R. Bras. Zootec., 49:e20200064, 2020
https://doi.org/10.37496/rbz4920200064

Breeding and genetics
Full-length research article

Revista
Brasileira de
Zootecnia

Preliminary screening of intestinal
barrier genes associated with
porcine epidemic diarrhea virus
infection in pigs

Brazilian Journal of Animal Science
e-ISSN 1806-9290
www.rbz.org.br

Xiaoyi Qi* , Yafei Xu'
Wul? , Wenbin Bao?

, Weiyun Qin? , Haifei Wang! ([»), Shenglong

! Yangzhou University, College of Animal Science and Technology, Yangzhou, Jiangsu, China.
2 Yangzhou University, Joint International Research Laboratory of Agriculture and
Agri-Product Safety, the Ministry of Education of China, Yangzhou, Jiangsu, China.

*Corresponding author: ABSTRACT - To screen intestinal barrier genes associated with porcine epidemic

wbbao@yzu.edu.cn

Received: April 26,2020
Accepted: August 25, 2020

How to cite: Qi, X;; Xu, Y,; Qin, W.; Wang, H.; Wu,
S. and Bao, W. 2020. Preliminary screening of
intestinal barrier genes associated with porcine
epidemic diarrhea virus infection in pigs.
Revista Brasileira de Zootecnia 49:€20200064.
https://doi.org/10.37496/rbz4920200064

Copyright: This is an open access article
distributed under the terms of the

Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original work is properly cited.

D) |

diarrhea virus (PEDV) infection, in the present study we first detected PEDV-infected
piglets (Sus scrofa) with intestinal damage using quantitative real-time PCR (qPCR)
and hematoxylin and eosin (HE) staining. Then, we used qPCR to identify expression
differences of intestinal barrier genes between the PEDV-infected and control groups.
The results showed that the expression levels of most genes were significantly different
between the two groups. Hierarchical clustering and correlation analysis were
performed for the expression levels of 25 candidate genes to reveal the key gene that
may be involved in PEDV resistance. Two important candidate genes, GLP2 (glucagon-
like peptide 2) and AQP3 (aquaporin 3), have their expression positively correlated
(r = 0.84). We speculated that decreased expression of GLP2 and AQP3 might play an
important role in the process of PEDV infection of piglets by reducing the expression
of tight junction proteins and disrupting the junctions between intestinal epithelial
cells. There may be an underlying biological interaction between the two genes, which
together affect the functional integrity of the intestinal barrier.

Keywords: gene expression, piglet, quantitative real-time PCR

1. Introduction

Porcine epidemic diarrhea (PED) is a highly contagious intestinal infectious disease caused by porcine
epidemic diarrhea virus (PEDV), with an epidemic peak time in cold climates in the late autumn and
early winter, which is mainly characterized by vomiting, diarrhea, and dehydration of piglets (Sus
scrofa), resulting in high morbidity and 80-100% mortality (Sun et al., 2012; Li et al., 2012). The PEDV
is a coronavirus belonging to the alpha-coronavirus genus within the family of Coronaviridae, and
is an enveloped single-stranded positive-sense RNA virus (Park et al.,, 2012). In addition to suckling
piglets, weaned piglets, fattening pigs, and sows might also be affected. Individual death and decreased
performance caused by this virus cause huge economic losses to the pig industry, while the use of drugs
and vaccines and related biosafety problems incur further economic losses (Song and Park, 2012). The
main means of prevention and control of PED is vaccination; however, the genetic variation of PEDV
strains causes enhanced virulence of variant strains or make effective immunization using vaccines
difficult (Li et al,, 2012); it is, therefore, urgent to find a permanent cure. Genetic differences in disease
resistance have been found between different pig breeds, as well as between different individuals
within breeds (FAO, 2007; Lunney and Chen, 2010), and the genetic improvement of disease resistance
in livestock is an effective and feasible approach. Therefore, genetically enhancing piglet resistance to
PEDV might be the most effective and fundamental way to control PEDV infection in the long run.
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The intestine is not just the main site of digestion and absorption in pigs, but also is the first line of defense
of the body against foreign pathogens. The intestinal barrier prevents harmful substances, such as
bacteria and viruses, from entering the blood circulation through the intestinal mucosa (Soderholm and
Perdue, 2001). The intestinal barrier comprises mechanical, chemical, immune, and biological barriers
(Baumgart and Dignass, 2002). Impaired or disturbed intestinal barrier function can lead to various
intestinal diseases (Soderholm and Perdue, 2001; Camilleri et al,, 2012). Impairment of the intestinal
barrier is an important internal cause of diseases such as diarrhea and intestinal inflammation in piglets
(Lalles et al., 2004). Therefore, screening of intestinal barrier genes associated with porcine PEDV from
the perspective of molecular genetics would be of great value for pig anti-diarrheal disease research.

In the present study, we first confirmed that piglet diarrhea was caused by PEDV using quantitative
real-time PCR (qPCR) in an eight-day-old piglet population, and then paraffin sections stained with
hematoxylin and eosin (HE) were used to detect pathological changes in piglets after slaughter to
provide experimental materials to screen key candidate genes related to PEDV infection in pigs. On this
basis, 25 candidate genes related to the regulatory mechanism of the intestinal barrier were selected
according to their biological function and literature mining (Table 1). The differential expression of
candidate genes in each segment of the small intestine of PEDV-infected and control piglets was detected
using qPCR to further identify the key candidate genes related to PEDV infection. Finally, we identified
two potential candidate genes, GLP2 and AQP3, through hierarchical clustering and correlation analysis
for further study. The results of the present study provide an important experimental reference and
basis for in-depth and systematic analysis of the regulatory mechanism of PEDV infection in pigs.

2. Material and Methods

2.1. Ethics statement and location of the experiment

Research on animals was conducted with approval from the institutional committee on animal
use (case number: SYXK [Su] IACUC 2012-0029). All experimental procedures involving piglets
were performed in accordance with the Regulations for the Administration of Affairs Concerning
Experimental Animals and were approved by the State Council of the People’s Republic of China. The
pig farm where the experiment was conducted is located in Taicang City, China (31°20' to 31°45' N
and 120°58' to 121°20" E). The later experiments were completed in Yangzhou City, China (32°15' to
33°25'Nand 119°01' to 119°54" E).

2.2. Animals

Six eight-day-old crossbred (Duroc x Landrace x Yorshire) piglets with clinicopathological features of
PED (vomiting, dehydration, and watery diarrhea) were chosen from a pig farm. At the same time,
six healthy eight-day-old piglets were selected from the same feeding environment with similar
birth weight, body shape, and color. All piglets were fed by lactation before slaughter. The pigsty was
equipped with an incubator. The environmental temperature was controlled at about 28 °C, and the
relative humidity was controlled between 50 and 70%. During this period, no vaccine was injected or
drugs were administered. Piglets were stunned electrically (300 V for 5 s) and bled by heart puncture
under the left armpit. The duodenum, jejunum, and ileum tissues were sampled within 30 min of death.
After cleaning with phosphate-buffered saline (PBS), each intestinal segment was cut transversely into
two sections. One section was frozen in liquid nitrogen for RNA extraction, and the other section was
fixed with 4% paraformaldehyde for paraffin sectioning.

2.3. Quantitative Real-time PCR primer design

Based on published GenBank sequences, the primers for the PEDV, PDCoV (porcine deltacoronavirus),
RV (rotavirus), TGEV (transmissible gastroenteritis virus), and 25 intestinal barrier candidate
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genes (Table 2) were designed using Primer Premier 5.0 software (PREMIER Biosoft International,

San Francisco, CA, USA).

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and ACTB (beta-

actin) were used as internal control genes to normalize the threshold cycle (Ct) values of the

other transcripts.

Table 1 - Intestinal barrier candidate genes

Gene name Abbreviation Function Literature source
201 Maintains and regulates epithelial barriers, participates in the
Zonula occludens regulation of cell material transport, and maintains epithelial Neunlist et al.,, 2003
202 lari
polarity.
Promotes the formation of selective ion channels in tight junctions
Occludin OCLN and is associated with intercellular adhesion, migration, and Berkes et al., 2003
permeability.
CLDN1
Claudins CLDN4 Regulates the. Pore pathway, determines TER as well as paracellular Colegio et al, 2003
charge selectivity.
CLDN5
Cingulin CGN Regulates expression of T] proteins through the RhoA signal Hamard et al,, 2010
pathway.
. Induces the proliferation and reduces the internalization of
Glucagon-like . . . .
eptide 2 GLP2 enterobacteriaceae, regenerates the intestinal mucosa, and Cani et al,, 2009
pep improves the intestinal barrier function.
E-cadherin E-CDH Tlght atFachment qf adjacent eplthella.l ce%ls is c.ansured by allelic Uemura, 1998
interactions at their basolateral adhesive junctions.
Establishes a physical connection between the extracellular matrix Stupack and Cheresh
Integrin ITG and the cytoskeleton that mediates the activation of cell adhesion p 2002 !
signaling pathways.
Nectinl NECTIN1  Participates in intercellular adhesion and recruits T] components.  Rikitake and Takai, 2008
Aquaporin 3 AQP3 C.hanges the ablllt.y of. the intestinal tract to move water, causes Li etal, 2008
diarrhea or constipation.
Changes the intestinal mucosal water exchange capacity, disrupts
Aquaporin 8 AQP8 the intestinal mucosal barrier, and causes chronic inflammation and Gao etal, 2014
ulcers.
Neonatal FeRN Speafl? receptor of IgG, which interacts with IgG to produce effects Dong etal, 2016
Fc receptor on the intestinal mucosa.
MUC1
Lubricates and protects the intestinal mucosa, provides adhesion
Mucins .51tes f.or pl‘Obl(.)tICS, reg.ulates 1¥1test1na.l bact.erla .balance, enhances Johansson et al, 2013
MUC4 intestinal barrier function, assists the intestinal immune system,
and inhibits the production of proinflammatory factors.
MUC5AC
Trefoil factor 1 TFF1 Fntera.cts with mucins such as MUC2, and preserves mucosal Laukoetter et al, 2008
integrity.
Has broad-spectrum antimicrobial activity, induces the production
B-defensin 1 PBD1 of inflammatory mediators, and regulates innate and immune Yang et al.,, 2004
adaptive immunity.
B-defensin 2 PBD2 Prevents 1nfect10ln.by baclte‘rla and viruses, Ijegulates immune Veldhuizen et al, 2008
factors, and participates in immune regulation.
Porcine myeloid
antibacterial PMAP37  Inhibits gram-positive and -negative bacteria. Tossi et al., 1995
peptide 37
Discs large Stabilizes the apical protein complex and is associated with the Friedrichs and Stoll,
DLG5 . . . . s
homolog 5 maintenance of the integrity and polarity of epithelial cells. 2006
Tumor necrosis TNFA Moc?ulate's the 'functlon of a tight ]}mctlon between epithelial cells of Baker et al, 2008
factor-a the intestine, kidney, lung, and salivary glands.
Interferon-y IFNG Modulates the function of a tight junction between epithelial cells of Baker et al, 2008

the intestine, kidney, lung, and salivary glands.
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Table 2 - Real-time PCR primer sequences

Gene Accession no. Primer sequences (5'—3") Length (bp)
capDit ARO17079:1 R TCTCCTCCTGCTCCARTCCAG. 197
Acts M.00312428.3 R GATGGAGAGGACGGACTCGT 149
PEDY () AF3S3SILL R GOACATAGAAGCCCARCCA 216
DG 04 Ja065012 R CAGCTCTTGCCCATOTAGTT 72
RV (778) KIsso04e R TTCAGATTGTGOAGCTATTCCA 309
TGEV (4) DQs11789 R AGCGTACAANTTCCCTGAAAGC 102
w2 NM_001206404.1 R GCGTCTCTTGGTTCTOTTITAGE 90
e NM_001163647. R GCAGCAGCCATGTACTCT 157
cuows NM_001161637 1 R CCAGGOGATTGTAGAAGTGG 140
CLDNS NM_001161636.1 R CACCOAGTCGTACACCTTGC 1o
can M.0139971482 R CITAGCTGATCITTCTGOTCATTG. 123
aLrz NM_214324.1 R AGGTCCCTTCAGEATGTCTCT 150
ot NM.001163060.1 R AGAGTCATANGGTGGGGCAGT 174
1 NM_213968.1 R GAAGTCTGAAGTARTCCTCCT 261
NECTINY AF308632 R TAGGCGGAGAAGAGGAAG 560
ors HQsBoa60.1 R GCCAGGTTGATGGTGAGGA 2
aors NM_001112683.1 R AGCAGATCCANAGGCTCGT %6
Fek NM_214107.2 R CAGAGOCTCAGAAATACCAGC. 199
et M_001526853.1 R GCCTOCAGAACCTGCTCAT 123
ez KM_0023471852 R AGGGGACGTTCTCGOTGAT 2
et RM_001526442.1 R TGATTCARGGTAGCATTCATTTGC Z
uvesac AFO 4534 R GOATGTCGCCAGAGACTGAGTA g
oo
pib1 NM_213838.1 R GOTGCCGATCTTTTCATCTT 144
povz AY5065731 R GOTCCCTTCARTCCTGTTOAA 168
PHARS7 NM_213863.1 R GTCGCAACCOTGGTCTTCG. &
pués RM_00567112.1 R GTGCAGGTTCCCACCACATA 185
e 51059 R CCTGUCCAGATTCAGCARAG 102
1PN 53085 R GATGAGTICACTGATGGCTTT o1
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2.4. RNA extraction and identification of viruses

Total RNA was extracted from three intestinal segments (duodenum, jejunum, and ileum)
(50-100 mg) using TRIzol (Takara Biotechnology Dalian Co., Ltd., Dalian, China). The precipitated RNA
was suspended in 20 pL of RNase-free water and stored at —80 °C. Quality of RNA was assessed by 1.5%
formaldehyde denatured gel electrophoresis. Concentration and purity of RNA were determined using
a spectrophotometer (Nanodrop ND1000, NanoDrop Technologies Co., Ltd.,, Wilmington, DE, USA).
Total RNA was reverse-transcribed into complementary DNA (cDNA) using a HiScript Q RT SuperMix
kit (Vazyme Biotech Co., Ltd.,, Nanjing, China), and the products were stored at 4 °C. Subsequently,
the target fragments of PEDV, PDCoV, RV, and TGEV were amplified using qPCR. The products were
separated by 1% agarose gel electrophoresis and then sequenced. The target fragment of PEDV was
sequenced, and the evolutionary tree based on the sequence of the M gene was established using the
neighboring joining method to detect PEDV strains.

2.5. Histological evaluation of intestinal slices

The intestinal segments were fixed in 4% paraformaldehyde for 24 h. After paraffin embedding, slicing,
salvaging, baking at 60 °C for 1 h, and staining with HE, the morphological differences in the mucosa of
three intestinal segments between the PEDV-infected group and control groups were observed under a
light microscope. Images were acquired using Motic photographic processing software (Kazemi et al.,
2012) and analyzed with a pathological image analysis system.

2.6. Quantitative real-time PCR

Quantitative real-time PCR amplification was performed using a PCR kit (Vazyme Biotech Co., Ltd.
Nanjing, China) in a 25-uL reaction mixture containing 2 pL of cDNA, 0.5 pL of forward and reverse
primer (10 uM each), 0.5 pL of 50x ROX Reference Dye 11, 10 pL of 2x SYBR Green Real-time PCR Master
Mix, and double-distilled water. We used the 7500 Real-time PCR system (Applied Biosystems) to
perform the reaction. The PCR conditions were set at 95 °C for 5 min, followed by 40 cycles of 95 °C for
5 s and 60 °C for 34 s. Dissociation curve analysis was performed after amplification. A peak melting
temperature (Tm) of 85£0.8 °C in the dissociation curve was used to determine the specificity of the
amplification product. The Tm value for each sample was calculated using the average of triplicate
technical samples.

2.7. Statistical and analysis

The original data were arranged using Excel 2007 software (Microsoft Corporation, Redmond, WA,
USA). The relative quantitative expression results were calculated using the comparative Ct (244%)
method (Livak and Schmittgen, 2001). Expression differences between the PEDV-infected and control
groups were compared using an independent sample t test, and the heat map was drawn using HemlI 1.0
(Dengetal.,, 2014) after log2 conversion using the mean of the expression levels (X = log2 (expression data)).
Correlation analysis was performed using SPSS 18.0 software (IBM Corp., Armonk, NY, USA) on the
expression levels of all piglets in different tissues.

3. Results

3.1. Purity and integrity of total RNA and identification of coronaviruses

The RNA purification showed three bands, i.e.,, 28S, 18S, and 5S, with no DNA contamination and
obvious degradation, and the A260/A280 (absorbance at 260 nm and 280 nm) ratio was 1.8-1.9. The
results indicated that the extracted RNA had high integrity and purity and could be used in subsequent
experiments. Agarose gel electrophoresis was used to detect the bands of PEDV, PDCoV, RV, and TGEV,
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and the results showed that only a PEDV band at 551 bp was detected in the PEDV groups, while no
bands were observed in the control group (Figure 1a). We established the evolutionary tree based
on the sequence of the M gene (PEDV) using the neighboring joining method to detect PEDV strains.
Strains in porcine intestines had high homology with the current domestic and foreign representative
PEDV strains, confirming that these piglets with diarrhea were infected only with PEDV (Figure 1b).

b
M 1 2 3 4 M 5 6 7 8 PEDV-USA-Minnesotal35-2015

— PEDV-USA-Minnesota129-2015
BR7-JPN-2014

Js-HZ2012

USA-IA-2013-19321
USA-Minnesota211-2014

5000 bp YC2014
3000 bp 1
2000 bp USA-Minnesota52-2013
1500 bp GD-B
800 by KCH2-JPN-2014
i KCH1-JPN-2014
500 bp 551 bp s USA-MO-2014-03293

AH-2012

GNM1-JPN-2014
PEDV-USA-Texas134-2015
K14JB01-2014
CHYJ130330-2013

CH-5-1986

300 bp

EAS1
Zhejang08 (Attenuated)
cv777

VN-KCHY310113-2013-Vietnam
ICBR2-2014
99 lcr1-2014

[VN#P1013-1-2013-Vietnam

AH-M-2011
152008
5C1402-2014
LZC-2006
SM98-2010
SD-M-2012
CH3-2011

J5-2-2015

PEDV - porcine epidemic diarrhea virus; PDCoV - porcine deltacoronavirus; RV - rotavirus; TGEV - transmissible gastroenteritis virus.

a: Gel electrophoresis detection of multiple coronaviruses. M represents markerlll, lanes 1 to 4 and 5 to 8 represent electrophoretic bands of
PEDV, PDCoV, RV, and TGEV in the PEDV-infected and control groups, respectively.

b: Adjacency based method for neighboring phylogenetic trees. The orange square represents some domestic and foreign PEDV epidemic strains
that were closely related to the detected strains.

Figure 1 - Pathogen identification of piglet diarrhea.

3.2. Morphological characterization of intestinal mucosa
The results of HE staining showed that the intestinal mucosa of the control group had an intact structure
and clear hierarchy, while the outline of epithelial cells was clear and regularly arranged. In the PEDV

group, the intestines showed significant lesions, with shedding and damage of villi, exposure of the
lamina propria, and atrophy of the intestinal glands (Figure 2).

Duodenum Jejunum Ileum

Control

PEDV

PEDV - porcine epidemic diarrhea virus.
All images are shown at 10X magnification.

Figure 2 - Hematoxylin and eosin staining for different intestinal segments in PEDV-infected and control groups.
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3.3. qPCR amplification and melting curves

The qPCR amplification and melting curves for the genes related to intestinal barrier function showed
that the PCR products had only one definite peak, and no primer dimers or non-specific products.

3.4. Expression differences of intestinal barrier-related candidate genes between the PEDV-infected
and control groups

The expression differences of intestinal barrier-related candidate genes in various small intestinal
segments of piglets between the PEDV-infected and control groups were detected using qPCR
(Figure 3). The results indicated that the expression levels of Z01, Z02, and AQP3 in the control group
were significantly higher than those in the PEDV-infected group in all small intestinal segments.
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PEDV - porcine epidemic diarrhea virus.
The Roman numerals I and II represent control and PEDV-infected groups, respectively.
* Denotes a significant difference with P<0.05, while ** denotes a significant difference with P<0.01.

Figure 3 - Differential expression analysis of candidate genes related to the porcine intestinal barrier in porcine
small intestine between PEDV-infected and control groups.
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OCLN, CLDN4, and AQP8 expression levels in the control group were significantly higher than those
in the PEDV-infected group in the duodenum and ileum, and GLPZ and FcRN expression levels in the
control group were significantly higher than those in the PEDV-infected group in the jejunum and
ileum. E-CDH expression levels in the control group were significantly higher in the duodenum than
those in the PEDV-infected group. CLDN5 and NECTIN1 expression levels in the control group were
significantly higher than those in the PEDV-infected group in the jejunum, but showed significantly
lower expression in the ileum. CLDN1 expression levels in the control group were significantly
lower than those in the PEDV-infected group in the ileum (P<0.01). MUC2, MUC4, MUC5AC, and
PBD1 expression levels in the control group were significant or significantly lower than those in
the PEDV-infected group in all small intestinal segments. PMAP37, DLG5, TNFA, and IFNG expression
levels were significantly lower in the control group compared with those in the PEDV-infected
group in the duodenum and jejunum, and TFF1 and PBDZ2 expression levels were significantly lower
in the control group compared with those in the PEDV-infected group in the jejunum and ileum.
MUC1 expression levels were significantly lower in the control group compared with those in the
PEDV-infected group in the duodenum and ileum. CGN and /TG expression levels in the small intestine
were not significantly different between the two groups.

3.5. Hierarchical clustering and correlation analysis of the expressions of candidate genes

Hierarchical clustering of the expression of 25 candidate genes in 12 samples revealed that GLP2, FcRN,
aquaporin genes (AQP3 and AQP8), tight junction protein genes (Z01, Z02, OCLN, CLDN1, CLDN4, and
CLDNS5), and adhesion junction protein genes (NECTIN1, E-CDH, and ITG) were clustered together; and
CGN, immune barrier-related genes (TNFA and IFNG), chemical barrier-related genes (DLGS5, PBD1,
PBD2, PMAP37, and mucin genes (MUC1, MUC2, MUC4, MUC5AC, and TFF1)) were clustered together
(Figure 4a). The correlation analysis revealed that the clustering results were similar to those in
Figure 4a, and divided into two categories. The genes within the two categories were mostly positively
correlated with each other, whereas the genes between the two categories were mostly negatively
correlated with each other (Figure 4b). Among them, there was a highly significant positive correlation
between Z01 and Z02; between PBD1 and TNFA; among MUC1, MUCZ, and MUC5AC; and between
GLP2 and AQP3 (P<0.01, R>0.8) (Table 3). Notably, the GLPZ expression was significantly higher than
that of the other candidate genes (Figure 4a).
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PEDV - porcine epidemic diarrhea virus.

a: Heat map of the relative expression of 25 candidate genes, which was plotted after log2 transformation, according to the methods described
by Deng et al. (2014).

b: Heat map of the correlation between 25 candidate genes and PEDV infection.

Figure 4 - Hierarchical clustering and correlation analysis of the relative expression of candidate genes.
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4. Discussion

Currently, PEDV variant strains have become the dominant strains of epidemic diarrhea in China, and
the epidemic trend in pig farms should not be underestimated (Qin et al.,, 2015). Porcine epidemic
diarrhea may become one of the most serious diarrheal diseases in piglets in the next few years in
China. Therefore, there is an urgent need to develop new strategies to resist PEDV infection in piglets.
The virus causes an increase in the severity of neonatal diarrhea, which in turn causes dehydration and
death of piglets, partly resulting from a decrease in the rate of enterocyte replacement on the villi of
the small intestine and insufficient innate defense in the small intestine after cell death caused by viral
infection (Annamalai et al., 2015). In addition, the existing commercial vaccines were likely ineffective
to PED. Therefore, from the genetics perspective, it would be valuable to screen functional candidate
genes related to the structure or function of the intestinal barrier that might play an important role in
PEDV virus infection in piglets.

In this study, we first verified that piglets with clinical features of epidemic diarrhea were indeed
caused by PEDV infection, and confirmed that the intestines of PEDV-infected piglets were damaged.
Then, we identified candidate genes according to their biological function and literature mining, and
then determined differentially expressed genes between PEDV-infected and control groups. Most
genes had expression differences between the two groups. The expression levels of tight junction
protein genes, adhesion junction protein genes, and aquaporin genes in the control group were mostly
higher than those in the PEDV-infected group, while the expression levels of intestinal immune and
chemical barrier-related candidate genes were all lower than those in the PEDV-infected group. Tight
junctions and adherent junctions are important mechanical couplers between intestinal epithelial
cells and play a very important role in maintaining the mechanical intestinal barrier (Yang et al,,
2005; Sander et al., 2005). Aquaporin genes play an important role in maintaining osmotic pressure
and cell volume in epithelial cells and in altering the mucosal barrier (Matsuzaki et al.,, 1999;
Fischer et al., 2001). We speculated that when piglets are infected by PEDV, the expression levels
of genes related to transmembrane transport were decreased, and the junctions between intestinal
epithelial cells were disrupted, further leading to impaired intestinal barrier function. Therefore,
increasing the expression level of these genes might help to improve transmembrane transport and
intestinal barrier abilities, enhance general disease resistance of piglets, which in turn would resist
the invasion of exogenous pathogens. The chemical barrier is another important part of the intestinal
barrier, which is formed by various digestive enzymes, lysozyme, bile, and mucopolysaccharides of
the gastrointestinal tract; cytokines, inflammatory mediators, and antimicrobial peptides secreted
by Paneth cells; and mucins secreted by goblet cells (Bischoff et al., 2014). This study speculated that
the increased expression of chemical barrier-related genes after intestinal barrier damage would
lead to increasing secretion of substances, such as antimicrobial peptides and mucus, and promote
the recovery of the intestinal barrier. The immune barrier-related genes TNFA and IFNG encode key
proinflammatory cytokines in the inflammatory response (Prasanna et al,, 2010), and their increased
expression might reflect the need for the body to mount an immune response to release inflammatory
factors after the intestinal barrier is damaged.

The maintenance of intestinal barrier function and structure is achieved via a complex dynamic
balance. Although the expression differences of most candidate genes between the PEDV-infected
and control groups were very significant, it is insufficient to speculate on the identity of key genes in
PEDV infection by solely relying on their expression differences. Therefore, we performed hierarchical
clustering and correlation analysis of the expression levels of the 25 candidate genes to discover the
possible interconnections among these candidate genes. The results showed that certain genes were
correlated, but most of the correlations were moderate (0.3<R<0.8) or even weak (R<0.3). Only a few
genes showed relatively significant and strong correlations (P<0.01, R>0.8). Among them, there was a
strong correlation between Z01 and Z02Z2, possibly because they both belong to the zonula occludens
family, which was similar to the strong correlation of mucin-like family members (Neunlist et al., 2003).
PBD1 has an important role in antibacterial and antiviral activities, can regulate immune factors, and is
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involved in immune regulation, and TNFa acts as an important immune response factor; which might be
responsible for the strong correlation between them. Not only was there a highly significant and strong
correlation between GLPZ and AQP3, but also the expression of GLP2 was significantly higher than that
of other candidate genes. In this study, GLP2 expression in the control group was significantly higher
than that in the PEDV-infected group in the jejunum and ileum, with up to 7.5- and 4.5-fold differences,
respectively. AQP3 also showed a very significant expression difference in the small intestine between
the two groups. GLPZ is an incretin hormone, and a reduced dosage of GLPZ2 led to reduced expression
of tight junction proteins (Moran et al., 2012). In addition, GLP2 might reduce the expression of tight
junction protein genes in the intestine of piglets via the mitogen activated protein kinase (MAPK)
signaling pathway (Jiang et al., 2012). Furthermore, the levels of tight junction proteins CLDN1 and
OCLN were significantly reduced after inhibition of AQP3 expression in Caco-2 cells (Zhang et al., 2011).
Therefore, we speculated that decreased expression of GLPZ2 and AQP3 would reduce the expression of
tight junction proteins and disrupt the junctions between intestinal epithelial cells, thereby affecting
the permeability of the intestinal barrier, which in turn would promote PEDV infection of piglets via
epithelial cells. There may be an underlying biological interaction between GLP2 and AQP3, which
together affect the functional integrity of the intestinal barrier.

5. Conclusions

The results of the present study suggested that GLP2 and AQP3 might play an important role in
the process of PEDV infection in piglets by reducing the expression of tight junction proteins and
disrupting the junctions between intestinal epithelial cells.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Data curation: X. Qi, Y. Xu and H. Wang. Formal analysis: X. Qi., Y. Xu and H. Wang. Investigation: X. Qi.
Methodology: X. Qi. Project administration: X. Qi and W. Bao. Software: X. Qi and W. Qin. Validation:
X. Qi. Visualization: X. Qi. Writing-original draft: X. Qi, Y. Xu and S. Wu. Writing-review & editing:
X. Qi, S. Wu and W. Bao.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (31972535), the
Science and Technology Supporting Project of Jiangsu Province (BE2019344, BE2019341), and the
Priority Academic Program Development (PAPD) of Jiangsu Higher Education Institutions.

References

Annamalai, T; Saif, L. J.; Lu, Z. and Jung, K. 2015. Age-dependent variation in innate immune responses to porcine
epidemic diarrhea virus infection in suckling versus weaned pigs. Veterinary Immunology and Immunopathology
168:193-202. https://doi.org/10.1016/j.vetimm.2015.09.006

Baker, O.].; Camden, J. M.; Redman, R. S.; Jones, ]. E.; Seye, C. I; Erb, L. and Weisman, G. A. 2008. Proinflammatory cytokines
tumor necrosis factor-a and interferon-y alter tight junction structure and function in the rat parotid gland Par-C10 cell
line. American Journal of Physiology-Cell Physiology 295:C1191-C1201. https://doi.org/10.1152/ajpcell.00144.2008

Baumgart, D. C. and Dignass, A. U. 2002. Intestinal barrier function. Current Opinion in Clinical Nutrition & Metabolic
Care 5:685-694.

Berkes, J.; Viswanathan, V. K,; Savkovic, S. D. and Hecht, G. 2003. Intestinal epithelial responses to enteric pathogens:
effects on the tight junction barrier, ion transport, and inflammation. Gut 52:439-451. https://doi.org/10.1136/
gut.52.3.439

R. Bras. Zootec., 49:e20200064, 2020


https://doi.org/10.1016/j.vetimm.2015.09.006
https://doi.org/10.1152/ajpcell.00144.2008
https://doi.org/10.1136/gut.52.3.439
https://doi.org/10.1136/gut.52.3.439

13

Preliminary screening of intestinal barrier genes associated with porcine epidemic diarrhea virus...
Qi etal.

Bischoff, S. C.; Barbara, G.; Buurman, W.; Ockhuizen, T,; Schulzke, J. D.; Serino, M.; Tilg, H.; Watson, A. and Wells, J. M.
2014. Intestinal permeability - a new target for disease prevention and therapy. BMC Gastroenterology 14:189.
https://doi.org/10.1186/s12876-014-0189-7

Camilleri, M.; Madsen, K.; Spiller, R,; Van Meerveld, B. G. and Verne, G. N. 2012. Intestinal barrier function in health and
gastrointestinal disease. Neurogastroenterology & Motility 24:503-512. https://doi.org/10.1111/j.1365-2982.2012.01921.x

Cani, P. D.; Possemiers, S.; Van de Wiele, T; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert,
D. M,; Muccioli, G. G. and Delzenne, N. M. 2009. Changes in gut microbiota control inflammation in obese mice through
a mechanism involving GLP-2-driven improvement of gut permeability. Gut 58:1091-1103. https://doi.org/10.1136/
gut.2008.165886

Colegio, O. R; Itallie, C. V; Rahner, C. and Anderson, J. M. 2003. Claudin extracellular domains determine paracellular
charge selectivity and resistance but not tight junction fibril architecture. American Journal of Physiology-Cell
Physiology 284:C1346-C1354. https://doi.org/10.1152 /ajpcell.00547.2002

Deng, W,; Wang, Y.; Liu, Z.; Cheng, H. and Xue, Y. 2014. Heml: a toolkit for illustrating heatmaps. PloS One 9:e111988.
https://doi.org/10.1371 /journal.pone.0111988

Dong, L.; Zhong, X; He, ].; Zhang, L.; Bai, K.; Xu, W,; Wang, T. and Huang, X. 2016. Supplementation of tributyrin improves
the growth and intestinal digestive and barrier functions in intrauterine growth-restricted piglets. Clinical Nutrition
35:399-407. https://doi.org/10.1016/j.cInu.2015.03.002

FAO - Food and Agriculture Organization of the United Nations. 2007. The state of the world’s animal genetic resources
for food and agriculture. Rischkowsky, B. and Pilling, D., eds. FAO, Rome.

Fischer, H.; Stenling, R.; Rubio, C. and Lindblom, A. 2001. Differential expression of aquaporin 8 in human colonic
epithelial cells and colorectal tumors. BMC Physiology 1:1. https://doi.org/10.1186/1472-6793-1-1

Friedrichs, F. and Stoll, M. 2006. Role of discs large homolog 5. World Journal of Gastroenterology 12:3651-3656.

Gao, Y,; Deng, Q.; Zhang, Y.; Zhang, S.; Zhuy, Y. and Zhang, ]. 2014. The expression of the multiple splice variants of AQP8
in porcine testes at different developmental stages. Journal of Applied Genetics 55:511-514. https://doi.org/10.1007/
s13353-014-0219-8

Hamard, A.; Mazurais, D.; Boudry, G.; Le Huérou-Luron, I.; Séve, B. and Le Floc’h, N. 2010. A moderate threonine deficiency
affects gene expression profile, paracellular permeability and glucose absorption capacity in the ileum of piglets.
The Journal of Nutritional Biochemistry 21:914-921. https://doi.org/10.1016/j.jnutbio.2009.07.004

Jiang, Y,; Jia, G.; Hui, M.; Chen, X,; Li, H. and Wang, K. 2012. Effects of glucagon-like peptide-2 supplementation on
expression of intestinal epithelial tight junction protein related genes in weaner piglets in vitro. Chinese Journal of
Animal Nutrition 24:1785-1792.

Johansson, M. E.; Sjovall, H. and Hansson, G. C. 2013. The gastrointestinal mucus system in health and disease.
Nature reviews Gastroenterology & Hepatology 10:352. https://doi.org/10.1038/nrgastro.2013.35

Kazemi, M.; Tekieh, E.; Sadeghi-Gharachdaghi, S.; Ghoshoni, H.; Zardooz, H.; Sahraei, H.; Rostamkhani, F. and
Bahadoran, H. 2012. Oral morphine consumption reduces lens development in rat embryos. Autonomic Neuroscience
Basic & Clinical 3:16-23.

Lalles, J. P; Boudry, G.; Favier, C.; Le Floc’h, N.; Luron, I.; Montagne, L.; Oswald, I. P; Pié, S.; Piel, C. and Seve, B. 2004.
Gut function and dysfunction in young pigs: physiology. Animal Research 53:301-316. https://doi.org/10.1051/
animres:2004018

Laukoetter, M. G.; Nava, P. and Nusrat, A. 2008. Role of the intestinal barrier in inflammatory bowel disease. World
Journal of Gastroenterology 14:401-407.

Li, W,; Li, H,; Liu, Y;; Pan, Y;; Deng, F; Song, Y,; Tang, X. and He, Q. 2012. New variants of porcine epidemic diarrhea
virus, China, 2011. Emerging Infectious Diseases 18:1350-1353. https://doi.org/10.3201/eid1808.120002

Li, X,; Lei, T; Xia, T; Chen, X;; Feng, S.; Chen, H.; Chen, Z.; Peng, Y.and Yang, Z. 2008. Molecular characterization, chromosomal
and expression patterns of three aquaglyceroporins (AQP3, 7, 9) from pig. Comparative Biochemistry and Physiology
Part B: Biochemistry and Molecular Biology 149:468-476. https://doi.org/10.1016/j.cbpb.2007.11.014

Livak, K. J. and Schmittgen, T. D. 2001. Analysis of relative gene expression data using real-time quantitative PCR and
the 2724¢; method. Methods 25:402-408. https://doi.org/10.1006/meth.2001.1262

Lunney, ]. K. and Chen, H. 2010. Genetic control of host resistance to porcine reproductive and respiratory syndrome
virus (PRRSV) infection. Virus Research 154:161-169. https://doi.org/10.1016/j.virusres.2010.08.004

Matsuzaki, T; Suzuki, T; Koyama, H.; Tanaka, S. and Takata, K. 1999. Water channel protein AQP3 is present in
epithelia exposed to the environment of possible water loss. Journal of Histochemistry & Cytochemistry 47:1275-1286.
https://doi.org/10.1177/002215549904701007

Moran, G. W,; O’Neill, C. and McLaughlin, J. T. 2012. GLP-2 enhances barrier formation and attenuates TNFa-induced
changes in a Caco-2 cell model of the intestinal barrier. Regulatory Peptides 178:95-101. https://doi.org/10.1016/j.
regpep.2012.07.002

R. Bras. Zootec., 49:e20200064, 2020


https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1111/j.1365-2982.2012.01921.x
https://doi.org/10.1136/gut.2008.165886
https://doi.org/10.1136/gut.2008.165886
https://doi.org/10.1152/ajpcell.00547.2002
https://doi.org/10.1371/journal.pone.0111988
https://doi.org/10.1016/j.clnu.2015.03.002
https://doi.org/10.1186/1472-6793-1-1
https://doi.org/10.1007/s13353-014-0219-8
https://doi.org/10.1007/s13353-014-0219-8
https://doi.org/10.1016/j.jnutbio.2009.07.004
https://doi.org/10.1038/nrgastro.2013.35
https://doi.org/10.1051/animres:2004018
https://doi.org/10.1051/animres:2004018
https://doi.org/10.3201/eid1808.120002
https://doi.org/10.1016/j.cbpb.2007.11.014
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.virusres.2010.08.004
https://doi.org/10.1177/002215549904701007
https://doi.org/10.1016/j.regpep.2012.07.002
https://doi.org/10.1016/j.regpep.2012.07.002

14

Preliminary screening of intestinal barrier genes associated with porcine epidemic diarrhea virus...
Qi etal.

Neunlist, M.; Toumi, F,; Oreschkova, T; Denis, M.; Leborgne, ].; Laboisse, C. L. and Jarry, A. 2003. Human ENS regulates the
intestinal epithelial barrier permeability and a tight junction-associated protein ZO-1 via VIPergic pathways. American
Journal of Physiology-Gastrointestinal and Liver Physiology 285:G1028-G1036. https://doi.org/10.1152/ajpgi.00066.2003

Park, S. J; Kim, H. K;; Song, D. S.; An, D. J. and Park, B. K. 2012. Complete genome sequences of a Korean virulent
porcine epidemic diarrhea virus and its attenuated counterpart. Journal of Virology 86:5964. https://doi.org/10.1128/
JVI.00557-12

Prasanna, S. ].; Gopalakrishnan, D.; Shankar, S. R. and Vasandan, A. B. 2010. Pro-inflammatory cytokines, IFNy and
TNFa, influence immune properties of human bone marrow and Wharton jelly mesenchymal stem cells differentially.
PloS One 5:€9016. https://doi.org/10.1371/journal.pone.0009016

Qin, Y. B; Ly, B. X;; Zhao, W,; He, Y;; Li, Y. Y;; Li, B,; Liang, . X,; Liang, B. Z.; Su, Q. L,; Jiang, D. F. and Zhou, Y. N. 2015.
Development and application of an RT-PCR method for differentiation of PEDV variant strains and classical strains.
Animal Husbandry and Feed Science 7:21-24, 60.

Rikitake, Y. and Takai, Y. 2008. Interactions of the cell adhesion molecule nectin with transmembrane and peripheral
membrane proteins for pleiotropic functions. Cellular and Molecular Life Sciences 65:253-263. https://doi.org/10.1007/
s00018-007-7290-9

Sander, G. R.;; Cummins, A. G. and Powell, B. C. 2005. Rapid disruption of intestinal barrier function by gliadin involves altered
expression of apical junctional proteins. FEBS Letters 579:4851-4855. https://doi.org/10.1016/j.febslet.2005.07.066

Soderholm, J. D. and Perdue, M. H. 2001. Stress and the gastrointestinal tract. II. Stress and intestinal barrier
function. American Journal of Physiology Gastrointestinal and Liver Physiology 280:G7-G13. https://doi.org/10.1152/
ajpgi.2001.280.1.G7

Song, D. and Park, B. 2012. Porcine epidemic diarrhoea virus: a comprehensive review of molecular epidemiology,
diagnosis, and vaccines. Virus Genes 44:167-175. https://doi.org/10.1007/s11262-012-0713-1

Stupack, D. G. and Cheresh, D. A. 2002. Get a ligand, get a life: integrins, signaling and cell survival. Journal of Cell
Science 115:3729-3738. https://doi.org/10.1242/jcs.00071

Sun, R. Q; Cai, R. J.; Chen, Y. Q,; Liang, P. S.; Chen, D. K. and Song, C. X. 2012. Outbreak of porcine epidemic diarrhea
in suckling piglets, China. Emerging Infectious Diseases 18:161-163. https://doi.org/10.3201/eid1801.111259

Tossi, A.; Scocchi, M.; Zanetti, M.; Storici, P. and Gennaro, R. 1995. PMAP-37, a novel antibacterial peptide from pig
myeloid cells: cDNA cloning, chemical synthesis and activity. European Journal of Biochemistry 228:941-946.

Uemura, T. 1998. The cadherin superfamily at the synapse: more members, more missions. Cell 93:1095-1098.
https://doi.org/10.1016/S0092-8674(00)81452-X

Veldhuizen, E. J.; Rijnders, M.; Claassen, E. A.; van Dijk, A. and Haagsman, H. P. 2008. Porcine (-defensin 2 displays
broad antimicrobial activity against pathogenic intestinal bacteria. Molecular Immunology 45:386-394. https://doi.
org/10.1016/j.molimm.2007.06.001

Yang, D.; Biragyn, A.; Hoover, D. M.; Lubkowski, ]J. and Oppenheim, J. J. 2004. Multiple roles of antimicrobial defensins,
cathelicidins, and eosinophil-derived neurotoxin in host defense. Annual Review of Immunology 22:181-215.
https://doi.org/10.1146 /annurev.immunol.22.012703.104603

Yang, R,; Harada, T; Li, J.; Uchiyama, T,; Han, Y.; Englert, J. A. and Fink, M. P. 2005. Bile modulates intestinal epithelial
barrier function via an extracellular signal related kinase 1/2 dependent mechanism. Intensive Care Medicine
31:709-717. https://doi.org/10.1007/s00134-005-2601-9

Zhang, W, Xu, Y,; Chen, Z; Xu, Z. and Xu, H. 2011. Knockdown of aquaporin 3 is involved in intestinal barrier integrity
impairment. FEBS Letters 585:3113-3119. https://doi.org/10.1016/j.febslet.2011.08.045

R. Bras. Zootec., 49:e20200064, 2020


https://doi.org/10.1152/ajpgi.00066.2003
https://doi.org/10.1128/JVI.00557-12
https://doi.org/10.1128/JVI.00557-12
https://doi.org/10.1371/journal.pone.0009016
https://doi.org/10.1007/s00018-007-7290-9
https://doi.org/10.1007/s00018-007-7290-9
https://doi.org/10.1016/j.febslet.2005.07.066
https://doi.org/10.1152/ajpgi.2001.280.1.G7
https://doi.org/10.1152/ajpgi.2001.280.1.G7
https://doi.org/10.1007/s11262-012-0713-1
https://doi.org/10.1242/jcs.00071
https://doi.org/10.3201/eid1801.111259
https://doi.org/10.1016/S0092-8674(00)81452-X
https://doi.org/10.1016/j.molimm.2007.06.001
https://doi.org/10.1016/j.molimm.2007.06.001
https://doi.org/10.1146/annurev.immunol.22.012703.104603
https://doi.org/10.1007/s00134-005-2601-9
https://doi.org/10.1016/j.febslet.2011.08.045

