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Summary. – The avian adeno-associated virus (AAAV) is a replication-defective nonpathogenic virus that 
has been proved to be useful as a viral vector in gene delivery. In this study, the feasibility of AAAV for trans-
genic expression of duck hepatitis A virus (DHAV) VP3 structural protein and its ability to induce protective 
immunity in ducklings was assessed. The recombinant AAAV (rAAAV-VP3) expressing the VP3 protein was 
prepared by co-infection of Sf9 cells with recombinant baculovirus (rBac-VP3) containing VP3 gene flanked 
by inverted terminal repeats (ITRs) of AAAV and the other two recombinant baculovirus expressing AAAV 
functional and structural genes, respectively. The generation of rAAAV-VP3 was demonstrated by electron 
microscopy, immunofluorescence assay, and western blot analysis. One day old ducklings were inoculated with 
rAAAV-VP3 or commercial attenuated vaccine and then challenged with DHAV-1 strain SH two weeks post 
vaccination. Anti-DHAV-1 antibodies were detected in all vaccinated groups by ELISA, and the titers between 
the rAAAV-VP3 group and the attenuated vaccine group were not statistically significant. Real time RT-PCR 
analysis showed that the virus copy numbers in the livers of the PBS control group were significantly higher 
than that of the rAAAV-VP3 and attenuated vaccine groups. In conclusion, we demonstrated that the VP3 
expression mediated by rAAAV in ducklings could induce protective immunity against DHAV challenge, and 
this could be a candidate vaccine for the control of duck viral hepatitis.
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Introduction

Duck viral hepatitis (DVH), caused by duck hepatitis A 
virus (DHAV), is a highly fatal and rapidly spreading disease 
of young ducklings and is characterized primarily by hepa-
titis. Three distinct serotypes of DHAV (DHAV-1, 2 and 3) 
have been reported (Kim et al., 2007; Tseng et al., 2007; Kim 
et al., 2008; Liu et al., 2011), and no cross-neutralization has 
been found among them (Tseng and Tsai, 2007). Currently, 

DHAV-1 is the most common, virulent, and widely distrib-
uted etiological agent of DVH. DHAV is a member of the 
new genus Avihepatovirus (the family Picornaviridae). The 
full genome is about 7.8 kb (Kim et al., 2006; Ding and Zhang, 
2007), and contains a long single open reading frame (ORF) 
flanked by the 5' and 3' untranslated regions (UTRs). The 
ORF encodes a polyprotein precursor of 2249 amino acids, 
which is hydrolyzed into 12 mature polypeptides containing 
three structural proteins VP0, VP1 and VP3.

DHAV-1 disease has spread worldwide and continues to 
be a threat to duck farms because of the high mortality of 
up to 100%. Control of DHAV currently relies on the use of 
an attenuated vaccine. Though the attenuated vaccine could 
induce strong immunity and provide enough protection for 
ducklings (Crighton and Woolcock, 1978), the probability 
of reversion to virulence still exists. To overcome these 
limitations, immunization of ducklings against DHAV with 
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recombinant genetically engineered vaccines has already 
been reported; such as the suicidal DNA vaccine (Fu et al., 
2012) and the recombinant Pichia pastoris subunit vaccine 
(Wang et al., 2014).

The adeno-associated virus (AAV), a member of the fami-
ly Parvoviridae, has been widely used for gene delivery in 
humans and other species (Wright et al., 2003). The avian 
adeno-associated virus (AAAV) has proven to be an efficient 
vector for gene delivery (Perozo et al., 2008; Wang et al., 
2008, 2009). The advantages of this viral vector include no 
pathogenicity, no interference with maternal antibodies, low 
immune response against the vector, and the ability to infect 
a wide variety of cell types (Virag et al., 2009). The possibility 
of using recombinant AAAV for transgenic expression of 
immunogenic proteins for poultry vaccination has not been 
assessed. The aim of this work was to generate recombinant 
AAAV (rAAAV) expressing the structural protein VP3 of 
DHAV-1 with baculovirus/insect cells expression system 
and to assess the ability to stimulate protective immunity 
in ducklings.

Materials and Methods

Cells and virus. Spodoptera frugiperda (Sf9; Invitrogen, USA) 
cells were maintained at 27°C in Sf-900 II serum-free medium 
(Gibco, USA). Primary duck embryo fibroblast cells were prepared 
from 11-old-day embryos from SPF eggs and grown at 37° in Dul-
becco’s Modified Eagle Medium (DMEM; Gibco) supplemented 
with 10% fetal bovine serum (FBS; Gibco), 100 units/ml penicillin 
(Gibco), and 100 mg/ml streptomycin (Gibco). DHAV-1 strain 
SH (Shanghai Veterinary Research Institute, Chinese Academy of 
Agricultural Sciences, China) was propagated in duck embryos as 
described previously (Song et al., 2012). Virus titer was determined 
as 104.6 lethal median dose (LD50)/0.2 ml. The virus was stored at 
-80°C until use. The recombinant baculoviruses rBac-Cap and rBac-
Rep, expressing the Cap and Rep proteins of AAAV respectively, 
were generated as described earlier (Wang et al., 2017) and stored 
at 4°C until use.

Construction of recombinant baculovirus. The VP3 gene of 
DHAV-1 between nucleotides 1355 and 2065 (GenBank Acc. No. 
FJ157178) was amplified by PCR from pFB-P13CD (Wang et al., 
2018) vector using primers 5'-gtactcgagaccATGGGAAAGAGA 
AAACCACGCAAG-3' and 5'- gtagcggccgcTTACTGATTATTG 
GTTGCCATCTGC-3' (Xho I and Not I sites are underlined; up-
percases indicate the VP3 coding sequence), a start codon (ATG) 
and a stop codon (TGA) were included in the primers, and a Kozak 
sequence was introduced in front of the start codon to improve the 
efficiency of VP3 protein translation. The PCR product was cut with 
XhoI and NotI and cloned downstream of the CMV promoter in 
a previously developed vector pFBAGFP containing the inverted 
terminal repeats (ITRs) of AAAV (Wang et al., 2017), and the 
recombinant vector was designated as pFB-VP3 (Fig. 1). Then the 

recombinant vector pFB-VP3 was used to produce recombinant 
baculoviruses rBac-VP3, according to the manufacterer's instruc-
tion of Bac-to-Bac baculovirus expression system (Invitrogen).

Generation of rAAAV-VP3 in insect cells. The rAAAV vector 
containing VP3 gene, namely rAAAV-VP3, was prepared accord-
ing to our previously reported method (Wang et al., 2017). Insect 
cells Sf9 at a density of 2×106 cells/ml in suspension culture were 
infected with rBac-Cap, rBac-Rep and rBac-VP3 (MOI 5). About 
3 days later, the cells were collected by centrifugation, the rAAAV 
particles were released by repeated freezing and thawing from 
-80°C to 37°C 3 times and purified by PEG precipitation method 
as described previously (Matsushita et al., 1998). Briefly, the super-
natant of the transfected cell lysates was extracted once with 1/10 
volume of chloroform and the viral particles in the upper phase were 
precipitated with 10% (wt/vol) PEG8000. The sedimented particles 
were resuspended in PBS and analyzed by electron microscopy. 
The samples were mounted on a carbon-coated paper grid for 10 
min and drained with a filter paper. After being negatively stained 
with 2% phosphotungstic acid (pH7.4) for 1 min, the samples 
were observed under a transmission electron microscope (TEM; 
Tecnai 12, FEI, USA). The copy number of vector genomes (VG) 
was measured by quantitative real-time PCR (qRT-PCR) assay 
on a 7,300 real-time PCR system (Applied Biosystems, USA). 

Fig. 1

The construction of baculovirus transfer vector pFB-VP3
VP3: structural gene of duck hepatitis A virus type 1 (DHAV-1); ITR: 
inverted terminal repeats of avian adeno-associated virus (AAAV); CMV: 
the late cytomegalovirus (CMV) promoter; SV40 pA: simian virus 40 poly-
adenylation signal; Tn7L: left of mini Tn7 elements; Ampicillin: ampicillin 
resistance gene; pUC ori: plasmid origin of replication; Tn7R: right of mini 
Tn7 elements; Gentamicin: gentamicin resistance gene.
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Proteinase K-treated rAAAV-VP3 was serially diluted and ampli-
fied by PCR, using Maxima SYBR Green/ROX qRT-PCR master 
mix (Thermo Scientific, USA) with primers specific to the CMV 
promoter: 5'-ATTTGCGTCAATGGGGCGGAGTT-3' and 5'-CAT 
CAATGGGCGTGGATAGCGGT-3'. The cycling conditions were 
as follows: denaturation at 95°C for 3 min, 40 cycles of 95°C for 
15 s, 58°C for 60 s, followed by dissociation curve determination 
of the products with melting curve analysis at 95°C for 15 s, 60°C 
for 15 s, and 95°C for 15 s. Linearized pFB-VP3 was employed as 
a copy number standard.

Detection of VP3 expression by immunofluorescence assay. To 
prepare the anti-VP3 serum, each mouse was injected intramus-
cularly three times with 50 μg of Escherichia coli expressed DHAV 
VP3 protein as described previously (Li et al., 2013). Primary duck 
embryo fibroblast cells were seeded on 24-well plates at a density 
of 2×105 cells/well and infected with rAAAV-VP3. Three days after 
infection, the cells were fixed for 20 min at room temperature with 
4% paraformaldehyde and blocked for 60 min with 5% BSA in PBS. 
The standard indirect immunofluorescence was performed using 
mouse anti-VP3 (1:100) serum. After incubation with FITC-labeled 
goat anti-mouse IgG (1:500, Jackson ImmunoResearch, USA), the 
cell cultures were observed under microscope for fluorescence.

Detection of VP3 expression by Western blot. Primary duck 
embryo fibroblast cells were infected with rAAAV-VP3 as de-
scribed above. The cell pellets were run on 10% SDS-PAGE and 
the separated proteins were transferred onto PVDF membranes 
(Millipore, USA) using Semi-Dry transfer unit (TE70X, Hoefer, 
USA). The membranes were blocked overnight at 4°C with 10% 
skimmed milk in PBST and incubated for 2 h at room temperature 
with mouse anti-VP3 (1:100) serum. After three washes in PBST, 
the membranes were incubated for 1 h with HRP-labeled goat anti-
mouse IgG (1:2,000, Jackson Immuno Research), and the signals 
were developed with 3, 3'-diaminobenzidine substrate.

Immunization of ducklings and virus challenge. The animal stud-
ies were performed in accordance with the animal study protocol 
of the Institutional Animal Care and Use Committee guidelines set 
by Jiangsu Agri-animal Husbandry Vocational College (protocol 
approval No.15-08). One day ducklings were purchased from the 
National Waterfowl Germplasm Resource Pool of Jiangsu Sci-tech 
Demonstration Garden of Modern Animal Husbandry, China. 
The ducklings were randomly divided into three groups of 10 
and housed separately. The first group was immunized one time 
with rAAAV-VP3 intramuscularly (i.m.) at a dose of 109 VG in 
a volume of 0.5 ml. The second group was immunized i.m. with 
104.3 ELD50/0.5ml commercial attenuated vaccine (A66 vaccine, 
Nanjing Tianbang Co., China). The third group was injected with 
PBS as a control. Blood was obtained from five ducklings per group 
weekly post-immunization. Two weeks after the immunization, the 
remaining ducklings were challenged i.m. with 0.2 ml of allantoic 
fluid containing 103 LD50 of DHAV-1 strain SH. Three days post 
challenge, the ducklings were euthanized by intravenous injection 
of 26% solution of sodium pentobarbital, the livers were collected 
and stored at -80°C until use.

Enzyme linked immunosorbent assay. Serum samples were sub-
jected to indirect ELISA test using the E. coli expressed VP3 protein 
as capture antigen. The VP3 protein was expressed in E. coli BL21 
(DE3) using the vector pET-30a, and the recombinant proteins were 
purified by Ni2+ affinity chromatography His-Bind Resin (Novagen, 
USA). Briefly, the 96-well microtiter plates were coated overnight 
with 10 μg/ml recombinant protein VP3, blocked with 1% BSA for 
2 h at 37°C, and then incubated for 2 h at 37°C with two-fold se-
rial dilutions of test sera. After washing with PBST, the plates were 
incubated for 1 h at 37°C with horseradish peroxidase-labeled goat 
anti-duck IgG (1:2000, KPL, USA). Absorbance was determined at 
450 nm using a Bio-Rad microtiter plate reader.

Quantitative real-time PCR (qRT-PCR). In order to detect the 
copy numbers of DHAV-1 in the livers of ducklings challenged with 
DHAV-1 strain SH, we performed a qRT-PCR assay as described 
previously (Song et al., 2012). Total RNA was extracted from 50 
mg each of the livers using MinBEST Universal RNA extraction 
kit (TaKaRa, Japan) according to the manufacturer's instructions. 
Extracted RNA was reverse-transcribed using oligo(dT)18 primers 
(TaKaRa) and M-MLV reverse transcriptase (TaKaRa) accord-
ing to the manufacturer's instructions. Viral RNA expression in 
the liver of challenged ducklings was determined by qRT-PCR 
assay on a 7300 real-time PCR system (Applied Biosystems) 
with primers specific to the 3D gene of DHAV-1: 5'-AAATCAA 
GGAAGGGAAAACAAGAGGCA-3' and 5'-AACAGCACAAC 
CAGATATAATGAAAGA-3'. A standard plasmid containing the 
3D gene of DHAV-1 was used to establish a standard curve, and a 
regression curve was constructed plotting the threshold cycle (Ct) 
values versus the logarithm of the copy number. The qRT-PCR 
reactions were carried out in 96-well plates in a final volume of 
25 μl, containing 12.5 μl of 2 × Maxima SYBR Green/ROX qPCR 
master mix (Thermo Scientific), 0.3 μmol/l of each primer and 2 μl 
cDNA template or standard template. The cycling conditions were 
as follows: denaturation at 95°C for 3 min, 40 cycles of 95°C for 
15 s, 55°C for 60 s, followed by dissociation curve determination 
of the products with melting curve analysis at 95°C for 15 s, 60°C 
for 15 s, and 95°C for 15 s.

Statistical analysis. Data are expressed as mean ± SD. The dif-
ference among groups was analyzed by Student's t-test using SPSS 
version 13 software. P-values of <0.05 were considered statistically 
significant.

Results

Generation and identification of rAAAV-VP3 particles

The rAAAV-VP3 particles were generated by simultane-
ous infection of Sf9 cells with rBac-Rep, rBac-Cap and rBac-
VP3. After purification with PEG8000 precipitation, the viral 
particles exhibited a typical shape of icosahedron particles 
with a diameter of approximately 22 nm under electron 
microscope (Fig. 2). The qRT-PCR results indicated that 
the purified rAAAV-VP3 had a titer of 1.05 × 1013 VG/ml.
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In vitro assessment of VP3 expression mediated by rAAAV

After infection of primary duck embryo fibroblast cells 
with rAAAV-VP3, VP3 protein expression was confirmed 

Fig. 2

Electron micrograph of recombinant avian adeno-associated virus 
(rAAAV-VP3)

Original magnification: ×37,000. The recombinant avian adeno-associated 
virus (rAAAV-VP3) particles were produced in Sf9 cells, purified with 
PEG8000 precipitation, and then strained with 2% phosphotungstic acid. 
Bar: 200 nm.

Fig. 3

Western blot analysis of VP3 expression in duck embryo fibroblast cells 
infected with recombinant avian adeno-associated virus (rAAAV-VP3)
Duck embryo fibroblast cells infected with rAAAV-VP3 (1) and normal 
duck embryo fibroblast cells without viral infection (2) were separated by 
10% SDS-PAGE and detected with mouse anti-VP3 serum and horseradish 
peroxidase-labeled goat anti-mouse IgG.

Fig. 4

Immunofluorescence assays of VP3 expression in duck embryo fibroblast cells infected with recombinant avian adeno-associated virus (rAAAV-VP3)
Three days after rAAAV-VP3 infection, duck embryo fibroblast cells infected with rAAAV-VP3 (a) and normal duck embryo fibroblast cells without 
viral infection (b) were fixed in 4% paraformaldehyde and detected with mouse anti-VP3 serum and goat anti-mouse immunoglobulin G labeled with 
fluorescein isothiocyanate.

by immunofluorescence assay using the anti-VP3 antiserum 
(Fig. 4). Western blot detected the expected 29 kDa protein 
band in rAAAV-infected cells, but not in mock-infected 
cells (Fig. 3).

(a) (b)
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Serological evidence of VP3 protein expression in ducklings

To evaluate the immunogenicity of rAAAV-VP3, one day 
old ducklings were inoculated i.m. at a dose of 109 VG. Blood 
was collected weekly to test for the presence of anti-VP3 an-
tibody by an indirect ELISA using the E. coli expressed VP3 
protein as the coating antigen. The mean antibody level of 
the vaccinated groups was significantly higher (0.01<P<0.05) 
than that of the control group (Fig. 5).

Vaccine/challenge experiment

To assess the level of protection conferred to ducklings 
by the 109 viral particles of rAAAV-VP3, the livers of the 
challenged ducklings were collected to detect virus copies by 
qRT-PCR analysis using the 3D specific primer. Ducklings 
of the PBS control group had significantly higher virus copy 
numbers (0.01<P<0.05) than the rAAAV-VP3 and the at-
tenuated vaccine inoculated groups, and difference between 
the rAAAV-VP3 vaccinated group and the attenuated vaccine 
inoculated group was not statistically significant (Fig. 6).

Discussion

The capsid of DHAV is composed of three structural 
proteins VP0, VP1 and VP3. The VP1 protein has been 
sufficiently proved to be the major host-protective antigen 

containing T and B cell epitopes that induce protective neu-
tralizing antibodies (Zhang et al., 2015; Wu et al., 2015; Li et 
al., 2017). Immunization of ducklings with the recombinant 
VP1 protein expressed via pichia pastoris (Wang et al., 2014), 
adeno virus (Yin et al., 2013), and suicidal DNA plasmid 
(Fu et al., 2012) has been shown to elicit strong protective 
immunity and provide enough protection against viral chal-
lenge (Wang et al., 2014; Fu et al., 2012; Yin et al., 2013). 
However, there are few studies about structural protein VP3 
of DHAV. A cell epitope of 205PSNI208 was identified to be 
a DHAV-1 type-specific epitope, highly conserved among 
DHAV-1 (Wu et al., 2017). The 56th amino acid in VP3 of 
foot-and-mouth disease virus (FMDV), a member of the 
family Picornaviridae, was reported to play a critical role 
in virulence and pathogenicity. From all these reports, we 
hypothesized that the VP3 protein might play an important 
role in the antigenicity of DHAV-1 and the development of 
DHAV-1 vaccine. To prove the hypothesis, the VP3 protein 
was expressed using rAAAV and the immunogenicity was 
assessed in ducklings.

The AAV is an efficient gene transfer vector for human 
gene therapy and vaccine research. The rAAAV was first used 
as the recombinant virus vector to express the VP2 gene of 
infectious bursal disease virus (IBDV) and could induce 
protective immunity against IBDV challenge in 80% of the 
inoculated chickens (Perozo et al., 2008). There is no other 
reported study about the rAAAV-based vaccine. The main 
reason might be that the titer of rAAAV produced with the 

Fig. 6

Detection of viral 3D gene expression in livers of challenged ducklings 
by qRT-PCR

One day ducklings were vaccinated with recombinant avian adeno-associ-
ated virus (rAAAV-VP3) i.m. at a dose of 109 VG or commercial attenuated 
vaccine followed by i.m. injection with 103 LD50 of DHAV-1 strain SH two 
weeks post vaccination. Three days post challenge, the livers were collected 
for q RT-PCR analysis using 3D specific gene primers. Each symbol repre-
sents a duckling, and the solid line indicates the mean value of the group.

Fig. 5

Titers of IgG antibodies induced in ducklings vaccinated with recom-
binant avian adeno-associated virus (rAAAV-VP3)

One day ducklings were vaccinated once with rAAAV-VP3 i.m. at a dose 
of 109 VG or commercial attenuated vaccine. Sera collected at weeks 1, 2, 3 
and 4 were analyzed for VP3-specific antibody by ELISA using the E. coli 
expressed VP3 protein as capture antigen. The antisera were diluted 1:64 
and used in ELISA. The results were obtained from mean ELISA absorbance 
values of three sera in each group.
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traditional method, co-transfection of HEK293 cells with 3 
plasmids expressing the Rep protein, the Cap protein and the 
foreign genes flanked by the ITRs of AAAV, is too low to meet 
the clinical demand (Bossis and Chiorini, 2003; Estevez and 
Villegas, 2004). In our previous study, the rAAAV had been 
successfully prepared in insect cells using the baculovirus 
expression system (Wang et al., 2017). The titer of rAAAV 
was significantly higher than that of rAAAV produced with 
the traditional method, and the rAAAV has been proven to 
successfully mediate GFP gene expression in chicken (Wang 
et al., 2017). In this study, the rAAAV was used as a gene 
transfer vector to express the VP3 gene of DHAV in duck 
cells. The VP3 gene of DHAV was subcloned downstream 
of the promoter CMV of the plasmid pFBAGFP containing 
the ITRs of AAAV. Assembly of rAAAV-VP3 was detected 
by electron microscopy, and it was proved that the size of the 
viral particles corresponds to the normal size of AAAV. The 
VP3 expression with the corresponding molecular weight 
of 29 kDa was demonstrated by Western blot analysis of 
rAAAV-VP3-infected duck embryo fibroblast cells. These 
results showed that the VP3 gene had been successfully 
expressed in duck cells and so agreed with our previous 
observations on the ability of the rAAAV vector to mediate 
adequate protein expression in vitro (Wang et al., 2008).

Although some papers reported that the VP3 protein con-
tained conserved B cell epitopes (Wu et al., 2017, Shen et al., 
2015), there was no evidence to confirm that the VP3 protein 
could provide enough immune protection in ducklings. To 
evaluate the immunogenicity of VP3 protein mediated by 
rAAAV, one day ducklings were vaccinated once with rAAAV 
at a dose of 109 VG in a volume of 0.5 ml. The antibodies 
were detected by the VP3-specific ELISA test as early as day 
7 in all vaccinated ducklings. Statistically significant differ-
ences were observed between the vaccinated groups and the 
nonvaccinated groups. Lethal challenge experiments showed 
that the level of virus copies in both rAAAV-VP3 group and 
attenuated vaccine group were significantly lower than that 
of the PBS group, and the difference of protective immune 
response in ducklings between the rAAAV-VP3 group and 
the attenuated vaccine group were not statistically significant. 
The serological and challenge results observed in the duck-
lings vaccinated with rAAAV-VP3 in ovo indicated that the 
VP3 protein expressed in ducklings could induce sufficient 
immune protection for DHAV challenge. The VP1 protein 
is the major capsid protein and contains most of the motifs 
known to interact with cellular receptors and neutralizing 
antibodies (Oberste et al., 2003), and is the target gene for 
genetic engineering vaccine design (Wang et al., 2014; Fu et 
al., 2012). Our results show that the VP3 protein can serve as a 
candidate for the development of genetic engineering vaccine.

In summary, this experiment demonstrated that the 
rAAAV-based transgenic expression of the DHAV VP3 
protein in ducklings could induce protective immunity 

against DHAV challenge and presented its potential use in 
the control of duck viral hepatitis.
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