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ABSTRACT Intestinal damage from the duck plague
virus (DPV) infection affects intestinal inflammation fac-
tors expression and barrier dysfunction. Here we report
findings from the pathogenicity of the intestinal tract,
intestinal morphological, intestinal permeability, inflam-
matory cytokines, and tight junction gene expression in
72 two-wk-old Muscovy ducks exposed to DPV. The
characterization of intestinal metabolites and their classi-
fication were examined using 16-sequencing technology.
The primary outcomes of the study evaluated the correla-
tion between intestinal microbiota characteristics and the
degree of infected tissue. The secondary outcomes were to
determine whether the biosignatures that defined the
microbiota were positively or negatively correlated with
viral infection. The tissue was infected accompanied a
mild damage of liver and spleen, and severe intestinal
bleeding. Two inoculation routes were constructed with
susceptible animals to assess the pathogenicity of the
DPV in order to enrich the status of infection in Muscovy
ducks. High levels of virus titer from Muscovy ducks were
found being in the intestine. The expression of INF-a and
IL-b with viral infection increased at 4, and 6 dpi, respec-
tively, after detecting of the inflammatory factor and bar-
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rier function genes. At 4 and 6 dpi, barrier function gene
of ZO-1 and Occludin reduced. The severity of viral infec-
tion was significantly correlated with the characteristics
of the intestinal microbiota. Ducks infected with the DPV
had an increase in the phylum Firmicutes, a decrease in
the phylum Actinobacteriota, and differential enrichment
with the genus Bacteroides, Tyzzerella, Enterococcus,
and Escherchia-Shigella, while the genus Rothia, Strepto-
coccus, and Ralstonia were differentially enriched in the
control group. The findings from the current study dem-
onstrated that DPV infection leads to an imbalance of
the intestinal microbiota and disruption of the microbial
homeostasis in the intestinal tissue in ducks, which might
be one of the mechanisms whereby DPV infection might
be established in Muscovy ducks. Na+/K+-ATPase and
Ca2+/Mg2+-ATPase activity monitoring also showed that
viral infection reduced these activities. These findings
imply that changes in intestinal microbiota, intestinal
barrier gene expression, and inflammatory factor are
related to viral infection. When taken as a whole, this
work provides fresh perspectives on the characteristics of
intestinal microbiota and the infection damage caused by
the DPV.
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INTRODUCTION

Herpesviruses can be transmitted by direct contact or
indirectly in the natural environment, susceptible hosts
were easily infected, with mass mortality. These viruses
invade intestine tissue after replication, which serves as
a breeding ground for bacteria, viruses, and other micro-
organisms collectively known as the microbiota. The
intestinal microbiota is essential for the host immune
function, tissue development, and general health.
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Studies have shown that herpesvirus infections, such as
Pseudorabies virus, cyprinid herpesvirus 2, Marek’s dis-
ease virus, and cytomegalovirus, among others, might
alter the microbiological composition and the patho-
physiology of regulating immunity (She et al., 2017;
Zhang et al., 2019; Bavananthasivam et al., 2021;
Sbihi et al., 2022). Numerous studies have demonstrated
that virus replication made a connection between the
clinical signs and the intestinal microbiota
(Figueroa et al., 2020; Kim et al., 2020; Erttmann et al.,
2022). It is unknown, however, whether certain herpesvi-
ruses affect the intestinal microbiota in vivo or whether
various inoculation methods have an equal impact on
the pathogenicity of related viruses.

Duck plague virus (DPV) is a waterfowl pathogenic
virus of the herpesviridae family that causes tissue fail-
ure and bleeding in the waterfowl (Dhama et al., 2017;
El-Tholoth et al., 2019). Following the initial discovery
of DPV in the Netherlands, this infectious disease with
a sudden onset was seen in duck farms all over the
world (Hanson and Willis, 1976; Aasdev et al., 2021;
Islam et al., 2021; Khan et al., 2021). Affected ducks
displayed similar symptoms, including severe manifes-
tations of systemic hemorrhage, intestinal lesions,
liver, and spleen hemorrhage. The waterfowl industry
is seriously at risk since DPV can spread to a variety of
duck species, including the cherry, white, saffron, and
golden ducks, among others. Early research showed
that DPV initially reproduced in the mucosa of the
digestive tract before spreading to internal tissue and
causing hemorrhagic necrosis of the intestine
(Islam and Khan, 1995).

Pathogen invasion can alter the intestinal environ-
ment, induce intestinal damage, and exacerbate
symptoms caused by infection (Spadoni et al., 2015;
Prendergast et al., 2017; Oliva et al., 2021). An
essential indicator of preserving intestinal health is
intestinal microbial homeostasis (Sommer et al.,
2017; Saez et al., 2021). Previously, we established
that ducks were infected by DPV whether it is
injected intravenously or intramuscularly, and here
we enriched body damage in Muscovy ducks. Mucosal
immunity is an important component of the humoral
immune response (Zmora et al., 2017), and DPV
infection is linked to the development of intestine
associated genes that produce defenses against a vari-
ety of pathogens. The active role of intestinal
immune function may be thought of as a mechanism
of defense against pathogen invasion. Little is known
about the study of viral infection on the characteris-
tics of the intestinal microbiota of Muscovy ducks.
The 14-days-old ducks used in the current study were
intramuscularly and hypodermically injected with the
virus. Clinical signs, body weight changes, pathologi-
cal damage, virus distribution, intestinal microbiota,
barrier function gene, and ATPase were systemati-
cally analyzed. This research laid the foundation for
more thorough investigation into the pathogenic
mechanism, which could considerably advance our
understanding to intestinal microbiota function in
DPV infection.
MATERIALS AND METHODS

Cell, Viruses, and Animal

DPV (BankIt2607498 Seq1OP205480) was provided
from Waterfowl Department Wens, Guangdong, China.
Specific-pathogen-free (SPF) duck embryos were
obtained from the Harbin Veterinary Research Institute,
Chinese Academy of Agricultural Sciences. Duck embry-
onic fibroblast (DEF) were isolated and propagated in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum (FBS) (Dang et al.,
2021). One-day-old Muscovy ducklings free of DPV-spe-
cific maternal antibody were obtained from the WENS,
Guangdong, China.
Cell Infection and Viability

To observe viral growth characteristics in vitro, pri-
mary cell that is commonly used to isolate DPV was
selected of DEF in this study (Mondal et al., 2010). DEF
cells were infected with DPV at a multiplicity of infection
(MOI) of 0.5 or 1, respectively, while control group was
cultured in DMEM and incubated at 37°C for various
time periods. After that, cells were maintained in 2% FBS
DMEM after being rinsed 3 times with phosphate-buff-
ered saline (PBS). Each well was added to 10 mL of the
Cell Counting Kit-8 solution (CCK-8) (Hernandez et al.,
2021). Cell was further incubated for 4 h. About 450 nm
absorbance was measured using a microplate reader.
Indirect Immunofluorescence Assay

To perform the immunofluorescence assays, the DEF
was cultured from preprepared in 6 well-plate was used.
At 24 h, cells were challenged by DPV until 72-h-post
inoculation (hpi). After drying, cells were rinsed and
fixed with 4% paraformaldehyde at room temperature
for 15 min (Shi et al., 2022). Cells were next subse-
quently incubated with positive serum against DPV for
1 h, after which they were incubation with 1:2,000
diluted rabbit antigoat IgG (H+L) secondary antibody,
electron fluorescence microscopy was used to examine
the preparations, and Adobe Photoshop was used to
edit the obtained photos.
Animal Experimental Design

Seventy-two, 2-wk-old Muscovy ducks with negative
sera against the DPV were randomly divided into 4
groups and kept in isolators with negative pressure, and
unrestricted access to food and water after receiving
ethics approval by the Research Ethics Committee and
Institutional Animal Care and Use Committee of South
China Agricultural University. Ducks of the



Table 1. Sequence of primers used in qRT-PCR to detect inflammatory factors and barrier function gene expression.

Primer Forward sequence (50−30) Reverse sequence (50−30)

ZO1 TTCGGGAAGCTGGGTTTCTC CCAGCGTCTCTTGGTTCACT
Occludin GTGAGTGTCCCAATGGTG ATGGAACACCTATGGAACAC
IFN-a CCGCAACCTTCACCTCAG GGGCTGTAGGTGTGGTTC
IL-b TCACAGTCCTTCGACATCTTCG CCTCACTTTCTGGCTGGATGAG
GAPDH ATGAGAAGTATGACAAGT ATTATCTAGTGAGGTGAG
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experimental groups were injected with the DPV by
intramuscular injection (i.m. injections) or hypodermic
injection (i.h. injections) at a dose of 105.28 TCID50 in a
200 mL volume, respectively, to examine clinical symp-
toms and gross lesions of Muscovy ducks in vivo
(Lian et al., 2011). PBS was administered in equal dos-
ages to the control group at the same inoculation loca-
tion. Post inoculation, the ducks (n = 18 per each
group) were put into separate negative pressure isolator.
Every day, the health check and body status were evalu-
ated. Euthanized animals in advance if they appeared
mental depression. Three ducks from each group were
euthanized. The remaining ducks at the end of the study
were euthanized by the intravenous administration of
sodium pentobarbital (100 mg/kg body weight).
Histology Examination, Genome Extraction,
and Real-Time PCR Verification

For hematoxylin and eosin (H&E) staining, tissues
from each group were infiltrated with paraformaldehyde
at a 4% concentration (Zhou et al., 2020). A portion of
the tissue was removed from the freezer at low tempera-
ture and homogenized in 2.0 mL of precooled PBS. A
pair of particular primers (F:50-GTATGATTGCGGA-
TAGATA-30, R:50-CGACTGATAGGTATAGGT-30,
78 bp) were used in PCR to detect viral DNA/RNA in
tissue or blood, and were extracted using the Steady-
Pure Viral DNA/RNA Kit. To measure the viral titer in
various tissues, the DPV genome was used as a tem-
plate. The recycling product was then ligated with the
pMD-19T vector to create a standard plasmid that
served as a standard curve (Yu et al., 2013). Finally, tis-
sue genome was extracted by SteadyPure Viral DNA/
RNA Kit for real-time PCR. PCR reaction conditions
were as follows: 95°C for 30 s, 34 cycles of amplification
at 95°C for 10 s, and 60°C for 30 s, followed by a dissocia-
tion curve analysis step.
Assay of Intestinal Microbiota

The TIANamp Stool DNA Kit (TIANGEN, Beijing,
China) was used to obtain intestinal bacterial genomic.
The integrity of the DNA samples was examined using
agarose gel electrophoresis after the DNA samples were
quantified using a NanoDrop spectrophotometer
(Thermo, Waltham, MA). Utilizing an Illumina Nova-
Seq platform, sequencing libraries were created using
the NEBNext UltraTM IIDNA Library Prep Kit
(Al Khatib et al., 2021). Species annotation was
performed on the ASVs of each sample at various levels
by classify-sklearn in QIIME2. After that, a-diversity
and b-diversity were analyzed by QIIME2.
Barrier Function Gene Relative Expression

According to Trizol (Takara, Dalian, China) instruc-
tions, total RNA from intestinal tissues was isolated,
and its reverse transcription resulted in cDNA
(Wu et al., 2018). Real-time quantitative PCR (RT-
qPCR) validation of gene levels using the specified gene
primer. The primer sequences of genes for zonula occlu-
dens (ZO)-1, Occludin, interferon-a (IFN-a), interleu-
kin-1b (IL-1b), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) are displayed in Table 1.
The 2�DDCT approach was used to determine relative
expression level of each gene (Rao et al., 2013). GAPDH
was utilized as the reference gene in the ileum.
Estimation of ATPase Activity in the Intestine

A 5% sodium pentobarbitone intravenous injection
was used to euthanize 6 ducks every time point, or 18
ducks per group (Yin et al., 2019). The 2−3 cm intestinal
segments were flushed to collect intestinal mucosal tis-
sue, which were then quickly frozen in liquid nitrogen.
Using a 2 mL Eppendorf tube, appropriate frozen intes-
tine segments were taken superficially. Each tube was
then filled with either 250 mL of 1-mm-diameter sterile
glass beads or 1 mL of 0.067 M phosphate buffer, pH 7.5.
The tissues were homogenized in a low temperature
homogenizer for 15 min at 3,500 rpm. A portion of tissue
was kept at or below 80°C, while the remaining tissue
underwent intestinal analyses using Na+/K+-ATPase
and Ca2+/Mg2+-ATPase kits from Beijing BoxBio Sci-
ence & Technology Co., Ltd. At 660 nm, the solution
was read by a spectrophotometer (Nepal et al., 2021).
The results were expressed in U/g of ATP.
Statistics

Data analysis was performed using SPSS 19.0 and
GraphPad Prism 8.0. One-Way ANOVA was utilized in
the analysis and comparisons. The results were
expressed as mean § standard deviation (SD). The sta-
tistics were considered significant at P < 0.05.



Figure 1. Replicative capacity of DEF cell infected with duck plague virus in vitro. (A) IFA analysis of DEF cells infected with duck plague
virus during infection. (B) Effect of DEF cell viability during different infection time.
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RESULTS

Identification and Cell Characterization of
Infecting

DPV replicates efficiently in DEF cells. Normal duck
primary cells appeared to exhibit a complete cell mor-
phology in their microstructure. The endosomes were
discovered in normal cell morphology at 3 to 4-day-post
inoculation (dpi). Cells shed in vast quantities, up to
death (Figure 1A). The immunological investigation
was carried out by using positive serum of DPV,
whereby immunofluorescence was observed to be fully
emerged in the infected DEF cells (Figure 1B). DEF cells
challenged by DPV at a MOI of 0.5 or 1 had decreased
cell viability. Compared to the other groups, the infected
group at a MOI of 1 had the lowest cell viability. Addi-
tionally, from 12 to 120 hpi, the infected group of cell
viability was considerably decreased in comparison to
the other groups (Figure 1C). These findings suggested
that DEF cellular viability and survival could be
adversely impacted by DPV infection.



Figure 2. Diagram of animal regression experiments. (A) Muscovy ducks were randomly divided into 4 groups of 18. Two parallel control
groups, and 2 experimental groups. Two-wk-old ducks of half of them were infected with corresponding DPV by i.m. injections or i.h. injections at a
dose of 105.00 TCID50 in 0.1 mL volume. The half of the Muscovy ducks were used to as parallel negative controls. (B) Diagram is representative of
several experiments related to intestinal infection. (C) The body weight of challenged Muscovy ducks. (D) The survival curves of challenged Mus-
covy ducks.

DPV INFECTION DISRUPT THE INTESTINAL MICROBIOTA 5
Clinical Observation and Weights Change in
Ducks Infected With Duck Plague Virus

At the early infection stage (i.e., 2 dpi), none of the
ducks in any group displayed clinical symptoms; however,
at 3 dpi, a portion of the ducks began to exhibit listlessness,
growth retardation, and decreased appetite in the i.m.
injections group. The infected duck body weight began to
grow at 4 dpi, and by 6 dpi it had clearly increased in com-
parison to normal ducks (Figure 2C). At 4 dpi, 4 ducks
were found dead, and the rest infected ducks were found
dead at 6 dpi. The majority of the ducks in the i.h. injec-
tion group displayed poor mental health by the third day,
and at 4 and 5 dpi, over 60% of the ducks occur death. At
6 dpi, all the infected ducks died; no dead duck was
observed in the corresponding control group (Figure 2D).
Pathological Injury of Tissue by Duck Plague
Virus Infection

Liver, spleen, and intestine are key susceptible tis-
sue of targets for DPV infection (Yuan et al., 2005;
Shen et al., 2010). At the early infection stage (i.e., 2
dpi), none of the Muscovy ducks in any group dis-
played obvious injury; however, at 4 dpi, the liver
surface of the infected groups was severely engorged
(Figure 3A), the spleen was enlarged and engorged
(Figure 3B), necrotic spots appeared in the intestine
(Figure 3C), and some ducks only displayed other
consistent symptoms like acute anorexia, diarrhea,
sadness, and paralysis. At 6 dpi, postmortem exami-
nation of the infected ducks showed severe intestinal
necrosis and congestion. There were large areas of
necrosis and necrosis on the liver surface. The nega-
tive control ducks were euthanized and none of signif-
icantly histologic lesions were found.
The next phase involved determining whether the

DPV intensifies tissue lesions in Muscovy ducks. As sus-
ceptible internal tissues, the liver, spleen, and intestine
of the duck served as the first sources of sample collec-
tion. The control group did not develop any microscopic
lesion throughout the experimental timeline. A high
number of mildly enlarged hepatocytes and a sparse
number of localized infiltrates of inflammatory cells were
discovered in the livers that had been exposed to the
infection for 2 dpi (Figure 3A). The white marrow of the
spleen contained fewer cells, and there were several small
areas of necrosis in the tissue (Figure 3B). In the intes-
tine, epithelial cells were lost, but no other obvious
abnormalities were present (Figure 3C). The remaining
hepatocytes were closely arranged and more hepatic
sinusoids and veins were stagnant at 4 dpi (Figure 3A).
At this point, the white marrow structure was hazy, the
area share was substantially reduced, and the red mar-
row, which contained a lot of red blood cells, showed



Figure 3. Infected capacity of DPV to Muscovy ducks in vivo. (A) Gross lesions and H&E-stained tissue of challenged ducks in livers. Enlarged
livers with diffuse hemorrhage and necrosis; obvious fatty degeneration and basophilic inclusion bodies presented in hepatocytes, tissue structural
disorders. From top to bottom are 2 dpi, 4 dpi, and 6 dpi. (B) Gross lesions and H&E-stained tissue of challenged ducks in spleens. Swelling, dark-
ened, and spotted bleeding in spleen; various degrees of hemorrhage. From top to bottom are 2 dpi, 4 dpi, and 6 dpi. (C) Gross lesions and H&E-
stained tissue of challenged ducks in intestine. Diffuse hemorrhagic spots on the intestinal surface, intestinal necrosis; massive villi breakage, and
shedding. From top to bottom are 2 dpi, 4 dpi, and 6 dpi.
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widespread bruising and hemorrhage (Figure 3B). A sig-
nificant amount of inflammatory cell exudation, capil-
lary bruising, and dilatation were also present, along
with an enormous amount of necrotic tissue debris in the
intestinal lumen. All challenged groups had more severe
intestinal pathological damage at 6 dpi, with numerous



Figure 4. Growth kinetics of DPV in Muscovy ducks in vivo. (A) DPV effectively replicates in different tissue of the challenged ducks (i.m.
injection group). (B) DPV effectively replicates in different tissue of the challenged ducks (i.h. injection group). Data are representative of different
tissues related to viral infection. Virus titer were expressed as lg (copies/mL).
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intestinal tissue necrosis, basic loss of the mucosal layer
epithelium and intestinal glands, leaving only the
exposed lamina propria connective tissue visible
(Figure 3C).

Infectivity of Duck Plague Virus in Muscovy
Ducks

To detect the DPV replication in Muscovy ducks, sus-
ceptible tissues of liver, spleen, and intestines were used
as detection object. At 4 dpi, the spleen and intestine tis-
sues had the highest viral titers. In the i.m. injection
group, viral titers were 6.30 lg(copies/uL) and 6.19 lg
(copies/uL) in the spleen and intestines, respectively
(Figure 4A). In the i.h. injection group, Viral titers were
6.34 lg(copies/uL) and 6.38 lg(copies/uL) in spleen and
intestines, respectively (Figure 4B). At 6 dpi, the viral
titles of tissues started to decline, however intestinal tis-
sue still had significantly high viral titers. The data dem-
onstrated that DPV could efficiently replicate in
Muscovy ducks, and that the virus reached its maximum
titles in susceptible tissue at 4 dpi.

Viral Infection Affects the Diversity of Ileac
Microbiota

We previously demonstrated DPV replication in the
intestinal organoids, and the animal intestine can be
used as the main research object for the modifications of
microbiota by virus infection, and we evaluated the
kinetics of viral replication. Within 4 dpi, a noticeably
elevated viral load was seen in intestinal tissue. In total,
we generated 961,146 raw reads sequences from 12 sam-
ples with an average read length of 411 bp. We acquired
744,074 optimized sequences, which were utilized to pro-
file the intestinal microbiomes ASVs as proxies for bac-
terial species, after removing the primers, low-quality
sequences, and filtering chimeras. Analysis of the rare-
faction and rank abundance curves revealed that these
curves tended to flatten as the number of sample sequen-
ces increased, indicating that the sample’s richness and
uniformity were sufficient, and that the sequencing
depth was satisfactory (Figures 5A). These findings
suggested that the sample quantity and level of sequenc-
ing were adequate. Nonmetric multidimensional scaling
(NMDS) analysis reflects the differences between and
within groups through the distance between points. The
samples with high community structure similarity
tended to cluster. Four groups might be created from
the parts of all the groups in this study: R1 (T1, T2, and
T3 of Treat A), R2 (J1, J2, and J3 of Treat B), R3 (C1,
C2, and C3 of Control A), and R4 (C4, C5, and C6 of
Control B). In the NMDS plot, a single area was shared
by the points from the 2 treatment groups (R1 and R2)
(Figure 5B).
Intestinal microbiota complexity was assessed using

alpha-diversity indexes (Li et al., 2022). The greater
Shannon and Chao1 indices indicate a more varied and
diverse microbial population (Fan et al., 2021;
Jiang et al., 2021). The Chao1 was used to contain the
species richness of community sampled. When compared
to the control group, the Chao1 of the R3, and R4 groups
was significantly higher (Figure 5C). The variety of spe-
cies, the total number of categories, and their proportions
in the sample were all reflected using the Shannon index.
The bigger the Shannon index, the more uniform the dis-
tribution of species is, and the higher the species diversity.
Both treatment groups’ Shannon indices were lower than
those of the control group (Figure 5D). Consequently,
these results demonstrated that the species richness and
diversity in the Muscovy duck intestines might decrease
following the DPV infection.
Composition of Intestinal Microorganisms at
Different Levels

Additionally, we found Firmicutes, Proteobacteria,
Actinobacteria, and Bacteroidetes in almost all intesti-
nal tissues (Figure 6A). While Actinobacteria levels
declined during the DPV infection, overall relative
abundances of Firmicutes, Proteobacteria, and Bacter-
oidetes increased. We discovered 7 dominant Genus,
including Escherichia-Shigella, Rothia, Ruminococcus
torques, Streptococcus, Muribaculaceae, Bacterroides,
and Tyzzerella (Figure 6E). In comparison to R3, R4,



Figure 5. The diversity of intestinal microbiota in Muscovy ducks. (A) Rarefaction curve of experimental groups. The horizontal axis represents
the amount of sequencing data, and the vertical axis represents the observed ASVs. (B) NMDS of microbial community structure in the treat groups
and control groups. Symbols with different colors correspond to different groups. (C) The Chao 1 was used to estimate sample richness, and the hori-
zontal axis represents the amount of sequencing data, and the vertical axis represents the corresponding alpha diversity index. (D) The horizontal
axis represents grouping, while the vertical axis represents the corresponding alpha diversity index value. (E) Shannon indices were used to estimate
sample diversity, and the horizontal axis represents the amount of sequencing data, and the vertical axis represents the corresponding alpha diversity
index. (F) The horizontal axis represents grouping, while the vertical axis represents the corresponding alpha diversity index value.
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Escherichia-Shigella, Ruminococcus torques, Bacter-
roides, and Tyzzerella in R1, R2 showed a substantial
increase. In comparison to R3, R4, Rothia, Streptococ-
cus, and Muribaculaceae in R1, R2 exhibited a
considerable decline. The findings showed that intestinal
tissues from treated groups and control groups exhibited
distinct abundances, including 6 taxa at various levels
(Figure 6).



Figure 6. Relative abundance of intestinal microbiota in Muscovy ducks. (A) The bacterial community composition at Phylum level. (B) The
bacterial community composition at Class level. (C) The bacterial community composition at Order level. (D) The bacterial
community composition at Family level. (E) The bacterial community composition at Genus level. (F) The bacterial community composition at Spe-
cies level. (G) Column chart represent the average relative abundance of the top 4 most abundant Phylum within intestine. (H) Column chart repre-
sent the average relative abundance of the top 7 most abundant Genus within intestine.
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Gene Expression Associated With Intestinal
Barrier Function and Inflammatory Factors

We then evaluated the associated gene expression of
the DPV infection in the intestinal tissue between the
infected treatment and the corresponding control groups
using relative RT-qPCR. Viral infection may reduce the
barrier function in the intestinal epithelium, preventing
the intestinal mucosa from acting as its critical defensive
barrier function. As shown in Figure 7, the expression
levels of ZO-1 and Occludin gene were increased during
after DPV infection (2−4 dpi) (P < 0.05), especially in
the i.m. injections group. The expression levels of barrier
function genes slightly decreased with the prolongation
of time (4−6 dpi), indicating the DPV damages the
intestinal barrier in the middle of infection (Figure 7C
and D). We next assessed the inflammatory factors
response of intestinal upon DPV infection. The results
showed that compared with the control groups, the
expressions of IFN-a and IL-b were all significantly up-
regulated (P < 0.01), indicating that the infection of
DPV would increase the expression of intestinal inflam-
matory cytokines. Notably, the expression level of
inflammatory factors was highest in the late stage of
DPV infection (6 dpi) (Figure 7A and B).
Na+/K+-ATPase, Ca2+/Mg2+-ATPase Inhibition
in Intestinal After Viral Infection

Last but not least, we attempted treatment from the
various groups of infection with DPV in vitro to look at
whether intestinal infection with DPV might impact
ATPase. The activities of Na+/K+-ATPase and Ca2



Figure 7. Gene expression of intestinal tissue in Muscovy ducks. Charts A to D show the expression of IFN-a, IL-b, ZO-1, and Occludin genes in
intestinal tissues at 2 dpi, 4 dpi, and 6 dpi. mRNA levels were expressed as 2�DDCT.
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+/Mg2+-ATPase were both impacted by virus replication
in intestinal tissues, with suppression of ATPase being the
most prominent effect. Interestingly, intestinal Na+/K+-
ATPase and Ca2+/Mg2+-ATPase activity was negatively
correlated with infection time. In this work, the activity of
Na+/K+-ATPase and Ca2+/Mg2+-ATPase was examined
at 2, 4, and 6 dpi. Compared to the control group, both
ATPase activities were considerably decreased in the
infection group (Figure 8). These finding showed that
viral infection may result in an imbalance between water
and electrolytes, which may ultimately lead to the watery
diarrhea and dehydration typical after DPV infection.
DISCUSSION

DPV, a highly pathogenic and infectious pathogen in
waterfowl, has been extensively studied during the past
few decades (Hall and Simmons, 1972; Yin et al., 2017;
Sarmah et al., 2020). The current findings showed that
regardless of the inoculation routes, the typical symp-
toms were easily seen in the infected groups. Notably,
we found that ducks in the hypodermic injection group
were more affected than those of the intramuscularly
injected group in terms of survival curves, body weight
changes, clinical symptoms, and gross injuries. This find-
ing may be connected to the fact that intramuscular
injection routes were easy to absorb, which are report-
edly more successful than hypodermic injection. This
may be due to the fact that different injection routes
allow for varying amounts of effective virus to infect tar-
get cells. However, in the hypodermic injection group,
virus particles enter the peripheral blood directly and
reach all tissues through the blood circulation, resulting
in tissue damage (Ruddy et al., 2019). This is in contrast
to the intramuscular injection route, which is adminis-
tered at a vascular rich site, and which has a highly effec-
tive dose of virus entering the target cells and can spread
quickly through the blood in the body (Spruce et al.,
2020; Yamada et al., 2021).
Different inoculation routes have been shown to cause

intestinal tissue disruption in Muscovy ducks, and our
results confirmed these findings by demonstrating severe
intestine damage. In the early stages of infection (2 dpi),
we found viral DNA in all tissues, suggesting that the
virus may rapidly replicate and colonize in multiple
internal tissue. Since the intestine contained the highest
levels of DPV, this suggests that it may be the primary
target tissue, it is compatible with the clinical anatomy
as seen in the animal regression experiments.
By replicating and colonizing in internal tissue, DPV

infection causes an acute, contact, septicemic infection.
The pathogen is widely present in tissues, blood, oral
and nasal secretions, and feces of sick ducks. The



Figure 8. Effect of DPV infection on the ATPase activity in intestinal tissues. (A) Na+/K+-ATPase of 4 groups. (B) Ca2+/Mg2+-ATPase of 4
groups. Measurement of ATPase activity by commercial kits. Results are representative of 2 contents.
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intestinal mucosal surface of ducks, like that of all verte-
brates, is inhabited to a variety of microbiota that are
essential to both health and disease (Yitbarek et al.,
2018). Therefore, the aim of this study was to focus on
assessing the effect of DPV infection on the composition
of the intestinal microbiota. Our findings enrich to these
conclusions by showing that viral infection destroys the
diversity of the microbial flora. Nevertheless, we found
that the ducks challenged reestablished the intestinal
microbiota after its disruption, as seen by a restoration
of a-diversity indexes microbial communities. We
noticed the Phylum of the Firmicutes, Proteobacteria,
and Bacteroidetes after infection close to that of the
maximum level. Meanwhile, other bacteria Phylum,
such as Actinobacteria which predominate, returned to
low level following infection. Under nonchallenged cir-
cumstances, the makeup of the intestinal microbiota
was kept. In addition, we identified 7 dominating Genus,
and correlation analysis conducted throughout periods
of relative species abundance supported the negative
correlations between intestinal infection and Rothia,
Streptococcus, andMuribaculaceae.

DPV infection can occur through the mucosal path-
way, which includes the upper respiratory system and
gastrointestinal tissues. It has been demonstrated that
host intestine and host intestinal mucosa with viral infec-
tions cause a selective upregulation of an inflammatory
factor. Inflammatory cytokines IFN-a and IL-b are
strongly related to autoimmunity to infection, it was pro-
duced by cells infected with virus (Luo et al., 2021). To
assess the cellular immune response in host body, the cur-
rent study used 2 inflammatory cytokines, which are now
also used as a marker of inflammatory status, in order to
determine the impact of the DPV on cellular immunity in
Muscovy ducks (Wang et al., 2018; Jian et al., 2021).
Intriguingly, both the intramuscular and hypodermic
injection groups showed a significant increase in IFN-a
and IL-b gene expression at 4 to 6 dpi, it was maintained
for a longer period of time. We also discovered a negative
correlation between the degree of damage to the intestinal
barrier factors and the expression levels of the intestinal
barrier factors ZO-1 and Occludin, which decreased with
increasing day of infection.
ATPases are transmembrane carrier proteins of mam-
malian cell membranes for ion transport, and normally,
a steady membrane potential is typically required to
ensure normal cellular function (Qu et al., 2019;
Wang et al., 2019). The transmembrane potential differ-
ence (Df) of the cell membrane therefore acts as the
major source of energy states that support virus inter-
nalization during viral infection. An ion gradient that is
comparatively steady on both sides of the cell is neces-
sary for the normal structure and function of tissue cells.
A decrease in Na+/K+-ATPase activity will result in
intracellular Na+ overload and K+ reduction because
Na+/K+-ATPase, a protease found in the cell mem-
brane, is fundamentally responsible for maintaining the
equilibrium of Na+/K+ both within and outside the cell.
In the current investigation, compared to the control
group, the intestinal mucosa of ducks infected with the
virus had relatively lower Na+/K+-ATPase activity. Its
decreased activity suggests that the disruption of intra-
cytoplasmic ion homeostasis after infection was caused
by the uptake of cytosolic Ca2+ and Mg2+ and the reduc-
tion of transmembrane efflux. The findings of this inves-
tigation demonstrated that, in contrast to the parallel
control group, ducks infected with DPV had consider-
ably lower intestinal Ca2+/Mg2+-ATPase activity. In
conclusion, one of the biological processes of virus infec-
tion of the duck intestine may be the modification of
Na+/K+-ATPase and Ca2+/Mg2+-ATPase activity.
Overall, the damage to the microbiota and pathogenic-

ity in Muscovy ducks intestinal tissue appear to be related
to the DPV infection. Beyond this specific influence, this
suggests the existence of potential connections between
the characteristics of the intestine microbiota, virus, and
the inflammatory response. This is of considerable interest
because it could lead to results with pathogenesis that
could infect target tissue and better prevent epidemics.
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