of the equine microbiota will never be an exact
replica of the real bacterial community within the equine large intestine. The model
will, however, replicate aspects of the microbial community to allow interrogation and
experimental manipulation in a more convenient and less invasive way. The data
presented in this paper demonstrate the strengths and limitations of this novel gut
model system and its potential to extend our understanding of equine intestinal health.

The three equine gut models of the concordance study showed that the fecal
bacteria introduced into the gut model were able to metabolize the gut model medium
and produce SCFA/BCFA. Immediately after inoculation with feces, the abundance of
acetate and propionate within the model increased sharply. The concentrations of
butyrate, isobutyrate, and valerate were not observed to notably increase over the first
24 h. However, the concentrations of these three SCFA/BCFA rose sharply in all three
vessels during the first 3 days of being fed with medium. Differences in the timing of
SCFA/BCFA appearance may reflect the differential acclimatization of the fecal bacterial
communities to the gut model environment, with bacterial communities producing
acetate and propionate adapting to the environment more rapidly than those produc-
ing butyrate, isobutyrate, and valerate. By T5, the production of all five SCFA/BCFA had
stabilized and the models were deemed to have entered steady state. In human gut
model studies, this is the point at which a food supplement or drug intervention to be
studied is added (10, 23–26).

Multivariate statistical models were used to identify metabolic differences between
the gastrointestinal contents and the gut models. Ethanol, valerate, isovalerate, propi-
onate, DEG, and TMA were present at higher concentrations in the gut model at steady
state than in the gastrointestinal contents. Choline can be degraded by the gut
microbiota to liberate ethanol and TMA. Ethanol can also be produced via the metab-
olism of keto acids and saturated fatty acids following the microbial breakdown of
amino acids. Similarly, isovalerate arises from the microbial degradation of leucine.
These findings indicate that the functional capacity of the equine gut microbiota to
liberate amino acids from ingesta is preserved in the gut model system. The accumu-
lation of theses metabolites is most likely due to the lack of absorption in the vessels
of the gut model system. However, acetate was present in smaller amounts in the
equine gut model than in the gastrointestinal contents. Acetate is a product of bacterial
carbohydrate fermentation and is usually absorbed by the gut wall so that it can
undergo further metabolism to generate ATP. Acetate concentrations in V1 of the
concordance study models were found to be significantly positively correlated with the
presence of the known acetate-producing bacterial phylum Fusobacteria (27, 28). Lower
levels of acetate in the gut model suggest that carbohydrate availability may be less in
the gut model or that some of the carbohydrate-fermenting bacteria cannot be
supported. Alternatively, the acetate produced could be washed through the gut
model system into the waste by the constant flow of medium. The high levels of
acetate in gastrointestinal contents emphasizes the importance of acetate-generating
bacteria to enable horses to liberate energy from their diet.

FISH analysis of samples of gastrointestinal contents and the vessels of the concor-
dance study gut models provided an estimate of the total number of bacteria in the
two sample types. The mean concentration of bacteria in vessel 1 was higher than that
seen in the cecum, but this was also the vessel in which the total number of bacteria
varied the most between the three gut models from that in the concordance study. The
differences in the total number of bacteria between the three vessels were similar to
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those seen in the three sample sites of the large intestine, although they were more
pronounced in the gut model. This may be due to the progressive nutrient depletion
as medium passes through the model system.

We chose to use 16S rRNA gene sequencing for taxonomic characterization of the
bacterial communities present in the model. The advantages of this method are
efficiency and breadth of coverage, but we also recognize the disadvantage of limited
resolution and specificity. A more balanced approach for future studies might include
the use of quantitative PCR for targeted taxonomic (and functional) markers of interest.
Future characterization of this model system could also include evaluation of the
virome and mycobiome.

The bacterial community profiles of the gastrointestinal content samples that we
used were consistent with those reported previously (5) and dominated by Bacte-
roidetes and Firmicutes. Immediately after inoculation, all three vessels of the gut
models had a composition similar to that of the fecal samples. After the first 24 h of
fermentation, between T�1 and T0, there was a shift in the bacterial populations,
where Proteobacteria and Firmicutes became dominant. However, by T5 the percentage
of Firmicutes and Bacteroidetes bacteria in the three vessels did not significantly differ
from that in the equivalent regions of the large intestine and the initial Proteobacteria
overgrowth was reduced.

It is worth noting, however, that not all the populations present in gut content
samples were restored in the model on reaching steady state. This situation will largely
be dictated by the diet of the horse providing samples for inoculation of the model
system instead of the nutrients available within the model medium. Varying the carbon
and nitrogen sources in the medium could aid the growth of a more diverse range of
organisms. Changes in bacterial community dynamics have been observed in human
gut models by varying the medium composition and the model retention time (8). In
equine and human gut model systems, the medium flowing through the model means
that different nutrient availability occurs in different regions, enabling different envi-
ronmental conditions to be modeled, supporting the growth of different microbial
populations at different enteric sites. The bacterial community within the equine model
system could be treated with different foods, bacteria, or antibiotics to determine the
impact of dietary changes on the microbiota; this could therefore aid in determining
whether certain changes may be of benefit or not to a horse. Indeed, the advantage of
a model system is that the diet is very well controlled; therefore, if a test substrate is
added after steady state has been reached, subsequent changes will be known to be
a result of the substrate.

The bacterial profile for vessel 3 of model 1 (M1V3) seen in Fig. 3 had a higher
percentage of Bacteroidetes than expected; the percentage of Bacteroidetes usually
decreases from vessel 2 to vessel 3 (as can be seen in M2 and M3). This high level of
Bacteroidetes likely relates to the starting bacterial community in this horse, as all
models were treated identically, except for inoculation with feces from different horses.
The ability of this in vitro system to replicate aspects of the bacterial community profile
representative of the equine large intestine is consistent at the phylum, class, and order
levels.

Many of the low-abundance bacterial taxa identified in the gastrointestinal content
were absent from the gut model. Significant differences were found when comparing
the OTUs identified in the gut models at T5 to the areas in the large intestine that they
represent. These OTUs may correspond to nonviable bacteria that were detected in the
gastrointestinal content and feces of horses but that were not able to survive and
proliferate in the gut model. Alternatively, it may reflect the failure of the model to
provide the exact environmental conditions needed to support the vast number of
low-abundance bacterial groups normally found within the horse large intestine.
Clearly, a limitation of this model is that it does not support the growth and function
of all the taxonomic diversity present in the large intestine of horses. To allow a more
diverse bacterial community to establish, other features of the equine large intestine
may need to be added to the model, such as epithelial cells and gut wall secretions. By
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visualizing the unique OTUs that are shared between the gut model vessels and the
gastrointestinal content in a Venn diagram, we can see that the gut models were able
to maintain the bacteria that contribute to 39 to 43% of the unique OTUs identified in
the gastrointestinal samples of horses.

Our studies have indicated that the equine gut model may capture some aspects of
interindividual variation seen in the gut microbiota of equine populations. Inoculating
models with feces from different horse donors resulted in different bacterial community
profiles by the time that steady state was reached. This important aspect of the model
is worthy of further exploration, as it may allow the investigation of individual re-
sponses to food supplements and susceptibility to diseases that are mediated via the
gut microbiota.

In the repeatability study, two identical gut models were inoculated with feces from
the same horse. The SCFA/BCFA levels measured by gas chromatography showed that
their production was similar in the two gut models of the repeatability study. 1H NMR
analysis of supernatants from these two models showed that the metabolic profiles of
the vessels were similar at all time points after T1. FISH analysis estimating the total
number of bacteria maintained by the two models showed that the differences in the
total number of bacteria between the three vessels were similar across the models.
Bacterial DNA sequencing of samples taken from the three vessels of these two models
at T5 showed comparable taxonomic profiles at both the phylum and the class levels.
The bacterial community profiles were stable for the two models between T5 and T7.
The repeatability study provides preliminary evidence that models inoculated with the
same fecal matter will produce microbial communities that are both structurally and
functionally similar.

We have reported on the analyses used to assess the microbial and metabolic
output of a three-stage equine gut model. The model is metabolically functional and is
able to support a bacterial community which replicates aspects of that found in the
equine large intestine. This model is not an exact replication of the in vivo bacterial
community of the equine large intestine, but it does provide an in vitro alternative to
studies that involve invasive or postmortem sampling of horses. These may be partic-
ularly valuable for studying cecal microbiota, for which feces are not an adequate
proxy. This model has the potential to aid in providing an understanding of how the
equine gut microbiota is affected by diet, disease, and drugs.

MATERIALS AND METHODS
Equine gastrointestinal content collection. Samples of gastrointestinal contents were obtained

from horses, free of gastrointestinal disease, no more than 3 h after euthanasia. The whole gastrointes-
tinal tract was removed from the carcass, and the large intestine was identified. Two 12-ml tubes were
filled with the contents from the following areas of each horse: cecum, left ventral colon, right ventral
colon, and feces from the end of the small colon. Measurement of the pH of the fresh gut contents at
all sample sites was achieved using a calibrated, hand-held pH monitor. Samples were transported on dry
ice and then stored at �80°C prior to analysis. Descriptive details of all horses sampled can be found in
Table S1 in the supplemental material.

Compositional analysis of gastrointestinal content. To inform the makeup of the medium, the
ADF and starch contents of gastrointestinal samples from three UK leisure horses (horses 1, 2, and 3 in
Table S1) were analyzed. All samples were freeze-dried to remove all moisture. The ADF contents of the
free-dried samples were analyzed using the filter bag technique (Ankom Technology). The starch
contents of the samples were analyzed by converting starch into glucose by treatment of the hot water
extract with amyloglucosidase, followed by acid hydrolysis (29). Total reducing sugars were measured
colorimetrically as described by Fuller (30).

Three-stage continuous culture system. The human gut model developed by Macfarlane et al. (8)
was adapted with the aim of replicating the microbiota of the cecum, right ventral colon, and left ventral
colon of the equine large intestine (Fig. 7). This continuous culture system constituted three vessels (V1,
V2, and V3) with respective volumes of 300 ml, 400 ml, and 200 ml to provide a scaled-down version of
their respective regions of the equine gastrointestinal tract. The temperature (held at 38°C with a
circulating water bath; Optima) and pH (controlled by Broadly James F695 pH probes and a Fermac 260
pH measurement and control module; Electrolab) were automatically controlled as described by Mac-
farlane and Englyst (31). V1 and V2 were maintained at pH 6.3 to 6.5 and V3 was maintained at pH 6.6
to 6.8 to reflect the pH of the cecum, right ventral colon, and left ventral colon, respectively. All vessels
and the medium reservoir were stirred by the use of magnetic fleas and maintained under anaerobic
conditions by a continuous flow of anaerobic mix gas (80% N2, 10% CO2, 10% H2). A single-channel,
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variable-speed peristaltic pump (Electrolab) fed vessel 1 with medium from the medium reservoir at a
rate of 900 ml every 3 days, which represents the scaled flow rate of ingesta through the equine
gastrointestinal tract. The medium then flowed from vessel 1 to vessel 2 and from vessel 2 to vessel 3
through the waste pipe of each vessel.

The human gut model medium from Macfarlane et al. (8) was altered to mirror the ADF and fiber
content seen in compositional analysis of the gastrointestinal content (Fig. S1). To represent the normal
diet of a horse, the percentages of starch and fiber were increased and the percentage of protein was
decreased. The composition of this medium in distilled water was as follows: cellulose (15 g liter�1), yeast
extract (5 g liter�1), NaCl (5 g liter�1), KCl (5 g liter�1), mucin (4 g liter�1), raffinose (3.5 g liter�1), starch
(2 g liter�1), peptone water (1.5 g liter�1), tryptone (1.5 g liter�1), NaHCO3 (1.5 g liter�1), MgSO4·7H2O
(1.25 g liter�1), arabinogalactan (1 g liter�1), xylan (0.835 g liter�1), cysteine·HCl (0.8 g liter�1), KH2PO4

(0.5 g liter�1), K2HPO4 (0.5 g liter�1), bile salts (0.4 g liter�1), CaCl2·6H2O (0.15 g liter�1), hemin (0.05 g
liter�1), FeSO4·H2O (0.005 g liter�1), Tween 80 (0.5 ml liter�1), and vitamin K (0.01 ml liter�1).

To inoculate the gut model, a sample of feces was collected from the rectum postmortem or
immediately after defecation for noninvasive sample acquisition and placed in a sealed jar with an
anaerobic atmosphere-generating sachet (Oxoid AnaeroGen 2.5-liter sachet; Thermo Fisher) for trans-

FIG 7 Three-stage, in vitro fermentation model designed to replicate the microbiota of the equine
cecum, right ventral colon, and left ventral colon (method modified from Macfarlane et al. [8]).
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portation for a maximum of 2 h. A 20% fecal slurry (in 1� phosphate-buffered saline [PBS]) was made
in a strainer stomacher bag (Seward) by homogenizing fecal balls manually within an anaerobic cabinet
(Whitley A35 anaerobic workstation). One hundred milliliters, 133 ml, and 67 ml of the fecal slurry were
decanted and added, respectively, to each vessel (samples taken immediately after inoculation were
designated T�1). After the fecal slurry was added, the model was allowed to equilibrate as a batch
culture for 24 h. The medium pump was started after 24 h, designated T0. The short period of batch
culture allowed the fecal bacteria to acclimatize to their new environment and reduce the washing out
of bacteria when the flow of medium was started.

A sample of 5 ml was taken through the sample port of each vessel at T�1, T0, and every subsequent
full turnover of medium through the model (every 3 days). Two aliquots of 1 ml each were centrifuged
at 11,337 � g, the supernatant was stored at �20°C, and the pellets were stored at �80°C. For
preparation of FISH slides, an aliquot of 375 �l from each sample was added to 1,125 �l 4% parafor-
maldehyde (PFA), and the mixture was incubated at 5°C for 4 h. PFA was washed off with 1� PBS, and
the pellet was resuspended in 150 �l 1� PBS and 150 �l ethanol and stored at �20°C until required.
Processing of all samples was carried out in an anaerobic cabinet (Whitley A35 anaerobic workstation).

Concordance and repeatability studies. The concordance study used three gut models (M1, M2,
and M3) inoculated with feces from three different horses to assess the similarity between the gastro-
intestinal samples and the stabilized fermentation model of the same horse. Modeling of three different
individuals allowed assessment of whether the model could capture the interindividual variation seen in
vivo. Samples of gastrointestinal contents were taken postmortem from the cecum, right ventral colon,
left ventral colon, and feces from the rectum of three horses (horses 4, 5, and 6 in Table S1). These
samples were transported on dry ice and then stored at �80°C until they were defrosted for analyses.
A further 100 g of feces was taken from each horse and stored in an anaerobic jar (Oxoid) with an
anaerobic gas-generating sachet until it was used to make a 20% fecal slurry, used to inoculate all vessels.
Each gut model was sampled every turnover until steady state was reached (T5, when SCFA/BCFA
production stabilized).

Subsequent to this, two gut models (M4 and M5) were run at the same time with feces from the same
horse for the repeatability study. This aimed to assess the reproducibility of the metabolic and bacterial
signatures between different gut models. Freshly voided feces were collected from a healthy horse (horse
7 in Table S1) and transported in a sealed container with an anaerobic gas-generating sachet for use as
the fecal slurry inoculum. These models were run until turnover 7 (T7) to assess the stability of the model
after steady state (T5) was reached, and samples were taken and processed as described above. An
overview of the inoculation and sampling of the concordance and repeatability studies can be seen in
Fig. 8.

SCFA/BCFA analysis by gas chromatography. Supernatants from all gut models at all time points
underwent gas chromatography to analyze the levels of acetate, propionate, butyrate, isobutyrate, and
valerate. These samples were analyzed using an acidification method adapted from the method of Zhao
et al. (32). Samples were filtered through a 0.2-mm-pore-size polyvinylidene difluoride filter and acidified
to pH 2 using sulfuric acid. An internal standard of 2-ethyl butyrate at 5 mM was added to each sample.
A fused-silica capillary column with a free fatty acid phase (DB-FFAP column) was used with helium as
the carrier gas at a flow rate of 14.4 ml/min. The initial oven temperature was 100°C, which was held for
2 min, before being raised to 180°C at 8°C per minute and held at 180°C for a further 2 min, and then
the temperature was increased to 200°C at 20°C per minute and held at 200°C for 5 min. A range of
standards was used at concentrations ranging from 0.5 mM to 100 mM. These contained acetate,
propionate, butyrate, isobutyrate, valerate, and isovalerate. Analysis of peak areas was done using
ChemStation (version B.03.01) software (Agilent Technologies).

Human gut models are often run for eight turnovers (24 days) before they are deemed to reach
steady state (assessed by the stabilization of SCFA/BCFA levels) and a drug or feed intervention is added
(e.g., see the work of Grimaldi et al. [10]). We chose to use SCFA/BCFA production as a marker for model
stability, with the plateauing of production indicating the achievement of steady state (Fig. 1). Accord-
ingly, community profiling models were run until T5 (15 days after medium flow was started), as
SCFA/BCFA production was deemed to be stable at this time point; the repeatability study was run for
a further two turnovers after this point to further assess the stability of the model. Gut models
maintained for longer time periods (data not reported here) have confirmed the stability of SCFA/BCFA
production until T7 (21 days after medium flow was started).

Kruskal-Wallis tests were performed to assess the stability of the SCFA/BCFA produced by the vessels
of the concordance study gut models from T3 to T5 to assess if steady state had been reached.
Kruskal-Wallis tests were also used to assess the stability of SCFA/BCFA production in the repeatability
study gut models from T3 to T5 and from T5 to T7 and whether there were any differences in SFCA/BCFA
production between the two models created with the same fecal inoculum (repeatability study).

1H NMR spectroscopy. Sample supernatants taken from the model were prepared for 1H NMR
analysis by adding 200 �l of phosphate buffer (pH 7.4; 100% D2O) containing 1 mM the internal standard
3-trimethylsilyl-1-[2,2,3,3-2H4] propionate (TSP) to 400 �l of each sample and transferred into 5-mm NMR
tubes. Spectroscopic analysis of all samples was carried out on a 700-MHz Bruker NMR spectrometer
equipped with a cryoprobe. Standard one-dimensional 1H NMR spectra were acquired for all samples
with water peak suppression using a standard pulse sequence. For each sample, 8 dummy scans were
followed by 256 scans, for which 64,000 data points were collected. Chemical shifts in the fecal spectra
were referenced to the TSP singlet at � 0.0. A spectral width of 20 ppm and an acquisition time per scan
of 3.12 s were used.
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1H NMR spectra were analyzed in the Matlab environment (release R2014a; MathWorks) with in-house
scripts. Spectra were initially aligned and normalized (probabilistic quotient method), before multivariate
models were built to compare the metabolic profiles of the gastrointestinal content to those of the
sample supernatants from the gut model. Initial unsupervised PCA models were constructed to identify
metabolites that explain the largest sources of variation within the data set. OPLS-DA models were
constructed for pairwise comparisons of gastrointestinal content and gut model supernatants. The
predictive ability (Q2Y) of the OPLS-DA models was calculated using 7-fold cross validation. Metabolites
were assigned to peaks using the database of equine metabolites found in the work of Escalona et al.
(33).

FISH analysis for total numbers of bacteria. FISH was used alongside 16S rRNA gene sequencing
in order to enumerate the bacteria. It provides a validated approach for counting total microbial numbers
using probes targeting specific bacterial taxa. FISH analyses were carried out by a trained operator;
quality assurance was provided by duplicate counting by a second operator, which gave rise to
comparable results (greater than 95% confidence of similarity). The total bacterial count per milliliter was
calculated by utilizing a EUBmix FISH probe. This is a mixture of three EUB338 probes (probes I, II, and
III; Sigma-Aldrich) with the dye Cy3 tagged at the 5= end. Hybridization was performed as described by
Daims et al. (34). All samples prepared for FISH were diluted to 1 in 100 (in PBS-sodium dodecyl sulfate
[SDS]), and 20 �l was added to the well of a Teflon- and poly-L-lysine-coated 6-well slide (Tekdon Inc.).
The slides were dried on a plate incubator for 15 min at 46 to 50°C, dehydrated in 30%, 80%, and 96%
ethanol for 3 min each, and then dried for 2 min. The hybridization mixture (0.9 M NaCl, 0.02 M Tris HCl
[pH 8], formamide, 10% SDS, 4.55-ng ml�1 probe) was added to each well, and the slides were placed
on a sealed tray and put in a hybridization oven for 4 h at 46°C. Once hybridization was complete, the
slides were placed into wash buffer (0.9 M NaCl, 0.02 M Tris HCl [pH 8], 0.005 M EDTA solution [pH 8], H2O)
for 10 to 15 min at 48°C. After washing, the slides were dipped into cold water for 2 to 3 s and dried using
compressed air. Once they were dry, antifade solution (Dabco) was added to each well and a coverslip
was applied. The fixed bacteria were visualized using fluorescence microscopy (Nikon Eclipse Ni-U
microscope), the number of bacteria in 15 random fields of view per well was counted, and a mean was
calculated. To calculate the number of bacteria per milliliter the following equation was used: number
of bacteria per milliliter � 0.8 � mean number of bacteria � 6,788.42 � 50 � 100.

FIG 8 Schematic showing the sampling scheme and the experimental design for the concordance study
to demonstrate the capture of interindividual variation (A) and the repeatability study to demonstrate
the consistency of models inoculated with the same feces (B).
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Preparation of DNA and analysis by bacterial DNA sequencing. DNA was extracted from frozen
gastrointestinal samples and pellets from the gut model using a PSP spin stool DNA plus kit (Invisorb)
using the manufacturer’s protocol. Extracted DNA was resuspended in 100 �l of elution buffer. Further
preparation and DNA sequencing were carried out by the Centre of Genomic Research, Liverpool, United
Kingdom. The extracted DNA was amplified using PCR of the V4 region of the 16S rRNA gene using the
primers F515 (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) (35), with reverse
primers containing individual Golay barcodes. For a final volume of 20 �l to be subjected to V4 region
PCR, 1 �l of the extracted DNA from each sample was added to 7 �l of molecular water, 10 �l of a
NEBNext high-fidelity master mix (New England Biolabs), 1 �l of forward primer (3 �M), and 1 �l of an
individually barcoded reverse primer (3 �M). This mixture was made for each individual sample, which
then underwent PCR under the following conditions: 30 s at 98°C and 25 cycles of 10 s at 98°C, 30 s at
55°C, and 30 s at 72°C. This was followed by a final period of 5 min at 72°C, and then the mixture was
kept at 4°C until it was processed. PCR products were evaluated by electrophoresis in a 2% agarose gel
stained with Midori green. Successfully amplified DNA was cleaned using AMPure XP beads (Agencourt)
and quantified using a Quant-iT PicoGreen double-stranded DNA assay (Life Technologies). The PCR
products were pooled at an equimolar ratio and size selected using a 2% agarose gel cassette run in a
Pippin Prep machine (Sage Science), where fragments were eluted at 254 bp and kept for sequencing.
Sequencing was carried out on a MiSeq Illumina platform.

Analysis of the sequencing data was carried out on a remote Linux server provided by the University
of Surrey with QIIME2 (36) installed. Zipped read files were uploaded to the Linux server and converted
into a QIIME artifact (qiime tools import), and a summary was generated (qiime demux summarize).
Quality control was carried out using the DADA2 program (37), and the ends of the reads were trimmed
at positions 15 and 220 of the reads (qiime dada2 denoise-single). A rooted phylogenetic tree was
generated for diversity analyses (qiime alignment mafft, qiime alignment mask, qiime phylogeny fasttree,
and qiime phylogeny midpoint-root). Diversity core metrics were generated at a sampling depth of
47,000 reads (qiime diversity core-metrics-phylogenetic), and box plots displaying alpha diversity (mea-
sure as observed OTUs) were generated (qiime diversity alpha-group-significance). The reference data-
base Greengenes (38) was downloaded, and the taxonomic classifiers were trained on this specific
sample preparation and these sequencing parameters (qiime feature-classifier classify-sklearn). Taxa
summary bar plots were generated (qiime taxa barplot).

Mann-Whitney U tests were used to assess whether the read numbers for the identified bacterial
phyla were statistically significantly different when those in the gastrointestinal content were
compared to those in the gut model and at the time points of the model. Venn diagrams were
generated to visualize how many identifiable and uniquely named OTUs were shared between the
vessels of the three biological replicate gut models and their corresponding gastrointestinal
compartments. Regression models were built with the mean SCFA/BCFA concentration and bacterial
phyla count for each vessel of the concordance study at T�1, T0, and T5. Correlations identified by
the models were deemed to be significant when R2 was 0.5 and P was �0.05. Venn diagrams were
generated to visualize how many identifiable and uniquely named OTUs were shared between the
vessels of the three biological replicate gut models and their corresponding gastrointestinal
compartments.

Data availability. The raw sequencing reads analyzed in this study have been submitted to the
European Nucleotide Archive and can be found in project ERP107630.
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