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ABSTRACT Occludin is an important component of
tight junction proteins and has been extensively studied
in animals such as mice, chickens, geese, and pigs. As
one of the most important waterfowl species in China,
Muscovy duck (Cairina moschata) is an important eco-
nomic animal for meat. However, research on the occlu-
din gene in Muscovy duck is lacking. In the present
study, Muscovy duck occludin cDNA was cloned for the
first time. The length of the cDNA was 1,699 bp, and it
showed a high sequence similarity with the Anser cyg-
noides domesticus and Gallus gallus occludin genes. The
occludin gene was differentially expressed in the tissues
of healthy ducks. The highest and lowest expressions of
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occludin were observed in the crop and the spleen,
respectively. After the oral administration of Clostrid-
ium butyricum (CB), the occludin expression in the
ileum of 7-day-old Muscovy ducks was significantly
upregulated and subsequently showed a decreasing
trend in 14-day-old Muscovy ducks. Under the early
intervention of CB, no significant difference was
observed in the occludin expression of cecum between
the control and CB group. Collectively, these results
suggest that CB plays an important role in regulating
the expression of the occludin gene in Muscovy ducks,
and adding CB in feed may maintain the intestinal bar-
rier of ducks by regulating the expression of occludin.
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INTRODUCTION

As an important economic animal species, Muscovy
ducks (Cairna moschata) are popular among consumers
for its unique flavor, and the demand for duck meat is
increasing year by year. However, Muscovy duck indus-
try is currently threatened by a variety of intestinal dis-
eases, which cause huge economic losses (Fujimoto
et al., 2016; Wu et al., 2019; Shi et al., 2020). Therefore,
ensuring the intestinal barrier of Muscovy ducks is of
great significance to the stable development of the Mus-
covy duck industry.

The gastrointestinal (GI) tract is a series of hollow
organs that form an important mucosal barrier for the
host, which plays an important role in immune system
and energy homeostasis (Bischoff et al., 2007;
Okumura et al., 2018; Ying et al., 2020). As a complex
structure, the intestinal barrier has many physiological
functions, such as serving as a physical barrier, partici-
pating in nutrient digestion and absorption, and regulat-
ing immune response (Walker et al., 2014; Ying et al.,
2020). The intestinal barrier has been demonstrated to
protect the stability of the intestinal microenvironment
from the invasion of exogenous pathogenic microorgan-
isms and harmful factors (Cui et al., 2019). Tight junc-
tions are components of the intestinal barrier and
important molecular structures that maintain the bar-
rier between intestinal epithelial cells and endothelial
cells. This would maintain the intestinal barrier function
and regulate intestinal permeability to provide a stable
intestinal microecological environment for the host
(Zeiller et al., 2009; Chen et al., 2017; Fang et al., 2018;
Wu et al., 2019). The mucosal barrier is primarily com-
posed of epithelial cells and many intercellular connec-
tions. Tight junction proteins include occludin, claudin,
and Zonula Occludens (ZO), among which occludin is
the most important part of tight junctions.
Probiotics are proved to enhance the intestinal muco-

sal barrier function (Resta-Lenert et al., 2006; Johnson-
Henry et al., 2008; Gong et al., 2019; Gong et al., 2020).
As one of the most popular probiotics in the market,
Clostridium butyricum (CB) is a butyrate-producing
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bacterium that can repair damaged intestinal mucosa
through the production of butyric acid (Duncan et al.,
2002) and protect the intestinal epithelium by upregu-
lating the expression of occludin, ZO-1 and Claudin-1
(Li et al., 2018). CB has been widely supplemented in
poultry feeds including ducks. The effects of CB on poul-
try mainly include the growth performance, immune
function, and gastrointestinal microflora in turn to the
profile of short chain fatty acids in the cecum and to pre-
vent poultry from infections (Liao et al., 2015;
Huang et al., 2019; Zhan et al., 2019). Dietary supple-
mentation of CB could improve growth performance,
lipid metablism, and meat quality of Peking ducks and
Cherry Valley ducks (Chen et al., 2018; Liu et al., 2018).

Currently, the occludin protein sequence has been
reported in different animal species, including mice,
pigs, chickens, and geese (Lu et al., 2015; Luo et al.,
2017; Lucke et al., 2018; Yan et al., 2018; Alfajaro et al.,
2019; Woo et al., 2019). However, there are limited
reports on the sequence, function, and dynamic expres-
sion patterns of occludin in ducks. In the present study,
for the first time, we reported the full-length cDNA and
bioinformatic analysis for the occludin gene of Muscovy
ducks. In addition, we examined the occludin gene
expression patterns in different tissues and the temporal
expression of occludin in the GI tract of Muscovy ducks.
Moreover, the effect of the early inoculation of Muscovy
duck with Clostridium butyricum on intestinal occludin
gene expression was investigated.
MATERIALS AND METHODS

Animals and Tissue Sampling

Experiment 1: Eighty day-of-hatch Muscovy ducks
were obtained from a commercial hatchery (Lanxi
Hewang Breeding Co. Ltd., Lanxi, China). The ducks
were raised in cages (10 ducks per cage in 0.52 m £ 0.62
m £ 0.52 m) and had ad libitum access to commercial
diets and water as previously described (Lyu et al.,
2021). Intestinal tissues were collected at d 1, 3, 7, 10,
14, 28, 49, and 70. Eight ducks were randomly selected
(1 per cage) for each sampling date, and the tissue seg-
ments collected at the 14-day-old included brain, breast
muscle, abdominal fat, liver, skin, heart, kidney, spleen,
thymus, bursa of Fabricius, trachea, lungs, tongue,
esophagus, crop, proventriculus, gizzard, duodenum,
jejunum, ileum, cecum, and colon. The collected samples
Table 1. Information of primers.

Primers Sequences (5’-3’)

GAPDH-F GGAGCTGCCCAGAACATTATC
GAPDH-R GCAGGTCAGGTCCACGACA
Occludin-F CAGGTGTACAGCAGCAGCACTT
Occludin-R GAAGCAGATGAGGCAGAGCAAGA
rOccludin-F1 CAGCAAGGAGCTCGACAGCATCTCT
rOccludin-F2 CAGTACCAGGACGTGGCAGAGGAATAC
rOccludin-R1 GCCGTAGTAGCCGGAGCCGTAGTAG
rOccludin-R2 GCAGGCGAAGATGGCGATGCA
mOccludin-F GGCGTGGTGAGGATCCTG
mOccludin-R CTTCTTGCTCTGGTAGTCG
were immediately frozen in liquid nitrogen and then
transferred to a -80°C freezer until RNA extraction.
Experiment 2: One hundred and sixty day-of-hatch

Muscovy ducks were obtained from a commercial hatch-
ery. Ducks were randomly divided into 2 groups. Each
group had 8 replications and 10 ducks per replicate. All
ducks were fed with a commercial starter diet
(Lyu et al., 2021) in cages (10 ducks per cage). The
experiment included 2 treatments, where ducks in the
CB group were orally administered with 1 mL of a Clos-
tridium butyricum suspension (2 £ 109 CFU/mL) after
hatch (day 0) while ducks in control group received the
same amount of saline at the same time (day 0). Admin-
istration was performed once a day and lasted for 3 d.
Clostridium butyricum was provided by Miyarisan Phar-
maceutical Co., Ltd (Tokyo, Japan). Eight ducks per
group (1 per replicate) were randomly selected at d 7
and 14 for sample collection. Ileal and cecal segments
were collected and preserved using the same method
described above.
All of the experiments were conducted under the ethi-

cal guidance of animal care and use in the laboratory of
the Zhejiang Academy of Agricultural Sciences.
RNA Extraction and Reverse Transcription

Total RNA was extracted from different tissues with a
TRIzol Plus RNA Purification kit (Thermo Fisher), and
Superscript III First-Strand Synthesis SuperMix for
quantitative RT-PCR (qRT-PCR) (Thermo Fisher)
was used to synthesize the First Strand cDNA from total
RNA following the manufacturer's instructions. The fol-
lowing reaction conditions were used: 25°C for 10 min,
50°C for 30 min, and 85°C for 5 min.
Real Time Polymerase Chain Reaction (RT-
PCR)

Primer Premier 6.0 was used to design qRT-PCR pri-
mers, which were subsequently synthesized by Bioengi-
neering Co., Ltd. (Shanghai, China) (Table 1). RT-PCR
was performed using PowerUp SYBRTM Green Master
Mix (ABI). A SuperScriptIII First-Strand Synthesis
SuperMix for qRT-PCR (Thermo Fisher) was used to
perform the first-strand cDNA synthesis according to
the manufacturer’s instructions. GAPDH was used as
an internal reference gene and the occludin cDNAs
Product Size(bp) Purpose

141 Real-time PCR

126 Real-time PCR

263 3’-RACE

293 5’-RACE

1278 Coding region amplification
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fragment was amplified from Muscovy duck RNA
through a round of PCR. Each reaction was performed
using the following thermocycling program: Predenatu-
ration at 95°C for 1 min followed by 40 cycles of denatur-
ation at 95°C for 10 s and annealing at 60°C for 25 s.
Eight biological replicates were performed for each
group, with triplicates for each sample. The relative
expression levels of different target genes were calculated
using the 2�ΔΔCt method.
5’ and 3’ Rapid Amplification of the cDNA
Ends (5’ and 3’RACE)

The RACE experiment was performed as previously
described with minor modifications (Xiao et al., 2019).
In detail, the first strand cDNAs for 5’ and 3’ RACE
were synthesized using the GeneRacer kit (Invitrogen)
and used as the template to amplify the 5’ and 3’ region
cDNA fragment of occludin. PCR was performed using
the gene-specific primers (Table 1) and the RACE pri-
mers contained in the RACE Kit. For the 5’ and 3’
RACE of occludin, the following program was used: 94°
C for 2 min followed by 30 cycles of 94°C for 30 s and 66°
C for 30 s.
Comparison and Evolutionary Analyses of
the Muscovy Ducks (Cairna moschata)
Occludin

The occludin amino acid sequence of Muscovy ducks
was compared with those from different representative
animal species. The alignment was generated with the
Multiple Sequence Alignment function in CLC Geno-
mics Workbench 12. The height of the pink bar under
the residues represents the conservation of the corre-
sponding residue.
Table 2. Comparison of Muscovy duck (Cairna moschata) occlu-
din and the occludin proteins from other species.

Species
NCBI reference

sequence No. of residues Identity (%)

Cairna moschata MT_420729 508 100
Anser cygnoides
domesticus

XP_013055123.1 440 89.126

Gallus gallus NP_990459.1 504 79.961
Mus musculus NP_001347465.1 521 46.78
Homo sapiens NP_001192183.1 522 48.728
Capra hircus XP_017921166.1 522 46.125
Sus scrofa NP_001157119.1 522 45.383
Bos taurus NP_001075902.1 522 46.729
Felis catus XP_019690751.1 521 47.547
Equus caballus XP_023474005.1 520 45.351
Danio rerio NP_997997.2 491 41.317
Protein 3D Structure Prediction

The homologous structure modeling I-TASSER
server (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/) was used to predict the 3D structure of
the Muscovy duck occludin protein based on homol-
ogy structure modeling as previously described
(Yu et al., 2018). Briefly, structural similarity of 2
protein models was measured by the TM-score and
RMSD from the I-TASSER server. Pymol program
(http://pymol.sourceforge.net) was used to superim-
pose similarities between the predicted structure and
template sequence. Global and per-residue model
quality, assessed by C-scoring, provided a confidence
score for estimating the quality of the predicted
model by determining the significance of threading
template alignments and convergence parameters of
structural assembly simulations in I-TASSER.
Phylogenetic Analysis

The phylogenetic tree of Muscovy duck occludin and
potentially related genes was constructed using MEGA
(version 10.1) with the Jones-Thorton-Taylor (JTT)
model based on the neighbor-joining method with 1000
bootstrap replicates (scale bar is 0.10). The occludin pro-
tein sequence from Muscovy duck was compared with
those from other representative species, which included
number of amino acids and the percent identity
(Table 2).
Determination of Short Chain Fatty Acids
(SCFAs) Content in Cecum by Gas
Chromatography

SCFAs, including acetic acid, propionic acid, butyric
acid, isobutyric acid, valeric acid and isovaleric acid,
were measured in cecal content samples from each group
at each time point by using gas chromatorgraphy as pre-
viously described (Gong et al., 2019). Briefly, 100 mg of
cecal content was homogenized with 1 mL of sterile
PBS. After being centrifuged for 10 min at 12,000 rpm
and 4°C, a 500 mL of the supernatant was diluted with
100 mL of 25% (w/v) metaphosphoric acid solution. The
mixture was incubated for 24 h at -20°C. Then the mix-
ture was centrifuged for 10 min at 12,000 rpm and 4°C
followed by the supernatant was collected and filtered
through a 0.22 mm syringe filter. The prepared samples
were injected into a Shimadzu GC-2010 ATF instru-
ment with N2 as the carrier (pressure, 12.5 Mpa and
flow, 18 mL per min), the temperature of the injector
and detector was 180°C, and the column was gradually
heated from 80 to 170°C at a rate of 4°C/min.
Statistical Analysis

The data were analyzed by unpaired two-tailed Stu-
dent’s t test using SPSS 19. Differences where P < 0.05
were considered significant, while differences where P <
0.01 were considered extremely significant. All data
were processed using GraphPad Prism 6.0.

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://pymol
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RESULTS

Molecular Cloning of Occludin cDNAs from
the Muscovy Ducks

The full cDNA fragment of the occludin gene was
obtained using the RACE approach (Figure 1). The
cDNA was 1699 bp in length and contained a 1527-bp
open reading frame (ORF), a 62-bp 5’ untranslated
region and a 110-bp 3’ untranslated region. The full
Figure 1. Complete nucleotide sequence encoding occludin and ded
moschata). The asterisk (*) represents the termination codon.
length mRNA sequence of occludin has been submitted
to the NCBI database with the registration number
MT_420729. The BLASTp analysis indicated that Mus-
covy duck occludin shares high similarity with occludin
from different species. The amino acid sequence of Mus-
covy duck occludin was 89.126% similar with Anser cyg-
noides domesticus and 79.961% with Gallus gallus,
indicating that the gene identification was correct
(Table 2). Furthermore, the homologous sequences from
uced amino acids of the cloned occludin in Muscovy duck (Cairna



OCCLUDIN IN DUCKS 5
different species were used for multiple sequence align-
ment with CLC Genomics Workbench 12 (Figure 2). A
sequence alignment between the occludin gene of Mus-
covy duck and that of other species showed that the
amino acid sequence of the Muscovy duck occludin pro-
tein was highly similar to that of Anser cygnoides
domesticus and Gallus gallus, suggesting that the func-
tion of this may be similar to that of the orthologs in
these species. Moreover, predicted 3D structure model of
Figure 2. Multiple sequence alignment of occludin gene. The amino a
sequences in PSI-BLAST. The output of Multiple Sequence Alignment was
structed by MEGA 5.2 using the neighbor-joining (NJ) algorithm and the r
pseudoreplicates). The height of the pink bar under the residues represents t
Muscovy duck occludin. The predicted 3D structures of
the Muscovy duck occludin protein were homologous to
the human protein (Figure 3).
Phylogenetic Analysis

To evaluate the evolutionary relationship of the
occludin gene in different species, a phylogenetic
cid sequence was used as template to identify homologous vertebrate
color-coded according to their identity. The phylogenetic tree was con-
eliability of the branching was tested using bootstrap resampling (1,000
he conservation of respective residue.



Figure 3. Predicted 3D structure model of Muscovy duck (Cairna
moschata) occludin. The 3D homology structure modeling of OCLN
was predicted by I-TASSER server according to the template of 3G7C
and regions of sequence in order from the N (blue) to the C (red) termi-
nus. 3G7C is the crystal structure from Protein Data Bank (PDB)
which is Human OCLN gene. The result model (C-score= -0.86)
revealed overall folding and secondary structures highly similar to
3G7C. Structural similarity of 2 protein models of the TM-score is
0.61 § 0.14.
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analysis was performed using the JTT model based
upon the neighbor-joining method. The phylogenetic
tree of the examined proteins indicated that Mus-
covy duck, Anser cygnoides domesticus and Gallus
gallus were in the same branch and had high similar-
ity (Figure 4). The results were consistent with
the high similarity of the amino acid sequences and
indicated that they have a close evolutionary
relationship.
Figure 4. The phylogenetic tree of the Muscovy ducks (Cairna moscha
pared with occludin sequences from other representative species. The phylog
ton-Taylor (JTT) model based upon Neighbor-Joining method with 1,000 bo
Tissue Expression of the Muscovy Ducks
Occludin Gene

To evaluate the gene expression patterns of occludin
in various tissues of Muscovy duck, RT-PCR was per-
formed in 22 different tissues (Figure 5). Occludin was
expressed in all examined tissues, indicating that it is
ubiquitously expressed in various tissues. Specifically,
the relative gene expression of occludin was high in the
liver, kidney, bursa of Fabricius, trachea, lungs, tongue,
esophagus, crop, gizzard, duodenum, jejunum, and
ileum. In contrast, the lowest level of occludin expression
was detected in the brain, breast muscle, abdominal fat,
skin, heart, spleen, thymus, proventriculus, cecum and
colon. Furthermore, the occludin gene expression in the
intestine showed a trend where the expression in the
small intestine was high, while that observed in the large
intestine was lower, suggesting the occludin expression
in Muscovy ducks was tissue-specific.
Occludin Gene Expression in Intestinal
Tissue of the Muscovy Ducks

To study the temporal expression of occludin in the
GI tract of Muscovy ducks, we collected ileum and
cecum segments from Muscovy ducks at 1, 3, 7, 10, 14,
28, 42, and 70 d of age and performed RT-PCR analysis
after RNA isolation (Figure 6). A trend of varied occlu-
din gene expression with age was observed. The expres-
sion of occludin in the ileum fluctuated and finally
stabilized. The expression level of occludin in 3-day-old
Muscovy ducks was significantly higher than that
observed at the other time points. The results presented
in Figure 6 show that the occludin expression level in
the 28-day-old ducks was the lowest, but the difference
was not significant when compared with that observed
ta) occludin. The protein sequence of Muscovy duck occludin was com-
enic tree was constructed by MEGA (version 5.2) using the Jones-Thor-
otstrep replicates. The scale bar is 0.10.



Figure 5. Relative expression levels of occludin in different tissues of Muscovy ducks (Cairna moschata). The relative mRNA level of occludin
from different tissues of Muscovy duck was quantified by RT-PCR. GAPDH was selected as the internal reference gene. Results were represented as
mean § SEM (n = 8). These results were normalized to the expression level of brain.
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in the 49- and 70-day-old Muscovy ducks. In contrast,
the expression of occludin in the cecum was the most
abundant in the 1-day-old ducks, followed by a decreas-
ing trend before finally becoming stabilized.
Effects of CB Treatment on the Growth
Performance and SCFAs Content in Cecum
of Muscovy Ducks

To study whether early intervention with CB would
affect the growth performance and of Muscovy ducks,
we weighed ducks individually in each group at each
time point. As expected, no significant difference
between C and CB groups in body weight and average
daily feed intake at each time point (P > 0.05; Figure 7).
Figure 6. Dynamic expression of occludin in the ileum (A) and cecum
mRNA level of occludin from different tissues of Muscovy ducks was quant
Results were represented as mean § SEM (n = 8). The same letter means th
is significant. These results were normalized to the expression level of 1th day
To further investigate whether SCFAs content in
cecum of Muscovy ducks would change after early inter-
vention with CB, we examined the concentrations of
acetic acid, propionic acid, butyric acid, isobutyric acid,
valeric acid, and isovaleric acid in cecal content of each
group at d 7 and 14. Generally, acetic acid, propionic
acid, and butyric acid were higher in the CB group than
in the C group while isobutyric acid, valeric acid, and
isovaleric acid gave an opposite trend (Figure 8). In
detail, the concentrations of acetic acid and propionic
acid in the cecum of CB group were significantly higher
than the C group (P = 0.007, P = 0.000) at d 14 while
butyric acid content of the CB group tended to be higher
than the C group (P = 0.052; Figure 8). Besides, at d 7,
the difference in the propionic acid of the cecal content
between the C and CB group was significant while the
(B) of Muscovy ducks (Cairna moschata) of different ages. The relative
ified by RT-PCR. GAPDH was selected as the internal reference gene,
e difference is not significant, while different letter means the difference
.



Figure 7. Effects of dietary supplementation with CB on average body weight (A) and average daily gain (B) of Muscovy ducks (Cairna
moschata). Results were represented as mean § SEM (n = 8). Abbreviations: C, control group; CB, Clostridium butyricum treated group.

Figure 8. Effects of the oral administration with CB on the concentration of acetic acid (A), propionic acid (B), butyrate acid (C), isobutyrate
acid (D), valeric acid (E), and isovaleric acid (F) in the cecal content of Muscovy ducks (Cairna moschata). Results were represented as mean §
SEM (n = 8). Abbreviations: C, control group; CB, Clostridium butyricum treated group.

8 LYU ET AL.
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acetic acid concentration of the CB group tended to be
significantly higher than the C group at d 7 (P = 0.071).
There was no significant difference in the butyric acid
between the C and CB group (P = 0.283). However,
there was no significant difference in isobutyric acid,
valeric acid, and isovaleric acid content in the cecum
between C and CB group (P > 0.05) at d 7 and d 14.
Effect of CB Treatment on the Expression of
Occludin in Muscovy Ducks

We also investigated the effect of the early interven-
tion of CB on the expression of the Muscovy duck occlu-
din gene, the results of which are shown in Figure 9. At
the 7th d after the treatment with CB, compared with
the control group, the occludin gene expression in the
ileum of the CB treatment group ducks was significantly
upregulated. In contrast, the change in expression in the
cecum was not significant, and there was a downregu-
lated trend. There was no significant difference in the
ileum and cecum occludin expression between the 2
groups at the 14th d, but the expression of this gene was
upregulated after the addition of CB.
DISCUSSION

Intestinal diseases are a serious threat to animal
health. With the continuous expansion of Muscovy duck
breeding, it is of great importance to understand the
intestinal barrier function of Muscovy ducks to enhance
its resistance to intestinal pathogens. Studies have
shown that intestinal occludin is a major component of
tight junctions. However, pathogenic Escherichia coli,
cholera enterotoxin, and rotavirus and Clostridium diffi-
cile toxins can disrupt the expression of intestinal occlu-
din and cause diarrhea (Fasano et al., 1991;
Nusrat et al., 2001; Shifflett et al., 2005; Beau et al.,
2007).

Therefore, in the present study, cloning and expres-
sion analysis of the occludin gene in Muscovy ducks
were reported for the first time. The results showed that
the occludin gene was generally expressed in the assayed
Figure 9. Effects of the oral administration with CB on the expression
moschata). GAPDH was selected as the internal reference gene. Results were
cant. Abbreviations: C, control group; CB, Clostridium butyricum treated g
tissues (Hwang et al., 2013; Ahn et al., 2016). However,
the expression was uneven in different tissues. The
expression levels were relatively high in the crop and
esophagus, possibly because they are the first to contact
the feed being at the front end of the digestive tract and
as an open organ has close contact with the external
environment. As a result, the digestive tracts are easily
stimulated by feed components and external factors,
resulting in increased occludin gene expression
(MacDonald et al., 2003; Brandtzaeg et al., 2004). It is
worth noting that occludin was regularly expressed in
the intestine, where high expression was observed in the
small intestine and was comparatively lower in the large
intestine. These results may indicate that occludin is
specifically expressed in organs that maintain homeosta-
sis, such as the intestinal tract, and plays a crucial role
in the tight junctions of the intestinal tract (Liu et al.,
2020). In addition, the dynamic gene expression pattern
of intestinal occludin with aging was assessed in this
study. The expression of occludin in the ileum showed a
fluctuating trend and finally stabilized, and that
observed in 3-day-old Muscovy ducks was significantly
higher than detected in the other groups. However, the
expression of occludin in the cecum was most abun-
dantly expressed in the 1-day-old ducks, followed by a
decreasing trend before finally becoming stabilized. Egg-
laying animals rely on the yolk to provide nutrition dur-
ing hatching and continue to absorb the nutrients in the
first few days after hatching until they are completely
exhausted. The overexpression of the intestinal occludin
gene in the early stage may be caused by the oversupply
of nutrients from yolk nutrition to promote nutrition
(Zhao et al., 2014; Zheng et al., 2014; Zhang et al.,
2020). Additionally, the high expression of occludin on d
3 might be due to the early development of ducklings.
At the early age of ducklings, they are developing intes-
tinal and other barriers to defense against pathogenic
microbe in the environment without the presence of cir-
culating maternal antibodies (Bar-Shira and Fried-
man, 2006). Especially for the intestine, the intestinal
barrier must be developed quickly before the adaptive
immunity matures.
of Occludin in the ileum (A) and cecum (B) of Muscovy ducks (Cairna
represented as mean§ SEM (n = 8). P < 0.05 was considered as signifi-
roup.
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Studies have shown that beneficial bacteria can regu-
late intestinal barrier function (Zhai et al., 2016;
Wu et al., 2019). However, CB can secrete antibacterial
factors, such as SCFAs and bacteriocins, reducing the
pH value of the intestinal environment to prevent patho-
genic microorganisms from invading the intestinal epi-
thelial cells, which reduces the inflammatory response
and increases the level of occludin expression (Li et al.,
2018; Li et al., 2018; Wang et al., 2018). To investigate
the dynamic expression pattern of occludin in the intes-
tinal tract of Muscovy ducks with early inoculation of
CB, we assessed the expression of occludin in the ileum
and cecum in 7- and 14-day-old ducks. The results
showed that early inoculation of CB significantly upre-
gulated the expression of occludin in the ileum. This
result is consistent with previous research results. The
concentration of butyrate is positively correlated with
the expression of tight junction proteins, which can
maintain and repair the barrier function of the GI tract
(Yin et al., 2020; Yu et al., 2020). In contrast, the
expression of occludin in the cecum had no significant
effect, possibly due to the beneficial effects of other sig-
naling pathways on the intestinal barrier without
increasing the expression of tight junction proteins
(Suzuki et al., 2011; Zou et al., 2016). However, this pos-
sibility requires further investigation.
CONCLUSIONS

In the present study, we reported the full-length
cDNA and bioinformatics analysis of the occludin gene
in Muscovy ducks for the first time. The occludin expres-
sion was observed to be tissue-specific with the highest
expression in the crop of Muscovy ducks. A variation
trend of occludin gene expression with age was observed.
The temporal expression of occludin in the ileum and
cecum indicated that occludin was expressed higher in
the early development of Muscovy ducks. Besides, early
intervention with CB could significantly increase the
occludin expression in the ileum of Muscovy ducks in the
first week of Experiment 2 without changes of occludin
expression in the cecum. Collectively, these results
improve the understanding of occludin dynamic expres-
sion in the Muscovy duck intestine and showed the effect
of CB on its expression.
ACKNOWLEDGMENTS

This work was supported by the State Key Labora-
tory for Managing Biotic and Chemical Threats to the
Quality and Safety of Agro-products (2010DS700124-
ZZ1905) and the National Waterfowl Industry Technol-
ogy System of China (CARS-42-27).
DISCLOSURES

The authors declare no conflicts of interest.
REFERENCES

Ahn, C., D. H. Shin, D. Lee, S. M. Kang, J. H. Seok, H. Y. Kang, and
E. B. Jeung. 2016. Expression of claudins, occludin, junction adhe-
sion molecule A and zona occludens 1 in canine organs. Mol Med
Rep. 14:3697–3703.

Alfajaro, M. M., E. H. Cho, D. S. Kim, J. Y. Kim, J. G. Park,
M. Soliman, Y. B. Baek, C. H. Park, M. I. Kang, and
S. I. Park. 2019. Early porcine sapovirus infection disrupts tight
junctions and uses Occludin as a coreceptor. J. Virol. 93:e01773-
18.

Bar-Shira, E., and A. Friedman. 2006. Development and adaptations
of innate immunity in the gastrointestinal tract of the newly
hatched chick. Dev. Comp. Immunol. 30:930–941.

Beau, I., J. Cotte-Laffitte, R. Amsellem, and A. L. Servin. 2007. A
protein kinase A-dependent mechanism by which rotavirus affects
the distribution and mRNA level of the functional tight junction-
associated protein, occludin, in human differentiated intestinal
Caco-2 cells. J. Virol. 81:8579–8586.

Bischoff, S. C., and S. Kr€amer. 2007. Human mast cells, bacteria, and
intestinal immunity. Immunol. Rev. 217:329–337.

Brandtzaeg, P, and R. Pabst. 2004. Let's go mucosal: communication
on slippery ground. Trends Immunol. 25:570–577.

Chen, Q., O. Chen, M. I. Martins, H. Hou, X. Zhao, J. B. Blumberg,
and B. Li. 2017. Collagen peptides ameliorate intestinal epithelial
barrier dysfunction in immunostimulatory Caco-2 cell monolayers
via enhancing tight junctions. Food Funct. 8:1144–1151.

Chen, Y., Y. Cheng, C. Wen, Y. Kang, A. Wang, and Y. Zhou. 2018.
Effects of dietary synbiotic supplementation as an alternative to
antibiotic on the growth performance, carcass characteristics,
meat quality, immunity, and oxidative status of cherry valley
ducks. J Poult Sci. 55:182–189.

Cui, Y., Q. Wang, R. Chang, X. Zhou, and C. Xu. 2019. Intestinal
barrier function-non-alcoholic fatty liver disease interactions and
possible role of gut microbiota. J. Agric. Food Chem. 67:2754–
2762.

Duncan, S. H., G. L. Hold, A. Barcenilla, C. S. Stewart, and
H. J. Flint. 2002. Roseburia intestinalis sp. nov., a novel saccharo-
lytic, butyrate-producing bacterium from human faeces. Int. J.
Syst. Evol. Microbiol. 52:1615–1620.

Fang, S., Z. Zhuo, X. Yu, H. Wang, and J. Feng. 2018. Oral
administration of liquid iron preparation containing excess iron
induces intestine and liver injury, impairs intestinal barrier
function and alters the gut microbiota in rats. J. Trace Elem
Med Biol. 47:12–20.

Fasano, A., B. Baudry, D. W. Pumplin, S. S. Wasserman, B. D. Tall,
J. M. Ketley, and J. B. Kaper. 1991. Vibrio cholerae produces a
second enterotoxin, which affects intestinal tight junctions. Proc.
Natl. Acad. Sci. U.S.A. 88:5242–5250.

Fujimoto, Y., H. Ito, E. Ono, Y. Kawaoka, and T. Ito. 2016. The Low-
pH resistance of neuraminidase is essential for the replication of
influenza a virus in duck intestine following Infection via the oral
route. J. Virol. 90:4127–4132.

Gong, Y., H. Yang, X. Wang, W. Xia, W. Lv, Y. Xiao, and
X. Zou. 2019. Early intervention with cecal fermentation broth
regulates the colonization and development of gut microbiota in
broiler chickens. Front Microbiol. 10:1422.

Gong, Y., W. Xia, X. Wen, W. Lyu, Y. Xiao, H. Yang, and
X. Zou. 2020. Early inoculation with caecal fermentation broth
alters small intestine morphology, gene expression of tight junction
proteins in the ileum, and the caecal metabolomic profiling of
broilers. J. Anim Sci Biotechnol. 11:8.

Huang, T., X. Y. Peng, B Gao, Q. L. Wei, R. Xiang, M. G. Yuan, and
Z. H. Xu. 2019. The effect of clostridium butyricum on gut micro-
biota, immune response and intestinal barrier function during the
development of necrotic enteritis in chickens. Front. Microbiol.
10:2309.

Hwang, I., B. S. An, H. Yang, H. S. Kang, E. M. Jung, and
E. B. Jeung. 2013. Tissue-specific expression of occludin, zona
occludens-1, and junction adhesion molecule A in the duodenum,
ileum, colon, kidney, liver, lung, brain, and skeletal muscle of
C57BL mice. J. Physiol. Pharmacol. 64:11–19.

Johnson-Henry, K. C., K. A. Donato, T. G. Shen, M. Gordanpour,
and P. M. Sherman. 2008. Lactobacillus rhamnosus strain GG pre-
vents enterohemorrhagic Escherichia coli O157:H7-induced

http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0018


OCCLUDIN IN DUCKS 11
changes in epithelial barrier function. Infect. Immun. 76:1340–
1348.

Li, H. H., Y. P. Li, Q. Zhu, J. Y. Qiao, and W. J. Wang. 2018. Dietary
supplementation with Clostridium butyricum helps to improve the
intestinal barrier function of weaned piglets challenged with
enterotoxigenic Escherichia coli K88. J. Appl. Microbiol. 125:964–
975.

Li, H., Y. Gong, Y. Xie, Q. Sun, and Y. Li. 2018. Clostridium butyri-
cum protects the epithelial barrier by maintaining tight junction
protein expression and regulating microflora in a murine model of
dextran sodium sulfate-induced colitis. Scand. J. Gastroenterol.
53:1031–1042.

Liao, X., R. Wu, G. Ma, L. Zhao, Z. Zheng, and R. Zhang. 2015.
Effects of Clostridium butyricum on antioxidant properties, meat
quality and fatty acid composition of broiler birds. Lipids Health
Dis. 14:36.

Liu, P., Y. Bian, Y. Fan, J. Zhong, and Z. Liu. 2020. Protective effect
of naringin on In vitro gut-vascular barrier disruption of intestinal
microvascular endothelial cells induced by TNF-a. J. Agric. Food
Chem. 68:168–175.

Liu, Y., Y. Li, X. Feng, Z. Wang, and Z. Xia. 2018. Dietary supple-
mentation with Clostridium butyricum modulates serum lipid
metabolism, meat quality, and the amino acid and fatty acid com-
position of Peking ducks. Poult Sci. 97:3218–3229.

Lu, L, Y. Chen, Z. Wang, X. Li, W. Chen, Z. Tao, J. Shen, Y. Tian,
D. Wang, G. Li, L. Chen, F. Chen, D. Fang, L. Yu, Y. Sun, Y. Ma,
J. Li, and J. Wang. 2015. The goose genome sequence leads to
insights into the evolution of waterfowl and susceptibility to fatty
liver. Genome Biol. 16:89.

Lucke, A., J. B€ohm, Q. Zebeli, and B. U. Metzler-Zebeli. 2018. Die-
tary deoxynivalenol and oral lipopolysaccharide challenge differ-
ently affect intestinal innate immune response and barrier function
in broiler chickens. J. Anim. Sci. 96:5134–5143.

Luo, X., L. Guo, J. Zhang, Y. Xu, W. Gu, L. Feng, and
Y. Wang. 2017. Tight junction protein Occludin is a porcine epi-
demic diarrhea virus entry factor. J. Virol. 91:e00202–17.

MacDonald, T. T. 2003. The mucosal immune system. Parasite
Immunol. 25:235–246.

Nusrat, A., C. von Eichel-Streiber, J. R. Turner, P. Verkade,
J. L. Madara, and C. A. Parkos. 2001. Clostridium difficile toxins
disrupt epithelial barrier function by altering membrane microdo-
main localization of tight junction proteins. Infect. Immun.
69:1329–1336.

Lyu, W., X. Liu, L. Lu, B. Dai, W. Wang, H. Yang, and
Y. Xiao. 2021. Cecal microbiota modulates fat deposition in Mus-
covy ducks. Front. Vet. Sci. 8:609348.

Okumura, R., and K. Takeda. 2018. Maintenance of intestinal homeo-
stasis by mucosal barriers. Inflamm Regen. 38:5.

Resta-Lenert, S., and K. E. Barrett. 2006. Probiotics and commensals
reverse TNF-alpha- and IFN-gamma-induced dysfunction in
human intestinal epithelial cells. Gastroenterology. 130:731–746.

Shi, S., Z. Qi, W. Jiang, S. Quan, T. Sheng, J. Tu, Y. Shao, and
K. Qi. 2020. Effects of probiotics on cecal microbiome profile
altered by duck Escherichia coli 17 infection in Cherry Valley
ducks. Microb. Pathog. 138:103849.

Shifflett, D. E., D. R. Clayburgh, A. Koutsouris, J. R. Turner, and
G. A. Hecht. 2005. Enteropathogenic E. coli disrupts tight junc-
tion barrier function and structure in vivo. Lab. Invest. 85:1308–
1324.

Suzuki, T., and H. Hara. 2011. Role of flavonoids in intestinal tight
junction regulation. Nutr. Biochem. 22:401–408.

Walker, E. M., C. A. Thompson, and M. A. Battle. 2014. GATA4 and
GATA6 regulate intestinal epithelial cytodifferentiation during
development. Dev. Biol. 392:283–294.

Wang, Y., Y. Gu, K. Fang, K. Mao, J. Dou, H. Fan, C. Zhou, and
H. Wang. 2018. Lactobacillus acidophilus and Clostridium butyri-
cum ameliorate colitis in murine by strengthening the gut barrier
function and decreasing inflammatory factors. Benef Microbes.
9:775–787.
Woo, S. H., S. H. Lee, J. W. Park, D. M. Go, and D. Y. Kim. 2019.
Osteopontin protects colonic mucosa from dextran sodium sulfate-
induced acute colitis in mice by regulating junctional distribution
of occludin. Dig. Dis. Sci. 64:421–431.

Wu, Y., B. Wang, Z. Zeng, R. Liu, L. Tang, L. Gong, andW. Li. 2019.
Effects of probiotics Lactobacillus plantarum 16 and Paenibacillus
polymyxa 10 on intestinal barrier function, antioxidative capacity,
apoptosis, immune response, and biochemical parameters in
broilers. Poult. Sci. 98:5028–5039.

Wu, Y, L. Tang, B. Wang, Q. Sun, P. Zhao, and W. Li. 2019. The role
of autophagy in maintaining intestinal mucosal barrier. J. Cell.
Physiol. 234:19406–19419.

Wu, Y., Z. Liu, E. Zhu, M. Li, H. Jiang, Y. Luo, Q. Wang, X. Wu,
B. Wu, and Y. Huang. 2019. Changes in the small intestine muco-
sal immune barrier in Muscovy ducklings infected with Muscovy
duck reovirus. Vet. Microbiol. 233:85–92.

Xiao, Y., L. Yu, G. Gui, Y. Gong, X. Wen, W. Xia, H. Yang, and
L. Zhang. 2019. Molecular cloning and expression analysis of inter-
leukin-8 and -10 in yellow catfish and in response to bacterial path-
ogen infection. Biomed Res Int. 2019:9617659.

Yan, T., F. Zhang, Y. He, X. Wang, X. Jin, P. Zhang, and D. Bi. 2018.
Enterococcus faecium HDRsEf1 elevates the intestinal barrier
defense against enterotoxigenic Escherichia coli and regulates
occludin expression via activation of TLR-2 and PI3K signalling
pathways. Lett. Appl. Microbiol. 67:520–527.

Yin, J., C. Zhou, K. Yang, Y. Ren, Y. Qiu, P. Xu, W. Xiao, and
H. Yang. 2020. Mutual regulation between butyrate and hypoxia-
inducible factor-1a in epithelial cell promotes expression of tight
junction proteins. Cell Biol. Int 44:1405–1414.

Ying, M., B. Zheng, Q. Yu, K. Hou, H. Wang, M. Zhao, Y. Chen,
J. Xie, S. Nie, and M. Xie. 2020. Ganoderma atrum polysaccharide
ameliorates intestinal mucosal dysfunction associated with
autophagy in immunosuppressed mice. Food Chem. Toxicol.
138:111244.

Yu, L., L. Zhang, H. Yang, G. Gui, Y. Liu, and Y. Xiao. 2018. Identifi-
cation and characterization of the myeloid differentiation factor 88
gene in yellow catfish. 3 Biotech. 8:430.

Yu, M., Z. Li, W. Chen, G. Wang, T. Rong, Z. Liu, F. Wang, and
X. Ma. 2020. Hermetia illucens larvae as a Fishmeal replacement
alters intestinal specific bacterial populations and immune homeo-
stasis in weanling piglets. J. Anim. Sci. 98:skz395.

Zeiller, C., S. Mebarek, R. Jaafar, L. Pirola, M. Lagarde, A. F. Prigent,
and G. N�emoz. 2009. Phospholipase D2 regulates endothelial perme-
ability through cytoskeleton reorganization and occludin downregu-
lation. Biochim. Biophys. Acta. 1793:1236–1249.

Zhai, Q., F. Tian, J. Zhao, H. Zhang, A. Narbad, and W. Chen. 2016.
Oral administration of probiotics inhibits absorption of the heavy
metal cadmium by protecting the intestinal barrier. Appl. Envi-
ron. Microbiol. 82:4429–4440.

Zhan, H. Q., X. Y. Dong, L. L. Li, Y. X. Zheng, Y. J. Gong, and
X. T. Zou. 2019. Effects of dietary supplementation with Clostrid-
ium butyricum on laying performance, egg quality, serum parame-
ters, and cecal microflora of laying hens in the late phase of
production. Poult. Sci. 98:896–903.

Zhang, Y., Y. Liu, J. Li, T. Xing, Y. Jiang, L. Zhang, and
F. Gao. 2020. Dietary corn resistant starch regulates intestinal
morphology and barrier functions by activating the Notch signal-
ing pathway of broilers. Asian-australas. J. Anim. Sci 33:2008–
2020.

Zhao, Y., G. Qin, R. Han, J. Wang, X. Zhang, and D. Liu. 2014.
b-Conglycinin reduces the tight junction occludin and ZO-1
expression in IPEC-J2. Int J Mol Sci. 15:1915–1926.

Zheng, S., G. Qin, H. Tian, and Z. Sun. 2014. Role of soybean b-con-
glycinin subunits as potential dietary allergens in piglets. Vet. J.
199:434–438.

Zou, J., X. Mo, Z. Shi, T. Li, J. Xue, G. Mei, and X. Li. 2016. A
prospective study of platelet-rich plasma as biological augmen-
tation for acute achilles tendon rupture repair. Biomed Res
Int. 2016:1–8.

http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0042
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0043
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0044
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0045
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0046
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0047
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0048
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0049
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0050
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0051
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0052
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0053
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0053
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0053
http://refhub.elsevier.com/S0032-5791(21)00305-9/sbref0053

	Molecular characterization, developmental expression, and modulation of occludin by early intervention with Clostridium butyricum in Muscovy ducks
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Tissue Sampling
	RNA Extraction and Reverse Transcription
	Real Time Polymerase Chain Reaction (RT-PCR)
	5´ and 3´ Rapid Amplification of the cDNA Ends (5´ and 3´RACE)
	Comparison and Evolutionary Analyses of the Muscovy Ducks (Cairna moschata) Occludin
	Protein 3D Structure Prediction
	Phylogenetic Analysis
	Determination of Short Chain Fatty Acids (SCFAs) Content in Cecum by Gas Chromatography
	Statistical Analysis

	RESULTS
	Molecular Cloning of Occludin cDNAs from the Muscovy Ducks
	Phylogenetic Analysis
	Tissue Expression of the Muscovy Ducks Occludin Gene
	Occludin Gene Expression in Intestinal Tissue of the Muscovy Ducks
	Effects of CB Treatment on the Growth Performance and SCFAs Content in Cecum of Muscovy Ducks
	Effect of CB Treatment on the Expression of Occludin in Muscovy Ducks

	DISCUSSION
	CONCLUSIONS
	DISCLOSURES

	REFERENCES


