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Abstract

Background: The role of the gastric microbiome in development or persistence of

equine glandular gastric disease (EGGD) remains to be investigated.

Hypothesis/Objectives: The objective was to characterize the glandular mucosal and

gastric fluid microbiomes of horses with and without EGGD. It was hypothesized that

differences in the mucosal microbiome are associated with EGGD.

Animals: Twenty-four horses were enrolled.

Methods: Gastroscopy was performed and EGGD scores recorded (score 0, n = 6;

score 1, n = 8; score ≥2, n = 10). Gastric fluid and pinch biopsies of healthy glandular

mucosa and EGGD lesions were collected via gastroscope. 16S rRNA amplicon

sequencing of the gastric fluid and glandular mucosal biopsies was performed. Rela-

tionships between gastric fluid and mucosal microbial community composition were

evaluated among EGGD score groups (EGGD 0-BX, EGGD 1-BX, EGGD ≥2-BX) and

among endoscopic appearances: controls from horses without EGGD and normal

areas, hyperemic areas, and lesions from horses with EGGD.

Results: Microbial community structure of mucosal biopsies differed among EGGD

score groups (Jaccard similarity index; P = .009). Principal coordinate analysis showed

separate clusters for EGGD 0-BX and EGGD ≥2-BX.

Conclusions and Clinical Importance: A modest difference was detected in the com-

munity structure of the gastric glandular mucosal microbiome in association with

EGGD score.
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1 | INTRODUCTION

Equine gastric ulcer syndrome (EGUS) is common in horses and is

associated with abdominal pain, loss of appetite, poor body condition,

and decreased performance.1,2 Equine glandular gastric disease

Abbreviations: EGGD, equine glandular gastric disease; EGUS, equine gastric ulcer syndrome;

ESGD, equine squamous gastric disease; NSAID, nonsteroidal anti-inflammatory drug; OTU,

operational taxonomical unit; PCoA, principal coordinate analysis; PPI, proton pump inhibitor.
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(EGGD) is described separately from equine squamous gastric disease

(ESGD) as it is recognized that ulcers of each location likely differ in

pathogenesis.1 Equine glandular gastric disease is a common disease

across many breeds and disciplines, but particularly among horses

actively in training or competition.3-10 Despite the large number of

horses affected by EGGD, the pathogenesis of this disease remains

relatively unknown.

The pathogenesis of ESGD appears to be secondary to increased

exposure to acidic gastric contents.11,12 However, this is unlikely the pri-

mary mechanism for development of EGGD because of the protective

mechanisms of the glandular mucosa and the poorer response of EGGD

to proton-pump inhibitor (PPI) therapy.13 Other potential factors that

have been proposed include the roles of decreased protective factors

(prostaglandins), nonsteroidal anti-inflammatory drug (NSAID) administra-

tion, decreased gastric blood supply, and increased stress.14-17 In humans,

changes in the gastric microbiome have been associated with gastritis,

but the gastric microbiome of horses in association with gastric glandular

disease remains relatively unexplored.18-20 A prior study examining the

gastric microbiome in a small number of horses (n = 10) identified differ-

ences in the glandular mucosal microbiome between horses with and

without EGUS.18 However, that study included both EGGD and ESGD

affected horses, and did not specify whether the glandular biopsy

obtained from each horse was from normal or affected mucosa. Further-

more, management practices among the horses varied, likely leading to

substantial variability in the gastric microbiome among individuals.18,21,22

Whether the findings from that study could be extrapolated to horses

with EGGD remains to be determined.

The specific objectives of this study were to investigate the

potential association between changes in the gastric microbiome and

EGGD by: (a) comparing the microbiome of the gastric fluid and the

glandular gastric mucosa in horses with and without EGGD and

(b) comparing the glandular gastric mucosal microbiome from appar-

ently normal and affected mucosa in horses with and without EGGD.

Our hypothesis was that there would be differences in the gastric

microbiome associated with the presence of EGGD.

2 | MATERIALS AND METHODS

2.1 | Horses and sample collection

This was a prospective, case control study that adhered to the animal

handling protocol as approved by the Louisiana State University Institu-

tional Animal Care and Use Committee (IACUC protocol number:

18-052). Twenty-four horses were enrolled from the institution's research

herd. Horses were kept on the same pasture supplemented with grass

hay and pelleted feed (Nutrena SafeChoice, Cargill Incorporated, Minne-

apolis, Minnesota) with no medications for at least 4 weeks prior to sam-

ple collection. The day before gastroscopy, horses were brought into a

stall from the pasture and fasted for 14-18 hours prior to the procedure.

Horses were sedated with 0.4 mg/kg IV xylazine (XylaMed, Bimeda,

Carrickmines, Dublin, Ireland) and gastric endoscopy performed using a

3 m gastroscope (Karl Storz SE and Co. KG, Tuttlingen, Germany).

Glandular and squamous mucosa disease was evaluated as described by

the European College of Equine Internal Medicine1 and a severity score

assigned using the semiquantitative scale initially published by Andrews

et al and modified by Sykes et al.23,24 Gastric fluid and biopsy samples

were collected from 6 horses without EGGD (controls; EGGD = 0), 8

horses with hyperemia (EGGD = 1), and 10 horses with EGGD ≥2 for a

total of 24 horses. As the etiology of hyperemic lesions (with intact

mucosa) versus EGGD≥2 (characterized by disrupted mucosa) may differ,

samples were categorized as EGGD 1 or EGGD ≥2.

After aspiration of 20 mL gastric fluid via the biopsy channel of the

endoscope, an additional 4 mL of gastric fluid was collected using a sterile

syringe and flash frozen in liquid nitrogen. Endoscopic biopsy forceps

(2.3 mm oval cupped with spike) were used for mucosal sample collection

(Karl Storz SE and Co. KG, Tuttlingen, Germany). Three mucosal biopsies

were collected of normal appearing glandular mucosa from each horse. In

affected horses (EGGD >0), an additional 3 biopsies were collected from

affected areas. Biopsies were rinsed with sterile saline, placed in a

cryotube, then flash frozen in liquid nitrogen. Fluid and biopsy samples

were then stored at �80�C until analysis. The biopsy forceps were dis-

infected with (dipped in) bleach and rinsed with sterile water between

collections of different endoscopic appearances. The endoscope biopsy

channel was disinfected (Rescue, Virox Animal Health, Oakville, ON,

Canada) according to labeled directions (10 minutes contact time), and

rinsed with approximately 100 mL of sterile water between horses.

2.2 | Sample processing

DNA was extracted using a commercial kit (QIAamp PowerFecal DNA

Kit, Qiagen, Hilden, Germany) from gastric fluid and gastric biopsies,

according to the manufacturer's recommendations, with minor adapta-

tions as previously described.21 16S rRNA amplicon library construction

and sequencing was performed at the University of Missouri DNA Core

facility. Concentrations of DNA for each sample were determined fluoro-

metrically (Qubit 2.0, Invitrogen, Carlsbad, California) using quant-iT BR

dsDNA reagent kits (Invitrogen) and all samples normalized to a standard

concentration for PCR amplification. Bacterial 16S rRNA amplicons were

generated via amplification of the V4 hypervariable region of the 16S

rRNA gene using single-indexed universal primers (U515F/806R) flanked

by Illumina standard adapter sequences and the following parameters:

98�C(3:00) + [98�C(0:15) + 50�C(0:30) + 72�C(0:30)] � 25 cycles +72�C(7:00).

Amplicons were then pooled for sequencing using the Illumina MiSeq

platform and V2 chemistry with 2 � 250 bp paired-end reads, as previ-

ously described.25

All informatics analysis was performed at the MU Informatics

Research Core Facility. Primers designed to match the 50 ends of

forward and reverse reads were removed from the forward read

using Cutadapt.26 Reverse complements of the primer to any

reverse reads present were removed from the forward read. For

reverse reads, a similar, but opposite approach was performed.

Read pairs were rejected if either did not match a 50 primer with an

allowable error rate of 0.1. To denoise, dereplicate, and count

amplicon sequence variants (ASVs), the QIIME227 DADA2 plugin28
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(version 1.10.0) was used with R version 3.5.1 and Biom version 2.1.7.

The Silva.v13229 database was used to assign final taxonomies.

2.3 | Statistical analysis

The signalment of horses were compared among EGGD score groups

using Kruskal Wallis (age) and Fisher's exact (breed and sex) tests.

Breed was dichotomized to Thoroughbred and non-Thoroughbred.

The proportion of samples that met the inclusion criteria of greater

than 1000 read counts were compared among EGGD score groups

and endoscopic appearance groups by Chi square with Bonferroni

correction using GraphPad Prism 8 (GraphPad, San Diego, California).

For further analysis, only biopsies or gastric fluid samples with >1000

read counts were included. Relative abundance data from repetitive

samples that met the inclusion criteria were averaged using Microsoft

Excel (Microsoft, Redmond, Washington). Samples were categorized

by 2 grouping methods: (a) by EGGD score: 0 (EGGD 0-BX), 1 (EGGD

1-BX), and ≥ 2 (EGGD ≥2-BX); and (b) by endoscopic appearance:

controls (EGGD 0-BX) from horses with EGGD score 0, normals

(NORM-BX) from endoscopically normal mucosa in horses with EGGD

(score ≥ 1), hyperemic areas (HYPER-BX) of intact mucosa in horses

with EGGD, and areas of disrupted mucosa identified as lesions

(LESION-BX) in horses with EGGD score ≥ 2. When grouped by score,

biopsies from each horse were averaged regardless of endoscopic

appearance. Relative abundance data at the phylum, genus, and spe-

cies level were compared across groups via Kruskal-Wallis using IBM

SPSS Statistics Version 25 (IBM Corporation, Armonk, New York)

followed by Benjamini Hochberg procedure for a 25% false discovery

rate. To identify overall compositional differences, similarity indices of

rarefied ASVs and the relative abundance data at the L6 (genus) level

were analyzed by 1-way permutational multivariate analysis of vari-

ance (PERMANOVA) using 9999 permutations with Bonferroni cor-

rection of pairwise comparisons in Past 4.04 software package

(University of Oslo, Oslo, Norway).30 Jaccard and Bray-Curtis similar-

ity indices were used to assess for compositional differences based on

what taxa were present as well as for the effect of taxa present in

combination with the relative abundance of those taxa. PERMANOVA

results were reported using the F statistic for comparison of group

means (greater F statistic indicates greater difference). Principal coor-

dinate analysis (PCoA) was performed on 1/4 root-transformed relative

abundance data using Past 4.04. Diversity indices of ASVs were calcu-

lated in Past 4.04 then analyzed via t-test using GraphPad. Signifi-

cance was set at P-value ≤.05.

3 | RESULTS

Twenty-four horses were enrolled in this study: 6 horses with score 0, 8

with score 1, 9 with score 2, and 1 with score 3. The lesion phenotypes

found in horses with score ≥ 2 were flat hemorrhagic (n = 3), flat hemor-

rhagic + flat fibrinosuppurative (n = 2), flat hemorrhagic + flat

fibrinosuppurative + raised fibrinosuppurative (n = 1), flat

fibrinosuppurative + raised hemorrhagic (n = 1), flat fibrinosuppurative

(n = 1), raised fibrinosuppurative (n = 1), and raised hemorrhagic (n = 1).

Because of the small numbers, all phenotypes were considered together

(LESION-BX). The mean age was 10.9 years (±4.1 years). Breeds repre-

sented included: Thoroughbred (n = 19), Quarter Horse (n = 3),

Warmblood (n = 1), and Arabian (n = 1). There were 10 mares and 14

geldings. There were no differences detected in age (P = .56), breed

(P = .35), or sex (P = .45) among groups. A total of 135 biopsies were

taken with distributions among groups as listed in Tables 1 and 2.

A greater proportion of biopsies from horses with EGGD ≥2 met inclusion

criteria (>1000 read counts) compared to biopsies from horses with

EGGD 0 (P = .05). Additionally, a greater proportion of LESION-BX met

inclusion criteria (>1000 read counts) compared to NORM-BX (P = .04).

Ninety-one biopsies (EGGD 0, n = 9; EGGD 1, n = 32; EGGD ≥2,

n = 50) met the inclusion criteria of >1000 read counts for further analy-

sis (Tables 1 and 2). The median number of biopsies included per horse

without EGGD was 1.5 (range, 0-2). For horses with EGGD score 1 there

was a median of 4.5 biopsies per horse (range, 1-6) and for horses with

EGGD score ≥2 median of 4.5 (range, 3-8) (Supplementary Table 1).

These replicates were averaged per horse for comparison among EGGD

score groups and by endoscopic appearance of the biopsy site for each

horse for comparison among endoscopic appearance groups. For gastric

fluid samples, 10/24 samples (EGGD 0, n = 4; EGGD 1, n = 3; EGGD ≥2,

n= 3) met the inclusion criteria of >1000 reads (Table 1).

3.1 | Major taxa detected

There were 33 phyla, 960 genera, and 1537 species detected. The major

phyla for the mucosal biopsy samples were Proteobacteria (50% average

relative abundance), Bacteroidetes (21%), and Firmicutes (20%) (Figure 1).

The major genera detected in the biopsies were Actinobacillus (17% aver-

age relative abundance), Moraxella (10%), and Porphyromonas (9%)

(Figure 2). For the gastric fluid microbiome samples, the major phyla were

Proteobacteria (39% average relative abundance), Firmicutes (28%), and

Bacteroidetes (19%) and the major genera were Actinobacillus (13%), Lacto-

bacillus (8%), and Alloprevotella (7%). Helicobacter species were detected,

but not in association with EGGD. There was no significant difference

detected in relative abundance of any individual taxa among score or

biopsy type groups for the phylum, genus, and species levels.

3.2 | Comparisons of mucosal microbiomes

There were modest differences in the community structure of the gas-

tric glandular mucosal microbiome among EGGD score groups when

analyzed at the L6 (genus) level with the Jaccard similarity index

(P = .009; F = 1.51). EGGD 0-BX differed from EGGD ≥2-BX

(P = .0006). Principal coordinate analysis of EGGD score groups at L6

with Jaccard and Bray-Curtis similarity indices showed separate clus-

ters of EGGD 0-BX and EGGD ≥2-BX (Figure 3). A difference in ASV

community structure was also detected when comparing EGGD 0-BX

and EGGD ≥2-BX (Jaccard similarity index, P = .05; F = 1.34). There

2460 PAUL ET AL.



was no difference detected among EGGD score groups with the Bray-

Curtis similarity index (P = .98; F = 0.55). Comparisons among endo-

scopic appearance groups (EGGD 0-BX, NORM-BX, HYPER-BX,

LESION-BX) for either similarity index detected no differences

(Jaccard P = .6, F = 0.97; Bray-Curtis P = .97, F = 0.66).

There were no differences among score groups for diversity indi-

ces of ASVs: Chao1 (P = .12), Shannon H (P = .79), individuals

(P = .25), and total number of taxa detected (P = .33).

3.3 | Comparison of mucosal microbiome to gastric
fluid microbiome

Only horses that had mucosal biopsies and gastric fluid samples that

met inclusion criteria were used for comparison of these microbiomes

(n = 9). There was an overall modest difference in community struc-

ture at the L6 (genus) level detected between gastric fluid samples

and biopsy samples using the Jaccard similarity index (P = .005;

F = 2.32). No difference was detected using the Bray-Curtis similarity

index (P = .59; F = 0.75). No differences were detected when the gas-

tric fluid and biopsy samples were compared within EGGD score

0 and EGGD score ≥2 groups. No visual clustering patterns were

observed in the PCoA models.

4 | DISCUSSION

In the study presented here, there was a modest difference in the

microbiome of mucosal samples that was associated with EGGD

TABLE 1 EGGD score distribution of horses enrolled and number of biopsies collected from each group

EGGD score
Number of
horses

Number of
biopsies

Number of horses

with at least one
biopsy sample included

Number of biopsies
with >1000 reads

0a

(EGGD 0-BX)

6 18 5 9

1

(EGGD 1-BX)

8 45 8 32

≥2b

(EGGD ≥2-BX)

10 72 10 50

Totals 24 135 23 91

Note: Significant difference in proportion of samples that met inclusion criteria between groups with different letter superscript.

TABLE 2 Number of samples based on endoscopic appearance of
mucosa at the biopsy site

Endoscopic

appearance

Number of

biopsies

Number of biopsies

with >1000 reads

Control

(EGGD 0-BX)

18 9

Grossly normala

(NORM-BX)

54 29

Hyperemic

(HYPER-BX)

34 24

Lesionb

(LESION-BX)

29 25

Totals 135 87

Note: Significant difference in proportion of samples that met inclusion

criteria between groups with different letter superscript.

F IGURE 1 Stacked bar chart depicting the major phyla detected

in gastric mucosa biopsy samples from horses without EGGD (EGGD
0), with EGGD 1, and with EGGD ≥2
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scores. There was a modest difference in the overall microbiome com-

munity structure among EGGD score groups with greatest differences

detected between EGGD score 0 and score ≥2. This difference was

further supported by the separate clusters of EGGD 0-BX and EGGD

≥2-BX observed in the PCoA model.

The findings of the present study build upon prior studies of the

microbiome in EGUS18,22 by specifically characterizing the microbiome of

healthy glandular mucosa and EGGD lesions. Consistent with previous

reports, Proteobacteria, Firmicutes, and Bacteroidetes were the major

phyla,18,21,22,31 and Moraxella, Actinobacillus, and Porphyromonas were the

major genera of the glandular mucosa.21,22,31,32 There were modest dif-

ferences observed in the community structure of the glandular mucosal

microbiome among groups in this study that might indicate a bacterial

association with development or persistence of EGGD. Specifically, differ-

ences were detected among EGGD score groups and not endoscopic

appearance groups suggesting that there might be global alterations in

the mucosal microbiome of horses with EGGD. In people with non-

Helicobacter, non-NSAID-associated gastritis, there are differences in the

gastric microbiome, specifically an increase in the relative abundance of

Firmicutes in association with disease.19 There was no single bacterial spe-

cies, phylum, or genus associated with EGGD in the present study.

In humans, peptic ulcers are strongly associated with the pres-

ence of Helicobacter pylori in the gastric mucosa.33 This association

led to multiple studies investigating the role of Helicobacter spp. in

EGUS.18,22,34-37 However, to date, there has been no convincing evi-

dence of Helicobacter as a primary cause of EGUS.18,22,34-37 In the

present study, Helicobacter spp. were detected, but not in association

with EGGD. Helicobacter does not appear to be associated with EGGD

in horses.

The differences found in this study were consistently detected

using the Jaccard similarity index. This index is a binary test that looks

at the presence or absence of sequences representing different bacte-

rial taxa. Conversely, no differences were detected using the Bray-

Curtis index which also takes into account the relative abundance of

the sequences present. While there were no differences detected for

any individual taxa among groups, this data supports that the pres-

ence or absence of specific bacteria might be associated with EGGD,

rather than a dysbiosis. Identification of a specific bacterial taxa asso-

ciated with the formation or persistence of EGGD would allow for

F IGURE 2 Stacked bar chart depicting the major genera detected
in gastric mucosa biopsy samples from horses without EGGD (EGGD 0),
with EGGD 1, and with EGGD ≥2

F IGURE 3 Principal coordinate analysis of gastric mucosal biopsy
samples at the genus level. A, EGGD score compared using the
Jaccard similarity index (P = .009). B, EGGD score compared using the
Bray-Curtis similarity index (P = .98)
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targeted investigation into the use of antibiotics or probiotics as part

of the therapeutic plan for affected horses. Clinically, horses with per-

sistent EGGD might be treated with antibiotics if they are non-

responsive to conventional gastroprotectant therapies.38 Previous

research into antibiotic therapy for EGGD has yet to support this

practice and based on antimicrobial stewardship guidelines cannot

currently be recommended.39 For the treatment of peptic ulcer dis-

ease in people positive for H. pylori, antimicrobial therapy is used to

eradicate these bacteria as part of the treatment protocol.40 If a spe-

cific bacterial target can be found in horses with EGGD, then inter-

vention by manipulation of the microbiome could improve success of

treatment or preventive strategies.

Limitations of this study include a small sample size, mild EGGD,

and small biopsy mass. Small sample size could have limited our ability

to detect differences between groups. This is compounded by the fact

that the stomach has a higher variability in microbiome among horses,

when compared to the hindgut,21,31 which might be associated with

different environments, diets, and management practices.18,21,22 To

decrease these impacts on interhorse variation of the gastric micro-

biome, we sampled horses that were in the same environment and

under the same management practices including diet. However, this

could mean that differences observed in this study do not apply

broadly to horses in other environments or under different management

practices. An additional limitation to the study was the small biopsy size,

because of dimensions of the biopsy forceps, that provided a low biomass

sample. This likely contributed to the low number of read counts for some

samples. The variation in number of samples among groups could have

also contributed to the differences detected.
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