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Abstract

Obesity is a major health concern in many domesticated equids animals since it is related to

metabolic abnormalities such as insulin dysregulation, hyperlipidaemia or laminitis. Ponies

especially are known as “easy keepers” and are often affected by obesity and its related

metabolic disorders. Research in the last decade indicated that the intestinal microbiota

may play an important role in the development of obesity, at least in humans. Therefore, the

objective of our study was to characterize changes in the faecal microbiota during a two-

year weight gain programme which compared ponies and warmblood horses. For this pur-

pose, 10 Shetland ponies and ten warmblood horses were fed a ration which provided

200% of their maintenance energy requirement over two years. Feed intake, body weight,

body condition and cresty neck score were recorded weekly. At three standardized time

points faecal samples were collected to characterize the faecal microbiota and its fermenta-

tion products such as short chain fatty acids and lactate. Next generation sequencing was

used for the analysis of the faecal microbiota. During body weight gain the richness of the

faecal microbiota decreased in ponies. Besides changes in the phylum Firmicutes in ponies

that were already described in human studies, we found a decrease of the phylum Fibrobac-

teres in horses and an increase of the phylum Actinobacteria. We were also able to show

that the phylum Fibrobacteres is more common in the microbiota of horses than in the micro-

biota of ponies. Therefore, the fibrolytic phylum Fibrobacteres seems to be an interesting

phylum in the equine microbiota that should receive more attention in future studies.

Introduction

Recent data from the United States and Australia indicate that 23–51% of the equine popula-

tion may be overweight or obese [1–3]. This is a major concern for the horse welfare because

equine obesity increases the risk for metabolic abnormalities such as insulin dysregulation

(ID) and laminitis [3]. Obesity is also an important factor in the equine metabolic syndrome

(EMS) that also includes other clinical signs like laminitis and ID [4].
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As hindgut fermenters horses have a bacterially dominated gut microbiota, that produces

short chain fatty acids and lactate through anaerobic fermentation of structural carbohydrates

[5]. Its main phyla are Firmicutes and Bacteroidetes [6] but there is a high variability, influ-

enced by factors like ration [7], age [8–10], hindgut section [11], health status [12] and individ-

ual variation [13].

Research in the last decade emphasized the role of the gut microbiota in obesity in different

animal species and humans. It has been demonstrated that obese mice and humans tended to

have a less diverse gut microbiota [14,15] with a relative increase of the phylum Firmicutes

and a decrease of the phylum Bacteroidetes [14,16,17]. Interestingly, studies with germ free

mice showed that these animals were less likely to gain weight than mice with a colonised gut

[18–20]. Germ free mice whose gut was artificially colonised by a Firmicutes dominated

microbiota, harvested from overweight mice, gained more weight than mice whose gut was

colonised by a wild- type mouse microbiota [21].

However, in human studies where the impact of diet on the microbiota is less controlled,

inconsistent results have been published [22–24].

There is an ongoing discussion about how the microbiota influences body weight (BW). A

study investigating the metagenomics of a Firmicutes dominated microbiota of genetically

obese mice and the Bacteroidetes dominated microbiota of their lean littermates, showed an

increased capacity for energy harvest in the obese mice microbiota [21]. Enzymes that are nec-

essary to catabolise otherwise indigestible polysaccharides were elevated in the obese mice

microbiota. In the caecum of obese mice the main fermentation products acetate and butyrate,

which contribute to the host’s energy supply, were also enriched [21]. But other authors work-

ing with a different mouse strain showed lower caecal concentrations of SCFA in obese mice

[25]. In horses no differences in the faecal SCFA concentrations of different weight groups

have been demonstrated [9,26].

There has been an increasing interest in the equine microbiota and its link to obesity. How-

ever, to the author’s knowledge there are only three studies that compared the equine micro-

biota of different weight groups. In contrast to studies in mice [14] and humans [15,27] the

studies in horses showed a higher diversity in the faecal microbiota of obese individuals [9,28].

These results were also contrary to findings from Elzinga et al. [29] in obese EMS horses, that

showed a less diverse faecal microbiota than a control group.

Regarding the distribution of the faecal microbiota phyla, differing results were found in

studies conducted by Morrison et al. (2018) [9] and Biddle et al. (2018) [28] for the phylum

Bacteroidetes. Biddle et al. (2018) who studied mainly horses fed on different amounts of hay,

grass and concentrate showed a decrease of Bacteroidetes in the faecal microbiota of obese

horses. In contrast, Morrison et al. (2018) [9] fed a standardised hay diet and these authors

found a higher abundance of Bacteroidetes in the faecal microbiota of obese Welsh ponies. On

the other hand, both authors showed that the phylum Firmicutes increased in the microbiota

of obese horses. The increase in the phylum Firmicutes in the microbiota was also described in

obese humans [30,31]. Furthermore, a higher abundance of the phylum Actinobacteria and a

lower abundance of the phylum Fibrobacteres was detected in obese horses by Morrison et al.

(2018). In contrast, Shepard et al. (2014) [26] did not find any significant changes in the micro-

biota phyla of non-obese and obese horses fed a hay diet.

Ponies are known as “easy keepers” that have a lower energy requirement per unit of meta-

bolic body weight than horses [32]. Therefore ponies are more prone to obesity [3] and related

disorders such as laminitis [33–35]. A recent study also demonstrated that the metabolic func-

tion of the liver is more affected by body weight gain in ponies than in horses [36].

The aim of our study was to investigate changes in the faecal bacteria and the fermentation

products between horses and ponies during a two- year BW gain programme caused by
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excessive energy intake. We hypothesized that the bacteria of both horses and ponies would

become less diverse with an increase of the phylum Firmicutes and a decrease in the phylum

Bacteroidetes during the body weight gain period. Due to shifts in the bacterial phyla we also

expected changes in the SCFA and Lactate pattern.

Material and methods

Animals and management

As a part of a larger project about the metabolic differences between horses and ponies during

a two-year BW gain programme [37], ten Shetland pony and ten Warmblood horse geldings

owned by the Institute of Animal Nutrition, Nutrition Diseases and Dietetics of the University

of Leipzig were housed and fed according to a standardized protocol. The mean (± SD) age

was 6 (± 3) years for the Shetland ponies and 10 (± 3) years for the horses. Before the onset of

the study, insulin sensitivity was evaluated by a combined glucose and insulin test according to

Eiler et al [38] and Pituitary Pars Intermedia Dysfunction (PPID) was excluded via determina-

tion of ACTH after 8 hours of fasting [39]. An experienced clinician confirmed the absence of

clinical or radiological signs of previous or acute laminitis in all animals. The animals were

bedded on straw in individual box stalls and were turned out onto a dry lot for approximately

5 hours a day. The project was approved by the Ethics Committee for Animal Right Protection

of the Leipzig District Government (No. TVV 32/15) in accordance with German legislation

for animal rights and welfare.

The experimental study was conducted over two years. During an adaption period, ponies

and horses received meadow grass hay and a commercial mineral supplement to meet or

exceed energy and nutrient requirements during maintenance according to the Society of

Nutrition Physiology (GfE 2014) [40]. The basal health status of the animals was assessed at

the beginning of the trial (t0). Following this first data collection animals underwent a feeding

period receiving 180% of their individual maintenance metabolizable energy requirements

according to GfE (2014) [40]. Seventy percent of the energy intake was supplied by hay and

30% was provided by a concentrate (nutrient composition based on dry matter (DM): crude

protein: 11.7%, crude fat: 12.8%, crude fibre: 9.9%, crude ash: 7.1%, metabolizable energy:

11.75 MJ/kg DM).

Faecal samples were taken after a five-month adaption period to the experimental diet (t1).

In addition, faecal samples were collected twelve (t2) and twenty-four (t3) months after the start

of the trial (t0). Between the first (t1) and the second (t2) sampling point the energy intake was

increased to 200% supplied by a ration consisting out of 60% hay and 40% concentrate. There

was a change in concentrate between the first and second sampling point due to production

problems by the manufacturer (nutrient composition based on DM of the new concentrate:

crude protein: 13.4%, crude fat: 14.4%, crude fibre: 9.78%, nitrogen-free extract: 54.3%, metabo-

lizable energy: 14.09 MJ/kg DM). The nutrition composition was analysed monthly for the hay

and yearly for the concentrate. Crude nutrients were analysed by Weende analysis. Starch con-

tent was determined polarimetric and sugar content with the Luff- Schoorl method. The analy-

sis of feedstuff was performed according to the official collection of methods from the European

Union [41]. Neutral detergent fibre was determined based on amylase treatment and incinera-

tion (aNDFom). The analysed values were used for the calculation of the energy content. Energy

intake was adapted monthly to the current BW. Feed refusals were recorded on a weekly basis.

Scaling, Body Condition Score (BCS) and Cresty Neck Score (CNS)

Body weight, BCS and CNS were measured weekly. An electronic large animal scale (scale

system Iconix FX 1, Texas Trading, scale precision: 0.5 kg) was used to determine BW. BCS
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was assessed on a scale from 0 to 5 as described by Carrol and Huntington (1988) [42]. The

CNS was evaluated on a scale from 0 to 5 according to Carter et al (2009) [43]. Two trained

evaluators performed both scores and the mean of their evaluation was calculated for data

analyses.

Faecal sampling

Faecal samples were taken using a collection bag that was attached around the anus with tape

three hours after the morning meal. Directly after the collection three Eppendorf tubes

(Eppendorf, Hamburg, Germany) were filled with 1 g of faeces and gradually frozen from

-20˚C to -80˚C pending DNA extraction. In addition, 10 g of faeces were mixed with 10 ml of

distilled water and centrifuged for 10 minutes at 6000 rpm. From the supernatant 1ml was

transferred in Eppendorf tubes for lactate analysis. For the SCFA analysis 1 mL of the superna-

tant was transferred in tubes containing 0.1 ml of a buffer composed of 4.25% H3PO4 and 1%

HgCl2. Freezing protocol was the same as described above.

SCFA analysis

For the SCFA analysis the samples were mixed with 100 μl of ethanol and centrifuged for 10

minutes at 6000rpm (5417c, Eppendorf, Hamburg, Germany). In the filtrated supernatant the

concentration of the short chain fatty acids (SCFA) acetate (C2), propionate (C3), isobutyrate

(IC4), butyrate (C4), isovalerate (IC5) and valerate (C5) were measured by gas liquid chroma-

tography (Clarus 500, Perkin Elmer, Waltham, US) [44]. All samples were measured in dupli-

cate and the mean coefficient of variation was 4.8% for C2, 3.07% for C3, 3.15% for IC4, 2.84%

for C4, 1.77% for IC5 and 8.87% for C5.

Lactate analysis

For lactate analysis the samples were deproteinized in 100 μl perchloric acid. Subsequently the

enzymatic colorimetric lactate analysis was performed using a D- and L- Lactic Acid Kit

(Megazyme International, Ireland) according to the manufacturer’s instructions. The quantity

of the lactate was measured at a wavelength of 340 nm in a 96 well plate with a MRXe tc micro-

plate reader (Dynex, Lincoln, United Kingdom). All samples were measured in duplicate and

the mean coefficient of variation was 1.57%.

DNA extraction and sequencing

The total DNA was extracted from 0.25g of faeces using the bead- beating method described

by Yu and Morrison (2004) [45]. The quantity of the extracted DNA was measured using a

Biophotometer 6131 (Eppendorf, Hamburg, Germany) and the purity was assessed by the cal-

culation of the A260/280 ratio to screen the samples for protein contamination [46]. A260/280

ratios between 1.5 and 2.0 were accepted for the DNA. Afterwards a PCR was performed to

amplify the V3-V4 region of the 16S rRNA. The PCR Mix consisted of 0.4 μl of dNTP 25mM,

1.25 μl of every primer (Table 1), 0.5 μl of Taq Polymerase (D 7442, Sigma-Aldrich, Saint

Table 1. Sequences of the primers used for the DNA amplification.

Forward Primer 1 PCR1F343 [47] 5´ CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG

Reverse Primer 1 PCR1R784 [47] 5´ GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT

Forward Primer 2 [47] 5´ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC

Reverse Primer 2 [47] 5´ CAAGCAGAAGACGGCATACGAGAT-Index-GTGACTGGAGTTCAGACGTGT

https://doi.org/10.1371/journal.pone.0230015.t001
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Louis, USA), 5 μl of the corresponding Taq buffer, 39.1 μl of water and 10 ng of DNA for each

sample. The samples were diluted with water 1 to 4 or 1 to 64, dependent on the biophot-

ometer results. Then 5 μl of each diluted sample were added to the PCR Mix. The amplifica-

tion was performed with a C 100 touch thermocycler (BioRad, Hercules, USA) using the

following programme: 94˚C for 60 seconds for the initial denaturation, followed by 30

cycles of 94˚C for 60 s (denaturation), 65˚ C for 60 s (annealing) and 72˚C for 60 s (elonga-

tion) and a final elongation at 72˚C for 10 minutes. For visualization 4 μL of each PCR prod-

uct were pipetted into a well of a 2% agarose gel. Electrophoresis of the gel was performed

for 1h15min at 45˚C and 70 V on a Mupid One system (ADVANCE co. Ldt., Tokyo, Japan).

Afterwards the gel was stained with gel red (Biotium, Fremont, US) and the quality of the

amplicons was checked using ultraviolet light. After purification of the first PCR with PCR

clean magnetic beads a second PCR was performed to ligate Illumina adapters and an index

that allowed the identification of the samples. The PCR mix was similar to the first PCR

with only the primers changed (Table 1). The PCR conditions were identical to the previous

PCR, but 12 cycles were performed instead of 30. Afterwards PCR products were purified

and sequenced with an Illumina MiSeq run of 250 base paired-ends following the manufac-

turer’s instructions (Illumina Inc., San Diego, CA). The quality of the run was assessed with

control libraries generated with the PhiX virus (Illumina PhiX control; Illumina Inc., San

Diego, CA).

Data analysis

The sequencing data was processed on the Galaxy signenae workbench provided by INRA

Toulouse using the Find Rapidly OTUs with Galaxy Solutions (FROGS) pipeline. First the

sequences were cleaned through elimination of sequences shorter than 380 base pairs or longer

than 490 base pairs, and those containing an unidentified base or not containing one of the

primer sequences. Chimeras were identified using VSEARCH [48] and removed from further

analysis. The remaining sequences were aligned in clusters with SWARM [49]. Clusters that

contained only one sequence were excluded from further analysis and the remaining clusters

were grouped in operation taxonomic units (OTUs). The taxonomic assignment of the OTUs

was performed with the Basic Local Alignment Search Tool (BLAST) provided by the National

Centre for Biotechnology Information database. The Shannon index and observed richness

were calculated on the Galaxy signenae workbench. The further grouping of the data and the

calculation of the relative abundance of OTUs were conducted with Excel (Office 365, Micro-

soft, Redmond, US).

The Excel software programme was also used for the calculation of the coefficient of varia-

tion (CV) for crude protein (CP), crude lipid (CL), crude fibre (CF), neutral detergent fibre

(aNDFom), sugar and starch intake to determine variations in nutrition intake. The CV was

also calculated for the DM intake of hay during the study period. For the analysis of the CV

the data were grouped in months for horses and for ponies. The CV was calculated by the

mean nutrition intake for the last two months prior to sampling for horses and ponies at each

sampling point and between the different sampling points.

The statistical analyses were performed using the commercial software package STATIS-

TICA (Version 12, StatSoft GmbH, Hamburg, Germany). Data were analysed for normal dis-

tribution by using the Shapiro-Wilks test. BCS, CNS, SCFA, lactate and microbial community

were analysed using non-parametric tests. Friedman´s ANOVA and Wilcoxon signed rank

test with Bonferroni correction was performed factoring the effects of time. For breed related

differences Mann-Whitney-U test was used. Data are presented as medians and 25 and 75 per-

centiles. Statistical significance was accepted at P < 0.05.

PLOS ONE Faecal microbiota of horses and ponies

PLOS ONE | https://doi.org/10.1371/journal.pone.0230015 March 19, 2020 5 / 17

https://doi.org/10.1371/journal.pone.0230015


Results

One pony and one horse developed an episode of laminitis during the second year of BW gain.

Additionally, one pony developed hyperlipemia (serum triglycerides: 14.4 mmol/L) at the end

of the second year of excessive energy intake. Faecal samples were collected from these individ-

uals only after clinical improvement. Between the second and the third sample collection one

of the horses had to be euthanized due to a severe episode of colic. Therefore only 59 faecal

samples (30 ponies, 29 horses) were collected at three different time points (t1, t2 and t3).

CV of CP, CL, CF, aNDFom, sugar and starch intake showed a variation between 4% and

13% between the two breeds prior to each sampling point (S1 Table). The variation between

t1, t2 and t3 prior to sampling ranged from 10% to 22%. The highest variation between sam-

pling points was recorded for CL between the two months prior to t1 and t2 where the concen-

trate was changed due to production problems by the manufacturer.

BW, BCS and CNS

Between t1 and t2 a significant increase in BW was recorded for ponies (p = 0.005) and horses

(0.005. Between t2 and t3 only a numeric increase in BW was seen in both breeds (Table 2).

CNS and BCS rose significantly between all three time points for horses and ponies to a

median of 3.5 for CNS and 4.8 for BCS.

Sequencing metrics

From the 59 sequenced faecal samples 1184086 (mean 20069.2 /sample) raw sequences were

obtained. After quality filtering during the bioinformatic processing 635820 (mean 10776.6

/sample) sequences remained. These sequences were assigned to 2219 OTUs that were

grouped into 11 phyla, 19 classes, 29 orders and 62 families, 145 genera and 36 species.

Bacterial community composition

The alpha diversity, described by the Shannon index showed no significant differences

between the three timepoints or breeds (Fig 1). During the BW gaining programme a signifi-

cant decrease in richness was recorded for the ponies between t1 and t2 (p = 0.025) and t1 and

t3 (p = 0.005), but no significant changes were seen for horses (Fig 2)

From the 11 phyla, 19 classes, 29 orders, 62 families, 145 genera and 36 species identified,

only 6 phyla, 7 classes, 7 orders and15 families had a median relative abundance over 0.4% of

the faecal microbiota. 24.7% of the genera and 97.2% of the species are unknown. 1.1% of the

genera and 1% of the species could not be identified because the pipeline found various affilia-

tions. Due to the high rate of unidentified sequences the genera and species were excluded

Table 2. BW, BCS and CNS for horses and ponies. Data are presented as medians and 25/75 percentiles in brackets.

Variable Breed t1 t2 t3

BW (kg) Ponies 110a# (103/119) 134b# (126/146) 139b# (132/158)

Horses 612a� (578/650) 689b� (554/730) 696b� (678/732)

BCS (0–5) Ponies 4a (3.9/4.0) 4.6b (4.4/4.7) 4.8c (4.7/5.2)

Horses 4a (3.9/4.0) 4.6b (4.5/4.6) 4.8c (4.7/4.9)

CNS (0–5) Ponies 2a (1.8/2.3) 2.8b (2.5/3.0) 3.5c (3.3/4.0)

Horses 2a (2.0/2.3) 2.9b (2.8/3.0) 3.5c (3.5/4.0)

a, b, c medians with different superscript letters differ significantly within a row (p < 0.05)

�, # medians with different superscript symbols differ significantly within a column (p < 0.05)

https://doi.org/10.1371/journal.pone.0230015.t002
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from the further analysis to avoid bias. The most abundant phyla were Firmicutes (58.2%) fol-

lowed by Bacteroidetes (36.5%), Spirochetes (2.46%), Fibrobacteres (1.18%), Proteobacteria

(0.69%) and Actinobacteria (0.63%). At t3 one sample taken from a horse showed a very high

abundance (22.76%) of the phylum Actinobacteria. In general, the phylum Actinobacteria ran-

ged between 0.12% and 2.58%. Therefore, we decided to exclude this sample from further anal-

ysis, as it was probably contaminated.

Faecal microbiota of horses and ponies

The phylum Fibrobacteres was more abundant in the faecal microbiota of horses than in the

faecal microbiota of ponies at timepoint t3 (p = 0.026) (Table 3 and S2 Table). The significant

higher relative abundance for horses at t3 was also seen for the corresponding class, order and

family (S3–S5 Tables). For the phylum Proteobacteria a significant higher relative abundance

was found at t2 in the faeces of ponies than in the faeces of horses (p = 0.01).

At the family level Ruminococcaceae (p = 0.033), Rikenellaceae (p = 0.026), F082

(p = 0.002) and Bacteroidales UCG-001 (p = 0.041) had higher concentrations in the faeces of

Fig 1. Shannon index at the three sampling points (t1-t3) for horses and ponies. The interquartile range is indicated by the box. The dot inside the

box indicates the mean and the line the median. The whiskers represent the lower and upper extremes. Outliers are indicated as single dots.

https://doi.org/10.1371/journal.pone.0230015.g001
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ponies than in the faeces of horses at t3 (Table 3 and S5 Table). For the family F082 the higher

relative abundance in the pony faeces was also seen at timepoint t1 (p = 0.003).

Changes in the faecal microbiota during the two-year weight gain

programme

The phylum Firmicutes increased significantly between t2 and t3 in the faecal microbiota of

ponies (p = 0.047) while no changes were seen for the horses. While the phylum Fibrobac-

teres decreased between t1 and t2 in the faecal microbiota of horses (p = 0.028), the phylum

Proteobacteria in the faecal microbiota of ponies showed a significant increase between t1

and t2 (p = 0.005) followed by a significant decrease between t2 and t3. Actinobacteria

increased between t2 and t3 in ponies (p = 0.017) and between t1 and t3 in horses (p = 0.02).

More information about significant changes in classes, orders and families during the two-

year weight gaining programme are presented in the supporting information (S2, S3, S4 and

S5 Tables).

Fig 2. Observed richness at the three sampling points (t1-t3) for horses and ponies. The interquartile range is indicated by the box. The dot inside the

box indicates the mean and the line the median. The whiskers represent the lower and upper extremes. Outliers are indicated as single dots.

https://doi.org/10.1371/journal.pone.0230015.g002
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Table 3. Phyla, classes, orders and families in faeces of horses and ponies with a median relative abundance over 0.4% with significant changes between the three

sampling points or between breeds. Data are presented as medians and 25/ 75 percentiles in brackets.

Phylum Breed t1 t2 t3

Firmicutes Horses 55.7 (52.3/59.8) 57.2 (55.5/62.2) 58.5 (55.5/62.9)

Ponies 54.0ab (51.9/62.9) 58.5a (53.2/63.8) 62.8b (57.7/65.7)

Fibrobacteres Horses 1.90a (1.05/2.45) 0.98b (0.85/1.29) 1.11b# (0.59/1.84)

Ponies 0.78 (0.51/2.31) 0.79 (0.65/1.70) 0.38� (0.09/0.88)

Proteobacteria Horses 0.34 (0.31/0.69) 0.61# (0.52/0.92) 0.52 (0.43/0.99)

Ponies 0.60a (0.37/0.85) 1.14b� (0.81/1.45) 0.43a (0.27/0.70)

Actinobacteria Horses 0.37a (0.30/0.49) 0.34ab (0.30/0.43) 0.88b (0.54/1.31)

Ponies 0.33a (0.31/0.49) 0.39a (0.33/0.59) 0.77b (0.67/1.25)

Classes

Fibrobacteria Horses 1.90a (1.06/2.45) 0.98b (0.85/1.29) 1.11b# (0.59/1.84)

Ponies 0.78 (0.51/2.31) 0.80 (0.65/1.70) 0.38� (0.09/0.88)

Bacilli Horses 0.39a (0.23/0.66) 0.42a (0.27/0.61) 1.21b (0.81/2.37)

Coriobacteriia Horses 0.37a (0.29/0.49) 0.34ab (0.30/0.43) 0.80b (0.52/1.29)

Ponies 0.33a (0.30/0.49) 0.39a (0.33/0.59) 0.77b (0.67/1.25)

Negativicutes Horses 0.31 (0.12/0.38) 0.57 (0.41/0.70) 0.49 (0.39/0.57)

Ponies 0.32a (0.27/0.64) 0.81b (0.41/1.24) 0.39a (0.23/0.84)

Orders

Fibrobacterales Horses 1.90 (1.06/2.45) 0.98 (0.85/1.29) 1.11# (0.59/1.84)

Ponies 0.78a (0.51/2.31) 0.80b (0.65/1.70) 0.38a� (0.09/0.88)

Coriobacteriales Horses 0.37a (0.30/0.49) 0.34ab (0.29/0.43) 0.80b (0.52/1.29)

Ponies 0.33a (0.30/0.49) 0.39a (0.33/0.60) 0.77b (0.67/1.25)

Selenomonadales Horses 0.31 (0.12/0.38) 0.57 (0.41/0.70) 0.49 (0.39/0.57)

Ponies 0.32a (0.27/0.64) 0.81b (0.41/1.24) 0.39a (0.23/0.84)

Families

Ruminococcaceae Horses 25.0a (22.5/29.1) 24.2a (22.7/31.9) 21.4b# (19.0/22.6)

Ponies 24.5 (23.9/32.2) 27.2 (24.1/33.9) 25.2� (20.9/26.1)

Lachnospiraceae Horses 23.9a (20.5/25.6) 22.9ab (20.9/26.4) 31.3b (25.9/32.5)

Ponies 22.7 (20.7/23.3) 22.7 (20.8/25.0) 26.8 (24.0/28.6)

Rikenellaceae Horses 7.15 (5.33/7.65) 5.63 (4.19/6.39) 4.80# (4.18/6.17)

Ponies 7.40ab (4.51/8.17) 5.58a (4.77/5.93) 6.80b� (5.56/9.50)

F082 Horses 2.66a# (1.81/2.84) 4.46a (2.13/9.44) 1.50b# (1.10/1.88)

Ponies 6.34� (4.09/9.94) 5.67 (3.29/7.00) 5.16� (2.65/5.74)

Bacteroidales UCG-001 Horses 1.14 (0.94/1.84) 0.90 (0.62/1.39) 0.60# (0.52/0.93)

Ponies 1.22 (1.02/1.64) 0.90 (0.75/1.13) 1.21� (1.03/142)

Fibrobacteraceae Horses 1.90a (1.06/2.45) 0.98b (0.85/1.29) 1.11b# (0.59/1.84)

Ponies 0.78 (0.51/2.31) 0.80 (0.65/1.70) 0.38� (0.09/0.88)

Muribaculaceae Horses 0.75 (0.61/1.17) 1.55 (1.10/1.74) 1.24 (0.84/2.81)

Ponies 0.93a (0.47/1.93) 1.62b (1.13/2.64) 1.14a (0.72/1.57)

Bacteroidales RF16 group Horses 0.81a (0.59/1.00) 0.45ab (0.28/0.63) 0.29b (0.13/0.50)

Ponies 0.62a (0.36/0.89) 0.40ab (0.35/0.49) 0.17b (0.14/0.28)

Veillonellaceae Horses 0.31 (0.12/0.38) 0.57 (0.41/0.70) 0.49 (0.39/0.57)

Ponies 0.32a (0.27/0.64) 0.81b (0.41/1.24) 0.39a (0.23/0.84)

a, b medians with different superscript letters differ significantly within a row (p < 0.05)

�, # medians with different superscript symbols differ significantly within a column (p < 0.05)

https://doi.org/10.1371/journal.pone.0230015.t003
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Faecal SCFA and lactate

The most abundant SCFA in the faeces wereC2 followed by C3, C4, IC5, IC4 and C5. Higher

concentrations in the faeces of horses than in the faeces of ponies were found for total SCFA at

t3, C2 at t2, C3 at t3, IC5 at t3 and IC4 at t1 and t2 (Table 4). Between the different timepoints

no significant changes were determined in the faecal concentration of SCFA in ponies and

horses. At t2 the total lactate concentration was higher in the faeces of ponies than in the faeces

of horses (Table 4). During the feeding programme a significant increase in lactate was ana-

lysed for horses and ponies between t1 and t2 followed by a significant decrease between t2

and t3 in horse faeces.

Discussion

Due to the fact that ponies are more prone to obesity [2] and related diseases like laminitis [34]

we investigated differences in the microbiota of horses and ponies during a two year period of

excessive energy intake. To the authors knowledge this is the first paper analysing the distinc-

tions in the faecal microbiota of horses and ponies. At present only data of the human gut

microbiota revealed differences between ethnic groups [50,51]. However, unlike our animal

experiment the studied human populations consumed different diets and stayed in different

environments. Therefore, the impact of genetic, dietetic and environmental influences on the

gut microbiota still remains open [50,51].

To the authors knowledge, our study is the first one investigating changes in the equine

microbiota during a period of long-term body weight gain. This study design leads to the

strong advantage that each individual was used as its own control. Other studies investigating

differences of the microbiota between lean and obese horses always compared groups of differ-

ent individuals [9,26,28]. It has been shown that even similar housing and feeding conditions

for a six week period were not able to eliminate individual microbiota differences [13]. The

Table 4. Total SCFA, C2, C3, IC4, IC5 and lactate concentrations (mmol/L) in the faeces of horses and ponies.

Data are presented as medians and 25/ 75 percentiles in brackets.

Variable Breed t1 t2 t3

Total SCFA (mmol/L) Ponies 19.1 (16.2/23.9) 15.9 (13.3/19.3) 16.3# (11.9/21.4)

Horses 20.7 (20.4/29.6) 18.7 (17.1/24.2) 24.9� (17.2/26.9)

C2 (mmol/L) Ponies 12.4 (11.7/16.3) 10.5# (8.9/11.8) 10.9 (8.1/14.6)

Horses 17.5 (14.0/19.9) 12.6� (11.9/16.2) 16.5 (11.6/18.3)

C3 (mmol/L) Ponies 4.29 (3.11/5.27) 3.78 (2.57/4.39) 3.8# (2.57/4.46)

Horses 4.76 (4.32/6.89) 4.12 (3.78/5.41) 5.68� (4.60/6.35)

C4 (mmol/L) Ponies 1.19 (1.08/1.36) 1.08 (0.91/1.25) 0.94 (0.68/1.53)

Horses 1.25 (1.08/1.65) 1.25 (0.97/1.36) 1.53 (1.02/1.71)

IC4 (mmol/L) Ponies 0.28# (0.23/0.34) 0.23# (0.23/0.23) 0.26 (0.23/0.34)

Horses 0.43� (0.34/0.51) 0.37� (0.34/0.46) 0.34 (0.28/0.46)

C5 (mmol/L) Ponies 0.20 (0.20/0.20) 0.17 (0.10/0.20) 0.17 (0.10/0.29)

Horses 0.20 (0.15/0.29) 0.20 (0.20/0.25) 0.20 (0.15/0.20)

IC5 (mmol/L) Ponies 0.39 (0.34/0.49) 0.29# (0.20/0.29) 0.29 (0.20/0.54)

Horses 0.54 (0.40/0.67) 0.44� (0.39/0.54) 0.39 (0.39/0.49)

Lactate (mmol/L) Ponies 1.06a (0.81/1.19) 0.71b# (0.56/0.81) 0.67b (0.64/0.87)

Horses 0.92a (0.70/1.14) 0.50b� (0.43/0.64) 0.77a (0.69/0.91)

a, b medians with different superscript letters differ significantly within a row (p < 0.05)

�, # medians with different superscript symbols differ significantly within a column (p < 0.05)

https://doi.org/10.1371/journal.pone.0230015.t004
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large individual differences restrict the interpretation of results obtained from different indi-

viduals. The present experimental design included a two-year controlled feeding period to

exclude any influences on the microbiota from different feeding regimes or management con-

ditions. Other studies that examined the equine microbiota at different body conditions either

had no standardized feeding protocol [28] or established a controlled feeding scheme for only

one month or two weeks prior to faecal sampling [9,26].

During our biannual study the animals consumed 180–200% of their maintenance energy

requirement according to the Society of Nutrition Physiology (GEH 2014) [40]. The major

weight gain took place between t1 and t2 while only a non-significant increase in BW was

recorded between t2 and t3 despite the same hypercaloric intake. In contrast CNS and BCS

increased significantly in the second year of the feeding period. One explanation might be

related to a loss in muscle mass due to a low physical activity during periods of turnout and

increased body fat mass. However, the reasons for these findings remain open as muscle

metabolism was not evaluated in this study. The lack in knowledge about muscle metabolism

in the state of increasing obesity should be addressed in future studies.

During the BW gain programme faecal richness decreased in ponies. These results are in

contrast to findings of Biddle et al. (2018) who found a higher richness in the faecal microbiota

of obese horses. However, no changes in the faecal diversity indices were found during weight

gain unlike previous data reported in humans [15] and horses [9,28]. This discrepancy might

be due to the fact that most authors studied groups of different individuals and various diets in

humans [15] and horses [28]. Only Morrison et al. (2018) [9] established a controlled feeding

scheme one month prior to faecal sampling where the horses received a hay based ration.

In agreement with results obtained in the faecal microbiota of obese humans [30], BW gain

in ponies was correlated with a significant increase in the phylum Firmicutes. Similar results

have been obtained by Biddle et al. (2018) in the faecal microbiota of equines consuming vary-

ing types of forages and concentrates and by Morrison et al. (2018) who studied Welsh ponies

fed a standardised hay diet. In contrast to our results, Morrison et al. (2018) and Biddle et al.

(2018) found also significant changes in the phylum Bacteroidetes. In accordance with our

results, Shepherd et al. (2014) did not detect any changes in the phylum Bacteroidetes in hay

fed horses with various body condition scores. But unlike to our study, Shepherd et al. (2014)

detected no significant changes in the phylum Firmicutes.

We also demonstrated that BW gain was associated with an increase of the phylum Actino-

bacteria in both breeds and a decrease of Fibrobacteres in the horse´s microbiota. These find-

ings are in accordance with results obtained by Morrison et al. (2018) [9]. Between t1 and t2

the phylum Proteobacteria rose significantly in ponies and showed a significant drop between

t2 and t3 while it remained unchanged in horses. From studies investigating the influence of a

high fat ration (8.3% fat) on the faecal microbiota of horses, it is known that a high fat ration

may lead to an increase of the phylum Proteobacteria [8]. Since we recorded a 22.2% increase

in crude lipid intake between t1 and t2 a dietary influence on the phylum Proteobacteria can-

not be excluded. From our data the reasons for the changes in the phylum Proteobacteria in

ponies but not in horses are not fully understood. Since the small intestine is the main site of

fat absorption [32], and the fat intake through the ration was moderate (4.4–4.7% of dry matter

intake), significant effects on the hindgut microbiota are probably of minor importance. But

we cannot exclude a lower precaecal fat absorption capacity in ponies than in horses.

It has been reported that a high fat intake of 14.8% dry matter reduced the digestibility of

fibre probably through a reduction of the cellulytic activity in the hindgut microbiota [52]

whereas a low fat intake below 10% of dry matter did not influence fibre digestibility in horses

[53]. In consequence, it seems unlikely that our feeding regime with a fat intake of only 4.4–
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4.7% dry matter influenced fibre digestibility in the large intestine but nevertheless we cannot

fully exclude an influence of the moderate changes in fat intake on the equine microbiota.

Regarding the microbial fermentation products, we could not detect any significant changes

in the faecal SCFA concentrations in both breeds during weight gain. These results are in

accordance with findings obtained by Shepherd et al. (2014) [26] and Morrison et al. (2018)

[9] who did not find any significant differences in the faecal concentrations of SCFA in obese

and lean horses.

One major difference between the microbiota of horses and ponies was a higher relative

abundance of the phylum Fibrobacteres in horses at t3 that could be traced over all taxonomic

categories down to the family Fibrobacteraceae. In general, a higher abundance of fibrolytic

family is related to a high intake of fibre (e.g. crude fibre or neutral detergent fibre (aNDFom)),

but this issue could be excluded in our study as the coefficient of variation in crude fibre and

NDF intake was� 10% at all sampling points between horses and ponies. In horses, the

increase in the family Fibrobacteraceae may result in a better fibre fermentation, as Fibrobac-

teraceae is one of the fibrolytic families in the equine hindgut which are necessary for the deg-

radation of plant cell walls [54]. These findings of a higher fibrolytic capacity in horses are in

accordance with a higher digestibility of organic matter in Standardbred horses compared to

Icelandic ponies fed an early cut haylage [55]. Another significant difference between horses

and ponies was the higher expressions of the phylum Proteobacteria in the pony microbiota at

t2. These findings are in accordance with Steelman et al. (2012)[56] who found a higher abun-

dance of the order Burkholderiales belonging to the phylum Proteobacteria in one pony com-

pared to a population of horses under different housing and feeding conditions [56].

In our study horses had higher concentrations of total SCFA at t3, C2 at t2, C3 at t3, IC5 at

t3 and IC4 at t1 and t2 in the faeces than ponies. These results are in accordance with Jensen

et al. (2010) [57] who showed that Danish warmbloods have higher faecal C3 and IC4 concen-

trations than Icelandic ponies when both groups received a diet consisting of sugar beet pulp,

oats and haylage.

A limiting factor of our study is related to the identification of the genera. Only 1.8% of the

analysed species and 74.2% of the genera were identified. Therefore, we can only draw limited

functional conclusions from the generated sequencing data since the higher taxonomic catego-

ries often combine different functional groups. This is a main limitation in sequencing studies

in the equine microbiota [12,58].

The analysis of faecal samples rather than samples obtained from the different sections of

the gastrointestinal tract is a limitation of our study. Due to feasibility and animal welfare

guidelines in most equine studies faeces have been used as a tool to describe the gut microbiota

[9,13,26,28]. A correlation between dietary changes in the caecal, colonal and faecal microbiota

was demonstrated by Grimm et al. (2017) [59]. But nevertheless the faecal microbiota repre-

sents at least the hindgut distal to the pelvic flexure[60].

Another limitation of our study is the fact that we only analysed faecal samples at three

timepoints during the two-year study period. However, we conducted a standardised manage-

ment and feeding protocol over two years. Furthermore, horses and ponies were used as their

own control. Other authors already described a high stability in the faecal microbiota of indi-

viduals under identical management and feeding conditions for at least three months [13].

Reasons for equivocal results in studies comparing the microbiota of lean and obese horses

might be related to differences in body weight classification and diet related differences. Simi-

lar to our study, the faecal microbiota of different individuals was compared. Biddle et al.

(2018) [28] compared three different weight groups of horses while Morrison et al. (2018) [9]

and Shepard et al. (2014) [26] compared an obese group of horses with a nonobese group of
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animals. In contrast to these study protocols, each individual horse and pony was used at its

own control in our study.

In conclusion BW gain seemed to change the composition of the equine microbiota in simi-

lar ways as already described. Comparing horses and ponies we found a higher abundance of

the phylum Fibrobacteria at t3 and a lower abundance of Proteobacteria at t2 in the faecal

microbiota of horses. We also found higher concentrations of different SCFA in the faeces of

horses at these timepoints. The changes in the fermentation profile may have functional conse-

quences. In order to gain more knowledge about the functional consequences of the changes

in the microbiota during weight gain further research has to be conducted.
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