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Simple Summary: The equine hindgut plays a central role in digesting forage by hosting a complex
community of microorganisms responsible for fermenting and digesting plant fibers. Research has
shown that the different compartments of the hindgut have unique microbial communities. The pelvic
flexure, an anatomic structure that separates segments of the hindgut and prevents backflow, seems to
help maintain these distinct communities. How it achieves this has yet to be fully understood. While
much is known about the hindgut’s anatomy and digestion, only a few studies have investigated gene
expression patterns and differences in the tissues around the pelvic flexure. In this study, we used
next-generation RNA sequencing to analyze and compare gene expression in the pelvic flexure and
the ventral and dorsal segments of the large colon in horses. This knowledge can help researchers,
veterinarians, and horse owners better understand the equine hindgut’s physiology and how horses
interact with the microbial communities there and could provide insights for managing healthy
horses or treating horses with digestive issues.

Abstract: Previous research demonstrated the distribution of distinct microbial communities in the
equine hindgut surrounding the pelvic flexure. The current study evaluated gene expression in
epithelial tissues surrounding the pelvic flexure to characterize patterns that might correlate with
microbial distribution. Gene expression was determined by analyzing RNA sequence data from the
pelvic flexure, the left and right ventral colon, and the left and right dorsal colon. An average of
18,330 genes were expressed across the five tissues sampled. Most of the genes showed some level
of expression in all five tissues. Tissue-restricted patterns of expression were also observed. Genes
with restricted expression in the left ventral and left dorsal colons have communication, signaling,
and regulatory functions that correlate with their known physiology. In contrast, genes expressed
exclusively in the pelvic flexure have diverse functions. The ontology of genes differentially expressed
between the pelvic flexure and the surrounding tissues was associated with immune functions and
signaling processes. Despite being non-significant, these enrichment trends were reinforced by the
functions of statistically significant expression differences between tissues of the hindgut. These
results provide insight into the physiology of the equine hindgut epithelium that might influence the
microbiota and its distribution.

Keywords: pelvic flexure; equine; gastrointestinal; homeostasis; hindgut; microbiome; RNA sequencing

1. Introduction

The equine gastrointestinal (GI) tract, a crucial and complex organ system, is divided
into the foregut and hindgut. The hindgut, consisting of the cecum, large colon, and
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small colon, is the primary site for fiber digestion and water resorption in the equine GI
tract [1,2]. As hindgut fermenters, horses derive over 60% of their dietary energy from
the digestion of plant-based fibers like cellulose in the cecum and ventral colon [3]. The
equine hindgut’s microbiota, a key player in digestion, supports microbial fermentation that
produces volatile fatty acids (VFAs), a primary energy source crucial to equine digestive
physiology. Disruptions in the hindgut microbiota can lead to performance deficits, health
issues, and mortality [4-9].

Homeostasis is a self-regulating process in biological systems that maintains stability
while allowing the system to respond to changing external conditions [10]. Maintaining
homeostasis is essential for any living system to operate efficiently and effectively [11,12].
GI homeostasis is influenced by the constant interactions of the host’s tissues and physiol-
ogy, the microbiota, nutrients, and other factors [13,14]. The structure and function of the
various hindgut compartments of the equine hindgut are critical for digestive physiology,
microbiota support, GI health, and homeostasis [15-17]. Previous work by our group
demonstrated that the pelvic flexure, a structural element, plays a significant role in defin-
ing distinct microbial communities (cecum and ventral colon from dorsal colon and feces)
of the equine hindgut, enlightening us about this crucial aspect of equine anatomy [18].
The pelvic flexure, a horseshoe-shaped bend between the ventral and dorsal colons, helps
to define the hindgut compartments and prevents the backflow of digesta. It is important
to note that the pelvic flexure is not a physical barrier and is not supposed to block transit
through the GI tract. It can often be the site of obstruction, resulting in colic [19]. The
physiology of equine digestion [20-23] and the anatomy of the hindgut [19] have been well
reviewed. There have been relatively few studies of gene expression or differential patterns
in the tissues of the equine hindgut to complement our understanding of digestive physiol-
ogy. It is not yet known how gene expression in tissues of the hindgut impacts digestive
physiology and mediates interactions with the microbiota. Furthermore, it remains unclear
how disruptions can result in disease pathology and dysfunction. A crucial first step in
developing this understanding is to investigate gene expression in the tissues of the GI
tract from healthy animals to establish a baseline pattern of expression across the various
compartments of the hindgut.

In the present study, we used RNA sequencing to investigate gene expression patterns
in the intestinal epithelium of the pelvic flexure and surrounding ventral and dorsal
colons. These regions were selected for this analysis as they correspond anatomically
with the distinct microbial communities of the equine hindgut [18]. The objective was
to determine baseline expression profiles in the equine GI to better understand intestinal
epithelial cell function related to hindgut digestive physiology and identify gene expression
differences between the hindgut compartments, which may contribute to the distinct
microbial communities observed in each.

2. Materials and Methods
2.1. Animal Subjects and Sample Collection

Samples were collected from three four-year-old quarter horses (two males and one
female) randomly selected from a larger group for an unrelated project. The Colorado State
University Institutional Animal Care and Use Committee approved animal care, handling,
and euthanasia (protocol 16-6405A). The horses were euthanized for reasons unrelated to
gastrointestinal disease. All three horses had body condition scores (BCS) between 5 and
6 [24], were free of any diagnosable gastrointestinal issues, did not receive prior antibiotics
or non-steroidal anti-inflammatory drugs, and were fed mixed grass hay with ad libitum
access to food and water.

Intestinal epithelial samples were collected from the right ventral colon (RVC), left ven-
tral colon (LVC), pelvic flexure (PF), left dorsal colon (LDC), and right dorsal colon (RDC)
between 40- and 45-min post-mortem. The GI tract was removed, and each compartment
was identified, beginning with the pelvic flexure. The left ventral and left dorsal colon were
collected 10-15 cm caudal or rostral from the PF. The right ventral and right dorsal colon
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samples were collected from the opposite end of each compartment relative to the PE. A 2 to
3 cm? full-thickness section was cut from each site with a sterile scalpel and transferred to a
clean sample cup. The tissue was rinsed with sterile PBS before dissection of the mucosal
and submucosal layers from the serosal muscle. The mucosal/submucosal epithelium was
divided into approximately 0.5 cm® pieces and placed in 5 mL of RNALater™ (Thermo
Fisher Scientific, Waltham, MA, USA). The tissues were incubated at 4 °C for 24 h, removed,
and transferred to —80 °C for storage according to the manufacturer’s protocol.

2.2. RNA Isolation and Quality Control

Total RNA isolation was performed using a modified TRIzol™ (Thermo Fisher Scien-
tific, Waltham, MA, USA) protocol [25,26]. The procedure was as follows: samples were
removed from —80 °C and placed on ice to thaw; 50 milligrams of tissue was weighed
into a sterile tube filled with garnet shards and a zirconium bead (D1033-30G, Benchmark
Scientific Inc., Sayreville, NJ, USA), 1 ML of TRIzol™ was added, and samples were
homogenized using a BeadBug 3 homogenizer (Benchmark Scientific Inc., Sayreville, NJ,
USA). Following homogenization, the samples were incubated at room temperature for
5 min, combined with 200 uL of chloroform, vortexed, and centrifuged to separate the
aqueous and organic phases. The aqueous phase was removed to a clean tube, and the total
RNA precipitated with isopropanol. All samples were treated with DNase (TurboDNase
AM?2238, Thermo Fisher Scientific, Waltham, MA) to remove genomic DNA contamination.
The quality of the isolated samples was verified by checking concentration and purity
on a NanoDrop 1C (Thermo Fisher Scientific, Waltham, MA, USA) and integrity using a
QuBit 4 (Thermo Fisher Scientific, Waltham, MA, USA) and the RNA IQ assay (Thermo
Fisher Scientific, Waltham, MA, USA). All samples had concentrations above 200 ng/uL,
A260/280 and A260/230 ratios above 1.7, and RNA IQ scores of at least 7.

2.3. Library Prep and Sequencing

mRNA sequencing libraries were prepared for each tissue sample along with a “no-
RNA” (water) negative control using the NEBNext® Ultra II Directional RNA Library Prep
Kit for lllumina (Catalog # 7760S, New England Biolabs Inc., Ipswich, MA, USA). Messenger
RNA was isolated from total RNA using the NEBNext® Poly(A) mRNA Magnetic Isolation
Module (Catalog # E7490, New England Biolabs Inc., Ipswich, MA, USA) and fragmented
with a target size of 200 nucleotides. First- and second-strand synthesis proceeded according
to the manufacturer’s protocol. Each of the 15 samples and the negative control were
indexed using a unique oligo sequence from the NEBNext® Multiplex Oligos for Illumina
Sets 1 and 2 (Catalog # E73355 and E7500S, New England Biolabs Inc., Ipswich, MA, USA).
Following PCR enrichment, library size, quality, and abundance were assessed using an
Agilent 2200 Tapestation (Agilent Technologies Inc., Santa Clara, CA, USA) and High-
Sensitivity D1000 Screen Tape (Catalog # 5067-5584, Agilent Technologies Inc., Santa Clara,
CA, USA). Equimolar quantities of each library were combined, and the size, quality, and
abundance of the combined libraries were re-assessed. Sequencing was performed on
an [llumina NextSeq 500 (Illumina Inc., San Diego, CA, USA) using a NextSeq 500/550
75-cycle v2.5 High-Output kit (Catalog # 20024906, Illumina Inc., San Diego, CA, USA).

2.4. Bioinformatic Analysis

Data from the sequencer were uploaded to BaseSpace™ (Illumina Inc., San Diego, CA,
USA) and demultiplexed to generate individual FASTQ files for each tissue sample (n =3
per tissue). A diagram of the analysis workflow is shown below in Figure 1. The Galaxy
platform [27] and the CU/CSU Summit high-performance computing system were used to
assess read quality via FastQC [28] and MultiQC [29]. Read trimming was achieved via
Trimmomatic [30], and read alignment to EquCab3 used HISAT2 [31]. Post-alignment QC
was also performed using FastQC. Gene quantification used the equine gene annotation
from Ensembl 106 [32] and was performed using featurecounts [33]. Genes were detected
in a tissue with at least one read assigned and labeled as “expressed” in a tissue if they
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had detectable expression in at least two of the three horses. Differential gene expression
was analyzed using DESeq2 [34], and a Benjamini-Hochberg correction was applied to
account for multiple testing. The comparisons used were (1) RVC versus PF, (2) LVC versus
PF, (3) LVC versus LDC, (4) LDC versus PF, and (5) RDC versus PF. Tissue specificity was
assessed using the list of normalized expression values generated by DESeq2. A tau index
value was calculated for each gene across all tissues. Tau index analysis was performed
using the Tau algorithm protocol [35-37]. This analysis ranked individual genes from 0 to
1, with a tau value of 0 indicating consistent expression across all five tissue sites and 1
indicating tissue-restricted expression.
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Figure 1. Gene expression analysis workflow. The steps highlighted in yellow involve preparing the

EquCab3
(fasta)

EquCab3
Annotation

647)

RNA-seq data for analysis. Steps in orange detail mapping the data to the reference genome and
annotation, while the steps in blue describe the gene expression prior to functional analysis.

Functional analysis of the differentially expressed genes identified between the five
tissue sites was performed using the functional annotation tool DAVID [38,39]. Biological
processes, molecular function, and cellular components were all included in the analysis.
The input lists used for the analysis were those of differentially expressed genes identified
and described above using DESeq2 against a background of all annotated genes from the
Ensembl 106 annotation. Enrichment analysis was performed to determine if gene ontology
terms were overrepresented in the differentially expressed gene lists.

3. Results
3.1. Sequencing Results

Sequencing of 16 samples (15 tissue samples and the negative control) generated a
total of 360,021,067 76-basepair sequence reads. Sequence data are available in the Sequence
Read Archive under Bioproject PRINA631014. A total of 14,468,231 reads were removed
from the analysis during the demultiplexing step as they could not be confidently assigned
to a sample group based on the index sequence. The average sequence generated for the
fifteen tissue samples was 23,033,024 reads with a range of 18,178,616 (pelvic flexure—
Horse 2) to 30,913,609 (right dorsal colon—Horse 2) reads. In contrast, the negative control
produced only 57,475 (0.016% of total) sequence reads. While assessing the sequence
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quality, it was observed that the first 8-10 base pairs of the reads in each sample had lower
per-base quality and an unexpected distribution of the per-base sequence content compared
to the other 66 bases of the read. They were removed to avoid any potential ambiguity
resulting from including these bases in downstream analyses. The average GC content of
all samples was 47.1%, with a range of 44% to 49%. Figure 2 displays the total sequence
generated and %GC content for the fifteen tissue samples compared with the negative
control. Supplementary Table S1 shows the sequencing results for all samples.

Sequence Data per Sample

. Horse 1 . Horse 2 . Horse 3

80

60

Percent GC

40

20

Sequence Generated (millions of reads)

I

U

Right Left Pelvic Left Right k]

Ventral Ventral Flexure Dorsal Dorsal =
Colon Colon (PF) Colon Colon
(RVC) (LVC) (LDC) (RDC)

Tissue Sample

Figure 2. Summary of sequence data generated by sample. The left Y-axis indicates the total reads
generated, and the right Y-axis indicates the percent GC content (orange line). Data are grouped by
tissue along the X-axis and horse (blue, green, and purple columns; see chart legend for associations).

3.2. Mapping Results

Sequence reads assigned to the individual tissue samples were aligned to the equine
reference genome (EquCab3) using HISAT2. The average overall alignment rate (unique
and multiple mapping reads) was 93.44%, ranging from 89.16% to 95.89%. A complete
mapping summary is presented in Supplementary Table S2.

3.3. Gene Expression

Raw read count data were summarized by sample using the featureCounts program
and the Ensembl 106 annotation release of the equine reference genome. Normalized count
values were produced using DESeq2. The number of genes expressed in each tissue (reads
mapped to annotated gene model in at least 2 of 3 horse samples for that tissue) was
18,445 in the RVC, 18,258 in the LVC, 18,146 in the PF, 18,195 in the LDC, and 18,606 in
the RDC, respectively. The number of annotated genes with expression was also similar
across subjects and sampling sites, with an average of 18,330 +/— 191 and a range of
18,146-18,606. These results indicate that the data is consistent, comparable, and free of
issues that might impair the subsequent analyses. The number of expressed genes by
sample and summarized by tissues is displayed in Figure 3.

Patterns of expression were compared across the five sampling locations. Of the
31,215 gene features included in the Ensembl 106 annotation, expression was detected for
a majority, 16,750 (53.7%), at all five intestinal sites. Tissue-specificity was determined by
calculating a tau index value. The tau index value frequency distribution across the five
tissues is presented in Figure 4. All unique, tissue-restricted genes were filtered based on
whether they were expressed in 2 or more horses and if that expression was exclusive to
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1 of the five tissue areas. This resulted in a total of 1203 genes assessed as being tissue-
restricted in this dataset. The top 20 unique genes per tissue site are shown in Table 1.
Tissue-restricted gene expression was found in all five tissue sites, with the pelvic flexure
having the least (179 genes) and the right dorsal colon having the most (311 genes). A
complete list of genes with a restricted expression pattern supported by data in at least two
horses is included in Supplemental Table S3.

Table 1. Top 20 genes by expression value with restricted expression by tissue site.

Right Ventral Left Ventral Pelvic Left Dorsal Right Dorsal
Colon Colon Flexure Colon Colon
Gene Symbol Gene Symbol Gene Symbol Gene Symbol Gene Symbol
ADGRA1 FOXB1 SNORA19 LRRTM3 OR6B13
CFAP46 eca-mirb45 NYX SNORD108 PNLIP
Cuzbi IRS4 GPR119 CYP1A2 ANKRD1
CDHR1 eca-mir138-1 TKTL1 SLC24A1 SLC35F3
TMEM?266 CDHS TLE7 TGMb5 SNORA74
DUT eca-mir9074 DTHD1 DHRS2 GJD2
ACTC1 CSN1S51 eca-mir9077 ARSF KLHL34

OR4F13 GABRG1 KLHDC7A RS1 IL1RAPL1
MYH7 GJB4 SRARP NCBP2L PLAC1
TAF7L HCRTR1 LRRD1 SNORA69 ENAM
RABYB ELOA TAS2R3 TERB1 TMPRSS11A
C3H160rf86 PRSS55 OR2A75 MIR140 ADRA2C
AGBL4 eca-mir703 ASB10 C3H4orf17 CDCP2
ZMYND12 PONI1 OAZ1 AMBN eca-mir9061
POU3F1 DLX6 TRIM29 DMBX1 CITED4
OPRD1 CPA4 NTM SCARNA1 TFAP2E
RPL11 PLK5 eca-mir1271b XKR4 NROB2
NPM?2 GRIA4 PTPN5 SLC26A5 SLC30A2
GNRH1 OR7D20 SRRM4 CPA1 FAM131C
NPY2R CCKBR SNORA49 STRAS CFAP74
A. Genes per Sample B. Genes per Tissue
e . Horse 1 . Horse 2 . Horse 3 e

19000

18800

18800

18600

18600

18400 18400

18200

# of Genes

18200

# of Genes

18000 18000

17800 17800
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17400 17400

L J1 J 1 J\ J1 J

RVC LVC PF LDC RDC

Right Ventral Left Ventral Pelvic Flexure Left Dorsal Right Dorsal
Colon Colon (PF) Colon Colon Tissue Sample
(RVC) (LVC) (LDC) (RDQC)

Tissue Sample

Figure 3. The number of genes expressed in sections of the equine hindgut by (A) sample and
(B) tissue. The average across all tissues was 18,330 +/— 191 genes (red dashed line).
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Tissue Specificity of Gene Expression
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(0 = expressed in all tissues, 1 = expressed in one tissue)
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Figure 4. Tau index value frequency distribution across hindgut locations. Tau index values ranged
from 0 to 1, with 0 indicating consistent expression across hindgut tissues and 1 indicating differential
expression (i.e., tissue-restricted expression in 1 of the five hindgut areas). The frequency displays
how many genes were categorized at a particular tau index value.

3.4. Differential Gene Expression

Differential gene expression between the GI regions was determined using DESeq?2.
The specific comparisons identified the following numbers of significantly differentially
expressed genes: (1) PF versus RVC = 280, (2) PF versus LVC =57, (3) LVC versus LDC = 32,
(4) PF versus LDC = 185, and (5) PF versus RDC = 107. The number of differentially ex-
pressed genes, including those that were up- and down-regulated, is presented in Figure 5.

Differential Gene Expression
fa . Total DEG - Upregulated . Downregulated

300

# of Differentially Expressed Genes

RVC LvC LvVC LDC RDC
VS. Vs. VS. VS. VS.
PF PF LDC PF PF

Comparison

Figure 5. Differential expression by tissue comparison. Purple indicates the total number of differen-
tially expressed genes, green indicates a higher abundance in the first tissue of the comparison, and
red indicates a higher abundance in the second tissue.

Lists of the differentially expressed genes (Benjamini—-Hochberg-adjusted p-value < 0.05)
from each comparison are presented in Supplemental Tables S4-S8. A principal component
analysis (or PCA) was generated using the differential expression data generated by DESeq2.
The graph resulting from the first two principal components (PC1 and PC2) is presented
in Figure 6. PC1 accounts for 34% of the variance in differential gene expression and
appears to correlate with anatomical location along the hindgut. The LVC and LDC are
closer anatomically to the pelvic flexure and closer on the graph than the RVC and RDC,



Animals 2024, 14, 2303

8 of 18

which are more distal anatomically. PC2 accounts for 20% of the variance and appears to
differentiate the ventral and dorsal colons.

Differential Expression Patterns by Tissue
20 .

0 -
Tissue

@® RVC
@ LVC
© PF

© LDC
@® RDC

20% variance

PC2=

PC1 = 34% variance

Figure 6. Principal component analysis showing expression differences between the right and left
ventral colon (RVC and LVC), the pelvic flexure (PF), and the left and right dorsal colon (LDC
and RDC).

3.5. Functional Analysis

Enriched gene ontology terms in the lists of differentially expressed genes were deter-
mined using DAVID. The top 10 biological processes enriched in each tissue comparison for
differential expression are displayed in Figure 7. The entire list of enriched GO categories
for each comparison is included in Supplemental Tables S9-513.

A.RVCvPF B.LVC v PF C.LDC v PF D.RDC v PF
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2 lasma membrane reponsemeditind by, using acyl-CoA protein kinase A
] F circulating... dehydrogenase signaling
°
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& natural killer cell complement activation positive regulation of ¢ pmfim
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8 1l proliferati negativ ation
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musde cell development response
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hormone-secreting cell
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immunity

antigen processing and
presentation of
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gastrulation 2 I
lipoprotein partide

tripeptide transport
antigen processing and
presentation of peptide

antigen via MHC class Tb

cellular response to low-
density lipoprotein

regulation of natural
Killer cell cytokine
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regulation of Ras protein
signal transduction

particle stimulus

0 10 20 30 40 50 60 0 10 20 30 40 0 20 4 6 8 0 20 40 6 80

Fold Enrichment

Figure 7. Top 10 biological processes enriched in the comparisons of differential expression between
the right ventral colon, left ventral colon, left dorsal colon, right dorsal colon, and pelvic flexure.

4. Discussion

The equine hindgut hosts diverse microbial communities critical for digesting a horse’s
forage-based diet. The pelvic flexure—a common site of impactions, colic, and other diges-
tive disorders [19]—helps regulate transit in the hindgut and, it would seem, segregates
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distinct microbiota [18]. The roles of the various hindgut segments (cecum, ventral colon,
dorsal colon, small colon) in digestive and absorptive processes have been well stud-
ied [19-23]. Physiological differences between the GI regions at the gene expression level
have not been determined. The present study used RNA sequencing to investigate dif-
ferential gene expression in the intestinal epithelium of the equine hindgut, specifically
in the regions surrounding the pelvic flexure. Establishing and maintaining homeostasis
in the hindgut is critical for normal physiology and function. The tissues sampled for
this study were all the mucosal and submucosal epithelial layers of the hindgut in the
ventral colon, pelvic flexure, and dorsal colon. Given the broad similarities observed in
structure and function based on the shared type and distribution of cells in these intestinal
epithelia, we anticipated that gene expression patterns at all five tissue sites sampled would
be broadly similar. Still, given that the functional roles of the ventral and dorsal colons
differ in equine digestive physiology, we also expected to find both tissue-restricted and
different gene expression profiles across the five locations. The results of the current study
provide new insight into the gene expression patterns underlying intestinal physiology in
various sections of the equine hindgut. They could inform understanding of interactions
with the intestinal microbiota.

Most genes expressed in this dataset (16,750/31,215 or 53.7%) had detectable expres-
sion at all five sample locations (i.e., at all 5 Gl sites). It is important to note that just because
a gene was identified in all five tissue locations does not indicate that the expression level
detected at all five sites was equivalent. Broadly, the functional roles associated with this
gene category were related to cellular metabolism, catalytic activity, cellular responses to
stimuli or stress, and other shared components of physiology.

In addition to the genes with detectable expression at all five sample sites, 1203 genes
were identified in only 1/5 of tissues, indicating tissue-restricted expression patterns within
this dataset. These tissue-restricted may be informative about the unique physiology of
the different tissue sites. They may also help explain the diverse microbiota hosted in
the different hindgut segments. However, that connection will need to be addressed in
future work.

The ventral colon of the equine hindgut extends from the cecum to the pelvic flexure.
Its primary roles in digestion include support of microbial fermentation of dietary fiber and
some absorption of the products resulting from that fermentation. Genes with expression
restricted to the LVC include forkhead box B1 (FOXB1) and insulin receptor substrate 4
(IRS4). FOXBL1 is a member of the forkhead box family of transcription factors. These tran-
scription factors are involved in various biological processes, including cell proliferation,
cell differentiation, immune responses, and signaling. Several related forkhead box family
members (FOXA1, FOXA2, and FOXO1) have been implicated in epithelial cell develop-
ment and commensalism [40—42], indicating the potential for FOXBL1 to be involved in
similar processes. IRS4 expression has been associated with cell proliferation, and its over-
expression has been correlated with the development and staging of colorectal cancers [43].
IRS4 has been poorly studied but may be involved in regulating cell proliferation in the
ventral colon. Another gene with expression restricted to the LVC was cadherin 8 (CDHS),
an integral membrane protein associated with calcium-dependent cell-to-cell adhesion. The
expression of CDHS in the LVC could help ensure proper cell-to-cell interactions to help
maintain the integrity of the mucosa in that hindgut region [44]. A final example of a gene
with expression restricted to the LVC in our dataset was the cholecystokinin B receptor
(CCKBR) gene. CCKBR encodes a G-protein coupled receptor for gastrin and CCK. It has
demonstrated expression in the brain and gastrointestinal tract, primarily in the stomach,
enhancing mucosal growth [45,46]. CCKBR has also been associated with biological pro-
cesses involved in pH regulation, processes which may be necessary as digesta transition
from the ventral to dorsal colons.

The dorsal colon extends from the pelvic flexure to the transverse colon and runs
along the dorsal aspect of the horse’s intestinal cavity. The role of the dorsal colon is the
absorption of water, electrolytes, and volatile fatty acids (VFAs), which result from micro-
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bial fermentation in the cecum and ventral colon. As with the LVC, several genes appeared
to have expression restricted to the LDC. Solute carrier family 24 member 1 (SLC24A1)
encodes a potassium-dependent sodium/calcium exchanger protein family member [47].
Notably, this gene has relatively broad expression across multiple tissue types but was only
detected in the LDC from our samples. SLC24A1 has been implicated in maintaining intesti-
nal homeostasis by promoting ion balance/transport, absorption/secretion of molecules
in the intestinal lumen, or late-stage nutrient absorption in the small intestine [48]. As the
dorsal colon is a primary site of absorption, the expression of SLC24A1 in the LDC may be
associated with that task. Finally, SLC24A1’s functional role in ion transport and membrane
potential is essential in maintaining GI homeostasis in this region of the hindgut, in particu-
lar as it relates to the proper absorption of nutrients at the proximal dorsal colon region that
may directly influence absorption processes in the RDC. Another gene with LDC-restricted
expression in our data was cytochrome P450 subfamily A member 2 (CYP1A2), which codes
for a member of the cytochrome P450 superfamily. This family of enzymes is involved in
drug metabolism and cholesterol, steroid, and lipid synthesis [49,50], with demonstrated
interactions of these functions and the intestinal microbiota [51,52]. There is not much
information regarding the expression of this enzyme superfamily in the hindgut. Still, the
expression of CYP1A2 in the LDC may be associated with biological processes involved
in metabolizing microbial fermentation’s absorbed products. Finally, our data shows that
transglutaminase 5 (TGM5) expression appears restricted to the LDC. Transglutaminases
can stabilize protein structures by catalyzing glutamine-lysine crosslinking. This stabiliza-
tion can improve barrier function in the epidermal layers of the skin [53,54]. In the LDC, it
could be essential to help maintain mucosal integrity.

Our dataset showed several genes of interest with expression restricted to the pelvic
flexure region of the hindgut. First was the steroid receptor-associated and regulated pro-
tein (SRARP) gene. SRARP is currently described as enabling estrogen receptor binding and
positive estrogen receptor signaling pathways regulation. The presence of estrogen recep-
tors in IECs has been previously reported [55], and estrogen signaling has been implicated
in the modulation of epithelial cell secretion and epithelial barrier functions [56,57]. There
is also evidence that glucocorticoid hormones in the intestinal epithelium help regulate
T-cell activation [58]. Together, these functions may provide insight into how distinct mi-
crobial communities are separated at the pelvic flexure. However, additional investigation
is necessary.

Similarly, expression of the transketolase-like 1 (TKTL1) gene was also found to be
restricted to the pelvic flexure. The associated protein forms a homodimer complex to
convert intermediate metabolites and links the pentose phosphate and glycolytic pathways.
The expression of transketolase supports ATP production, which would be required in
metabolically active tissues [59]. In IECs, TKTL1 expression has also been demonstrated
to help maintain epithelial barrier function and inhibit apoptosis-induced colitis [59]. A
final gene with expression restricted to the pelvic flexure in our data was neurotrimin (or
NTM), a protein-coding gene that promotes neurite outgrowth and adhesion, stabilizes
synapses, and is closely linked to a related opioid-binding protein/cell adhesion molecule-
like (OPCML) family member [60-62]. As a possible explanation for its expression in the
pelvic flexure, this could indicate the importance of proper enteric innervation, structural
sensing, stabilization, and community interaction with other cells and contents of the
intestinal lumen in this region specifically. Such interactions may be possible at the pelvic
flexure because of its narrower luminal space. This is especially true compared to the
broader structures of the equine ventral and dorsal colons. Additional research is required
to determine whether this explanation is possible.

As discussed, all five sites in the equine hindgut region sampled for this study had a
broad distribution of gene expression. On average, 18,330 +/— 191 genes had detectable
expression in each tissue, representing 58.7% of the features in the Ensembl 106 equine
annotation set. Further, 16,750 annotated genes had detectable expression in all five tissue
locations. Overall, the differences in the expression patterns of the tissues were relatively
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narrow, with the number of differentially expressed genes ranging from just 32 (left ventral
versus left dorsal colons) to 280 (pelvic flexure versus right ventral colon). It is important to
remember that all samples used in this analysis comprised intestinal epithelial cells collected
from the mucosal layer of the equine large colon. They are, therefore, compositionally
comparable and so logically would be expected to share broadly similar expression patterns.

There are also important structural and physiological differences between the ventral
colon, dorsal colon, and pelvic flexure to appreciate. The ventral colon has a uniform
diameter over its length, and the luminal space is surrounded by four bands of smooth
muscle on either side. In contrast, the pelvic flexure has a relatively narrow intestinal
structure, lacks sacculation, and only has a single band of muscle. The diameter expands
towards the distal end of the dorsal colon and incorporates additional bands of muscle
and subtle sacculations [2]. Physiologically, the ventral colon supports many essential
digestive and absorptive functions—not the least of which is microbial fermentation—while
the dorsal colon is mainly responsible for the absorption and transportation of ingesta,
including the last-minute absorption of electrolytes, solutes, and water. The principal
component analysis completed using the DESeq2 analysis highlights the gene expression
differences associated with these structural and functional distinctions. The expression
patterns of the five tissue sites appear to separate based on location within each intestinal
compartment (principal component 1) and by the intestinal compartments themselves
(principal component 2). The ventral and dorsal colons, including the left and right aspects
of each one, are well distinguished based on observed differences in gene expression. The
pelvic flexure is distinct from the ventral and dorsal colons but appears to cluster with
the ventral colon. The basis of this separation is further supported by identifying highly
variable genes within the dataset. As has been presented as the motivation for the current
study, previous work by our group [18] highlighted and supported the existence of distinct
microbial communities in the equine hindgut separated by the pelvic flexure. The fact that
the ventral and dorsal colons are distinguished by the microbial communities they support
and their gene expression profiles add credence to the possibility that gastrointestinal
and digestive physiology aspects play a role in influencing that microbiota. Additional
work will be required to determine if and how exactly host physiology could impact the
composition of the gastrointestinal microbial communities. The expression differences
identified by our study provide new avenues for future investigations.

Gene ontology terms associated with the lists of differentially expressed genes identi-
fied by DESeq2 were evaluated for over-representation of functional categories or descrip-
tors. The relatively small size of the data set (three biological replicates) and narrow lists of
differentially expressed genes identified between sampling sites limited the effectiveness
of this analysis. Multiple testing corrections eliminated all statistical significance. Still,
there were some potentially valuable trends in the results, which may help and direct
future investigation. Each differentially expressed gene list appeared enriched with biologi-
cal processes associated with adaptive immune responses (both humoral and cell-based)
(Figure 7).

Based on our analyses, there appears to be an apparent shift from humoral to cell-
based immune responses moving from the proximal (right ventral colon) to the distal
(right dorsal colon) ends of the large colon. This transition is highlighted by comparing
the categories represented before and after the pelvic flexure. In the ventral colon, the top
categories reflect humoral and immunoglobulin-mediated immune responses (GO:0006959,
GO:0002455, GO:0016064), B-cell mediated immunity (GO:0019724), and complement acti-
vation (GO:0006956, GO:0006958). In the dorsal colon, several of the top categories relate to
the regulation of T-cell proliferation (GO:0046007), antigen processing and presentation via
MHC class II (GO:0002504), and the regulation of interferon-beta production (GO:0032688).
Additionally, multiple ontologies are associated with lipoprotein-particle signaling and
responses (GO:0055096, GO:0010886, GO:0055098, GO:0071404, GO:0034372). The appear-
ance of these biological processes following the pelvic flexure likely reflects the dorsal
colon’s role in the absorption of nutrients resulting from the microbial fermentation and
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digestion occurring in the ventral colon but are also linked with inflammation and immune
responses, which may also contribute to the immune system’s role in influencing the dis-
tribution of various microbial constituents in the different compartments of the GI tract.
Further investigation is necessary to generate additional data confirming these results and
analyze the specific genes expressed in this case.

Our previous work focused on the pelvic flexure as an important anatomical marker
that separated distinct microbial communities in the equine hindgut [18]. Our goal in
this work was to investigate the gene expression underlying physiological differences in
the hindgut regions surrounding the pelvic flexure. As such, we highlighted the patterns
of differential expression for genes with distinct expression in the pelvic flexure and
demonstrated a difference relative to the other regions (ventral and dorsal colon), the
upstream region (ventral colon), or the downstream region (dorsal colon).

Several genes with notable annotated functions were more abundant in the pelvic flex-
ure than the ventral and dorsal colons. The ABO alpha 1-3-N-acetylgalactosaminyltransferase
and alpha 1-3-galactosyltransferase (ABO) and SHANK-associated RH domain interactor
(SHARPIN) genes were both detected at higher levels in the PF compared to the RVC, LDC,
and RDC. In humans, the ABO gene indirectly encodes the ABO blood group antigens,
with the A and B alleles each encoding a glycosyltransferase that actively catalyzes the
final step in synthesizing the A and B antigens. These antigens are expressed on red blood
cells, in tissues of the salivary glands, and—notably—on epithelial cells in the GI tract [63].
It has also been demonstrated that individuals with different ABO antigens (A, B, AB, or
O) present with distinct populations and diversity metrics for the bacterial populations in
their intestinal microbiota [64]. Horses do not have the ABO blood groups that are seen in
humans and other species, but its apparent expression and increased abundance of ABO in
the pelvic flexure compared to the ventral and dorsal colons could be associated with the
separation of distinct microbial communities reported by Reed et al. [18]. SHARPIN is a
highly conserved autosomal gene that is a part of the linear ubiquitin chain assembly com-
plex (LUBAC) and plays a key role in regulating immune and inflammatory responses by
enabling polyubiquitin modification-dependent protein-binding activity and being actively
involved in protein linear polyubiquitination and signal transduction regulation [65-68].
Linear poly-ubiquitin chains are widely involved in innate and adaptive immune signaling
pathways [6]. SHARPIN has been found to help initiate systemic inflammatory responses
and regulate cell survival and apoptosis. It is an essential regulator of immune and in-
flammatory responses [65,69]. It is, therefore, plausible that SHARPIN's higher expression
exclusively in the PF directs specific immune-related responses that could contribute to the
microbial differences observed before and after the PF.

Another notable gene, microsomal glutathione S-transferase 1 (MGST1), was detected
at higher levels in the PF versus the LVC, LDC, and RDC. MGST1 codes for a protein that is
an important mediator of inflammation and plays an essential role in pathways associated
with the innate immune system. Upregulation of MGST1 has been implicated in initiating
changes related to oxidative stress resulting from inflammatory bowel disease (IBD) patho-
genesis in rat models. In these experiments, IBD altered the epithelial expression of MGST1,
resulting in differing metabolite profiles and changes to the colonic microbiome [70]. In
humans with Crohn’s disease or IBD, thickening of the intestinal wall is associated with
immune responses that can lead to inflammation and abdominal pain [71], and similar
reactions have been reported in other species, including horses [72-75]. Given the poten-
tial pressure differences and closer interaction between host and non-host elements, the
increased abundance of MGST1 in the pelvic flexure relative to the surrounding regions
could indicate a need for more host cell protections.

Several genes demonstrated differential expression between the PF and segments
of the ventral colon. C-reactive protein (CRP) was more abundant in the PF than in the
preceding ventral colon. CRP is a biomarker of inflammation, involved in the activation of
the complement system, and an essential part of host defense against pathogens [76]. GI
microbiome differences have been associated with C-reactive protein levels, resulting in in-
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creased inflammation and changes to intestinal permeability with outcomes such as obesity
and Crohn’s disease [77,78]. Therefore, the increased abundance of CRP observed at the PF
could help explain the observed microbiome composition differences previously reported
between the VC and DC [18]. A second gene, C-X-C motif chemokine ligand 6 (CXCL6),
showed increased mRINA abundance in the PF versus the LVC. CXCL6 encodes a member
of the CXC chemokine protein family. This protein is chemotactic for neutrophil granu-
locytes and antibacterial against certain gram-negative and gram-positive bacteria [79].
Interestingly, chemokines—including CXCL6—have been demonstrated to influence the
abundance of gut microbe species and strains [80]. Interleukin 17 (IL-17)—implicated
in inflammatory responses, neutrophil recruitment, and protection against extracellular
bacterial pathogens—upregulates the expression of CXCL6 [81]. Higher levels of CXCL6
expression in the pelvic flexure could indicate targeting of specific microbes, which prevents
their movement past the PF, resulting in the differentiation of the microbiota composition
between the ventral and dorsal colons.

Our analysis also identified genes with differential expression between the PF and
dorsal colon. Proteoglycan 3 (PRG3) was more highly expressed in the narrower and
angled PF versus the broader and straighter dorsal colon. A recent study in mice examined
differential gene expression associated with feeding a diet containing resistant potato
starch (RPS). There was an observed increase in the abundance of Citrobacter rodentium—a
pathogenic bacteria found in the mouse colon and shares 66.7% of encoded genes with
E. coli [82]—in the distal colon of mice receiving RPS that correlated with, amongst other
changes, a decrease in the expression of PRG3 [83]. The observed reduction in PRG3
expression in the dorsal colon relative to the PF could help explain differences in microbial
content of the VC and DC by supporting environments that are more permissive to certain
bacteria at specific locations. The PF must also resist compression to avoid collapse of
the intestinal lumen, a function that expression of PRG3 supports [84]. A second gene
with more abundant expression in the PF compared to the dorsal colon was MHC Class 1
heavy chain (MHCX1). MHCX1 is important in extracellular and intracellular pathogens’
signaling, binding, and immune responses [85]. Horses have high levels of variation
in their MHC haplotypes [86,87], which could result in variations in the responses to
bacteria and other microbes in the gut. Recent research has demonstrated that MHC
heterozygosity promotes functional diversification of the microbiome, enhancing microbial
network connectivity and enriching a variety of microbial functions that positively affect
host fitness [88]. A final gene, Synaptotagmin 13 (or SYT13), was more abundant in the
PF compared to the dorsal colon. SYT13 codes for a membrane trafficking protein actively
involved in intracellular vesicle trafficking and exocytosis and, importantly, plays a role
in modulating insulin secretion [89,90]. Insulin signaling has been demonstrated to shape
gut community composition [90-92]. As a result, differential expression of SYT13 in the PF
versus the dorsal colon could help determine microbiota composition before and after the
pelvic flexure by influencing the regulation of insulin and nutrient transport.

5. Conclusions

The differences in gene expression between the ventral and dorsal colons in the equine
hindgut relate to tissue function and could impact microbial composition. Previous results
from Reed et al. demonstrated that differences exist between the microbial composition of
the proximal and distal hindgut, pointing to the potential role of the pelvic flexure region
in influencing these observed differences. Similarly, differences in epithelial tissue gene
expression patterns were observed relative to the pelvic flexure and surrounding tissues.
Differentially expressed genes play vital roles in immune function and the digestion and
absorption of specific compounds, directly correlating to tissue-specific functions. One
theory is that the pelvic flexure region acts not as a barrier to these microbes but as a “toll
road”—the genes highly expressed in the pelvic flexure are directing who may pass through
the pelvic flexure into the dorsal colon and who may not. A limitation of the current study
is that the samples used for the analysis were not confirmed free of the serosal muscle
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layers. It is possible, therefore, that some of the gene expression results presented are
influenced by contamination with RNA from these other layers. Future research could
address this limitation and further analyze these differences by (a) expanding sample size
and by sampling more locations in each hindgut region, (b) more narrowly focusing on
the gene expression of specific genes that were found in this study, which could be closely
directing these genetic, microbial and functional differences, and (c) introducing healthy
versus unhealthy equine subjects to further the research community’s understanding of
how health status may also affect gene expression and microbial communities in the
equine hindgut.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ani14162303/s1, Table S1: Sequencing results summary, Table S2:
Mapping summary, Table S3: Tissue-restricted expression, Table S4: Differentially expressed genes
RVC versus PF, Table S5: Differentially expressed genes LVC versus PF, Table S6: Differentially
expressed genes LVC versus LDC, Table S7: Differentially expressed genes LDC versus PF, Table
S8: Differentially expressed genes RDC versus PF, Table S9: Enriched GO categories RVC versus PF,
Table S10: Enriched GO categories LVC versus PF, Table S11: Enriched GO categories LVC versus
LDC, Table S12: Enriched GO categories LDC versus PF, Table S13: Enriched GO categories RDC
versus PE.
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