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Due to modern management practices and the availability of energy dense feeds, obesity
is a serious and increasingly common health problem for horses. Equine obesity is
linked to insulin resistance and exacerbation of inflammatory issues such as osteoarthritis
and laminitis. While the gut microbiome is thought to play a part in metabolic status
in horses, bacterial communities associated with obesity have yet to be described.
Here we report differences in metabolic factors in the blood of obese, normal and
lean horses correlated with differences in gut microbiome composition. We report that
obese horses had higher levels of leptin, triglycerides, glucose, and cortisol in their
blood, and more diverse gut microbiome communities with higher relative abundance of
Firmicutes, and lower numbers of Bacteroidetes and Actinobacteria. Network analyses
of correlations between body condition, blood analytes, and microbial composition at
the genus level revealed a more nuanced picture of microbe-host interactions, pointing
to specific bacterial species and assemblages that may be signatures of obesity and
leanness in the horse gut. In particular, bacteria groups positively associated with two
blood analytes and obesity included Butyrivibrio spp., Prevotellaceae, Blautia spp., two
members of Erysipelotrichaceae, and a Lachnospiraceae taxa. These results are an
important first step in unraveling the metabolic differences between obese and lean horse
gut communities, and designing targeted strategies for microbial intervention.
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INTRODUCTION

As hindgut fermenting, obligate herbivores, horses rely on the gut microbiome to access nutrients
and energy from dietary complex carbohydrates. Short chain fatty acids produced by microbial
metabolism have been estimated to provide as much as 42% of equine energy needs (1, 2).
Surveys of the equine gut microbiome using 16S rDNA sequencing have revealed communities
dominated by Firmicutes, and Bacteroidetes (comprising 75% or greater relative abundance), with
less abundant Proteobacteria, Verrucomicrobia, Spirochaetes, Actinobacteria, and Fibrobacteres
(3-7). As with other animal and human studies, the horse gut microbiome is sensitive to diet,
specifically consumption of starch (8-11), fiber (9, 12-14), and high fat (9, 15), or following a rapid
change in diet (14, 16). Both age (17) and exercise (18, 19) have also been shown to impact the
composition of the equine gut microbiome.
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Paralleling human health trends, equine obesity is a growing
problem for horse owners, managers, and veterinarians despite
greater awareness of body condition assessment, and the
availability of specialized feeds for weight management (20-23).
A recent study of 300 horses in Virginia using a standardized 1-9
scale to estimate body condition score (BCS) (24), found as many
as 51% to be over-conditioned or obese (22). Indications suggest
that this estimate of obesity is not an isolated trend (20, 23, 25).

A primary component of Equine Metabolic Syndrome (EMS),
obesity contributes to insulin resistance (26-30), predisposes
horses to laminitis (30-32), exacerbates heat intolerance(33),
reduces performance (34, 35), and increases joint stress (36, 37).
A breed effect in the incidence of EMS indicators has been
demonstrated, with higher prevalence in ponies, Standardbreds,
Andalusians (38), and Rocky Mountain Horses (39), and lower
rates in Thoroughbreds, Quarter Horses, and mixed breeds (39).

While human and mouse studies comparing the gut
microbiomes of lean and obese individuals have shown a
higher Firmicutes: Bacteroidetes ratio correlated with obesity
(40-42), comparisons of fewer than 10 obese and lean horses
have observed no difference in the ratio of these groups
(12, 43). One comparative EMS study of 20 horses found
specific genera associated with obesity, including: Clostridium
cluster XI, Lactobacillus, Cellulosilyticum, Elusimicrobium, and
members of the phyla Verrucomicrobia, while Fibrobacter,
Ruminococcus, Saccharofermentans, Anarovorax, and members
of Lachnospiraceae and Rhodospirillaceae families were
correlated with normal controls (12).

Several metabolic markers in blood have been shown to be
correlated with high BCS in horses, namely higher levels of
resting insulin, glucose, leptin, adiponectins, and triglycerides
(39, 44-46). Higher leptin levels have been shown to be especially
pronounced in horses fed diets rich in cereals or fat (38), but
no response was seen in obese horses fed varying levels of non-
structural carbohydrates in hay (47). Additionally, horses with
higher levels of leptin showed elevated insulin (44, 46) and
cortisol (especially mares) (44).

While levels of obesity associated blood analytes have been
described in horses, studies to identify differences in the gut
microbiomes of obese and lean horses have been few and limited
to a small number of horses. The purpose of the present study is
to correlate blood metabolites related to EMS (insulin, glucose,
triglycerides, leptin, ACTH, and cortisol) with gut microbiome
differences in a set of 78 horses: lean (n = 24), normal (n = 17),
and obese (n = 37).

MATERIALS AND METHODS

Fecal Sample Collection

Fecal samples were collected manually midrectum from horses
before breakfast, and stored in ice for no more than 2h prior
to storage at —80°C. Sampling was done in the January-April
of 2015 or 2016, before horses had access to fresh, spring grass.
Pasture-fed horses were of various breeds, aged 2-20 years, from
three university herds: (University of Massachusetts, Amherst,
MA, University of Illinois, Champaign-Urbana, IL, or Virginia-
Maryland Regional College of Veterinary Medicine, Blacksburg,

VA) or private horse owners from five different farms. To
minimize variation due to location or owner, no facility contained
fewer than three horses. Horses that had received antibiotic
or anthelmintic medication within 60 days of collection were
removed from the study. Metadata collected for each horse
included: breed, gender, diet, housing type, and age. Diet was
divided into three categories depending on primary feed with
no distinction made for quantity or quality. Diet categories
included: Pasture (P), Hay (H), Hay, and concentrate (HC).
Age was divided into two categories: 10 years or less (Age_Y,
n = 29), and over 10 years (Age M, n = 49). BCS (1-9) was
determined by the average of at least three observers using the
Hennecke scale (24). Horses with divergent BCS across body
regions were not sampled due to the possibility of metabolic
issues. Classifications of obese, normal, or lean were assigned to
each horse based on score: 7 or higher, between 6 and 7, and 5.5
and less, respectively. The demographics of horses participating
in this study are summarized in Table 1.

Blood Sample Collection

Whole blood was collected via venipuncture into untreated
Vacutainer tubes (serum) and EDTA tubes (plasma) (BD,
Franklin Lakes, NJ). Tubes were chilled for no more than 2h
before processing. Serum tubes were allowed to return to room
temperature and clot before spinning. Plasma tubes were spun for
20 min at 850 g at 4°C. Serum tubes were spun for 20 min at 850 g
at room temp. Plasma or serum layers were removed and stored
at —80°C prior to analysis. All analysis was done at the Cornell
Animal Health Diagnostic Center, Ithaca, NY. ACTH, cortisol,
insulin, and leptin were measured from plasma samples, and
glucose and triglycerides were measured from serum samples.

DNA Extraction and Sequencing

Fresh fecal samples were collected midrectum from each horse,
kept on ice for no more than 2 h prior to storage at —80°C. DNA
was extracted utilizing either a modified CTAB-bead beating
method (48-50), or Mobio Power Fecal DAN extraction kit
(MoBio Laboratories, Carlsbad, CA), and stored at —80°C prior
to sequencing.

Amplification of the V4-V5 region of the 16S rRNA gene
and attachment of indexes for multiplexing samples were done
using region specific primers (515F/926R) as described elsewhere
(51). PCR products were pooled and sequenced using the MiSeq
platform at either the University of Illinois Biotechnology Center,
Urbana, IL, or RTL Genomics, Lubbock, TX. Paired ends were
joined using FLASh (v. 1.2.11) (52). Quality and chimera filtering,
taxonomic assignment, diversity analysis, and identification of
shared and unique taxa were done using the QIIME (53) pipeline
as applied previously (54).

Statistical Analysis

Relative abundance of bacterial groups and alpha diversity
measures by body condition group were compared using
pair-wise, two-tailed t-tests (assuming unequal variances), and
Kruskal-Wallis rank sum test in R (55). Differential abundance
between lean, normal, and obese horses at the taxa level was
modeled using a negative binomial distribution in the DESeq
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TABLE 1 | Demographics of horses included in this study (for complete horse list, see Table S1).

Farm Horses Gender Age BCS category Feed

Total Stallion Mare Gelding Y M Lean Normal Obese P H HC
U 6 3 3 0 4 2 1 0 5 6 0 0
UM 14 0 4 10 9 0 0 14 0 14 0
VM 25 0 17 8 21 11 0 14 25 0 0
PO-DE 18 0 14 4 15 3 10 7 0 18
PO-NH 15 0 5 10 13 2 10 3 0 0 15
Total 78 3 43 32 30 48 24 17 37 31 14 33

Farm: University of lllinois (Ul), University of Massachusetts (UM), Private Owner (PO state), VA-MD Regional College of Veterinary Medicine (VM). BCS: (1-9) according to the Hennecke
scale. BCS cat: 1-5.5 (Lean), 6-6.5 (Normal), 7+ (Obese). Feed: Pasture (P), Hay (H), Hay/Concentrate (HC). Age: 10 years or less (Y), and over 10 years (M).

TABLE 2 | 16S rRNA sequence counts after removal of low quality and short
reads.

Counts/Sample summary

Number of samples 78
Minimum count 4165
Maximum count 102594
Median count 44498.5
Mean count 40361.795
Std. dev. 21151.638

package (56) in R (55). Spearman correlations of all pairs of taxa,
blood analytes, metadata, and relative abundance of bacterial taxa
were calculated in JMP (Pro 13.0.0).

Network Construction

Networks of significant Spearman correlations were visualized
in Cytoscape (version 3.6.0). Taxa nodes were mapped to their
phylogeny, colored by phyla, and assigned a two-letter code
(Table 3). Border thickness of taxa nodes was proportional
to Relative Abundance (RA). Significant positive and negative
Spearman correlations were represented by red and blue edges,
respectively. Edge thickness was proportional to correlation
coefficient values ranging from +1 to +0.3 and from —1 to
—0.3. Networks of nodes of differentially abundant taxa, were
constructed by selecting first neighbors for all the specified nodes.
In complex networks, edges representing pairwise correlations
with values <0.5 were de-emphasized (faded).

RESULTS
16S rRNA Sequencing

Summary statistics for 16S rRNA sequencing following filtering
for low quality and length can be found in Table2. The
average read length was 412bp, and the total number of reads
was 3,148,220. Sequence data has been deposited in Genbank
BioSample SAMN09917936.

Bacterial Abundance Profiles
16S rRNA sequences were clustered at 97% similarity
against the latest Greengenes database (13_5). The resulting

operational taxonomic units (OTUs) were filtered for singletons
and doubletons. Table3 lists the 51 bacterial OTUs with
abundance >0.10% with their corresponding 2 letter codes.
All taxa included in the subsequent analysis are found in
Table S2.

At the phyla level, comparison of communities of lean,
obese, and normal horses showed no significant differences
in variance (Kruskal-Wallis test, p-value > 0.05) (Figure S1),
however pairwise differences were detected between obese
and lean and obese and normal horses in relative abundance
of Bacteroidetes and Firmicutes (two-tailed f-test assuming
unequal variances, p-value < 0.05) (Figure1). Specifically,
the relative abundance of Bacteroidetes was less in obese
horses, while the relative abundance of Firmicutes was
higher. Consequently, the Firmicutes/Bacteroidetes ratio
was higher for obese horses. Comparison of Bacteroidetes
families in the gut microbiome of obese, lean, and normal
horses show differences in unspecified Bacteroidales family
and Porphyromonadaceae, while difference were seen in six
Firmicutes families: Christensenellaceae, Erysipelotrichaceae,
Lachnospiraceae, Lactobacillaceae, Mogibacteriaceae, and
Ruminococcaceae (Figure S2).

Differentially abundant taxa were identified (padj < 0.05)
using a negative binomial distribution in DESeq for pairwise
BCS groups and All BCS groups together (Table4). All
but four differentially abundant taxa were members of
Actinobacteria, Firmicutes, or Bacteroidetes. There were 5,
6, and 24 differentially abundant taxa between Obese/Lean,
Normal/Lean, and Obese/Normal groups respectively. Nine
taxa were found to be differentially abundant in two or more
pair-wise comparisons, and three taxa were identified as
differentially abundant in comparisons of all BCS categories.
Differentially abundant taxa with relative abundance >0.01%
were compared by BCS group (Figure2), and found to
collectively constitute between 20 and 30% of total bacterial
abundance.

Bacterial Diversity

Obese horse samples were higher than both normal and lean for
all measures of alpha diversity, including richness (Chaol and
Observed OTUs), richness and evenness (Shannon Index), and
phylogenetic diversity (PD-whole-Tree) (Figure 3).
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TABLE 3 | Taxa identified and the total relative abundance in the obese, normal, and lean horse samples.

Taxon lineage Code Relative abundance (%)
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__;g__ QE 16.244410
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Ruminococcaceae;g__ LK 15.893878
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__ oJ 14.452446
Bacteria; Firmicutes; Clostridia; Clostridiales;f__;g__ Ql 11.473584
Unassigned;Other;Other;Other;Other;Other AA 3.780830
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Ruminococcaceae;g__Ruminococcus OK 3.094827
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Mogibacteriaceae;g__ BL 2.678472
Bacteria; Spirochaetes; Spirochaetes; Spirochaetales;f__Spirochaetaceae;g__ Treponema FR 2.670410
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Prevotellaceae;g__Prevotella DF 2.435187
Bacteria; Fibrobacteres; Fibrobacteria; Fibrobacterales;f__Fibrobacteraceae;g__Fibrobacter EH 2.356017
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Paraprevotellaceae;g__CF231 KF 1.715601
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Paraprevotellaceae;g__YRC22 LF 1.563672
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;Other NJ 1.352235
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Veillonellaceae;g__Phascolarctobacterium UK 1.251141
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Paraprevotellaceae;g_ JF 1.212778
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__RF16;g__ EF 1.168953
Bacteria; Actinobacteria; Coriobacteriia; Coriobacteriales;f__Coriobacteriaceae;g__ YD 1.071085
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__Coprococcus SJ 1.080847
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Clostridiaceae;g__Clostridium Zl 1.009161
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Bacteroidaceae;g_ BF311 UE 0.882039
Bacteria; Firmicutes; Bacilli; Lactobacillales;f__Streptococcaceae;g__Streptococcus M 0.845326
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__Blautia QJ 0.732944
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__Pseudobutyrivibrio YJ 0.666919
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Clostridiaceae;g__ \ 0.659299
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__BS11;g__ RE 0.642893
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Paraprevotellaceae;g__Prevotella MF 0.582616
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Ruminococcaceae;g__Oscillospira NK 0.550106
Bacteria; Actinobacteria; Coriobacteriia; Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia ZD 0.497567
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Christensenellaceae;g__ Tl 0.466590
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Porphyromonadaceae;g__Paludibacter XE 0.443382
Bacteria; Proteobacteria; Alphaproteobacteria; f__;g__ MM 0.410118
Bacteria; Cyanobacteria; 4C0d-2; YS2;f__;g__ NG 0.404619
Bacteria; Tenericutes; Mollicutes; RF39;f__;g__ CS 0.361142
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Mogibacteriaceae;g__Mogibacterium DL 0.351654
Bacteria; Firmicutes; Erysipelotrichi; Erysipelotrichales;f__Erysipelotrichaceae;g_ RFN20 WL 0.324342
Bacteria; Firmicutes; Clostridia;Clostridiales;f__Eubacteriaceae;g__Pseudoramibacter_Eubacterium JJ 0.306375
Bacteria; Firmicutes; Clostridia; Clostridiales;Other;Other Pl 0.260408
Bacteria; Firmicutes; Erysipelotrichi; Erysipelotrichales;f__Erysipelotrichaceae;g__ PL 0.255276
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Veillonellaceae;g__ RK 0.223319
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__S24-7;9_ HF 0.217790
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__Dorea TJ 0.214578
Bacteria; Firmicutes; Bacilli; Lactobacillales;f__Lactobacillaceae;g__Lactobacillus Kl 0.210029
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__Epulopiscium uJ 0.202495
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Clostridiaceae;Other ul 0.190916
Bacteria; Firmicutes; Erysipelotrichi; Erysipelotrichales;f__Erysipelotrichaceae;g__p-75-a5 BM 0.185225
Bacteria; Spirochaetes; Spirochaetes; Sphaerochaetales;f__Sphaerochaetaceae;g__Sphaerochaeta DR 0.170744
Bacteria; Firmicutes; Erysipelotrichi; Erysipelotrichales;f__Erysipelotrichaceae;g__Eubacterium YL 0.160846
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g_Ruminococcus BK 0.157950
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales;f__Bacteroidaceae;g__Bacteroides VE 0.122171
Bacteria; Firmicutes; Clostridia; Clostridiales;f__Lachnospiraceae;g__Roseburia ZJ 0.119148
Bacteria; Tenericutes; Mollicutes; Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma AS 0.106584

Two-letter codes designations used in the network analysis and total relative abundance over 0.10% are shown. For all taxa, see Table S2.

Frontiers in Veterinary Science | www.frontiersin.org 4 September 2018 | Volume 5 | Article 225


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Biddle et al.

Gut Microbiome of Lean and Obese Horses

o
~

Relative Abundance

2
%)

0.0

Firmicutes/Bacteroidetes Ratio

N

*
* |

Bacteriodetes

lean

normal obese

FIGURE 1 | Comparison of firmicutes and bacteriodetes from lean, normal, and obese horses. (A) Relative abundance of each Phla. (B) Firmicutes /Bacteriodetes
ratio. Error bars represent standard error. Significantly different groups (two tailed ¢-test assuming unequal variances) art indicated*.

TABLE 4 | Differentially abundant taxa.

Taxa lineage Code Number of connections Relabund% Obese/Lean Obese/Normal Lean/Normal All BSC
Firmicutes;Clostridiaceae;SMB53 AJ 29 0.01 X
Anaeroplasmataceae;Anaeroplasma AS 10 0.11 X X
Actinobacteria;Coriobacteriaceae;Collinsella BE 74 0.01 X

Actinobacteria; Microbacteriaceae;Microbacterium ~ CC 109 0.01 X X
Firmicutes;Peptococcaceae;g__ CK 56 0.03 X

Firmicutes; Mogibacteriaceae;Mogibacterium DL 76 0.35 X
Bacteroidetes;Bacteroidales;RF16 EF 23 117 X

Fibrobacteraceae;Fibrobacter EH 9 2.36 X
Firmicutes;Lactobacillales;Other El 19 0.00 X

Firmicutes;Clostridiales;f __EtOH8 EJ 5 0.01 X

Spirochaetaceae; Treponema FR 15 2.67 X
Firmicutes;Peptostreptococcaceae;g__ HK 38 0.01 X

Verrucomicrobia;RFP12;g9__ HS 23 0.03 X X X
Actinobacteria;Micrococcaceae;g__ IC 102 0.03 X
Bacteroidetes;Paraprevotellaceae;Other IF 17 0.01 X
Bacteroidetes;Paraprevotellaceae;g__ JF 19 1.21 X X X
Firmicutes;Bacillaceae;Bacillus JH 88 0.02 X X
Firmicutes;Streptococcaceae;Streptococcus M 27 0.85 X

Cyanobacteria;YS2;f__;g__ NG 25 0.40 X
Firmicutes;Ruminococcaceae;Oscillospira NK 65 0.55 X X
Firmicutes;Clostridiales;Other;Other Pl 3 0.26 X
Bacteroidetes;Bacteroidales;f__;g__ QE 69 16.24 X X

Firmicutes;Veillonellaceae;g__ RK 74 0.22 X X X
Actinobacteria;Nocardiaceae;Rhodococcus TC 119 0.01 X X
Firmicutes;Lachnospiraceae;Epulopiscium uJ 28 0.20 X
Firmicutes;Erysipelotrichaceae;Eubacterium YL 48 0.16 X X

Taxa identified in whole group and pairwise comparisons (padj < 0.05) using linear binomial distribution in DESeq. Network connectivity is estimated by numbers of connections in

correlation network.
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FIGURE 2 | Differently abundant bacterial taxa between lean, normal, and obese horses as determined using a negative binomial distribution, p-value < 0.05. Taxa

Blood Analytes

Measurements of insulin, glucose, ACTH, cortisol, leptin, and
triglycerides were measured from either serum or plasma, and
summarized by BCS group in Table 5. All blood analytes by
horse are reported on Table §3. Blood levels of cortisol were
higher for obese horses than normal or lean horses. Levels of
leptin increased with increasing BCS. Triglyceride and glucose
levels were similar between normal and obese horses, and
lower for lean horses (Figure 4). Statistical difference was not
seen between horse groups for resting insulin or ACTH (not
shown).

The relationships between pairs of blood factors was plotted
with 95% confidence intervals to identify patterns based on
BCS (Figure 5). At the ranges measured, clear differences were
seen in the trend for insulin and glucose in obese, normal, and
lean horses. A positive slope for obese and normal samples
showed that glucose and insulin levels increased proportionally.
An opposite trend was shown for lean horses, as glucose
dropped with increasing insulin levels. There was no overlap
between confidence intervals for lean and either normal or obese
horses. Between normal and obese horses, overlap occurred
for only the upper confidence interval. Linear modeling of
triglycerides and leptin showed a more positive relationship
and leptin response in the obese horses, and nearly constant
leptin levels in normal and lean horses. Confidence intervals
did not overlap between the obese group and either the lean
or normal horses, which were more consistent with each
other.

Correlation Analysis
Spearman rank correlation coeflicients analysis performed in
JMP (Pro 13.0.0) or R (55) included all 446 taxa, six blood

analytes and four metadata variables: Feed, Age, BCS, and
Owner. The default alpha value for the initial pairwise analysis
was 0.05. 105,570 correlations were found. Correlations with
p-values < 0.01 and coefficient values in the range of —0.3 to
—1.0 and +0.3 to +1.0 resulted in 9,353 significant pairwise
interactions for network analysis.

Network Analysis

Networks of significant Spearman correlations were visualized
in Cytoscape (version 3.6.0). This step resulted in a network
composed of 458 nodes and 9,353 edges. The first neighbor
network, showing significant correlations between all blood
analytes, metadata, and taxa (Figure6), showed positive
correlations between BCS_O (obese) and blood analytes leptin,
cortisol, triglycerides, and glucose, but no correlation with ACTH
or insulin. BCS_O was positively correlated with Feed_H (hay),
negatively correlated with Feed_HC (hay-concentrate), and not
connected with Feed_P (pasture). Focusing on the differentially
abundant taxa, the microbial network positively associated
with BCS_O included 32 taxa, primarily from Actinobacteria,
Firmicutes, and Bacteroidetes. BCS_O had only a few negatively
associated bacteria, including highly connected members of the
Veillonellaceae (RK), and Lachnospiraceae (UJ).

BCS_L (lean) showed negative correlations with leptin,
glucose, and triglycerides, and no correlation with any feed
group. The microbial network negatively associated with
BCS_L included taxa positively associated with BCS_O or
BCS_N, specifically Anaeroplasma (AS), Eubacterium (JF), and
Paraprevotellaceae (YL).

BCS_N (normal) was not connected to any blood analyte,
but showed positive correlation to Feed HC and negative
correlation to Feed_H. Negative correlations were shown for
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TABLE 5 | Summary of blood analyte measurements based on BCS category.

Lean Normal Obese
n=24 n=17 n=37
Measurement Mean SD Mean SD Mean SD
BCS 4.56 0.60 6.16 0.24 7.46 0.48
Insulin (UIU/mI) 10.78 8.64 15.74 9.76 15.49 16.33
ACTH (pg/ml) 21.53 8.84 20.21 7.12 24.21 10.63
Cortisol (ug/dL) 3.73 1.55 3.49 1.44 4.67 1.33
Leptin (ng/mi) 4.32 1.94 6.56 4.64 12.63 7.59
Glucose (mg/dL) 86.00 7.39 90.71 8.14 93.92 8.80
Triglycerides (mg/dL) 23.26 7.93 30.06 12.36 36.24 12.84

twenty taxa, including differentially abundant Oscillospira (NK),
Microbacterium (CC), Bacillus (JH), and Rhodococcus (TC).

Each of the blood analytes had a small sub-network of
associations, except insulin, which showed negative correlations
with over 50 bacterial taxa, and no connection to BCS. Insulin
did show a positive correlation to Feed_HC, and a negative
correlation with Age_Y (young).

The first neighbor network of the differentially abundant
taxa for all BCS groups (Figure 7) showed the connectivity of
these four taxa. Veillonellaceae (RK) was positively correlated
with a Bacteroidetes (QE), a highly abundant (16.24%) taxa in
the dataset, but negatively associated with 24 taxa that were all
positively associated with an Erysipelotrichaceae (YL), suggesting
a strong relationship between these two taxa. RK was also
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positively associated with insulin and Feed_HC, and negatively
correlated with glucose and Feed_P, while YL was positively
correlated with glucose, leptin, Feed-H, BCS_O, and Age_M
(middle aged), and negatively associated with Age_Y and BCS_L.
A network of bacteria containing only positive correlations
with two or more blood analytes points to key taxa which are also
associated with BCS_O and the older age group (Figure 8). This
group contained nine Firmicutes, two Synergistetes, and one each
of Bacteroidetes, Planctomycetes, and Proteobacteria. Of special
interest were two taxa: Firmicutes, Lachnospiraceae, Butyrivibrio,
and Firmicutes, Lachnospiraceae, Other which were positively
correlated to two and four pairs of associations respectively.

Analysis of Additional Metadata Factors
Significant correlations were found between owner and feed type,
but not owner and BCS or any other blood analyte presumably
due to consistence in management methods between farms.
Three taxa were found to be uniquely correlated with owner: two
Bacteroidetes (Rikenellaceae and Paraprevotellaceae, YRC22),
and a Firmicutes (Streptococcus spp.) (Table 6). These were found
in the dataset at 1.56, 0.012, and 0.845% respectively.

DISCUSSION

This research compares the diversity and structure of gut
microbiome communities of obese, lean, and normal horses,

and correlates bacterial community assembly with blood analytes
associated with obesity and metabolic issues in horses. The blood
marker results (higher leptin, triglycerides, glucose, and cortisol
levels, and trends toward higher insulin in obese horses) mirror
what has been shown in other studies (45, 47, 57), but this is
the first report correlating BCS, blood analytes, and microbial
community composition in horses.

Similar to surveys of obese individuals in other systems,
we report higher phylogenetic diversity and greater richness of
bacteria in the gut microbiomes of the BCS_O horses (40, 41, 58).
Specific Firmicutes groups (members of the Ruminococcaceae
and Lachnospiraceae families) were positively correlated with
two or more key blood analytes, increasing age, and obesity
(Figure 8). While collectively this highly connected network of
bacteria comprises <5% of the relative abundance of sequences
in the data set, they could be providing beneficial metabolic
products and ecosystem services.

We report obese BCS in horses to be positively correlated
to four blood analytes: glucose, cortisol, triglycerides, and
leptin, and lean BCS to be negatively correlated to glucose,
tryglycerides, and leptin. These values were similar to prior
studies in horses (27, 59, 60), and have been used in diagnostic
panels for EMS. In humans, it has been estimated that the gut
microbiome could explain 4.5-6% of the variation in BMI and
triglyceride levels (61), specifically 114 taxa, 95 of which were
members of Firmicutes (Lachnospiraceae, Ruminococcaceae,
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TABLE 6 | Spearman correlations between owner, metadata factors and bacteria.

Factor Correlation
Age 0.164
Feed 0.508*
BCS 0.294
Insulin 0.113
ACTH —0.135
Cortisol —0.110
Leptin —0.223
Glucose 0.176
Triglycerides —0.007
Bacteroidetes,Paraprevotellaceae, YRC22 (LF) 0.332*
Bacteroidetes,Rikenellaceae (FF) 0.332*
Firmicutes,Lactobacillales,Streptococcus (Ml) -0.367*

Only bacteria uniquely correlated with owner are shown. Significant correlations
(coefficients >0.3 or <-0.3) are indicated *.

Christensenellaceae, and others). While horses typically consume
a relatively low fat diet, obese BCS gut microbiomes were found
to be enriched in six triglyceride associated bacterial taxa, while
the lean BCS group was not positively correlated with any of
these taxa. Specific obesity related taxa from human studies
were positively associated with obese BCS in this study, in
particular Campylobacter spp., Collinsella spp., Prevotellaceae,
Selenomonas spp., Blautia spp., and Mogibacterium spp. (62,
63), three taxa of Cyanobacteria, and Adlercreutzi spp. (64),
four Erysipelotrichaceae taxa associated with obesity (65)
and aromatic amino acid metabolism in high fat diet (66),
and Dethiosulfovibrionaceae, a family of sulfate reducing
bacteria (64, 66-68). That the normal and lean BCS groups
were either negatively or not correlated with all of these
taxa suggests distinguishing community differences in horses
based on BCS, and points to similarities in host-microbial
dynamics underlying metabolic disease between horses and
humans.

At the same time, four taxa associated with healthy gut
status were significantly correlated with obese BCS, specifically
Propionibacteriaceae (propionate producer), Butyrivibrio spp.
(butyrate producer), Ruminococcaceae (fiber degrader), and
Sutterella spp. (function unclear) (62). Butyrivibrio spp. was of
special interest because it was significantly correlated with all four
pairs of blood analytes (Figure 8). While its abundance is <1% in
the dataset, the high connectivity of this bacteria suggests that it
could play an important role in host interactions, regulation, or
immune status related to obesity.

The lack of correlation between resting insulin and
bacterial taxa abundance found in this study reflected
the difficulty in estimating blood insulin values using
a resting measurement (27,46), or suggested a more
complex picture. Horses with high blood insulin and
glucose levels are often, but not always obese (27, 39,47).
A more complete model of the gut microbiome and insulin
dynamics would be possible by comparing the microbiomes
of both lean and obese horses with a wider range of insulin
levels.

While gut microbiome differences were seen in horses based
on diet, it was not possible to associate feed with BCS as it is a
driver for management decisions, especially given the relatively
small numbers of owners and the consistency of their feeding
patterns. The obese BCS horses were largely being fed hay
or pasture only, and the lean and normal BCS horses were
consuming hay/concentrate, resulting in a significant association
between owner and feed (Table 6). Significant correlations were
also noted based on age, but were inconclusive since the
categories were broadly divided and included no horse above
20 years. Managing older horses will continue to be a challenge
in the future as the numbers of aged horses increases, therefore
future work to identify bacteria correlated with obesity and
blood markers associated with age-related metabolic issues is
warranted.

This research points to differences in the gut microbiomes of
lean, normal, and obese horses that are significantly correlated
to key blood analytes associated with BCS. Network analysis
points to signature species for each body condition category,
laying the foundation for experiments leading to a mechanistic
understanding, and more targeted microbial solutions to the
issue of obesity and metabolic syndrome in horses.
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