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Abstract
Several outbreaks of duck hepatitis A virus type 1 (DHAV-1), which were characterized by yellow coloration and hemorrhage 
in pancreatic tissues, have occurred in China. The causative agent is called pancreatitis-associated DHAV-1. The mechanisms 
involved in pancreatitis-associated DHAV-1 infection are still unclear. Transcriptome analysis of duck pancreas infected 
with classical-type DHAV-1 and pancreatitis-associated DHAV-1 was carried out. Deep sequencing with Illumina-Solexa 
resulted in a total of 53.9 Gb of clean data from the cDNA library of the pancreas, and a total of 29,597 unigenes with an 
average length of 993.43 bp were generated by de novo sequence assembly. The expression levels of D-3-phosphoglycerate 
dehydrogenase, phosphoserine aminotransferase, and phosphoserine phosphatase, which are involved in glycine, serine, and 
threonine metabolism pathways, were significantly downregulated in ducks infected with pancreatitis-associated DHAV-1 
compared with those infected with classical-type DHAV-1. These findings provide information regarding differences in 
expression levels of metabolism-associated genes between ducks infected with pancreatitis-associated DHAV-1 and those 
infected with classical-type DHAV-1, indicating that intensive metabolism disorders may contribute to the different pheno-
types of DHAV-1-infection.

Abbreviations
KEGG  Kyoto Encyclopedia of Genes and Genomes
GO  Gene Ontology
RT-PCR  Reverse transcription polymerase chain 

reaction
ELISA  Enzyme-linked immunosorbent assay

DEG  Differentially expressed gene
BLAST  Basic Local Alignment Search Tool
ORF  Open reading frame

Introduction

Duck viral hepatitis (DVH) is a highly fatal contagious dis-
ease of ducklings that is characterized by clinical signs of 
opisthotonos and by hemorrhagic lesions of the liver [1]. 
This causes mortality rate is approximately 95% in duck-
lings within a week. The causative agents of DVH include 
duck hepatitis virus type 1 (DHV-1), DHV-2, and DHV-3. 
Recently, DHV-1, along with two other types, was classi-
fied as a member of the species Avihepatovirus A of the 
genus Avihepatovirus in the family Picornaviridae and was 
renamed as duck hepatitis A virus (DHAV) [2]. DHAV was 
furtherly divided into three genotypes: DHAV-1, DHAV-2, 
and DHAV-3.

DHAV-1 is distributed worldwide, and DHAV-2 has 
been isolated only in Taiwan to date [3, 4]. The presence 
of DHAV-3 was mainly reported in Korea and China [5–8]. 
Generally, DHAV-1 causes lesions in the liver that are 
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typical of DVH. However, Guérin et al. reported in 2005 
that several DHV infections of young Muscovy ducklings 
resulted in nervous symptoms and pancreatitis [9]. Several 
outbreaks of DHAV-1, which were characterized by yellow 
coloration and hemorrhage in pancreatic tissues, occurred 
in China in 2011 [10]. The causative agent was subsequently 
named "pancreatitis-associated DHAV-1". Genome sequenc-
ing indicated a variation rate of 3.4-6.5% in the genome 
of pancreatitis-associated DHAV-1 compared with that 
of classical-type DHAV-1 [11]. The antigenic association 
between pancreatitis-associated DHAV-1 and the classical-
type DHAV-1 indicated large variation [12]. The compara-
tive pathogenicity of pancreatitis-associated DHAV-1 and 
the classical type DHAV-1 in the ducklings of different 
species has been well documented [13, 14]. However, the 
mechanisms involved in infection by pancreatitis-associated 
DHAV-1 are still unclear. The host response to pancreati-
tis-associated DHAV-1 infection requires experimental 
investigation.

The host-pathogen interaction is a complex and dynamic 
biological system with its outcome depending on the abil-
ity of the microbial pathogen to establish infection and the 
ability of the host to control infection [15]. Transcriptomics 
is the analysis of genome-wide RNA expression and is an 
available approach to characterize host and pathogen pro-
cesses in infectious diseases. This method also provides a 
clear understanding of host defense mechanisms during viral 
infection. To date, data on the transcriptome profile of the 
duck pancreatic tissue and its response to DHAV-infection 
at the transcriptome level are lacking. Moreover, differences 
between the host responses to classical-type DHAV-1 and 
pancreatitis-associated DHAV-1 have not been reported to 
date.

In the present study, transcriptome sequencing was 
applied to determine the transcriptome pattern of duck 
pancreatic tissue infected with classical-type DHAV-1 and 
pancreatitis-associated DHAV-1. Dramatic differences were 
observed in the expression of genes involved in glycine, 
serine, and threonine metabolism pathway, indicating that 
intensive metabolism disorders may contribute to different 
phenotypes of DHAV-1-infection.

Materials and methods

Animal experiment

One-day-old Muscovy ducklings (Cairina moschata) were 
purchased from a commercial hatchery farm. Each duck-
ling had free access to food and water and shared the same 
environmental conditions at 35 ℃. The temperature was 
decreased by 1 ℃ every day. Light was continuously avail-
able during the animal experiments. Serum samples and 

cloacal swabs were collected from the ducklings prior to 
viral challenge. The presence of antibody and antigen was 
determined using indirect enzyme-linked immunosorbent 
assay (ELISA) and RT-PCR methods [10], respectively, in 
order to confirm that the animals were negative for classical-
type DHAV-1 and pancreatitis-associated DHAV-1. Four 
days later, 60 5-day-old healthy Muscovy ducklings that 
were negative for classical-type DHAV-1 and pancreatitis-
associated DHAV-1 antigens and antibodies, were divided 
randomly into three groups (20 in each group). The duck-
lings in each group were challenged intramuscularly with 
 105.0  ELD50 (50% egg lethal dose) of classical-type DHAV-1 
strain FZ86 and pancreatitis-associated DHAV-1 GD1206 
strain in 200 µl of phosphate-buffered saline (PBS) or mock-
infected with PBS. All DHAV-1 isolates were obtained from 
naturally infected ducks in China. DHAV-1 strain FZ86 was 
isolated in our laboratory in Fujian, China, in 1986 and was 
characterized by causing liver hemorrhage in infected duck-
lings. DHAV-1 strain GD1206 was isolated in our labora-
tory in Guangdong, China, in 2012 and was characterized 
by causing pancreatitis in infected ducklings [10, 13]. Each 
group of ducklings was housed in separate isolators (Suzhou 
Fung's Laboratory Animal Equipment Co., Ltd.) with free 
access to food and water throughout the experimental period. 
Each group of ducklings shared the same environmental con-
ditions at an experimental temperature of 31 ℃. The tem-
perature was reduced by 1 ℃ every day until reaching 25 ℃. 
Light was continuously available during the animal experi-
ments. Clinical signs were monitored daily.

At 24 h post-inoculation, six ducklings in each group 
were selected randomly and administered sodium pentobar-
bital (40 mg/kg body weight; Sigma-Aldrich, USA) intrave-
nously, and subsequently, the animals were humanly sacri-
ficed under narcosis [16]. Pancreatic samples were harvested 
for transcriptional analysis. Concomitantly, the pancreatic 
samples were also tested by RT-PCR in order to confirm 
classical-type DHAV-1 or pancreatitis-associated DHAV-1 
infection. The remaining 14 ducklings of each group were 
observed for three days. At the end of the observation period, 
the ducklings were administered sodium pentobarbital (40 
mg/kg body weight; Sigma-Aldrich, USA) intravenously and 
subsequently humanly sacrificed under narcosis [16]. The 
gross lesions were observed.

Host gene expression associated 
with pancreatitis‑associated DHAV‑1 infection

RNA extraction, library construction, and sequencing

Total RNA was extracted using RNAiso Plus Total RNA 
Extraction Reagent (TaKaRa, Shiga, Japan) according to the 
manufacturer’s instructions. RNA degradation and contami-
nation were monitored by electrophoresis in 1.0% agarose 
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gels. RNA purity was confirmed using a Nano Photometer® 
spectrophotometer (IMPLEN, CA, USA). The RNA con-
centration was measured using a Qubit® RNA Assay Kit in 
a Qubit®2.0 Fluorometer (Life Technologies, CA, USA). 
RNA integrity was assessed using an RNA Nano 6000 Assay 
Kit and an Agilent Bioanalyzer 2100 system (Agilent Tech-
nologies, CA, USA) and subsequently employed as a tem-
plate for the synthesis of double-stranded cDNA. Sequenc-
ing libraries were generated using an NEB Next®Ultra™ 
RNA Library Prep Kit for  Illumina® (NEB, CA, USA) fol-
lowing the manufacturer’s recommendations. Finally, index 
codes were added to the attribute sequences of each sample. 
The clustering of the index-coded samples was performed on 
a cBot Cluster Generation System using a TruSeq PE Clus-
ter Kit v3-cBot-HS (Illumina) according to the manufac-
turer’s instructions. Following cluster generation, the library 
preparations were sequenced on an Illumina Hiseq 4000 
platform, and paired-end reads were generated. Raw reads 
were filtered and assembled using Trinity software, and a 
transcript library was obtained. The quantitative relationship 
between the transcript and the genes was analyzed. Using 
Bowtie and RSEM software, we calculated expression levels 
using paired reads in the transcript library and determining 
the count value. The count of expression was normalized 
according to the length of the transcript. The RNA-seq data 
from this study were submitted to the NCBI Sequence Read 
Archive (SRA) (http:// www. ncbi. nlm. nih. gov/ sra/).

Transcriptome data analysis

Differential expression analysis of the three groups was 
performed using the DESeq R package (1.10.1). DESeq 
provided statistical routine methods for determining dif-
ferential expression in digital gene expression data using a 
model based on a negative binomial distribution. The result-
ing P-values were adjusted using the method of Benjamini 
and Hochberg for controlling the false-discovery rate. Genes 
with an adjusted P-value of <0.05, identified using DESeq, 
were identified as differentially expressed genes.

GO enrichment analysis and KEGG pathway 
enrichment analysis

Gene Ontology (GO) enrichment analysis of the differen-
tially expressed genes (DEGs) was implemented by the 
topGO R package-based Kolmogorov–Smirnov test. The GO 
terms with corrected P-value less than 0.05 were considered 
significantly enriched in the differentially expressed genes.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
is a database resource for understanding high-level functions 
and utilities of biological systems, such as cells, organisms, 
and ecosystems. Specific molecular-level information is 
collected from large-scale molecular datasets generated by 

genome sequencing and other high-throughput experimen-
tal technologies (http:// www. genome. jp/ kegg/) [17]. The 
KOBAS software was used to assess the statistical enrich-
ment of differentially expressed genes in the KEGG path-
ways [18]. KEGG terms with a corrected P-value (Q-value) 
less than 0.05 were considered significantly enriched in the 
differentially expressed genes.

Real‑time RT‑PCR

The expression levels of the differentially expressed genes 
were also assessed by real-time RT-PCR in order to confirm 
the sequencing data. The individual primer sequences of the 
10 target genes and of the internal reference gene (GAPDH) 
[19] are listed in Table 1. Following reverse transcription, 
a SYBR®Fast qPCR Mix (Takara, Beijing) and a Master-
cycler ep realplex (Eppendorf) were used according to the 
manufacturers’ instructions. The reaction conditions were 
as follows: 95°C for 1 min, followed by 40 cycles of 95°C 
for 10 s and 60°C for 40 s. A final melt curve analysis was 
completed. The relative mRNA levels were compared to 
those of the mock-infected ducks and the mean values were 
calculated using the threshold cycle  2-△△CT method [20]. 
Differences between experimental groups were evaluated 
using Student’s t-test with a two-tailed analysis. P-values 
less than 0.05 were considered significant.

Results

Gross lesions in ducklings infected 
with classical‑type DHAV‑1 
and pancreatitis‑associated DHAV‑1

Infection experiments were conducted using the pancreatitis-
associated DHAV-1 strain GD1206 and the classical-type 
DHAV-1 strain FZ86 at a dose of  105.0  ELD50 per duck. 
The ducks infected with the classical-type DHAV-1 FZ86 
strain showed clinical signs of depression, lethargy, and 
opisthotonos. Major lesions that were typically enlarged 
with petechial and ecchymotic hemorrhages in the liver and 
kidney were observed during necropsy. No visible lesions 
were noted in the pancreas. In contrast to these observa-
tions, the ducklings infected with the pancreatitis-associated 
DHAV-1 GD1206 strain demonstrated no typical signs dur-
ing the course of infection. The major affected organ was the 
pancreas, which exhibited lesions of yellowing or hemor-
rhage. No hemorrhagic lesions were noted in the liver of the 
pancreatitis-associated DHAV-1-infected ducklings (Fig. 1). 
No gross lesions were observed in the mock-infected control 
group. The pancreatic samples tested positive for the respec-
tive DHAV-1 type by reverse transcription polymerase chain 
reaction (RT-PCR).

http://www.ncbi.nlm.nih.gov/sra/
http://www.genome.jp/kegg/
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RNA‑seq and assembly of transcriptome data 
from pancreas tissues of infected ducklings

Using Illumina-Solexa deep sequencing, a total of 183 
M raw reads were obtained from a cDNA library derived 
from pancreatic tissues. The removal of low-quality reads 
(i.e., reads containing only adaptors and empty reads) 
resulted in the identification of clean reads with 53.9 Gb 
of clean data. De novo sequence assembly resulted in a 
total of 29,597 unigenes with an average length of 993.43 
bp. BLAST and ORF analyses indicated that only 9,387 
unigenes matched known genes. The sequencing data 
from GD1206- and FZ86-infected ducks were submitted 
to the NCBI database (accession numbers: SRR7239978, 

SRR7239979, SRR7239984, SRR7239985, SRR7239988, 
and SRR7239989).

Heat maps were used to identify the top differentially 
expressed genes (DEGs) and to classify gene expression pro-
files in DHAV-1-infected tissues (Fig. 2). In order to obtain a 
global view of the differences in duck gene expression among 
the different experimental groups, three paired comparisons 
(classical-type DHAV-1 vs. control, pancreatitis-associated 
DHAV-1 vs. control, pancreatitis-associated vs. classical-
type DHAV-1) were performed. RNA-seq analysis identified 
3,340 and 5,919 genes that were expressed at significantly 
different levels in classical-type-DHAV-1- and pancreatitis-
associated-DHAV-1-infected animals, respectively, than in the 
control group (P < 0.05). Classical-type DHAV-1 infection 
contributed to the differential expression of 2,031 genes that 
were upregulated and 1,309 genes that were downregulated 
in the pancreatic tissues of the infected ducklings compared 
to the controls. Moreover, 3,308 genes were upregulated and 
2,611 genes were downregulated in the pancreatitis-associ-
ated-DHAV-1-infected animals. A total of 1,913 genes were 
differentially expressed in pancreatitis-associated-DHAV-
1-infected animals compared with the classical-type DHAV-1 
group. Specifically, 834 genes were downregulated and 1,079 
genes were upregulated (Fig. 3).

Table 1  Primer sequences of differentially expressed genes for real-
time RT-PCR analysis

Primer name Sequence (5′- 3′) Size (bp)

GAPDH [19] F-ATG TTC GTG ATG GGT GTG A
R-CTG TCT TCG TGT GTG GCT GT

176

GNMT-like F-CAG CTG GCT CCT GGC GCT GC 183
R-GGC TCC TCC TTG CGC CGC TC

GCAT F-GCT CCG GCG GCG GCT GGA GG 171
R-GGG TGG CTC GAC AGC CCC AGGTA 

CBS F-GTA CCT CCT GTG CCA GCT GTA GCC 
A

170

R-GTG GGA GTA GCG TGG AGA CTG 
AAA A

PHGDH F-CCA AGA CCC CGG GCT CGC AGC 
CAC C

177

R-CGT GGG GCT CCC GAC CAA GAG 
GCT G

SERCA F-ACG GCC TTC GTC GAG CCC TTC GTC 
A

186

R-GGG CAC GAG GTC CCT GGC CTT GAT 
G

PLCγ F-GTT TTC TGT GAT CAG AAA TACAC 204
R-TAT TTA AAA CCA GTT GTC CTA ATT T

TLR2 F-CTC TTC TTC ACG AGG CCA CTC CAG 
G

183

R-CAG AGC GAG TGG TGC AAG TAC 
GAG C

TLR4 F-TCA CCA GCC TAC AAG ACC TGC AAG 
A

184

R-GGA GGA GGT GGA CGG AGG CAC 
TGT A

TLR7 F-CAT GCA CTC CCC ACT GGA AGT CCC 
T

150

R-CTT CCT GGC AGC CTG TGT GCT AAA 
G

IFNα F-GCC CAG ATG CGG GAC TGT CCA CCT 
G

167

R-ACA CGG CTG CAC GAT GGG AAT CTC 
C

Fig. 1  Gross lesions in ducklings infected with classical-type 
DHAV-1 (A) and pancreatitis-associated DHAV-1- (B)
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Functional analysis of the transcriptome data 
derived from the pancreatic tissues of different 
DHAV‑1‑infected animals

We performed GO enrichment analysis by functional anno-
tation clustering of DEGs and annotated DEGs into three 
groups, including biological processes (BP), cellular com-
ponents (CC), and molecular function (MF).

The putative functions of the unigenes in the libraries 
derived from the classical-type-DHAV-infected ducklings 
were analyzed using GO. The analysis of the GO categories 
of the classical-type DHAV-1 group indicated that the dif-
ferentially expressed genes were mapped to 61 categories of 
BP, CC, and MF (Fig. 4A). The categories of BP included 
genes that are mainly involved in the positive regulation of 
interleukin-12 production, myeloid leukocyte activation, 
and T cell proliferation. The majority of the corresponding 
genes in the CC categories affect the external side of plasma 
membrane, the oligosaccharyltransferase complex, and the 
integral component of the membrane. The majority of the 
corresponding genes in the MF categories were involved 
in non-membrane-spanning protein tyrosine kinase activity, 
antioxidant activity, and calcium-dependent phospholipid 
binding.

The putative functions of the unigenes in the pancre-
atic libraries affected by pancreatitis-associated DHAV-1 
infection were analyzed using GO. The analysis of the GO 
categories indicated that the differentially expressed genes 
were mapped to 61 categories, including BP, CC, and MF 
(Fig. 4B). The majority of the corresponding genes in the 
BP categories were involved in cholesterol efflux, positive 
regulation of the cell cycle, and translation. The categories 
of the CC included genes that were mainly associated with 
the cytosolic large ribosomal subunit, extracellular space, 
and ribosome. The majority of the genes of the MF catego-
ries included genes involved in the structural constituents of 
the ribosome, cytokine activity, and NADH dehydrogenase 
(ubiquinone) activity.

The putative functions of the unigenes in the pancreatic 
libraries of the pancreatitis-associated-DHAV-1-infected 
ducklings were compared with those of the classical-type-
DHAV-1-infected ducklings and were analyzed using GO. 
The analysis of the GO categories indicated mapping of dif-
ferentially expressed genes to 61 categories of BP, CC, and 
MF (Fig. 4C). The BP categories mainly included genes that 
were involved in the oxidation-reduction process, negative 
regulation of the apoptotic process, and myeloid leukocyte 
activation. The CC categories mainly included genes that 
affect the extracellular space, protein-extracellular matrix, 
and ribosome. The majority of the corresponding genes in 
the MF categories are associated with antioxidant activity, 
G-protein-coupled peptide receptor activity, and structural 
constituents of the ribosome.

Fig. 2  Heat map analysis for classification of gene expression pat-
terns in classical-type DHAV-1 strain FZ86 infection (A) and pancre-
atitis-associated DHAV-1 strain GD1206 infection (B). Genes with 
similar expression patterns were clustered, as shown in the heat maps. 
The intensity of color indicates gene expression levels normalized 
according to  Log2FPKM value
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Pathway analysis of DEGs based on KEGG 
after infection with different DHAV‑1 types

The KEGG database was used to analyze specific pathways 
in order to further define DEG function in duckling pan-
creatic tissue following infections with different DHAV-1 
types. The top 20 enrichment KEGG pathways are listed in 
Figure 5 according to their Q-value (Q < 0.05) (Table 2).

A total of six functional categories were identified that 
play important roles in the classical-type DHAV-1 FZ86 and 
pancreatitis-associated DHAV-1 GD1206 infections. These 
categories were mainly associated with the immune system, 
including the Toll-like receptor signaling pathway. However, 
significant KEGG enrichment in the pancreatitis-associated 
DHAV-1 group was also involved in metabolism, including 
the glycine, serine, and threonine metabolism pathways.

Verification of DEG identification by real‑time 
RT‑PCR

In order to verify the differential gene expression levels 
obtained from the transcriptome sequencing data, we ana-
lyzed the expression levels of 10 genes involved in immune 
and metabolism-associated functions. These genes were 
also involved in host immune defense responses and meta-
bolic function noted in the DHAV-1 infection groups. The 
genes examined were as follows: GNMT-like, GCAT, CBS, 
PHGDH, SERCA, PLCγ, TLR2, TLR4, TLR7, and IFNα. 
They were differentially expressed compared with the con-
trol (P < 0.05), indicating the reliability of the transcriptome 
sequencing data (Table 3).

Discussion

In the present study, ducklings that were inoculated with 
the classical-type DHAV-1 strain FZ86 developed mas-
sive haemorrhages on the liver surface. The ducklings 
that were inoculated with pancreatitis-associated DHAV-1 
strain GD1206 exhibited loss of appetite, lying prone, diar-
rhea, and depression. The gross lesions of the yellowed or 
hemorrhagic pancreatitis were observed in the pancreati-
tis-associated-DHAV-1-infected ducklings, but no consist-
ent nervous disorders were observed in the present study, 
which is not in line with the observations of Guérin et al. [9]. 
Cha et al. reported that a DHAV-3 strain induced only liver 

Fig. 3  Volcano plots of differentially expressed genes in the pan-
creas of ducklings in classical-type DHAV-1 vs. control (A), pancre-
atitis-associated DHAV-1 vs. control (B), and pancreatitis-associated 
DHAV-1 vs. classical-type DHAV-1 (C). Red points represent upreg-
ulated genes, green points represent downregulated genes, and blue 
points represent genes with no significant difference

▸
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Fig. 4  GO classification of 
differentially expressed genes 
in the pancreas of ducklings in 
classical-type DHAV-1 vs. con-
trol (A), and pancreatitis-asso-
ciated DHAV-1 vs. control (B), 
pancreatitis-associated DHAV-1 
vs. classical type DHAV-1 
(C). Annotation statistics of 
differentially expressed genes in 
the secondary node of GO. The 
horizontal axis shows second-
ary nodes of three categories in 
GO. The left side of the vertical 
axis displays the percentage of 
annotated genes versus the total 
gene number, and the right side 
shows the number of genes.
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Fig. 5  Top 20 KEGG path-
ways enriched in the pancreas 
of ducklings in classical-type 
DHAV-1 vs. control (A), 
pancreatitis-associated DHAV-1 
vs. control (B), and pancreatitis-
associated DHAV-1 vs. classical 
type DHAV-1 (C)
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discoloration without hemorrhagic mottling, lymphocyte 
infiltration, or bile duct hyperplasia, as determined by his-
tology of the lesions [21]. These studies reveal the diversity 
of the pathogenic effects of DHAV infection.

Transcriptome analysis is a promising tool that can pro-
vide a comprehensive understanding of the molecular mech-
anisms involved in specific biological processes and diseases 
[22]. Previous studies have described the transcriptome pro-
files of DHAV, reovirus, and DHBV infections in ducks [19, 
23–25]. In the present study, transcriptome sequencing was 

employed to explore and compare the gene expression pat-
terns of infection with different DHAV-1 types in duck pan-
creatic tissues, with the aim of comparing different molecu-
lar events during pancreatitis-associated DHAV-1 infection.

Analysis of the clean reads with BLAST and ORF 
resulted in a total of 9,387 matched known genes. The DEGs 
were annotated and categorized by GO and KEGG signaling 
pathway analyses, which demonstrated that the majority of 
these genes in the classical-type DHAV-1and pancreatitis-
associated DHAV-1 infection groups were classified in the 

Table 2  Signal pathway enrichment evaluated by KEGG in the pancreas of ducklings in classical-type DHAV-1 vs. control, pancreatitis-associ-
ated DHAV-1 vs. control, and pancreatitis-associated DHAV-1 vs. classical-type DHAV-1

Group Pathway DEGs in 
pathway

All genes 
in pathway

P-value Q-value

Classical-type DHAV-1 vs. control Influenza A 55 134 1.58E-10 3.48E-08
Cytokine-cytokine receptor interaction 56 144 1.24E-09 2.73E-07
Protein processing in endoplasmic reticulum 66 187 4.65E-09 1.02E-06
Intestinal immune network for IgA production 20 31 1.03E-08 2.27E-06
Phagosome 53 144 3.26E-08 7.18E-06
Cell adhesion molecules (CAMs) 44 111 3.98E-08 8.76E-06
JAK-STAT signaling pathway 44 120 5.58E-07 0.000123
Toll-like receptor signaling pathway 29 83 0.000132203 0.029085

Pancreatitis-associated DHAV-1 vs. control Cytokine-cytokine receptor interaction 74 144 3.43E-08 8.44E-06
Influenza A 67 134 5.84E-07 0.000144
Toll-like receptor signaling pathway 42 83 5.28E-05 0.012986

Pancreatitis-associated DHAV-1 vs. classi-
cal type DHAV-1

Glycine, serine and threonine metabolism 17 52 6.74E-08 9.37E-06
Neuroactive ligand-receptor interaction 26 142 8.65E-06 0.001202
ECM-receptor interaction 22 111 1.18E-05 0.001637
Calcium signaling pathway 24 146 0.000118608 0.016487
Focal adhesion 33 243 0.000311296 0.04327

Table 3  Verification by real-time RT-PCR for some differentially expressed genes

Gene Abbreviation Transcriptomics fold change  (Log2FC) Real-time RT-PCR fold change 
 (2-∆∆CT)

Classical type 
DHAV-1/con-
trol

Pancreatitis-asso-
ciated DHAV-1/
control

Classical type 
DHAV-1/con-
trol

Pancreatitis-
associated 
DHAV-1/control

Glycine N-methyltransferase-like GNMT-like -2.08 -5.72 0.210 0.01
Glycine C-acetyltransferase GCAT -2.11 -4.80 0.20 0.04
Cystathionine beta-synthase CBS -1.87 -5.79 0.25 0.03
Phosphoglycerate dehydrogenase PHGDH -2.49 -5.24 0.18 0.02
Sarcoplasmic/endoplasmic reticulum calcium 

ATPase
SERCA 1.05 1.05 2.46 4.48

1-phosphatidylinositol 4,5-bisphosphate phospho-
diesterase gamma

PLCγ 1.58 1.37 4.96 2.95

Toll-like receptor 2 TLR2 2.93 3.41 8.69 12.30
Toll-like receptor 4 TLR4 5.27 5.69 38.05 46.85
Toll-like receptor 7 TLR7 5.81 5.36 45.57 30.27
Interferon alpha IFNα 2.23 2.62 3.89 8.06
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immune system and metabolism categories. Comparisons of 
the transcriptomes of classical-type-DHAV-1-infected and 
the control ducklings indicated that classical-type DHAV-1 
infection caused downregulation of genes associated with 
metabolic pathways and inhibition of the metabolism of the 
host cell. In addition, upregulation of immune-associated 
genes was associated with inhibition of viral replication and 
progression of viral infection [26]. Similarly, in the present 
study, upregulation of immune genes and downregulation of 
certain metabolism-related genes were observed in the pan-
creatitis-associated DHAV-1 infection group compared with 
the control group. However, significant KEGG enrichment 
was observed in the pancreatitis-associated DHAV-1 infec-
tion group compared with the classical-type DHAV-1 infec-
tion group that was mainly involved metabolism, including 
the glycine, serine, and threonine metabolism pathways. 
These results suggest that differences in metabolism func-
tions in the DHAV infection group may contribute to the 
different DHAV-1 phenotypes.

D-3-phosphoglycerate dehydrogenase (PHGDH), phos-
phoserine aminotransferase (PSAT), and phosphoserine 
phosphatase (PSP) are involved in three steps of serine bio-
synthesis [27]. Initially, 3-phosphoglycerate is converted 
to 3-phosphohydroxypyruvate by the enzyme PGDH. Sub-
sequently, PSAT converts 3-phosphohydroxypyruvate to 
3-phosphoserine. Finally, 3-phosphoserine is converted to 
L-serine by PSP [28]. L-serine is an important precursor 
involved in various processes, such as synthesis of proteins 
and phospholipids as well as the synthesis of tetrahydro-
folate metabolites and specific amino acids, namely glycine, 
cysteine, and D-serine [29, 30]. Previous studies have shown 
that L-serine supplementation can inhibit alcoholic fatty 
liver formation in mice and rats [31]. In the present study, 
the expression levels of the PHGDH, PSAT, and PSP genes 
were significantly lower in pancreatitis-associated-DHAV-
1-infected ducklings than in the classical-type DHAV-1 
group, suggesting that serine metabolism disorders are 
involved in the pancreatitis-associated DHAV-1 infection.

L-serine dehydratase (SDH) catalyzes the deamination of 
L-serine to yield ammonia and pyruvate. This enzyme uses 
L-threonine as a substrate to yield 2-oxobutanoate, which 
is a part of the valine, leucine, and isoleucine biosynthetic 
pathways. The decrease in serine dehydratase levels suggests 
that the pathway of conversion of serine to pyruvate was 
impaired, further affecting the valine, leucine, and isoleucine 
biosynthetic pathways [32–34].

TLRs play a critical role in innate immune responses. 
In recent years, the role of innate immunity and its interac-
tion with adaptive immunity have been extensively investi-
gated. In the TLR pathway, TLR2 plays a critical role in the 
induction of innate and inflammatory responses [35, 36]. 
Although TLR2 recognizes various bacterial components, 
recent studies have indicated that TLR2 is triggered by the 

hepatitis C virus core protein and NS3, leading to the acti-
vation of inflammatory cells [37, 38]. In the present study, 
the expression levels of the TLR2 gene were 10.63- and 
7.62-fold higher in the pancreatitis-associated DHAV-1 and 
classical-type DHAV-1 infection groups, respectively, than 
in the control group, indicating that TLR2 may be involved 
in the host response to DHAV infection. TLR4 and CD14 
have recently been shown to be major lipopolysaccharide 
(LPS) receptors. Mutations in mouse and human TLR4 were 
found to be associated with hyporesponsiveness to LPS and 
to confer an increased risk of infection with Gram-negative 
bacteria [39–41]. In addition to its interaction with LPS, 
the TLR4/CD14 complex interacts with viruses and pro-
teins, such as the respiratory syncytial virus and fibrinogen 
[42–44]. In the present study, the TLR4/CD14 expression 
levels in the pancreatitis-associated DHAV-1 and classical-
type DHAV-1 infection groups were much higher than in 
uninfected ducklings, indicating that TLR4/CD14 may be 
involved in the host response to pancreatitis-associated 
DHAV-1 and classical-type DHAV-1 infection. Surprisingly, 
TLR4 expression was significantly higher in the pancreatitis-
associated DHAV-1 and classical-type DHAV-1 groups than 
in the mock-infected group, with an increase of 51.63- and 
38.59-fold, respectively. TLR7 can detect single-stranded 
RNA (ssRNA) molecules and induce pro-inflammatory fac-
tors, such as the type I interferon, to stimulate the body's 
nonspecific immune response. Activation of TLR7 initi-
ates downstream signaling cascades via induction of tran-
scription factors such as IRF7. This induces the production 
of pro-inflammatory cytokines and chemokines that are 
involved in various viral infection outcomes, including spon-
taneous clearance and viral persistence [45]. In the present 
study, upregulation of TLR7, IRF7, and IFN-β expression 
was observed in the pancreatitis-associated DHAV-1 and 
classical-type DHAV-1 groups, which is consistent with the 
findings of previous studies [46, 47].

In summary, transcriptome analysis of pancreatic tissues 
derived from classical-type DHAV-1- and/or pancreatitis-
associated-DHAV-1-infected ducks was performed. Infec-
tion with pancreatitis-associated DHAV-1 caused yellowing 
and hemorrhagic lesions in the pancreatic tissues of duck-
lings and was associated with differences in the expression 
levels of D-3-phosphoglyceratedehydrogenase, phosphoser-
ine aminotransferase, and phosphoserine phosphatase, which 
are involved in the glycine, serine, and threonine metabolism 
pathways. These genes were significantly downregulated in 
the pancreatitis-associated-DHAV-1-infected group com-
pared with the classical-type-DHAV-1-infected group, indi-
cating that intensive metabolism disorders may contribute to 
the different phenotypes of DHAV-1 infection.
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