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Abstract

Background: Duck viral hepatitis (DVH) is a highly contagious viral disease affecting ducks. It can be caused by five
agents, including duck hepatitis A virus genotypes 1 (DHAV-1), 2 (DHAV-2), and 3 (DHAV-3), as well as duck hepatitis
virus 2 and duck hepatitis virus 3. Since 2007, DHAV-3 has been known to be the most prevalent in East and South
Asia. So far, the information regarding the propagation of DHAV-3 in cultured cells is limited. In this study, we
describe the comparative studies on the growth properties of DHAV-3 in primary duck embryo fibroblast (DEF) cells
using two different strains: a virulent strain C-GY and an attenuated strain YDF120. The effect of fetal calf serum
(FCS) and chick serum (CS) on DHAV-3 replication and the mechanism of the inhibitory effect conferred by FCS
were also investigated.

Results: Following serial passages, both C-GY and YDF120 failed to produce cytopathic effect and plaques. The
combined quantitative real-time PCR and indirect immunofluorescence staining methods showed that the two
viruses could be propagated productively in DEF cells. Investigation of the viral growth kinetics revealed that the
two viruses replicated in DEF cells with similar efficiencies, while the viral load of the virulent C-GY strain peaked
more rapidly when compared with the attenuated YDF120 strain. Neutralization assay and time-of-drug-addition
study indicated that FCS displayed inhibitory effect on DHAV-3 replication. Analysis on the mechanism of action of
FCS against DHAV-3 demonstrated that the inhibitory effect was reflected at three steps of the DHAV-3 life cycle
including adsorption, replication, and release.

Conclusions: Both virulent and attenuated DAHV-3 strains can establish noncytocidal, productive infections in DEF
cells. The virulent strain replicates more rapidly than the attenuated strain in early infection period. FCS has an
inhibitory effect on DHAV-3 replication, which may be attributed to action of a non-specific inhibitory factor present
in FCS directly on the virus. These findings may provide new insights into the development of potential antiviral
agents.
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Study design
Since the growth of duck hepatitis A virus (DHAV) in
cultured cells is curial to explore the molecular mecha-
nisms involved in replication and pathogenesis of the
virus, we investigated comparative studies on the growth
properties of two different DHAV-3 strains (virulent iso-
late C-GY from duck viral hepatitis (DVH) of Pekin
© The Author(s). 2019 Open Access This artic
International License (http://creativecommons
reproduction in any medium, provided you g
the Creative Commons license, and indicate if
(http://creativecommons.org/publicdomain/ze

* Correspondence: zdb@cau.edu.cn
Key Laboratory of Animal Epidemiology of the Ministry of Agriculture,
College of Veterinary Medicine, China Agricultural University, No. 2
Yuanmingyuan West Road, Haidian district, Beijing 100193, People’s Republic
of China
ducklings and attenuated strain YDF120) in primary
duck embryo fibroblast (DEF) cell cultures and the effect
of fetal calf serum (FCS) and chick serum (CS) on
DHAV-3 replication. The study design of this article are
as follows:
1. Culture the DHAV-3 C-GY and YDF120 strains in

primary DEF cells and passage the viruses for 10 times
and monitor the formation of cytopathic effect (CPE)
and plaque in cells.
2. Investigate the expression of viral proteins in DEF

cells inoculated with DHAV-3 by using an indirect im-
munofluorescence assay, employing specific chicken
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antisera against DHAV-3 C-GY and a FITC-conjugated
goat anti-chicken IgG.
3. Detect the viral loads in each passage of C-GY and

YDF120 by using a DHAV-3 quantitative real-time PCR
(qPCR) assay.
4. Investigate and compare the replication kinetics of

DHAV-3 virulent and attenuated strains in DEF cultures
via detection of viral loads of the 5th cell passages of
C-GY and YDF120 using the DHAV-3 qPCR assay. The
5th cell passages of C-GY and YDF120 were also
employed in the subsequent experiments.
5. Assess the effect of FCS and CS on virulent and at-

tenuated strains of DHAV-3 in DEF cells by using
neutralization tests.
6. Investigate the mode of action of FCS on DHAV-3

replication in DEF cells by using time-of-drug-addition
assay.
7. Examine the inhibitory effect on the steps of the

DHAV-3 life cycle by using four different experiments.

Background
Duck viral hepatitis (DVH) is an acute and highly fatal
contagious disease of ducklings, characterized primarily
by hepatitis [1]. It can be caused by five viruses. They in-
clude duck hepatitis A virus genotypes 1 (DHAV-1;
formerly duck hepatitis virus type 1) [2], 2 (DHAV-2)
[3], and 3 (DHAV-3) [4], members of the species Avihe-
patovirus A of the genus Avihepatovirus in the family
Picornaviridae [5] (http://www.picornaviridae.com/avi-
hepatovirus/avihepatovirus.htm), and duck hepatitis
virus type 2 (DHV-2) [6–8] and duck hepatitis virus type
3 (DHV-3) [9], which are currently classified within the
genus Astrovirus in the family Astroviridae [10, 11].
Compared with DHV-2 and DHV-3, the three DHAV
genotypes can cause more severe diseases [1, 3, 12, 13].
Among the DHAV genotypes, DHAV-1 is known to be
worldwide in distribution [1]; DHAV-2 has only been re-
ported in Taiwan, China [3]; and DHAV-3 has been
found in South Korea [4], mainland China [14], and
Vietnam [15]. Since its first report in 2007, DHAV-3 has
been known to be the most prevalent in duck industry
in East and South Asia [4, 14–18].
The genome sequence has been determined for a

number of DHAV isolates, as indicated in GenBank re-
cords. The genome of DHAVs consists of positive-sense,
single-stranded, polyadenylated RNA of 7689–7775 nu-
cleotides (nt). The polyadenylated genome contains a
large open reading frame (ORF), encoding a putative
polyprotein, which is flanked by the 5′ and 3′ untrans-
lated regions (UTRs). The DHAV polyprotein appears to
be cleaved into three structural (VP0, VP3 and VP1) and
8–9 nonstructural (2A1, 2A2 [or 2A2, 2A3], 2B, 2C, 3A,
3B, 3C and 3D) proteins [3, 4, 19–21]. Comparative se-
quence analysis demonstrates that DHAV-3 strains share
low identity at the nucleotide (genome: 70–73%) and
amino acid (polyprotein: 82–83%) level with DHAV-1
strains [4, 12, 22]. Moreover, DHAV-3 and DHAV-1 dif-
fer greatly in their genome lengths [4, 12, 19–21]. Previ-
ous works have shown that DHAV-3 has no common
antigens with DHAV-1 in virus neutralization tests [4,
14]. Thus, emergence of DHAV-3 in Asia has caused
great concern for duck industry.
The growth of DHAV in cultured cells is curial to ex-

plore the molecular mechanisms involved in replication
and pathogenesis of the virus. Because DHAV-1 is the
most common virus reported in most outbreaks world-
wide, most data regarding to the growth of DHAV in cell
cultures was obtained from studies on DHAV-1. At-
tempts to propagate DHAV-1 in cell cultures of avian
embryo origin have been reported [20, 23–39]. However,
cytopathic effect (CPE) was only observed in some types
of cell cultures following infection with DHAV-1. In
addition, conflicting results were obtained from different
researchers. For example, Hwang concluded that duck
embryo liver (DEL) cells were unsuitable for the propa-
gation of DHAV-1 [29], whereas Woolcock reported that
DHAV-1 was propagated successfully in DEL cells [39].
The study by Davis and Woolcock showed that attenu-
ated DHAV-1 grew in embryo cell cultures of goose,
turkey, quail, pheasant, guinea fowl, and chicken origin,
while virulent virus strains grew to varying degrees in
only guinea fowl, quail, and turkey embryo cells, sup-
porting the view that virulent and attenuated DHAV-1
may exhibit difference in terms of growth property [24].
So far, there is only one report describing the propaga-
tion of DHAV-3 in DEL cells, and DHAV-3 behaved
similarly to DHAV-1 with respect to induction of CPE in
virus-infected cells [39, 40].
Plaque assays in duck embryo kidney (DEK) and DEL

cell monolayers have demonstrated that mammalian sera
can inhibit the growth of DHAV-1 [38, 39, 41]. In the
study by Woolcock et al., a plaque assay was developed
and applied for the assay of attenuated DHAV-1 in DEK
cells, which showed that the concentration of fetal calf
serum (FCS) in the overlay medium can affect both
diameter and numbers of the plaques [38]. This observa-
tion was confirmed further by plaque assays for virulent
and attenuated DHAV-1 in DEK and DEL cells [39]. The
study by Chalmers and Woolcock demonstrated that
several mammalian (e.g., fetal calf, newborn calf, rabbit
and dog) sera had a drastic inhibitory effect on DHAV-1,
and that the virus-inhibitory substance present in the
sera appeared to act directly on the virus rather than
preventing entry into the cells by blocking receptor sites
[41]. As FCS are commonly used for virus propagation
in cell cultures, the difficulty in growth of DHAV-1 in
cell cultures might be attributed to the inhibitory effect
of FCS on the virus. Whether or not FCS exhibits
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inhibitory effect on growth of DHAV-3 in cell cultures
remains unknown.
In the present study, we describe the comparative

studies on the growth properties of two different
DHAV-3 strains (virulent isolate C-GY from DVH of Pe-
kin ducklings and attenuated strain YDF120) in primary
duck embryo fibroblast (DEF) cell cultures. and the ef-
fect of FCS and chick serum (CS) on DHAV-3 replica-
tion. The mechanism of the inhibitory effect of FCS
against DHAV-3 replication was also investigated.

Results
DHAV-3 could establish noncytocidal infection in DEF
cells
Initially, we propagated DHAV-3 in DEF cells using
maintenance medium consisting of Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 2% FCS.
However, attempts to propagate the virus were unsuc-
cessful. Thus, we used DMEM containing 2% CS as
maintenance medium according to previously reported
method to propagate DHAV-1 [38, 39, 41].
The propagation of DHAV-3 in primary DEF cells was

firstly tested by monitoring the formation of CPE and by
plaque assays. Inoculation of DHAV-3 C-GY and
YDF120 onto the DEF cells failed to induce CPE even
after ten serial passages (Fig. 1a). There was no notice-
able difference in cell morphology between the virus-
and mock-infected DEF cells and between cells inocu-
lated with different passages of C-GY and YDF120. In
the plaque assays performed with the 5th passage of
cell-derived viruses, both C-GY and YDF120 failed to
form plaques (Fig. 1b).
An indirect immunofluorescence (IIF) assay was

employed to characterize the growth of DHAV-3 in DEF
cells. In this test, the cells 36 h post inoculation (hpi)
with the 5th passages in DEF cells of DHAV-3 C-GY and
YDF120 and the mock-infected cells were stained with
fluorescein isothiocyanate (FITC)-conjugated goat
anti-chicken IgG and specific chicken antisera to
DHAV-3. As shown in Fig. 1c, the virus-infected cul-
tures showed fluorescence, whereas no green fluorescent
signals were observed in mock-infected cells. The inves-
tigations indicated that antigens of both viruses were
expressed efficiently in DHAV-3-positive DEF cells.
To confirm further the growth of DHAV-3 in DEF

cells, a DHAV-3 quantitative real-time PCR (qPCR)
assay was used to quantify viral RNAs in samples (cells
together with medium) harvested from the
DHAV-3-infected cell cultures at 3 days post inoculation
(dpi). The viral loads were determined to range from
105.1 ± 0.15 to 106.4 ± 0.08 copies/ml in cell cultures infected
with the first to tenth passages of C-GY, and from 105.2
± 0.12 to 106.4 ± 0.11 copies/ml in cell cultures infected with
the first to tenth passages of YDF120 (Fig. 1d). The
samples from the mock-infected cells were tested nega-
tive for DHAV-3.
Virulent and attenuated DHAV-3 replicate with similar
efficiencies
To investigate and compare the replication kinetics of
C-GY and YDF120 in DEF cultures, the growth curves
of DHAV-3 were established using the cell cultures
(medium and cells) and medium. As shown in Fig. 2a
and b, both C-GY and YDF120 could efficiently replicate
in DEF cells. Differences in growth kinetics were de-
tected between the two strains. Viral loads of C-GY and
YDF120 peaked at 36 hpi and 48 hpi, respectively. The
viral loads of C-GY were higher than those of YDF120
till C-GY reached the highest titer, afterwards the viral
loads of YDF120 were higher than those of C-GY. Viral
loads of C-GY and YDF120 differed significantly from
each other in cell cultures at 12 and 48 hpi (P < 0.05)
(Fig. 2a), and in medium at 24 hpi (P < 0.05) (Fig. 2b).
FCS displayed inhibitory effect on DHAV-3 replication
To assess the effect of FCS and CS on DHAV-3 virulent
and attenuated strains, neutralization tests were carried
out. In these tests, each serum was diluted and mixed with
an equal volume of virus to give three different final con-
centrations (2, 1 and 0.5%). A mixture of DMEM and an
equal volume of virus served as control. The viral loads
were determined at 36 hpi for C-GY and 48 hpi for
YDF120 respectively. As shown in Fig. 3a and b, the vial
loads of C-GY and YDF120 after treatment with different
concentrations of FCS were shown to be significantly
lower than those of control (P < 0.05). Compared with
control, no significant difference was observed in viral
loads of both C-GY and YDF120 after treatment with CS
(P > 0.05) (Fig. 3c and d).
FCS inhibited DHAV-3 replication at stages of co- and
post-inoculation
To search the clue for the mode of action of FCS against
the virulent and attenuated DHAV-3 strains, the
time-of-drug-addition (TODA) assays were conducted
(Fig. 4a), employing CS as a control. In the pre-cell treat-
ment assays, there were no significant differences in the
viral loads between FCS- and CS-treated groups (P >
0.05). In the co-inoculation studies, the viral loads de-
tected in the FCS-treated group were significantly lower
than those in the CS-treated group (P < 0.05). In the
post-inoculation treatment assays, FCS remained inhibi-
tory effect on replication of both C-GY and YDF, show-
ing significant differences in viral loads when compared
with the CS-treatment group (P < 0.05) (Fig. 4b and c).
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Fig. 1 Characterization of growth of DHAV-3 in DEF cells. a Observation on formation of CPE in DEF cells. The picture was taken at 72 h after
inoculation with the 10th passage of YDF120 and C-GY. b Assays on formation of plaques in DEF cells at 72 hpi. The 5th cell passages of DHAV-3
YDF120 and C-GY were used as inocula. The infected cells were stained with crystal violet, and viewed with direct light. c Analysis on expression
of viral protein by immunostaining of DEF cells at 36 hpi. The 5th cell passages of DHAV-3 YDF120 and C-GY were employed to infect DEF cells.
Viral protein expression was analyzed with specific chicken antisera against DHAV-3 C-GY and a FITC-conjugated goat anti-chicken serum (green).
Bar = 50 μm. d Quantification of viral RNA copies in DEF cells at 72 hpi. RNA copies were detected by qPCR, and the results were shown for the
first to tenth passages of DHAV-3 YDF120 and C-GY
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FCS inhibited DHAV-3 at various steps of the DHAV-3 life
cycle
Viral attachment inhibition assay was performed to test
the effect of FCS on adsorption of the C-GY and
YDF120 viruses to cell receptor sites. In this test,
virus-serum mixtures were used for inoculation and the
cells were incubated at 4 °C for 1 h to allow viral adsorp-
tion to cell surface. As shown in Fig. 5a, the viral loads



A B

Fig. 2 Growth kinetics of DHAV-3 in DEF cells. DEF cells were inoculated with the 5th cell passages of DHAV-3 YDF120 and C-GY at a MOI corresponding
to 1 copy/cell. Viral yields in DEF cells were reflected by RNA copies detected with qPCR at indicated time after inoculation. At each time point, samples
(medium together with cells) (a) and medium (b) were collected from three wells of 24-well-plates. Error bars represent the SD (n= 3). *, P< 0.05; **, P< 0.01
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detected at 24 hpi for both C-GY and YDF120 in the
FCS-treated group were significantly lower than those in
the CS-treated group (P < 0.05), suggesting that
pre-incubation of virus with FCS reduced significantly
the replication efficiency of both C-GY and YDF120 in
DEF cells.
To assess whether or not FCS can inhibit penetration

of DHAV-3 into the interior of DEF cells, viral inocula-
tion was performed at 4 °C for 1 h, followed by sera
A

C

Fig. 3 Effect of FCS and CS on DHAV-3 replication in DEF cells. (a) and (b) rep
respectively. (c) and (d) represent the effect of CS on C-GY and YDF120 at dif
(medium and cells) were collected from three wells of 24-well-plates and vira
(n = 3). *, P < 0.05. **, P < 0.01
treatment at 37 °C. The viral loads derived from the
FCS-treated group showed no significant difference
when compared with those from the CS-treated group
(P > 0.05) (Fig. 5b). The result indicated that FCS had no
effect on entry of DHAV-3 into the cells.
As shown in Fig. 5c and d, addition of FCS at 1 h and

2 h after inoculation resulted in significant decreases in
viral loads in both cell cultures (cells and medium) and
medium, showing significant inhibitory effect on
B

D

resent the effect of FCS on C-GY and YDF120 at different concentrations
ferent concentrations respectively. At each concentration, samples
l load in each sample was quantified by qPCR. Error bars represent the SD
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Fig. 4 Analysis on the mode of action of FCS against the virulent and attenuated DHAV-3 strains. a Schematic illustration of the TODA assays. DEF
cells were treated with FCS or CS at indicated time and were inoculated with C-GY or YDF120 (MOI of 1 copy/cell). (b) and (c) represent the results
obtained from the TODA assays for C-GY and YDF120 respectively. At each time point, samples (medium and cells) were collected from three wells of
24-well-plates at 24 hpi and viral loads in samples were determined by qPCR assay. Error bars represent the SD (n = 3). *, P < 0.05; **, P < 0.01
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genomic RNA replication of DHAV-3 in DEF cells and
release of DHAV-3 from the cells.

Discussion
The present paper describes the propagation of DHAV-3
in primary DEF cells. Based on the qPCR and IIF assays,
both virulent and attenuated strains were shown to
cause productive infections in DEF cells. However,
DHAV-3 failed to produce CPE and plaques, distinct
from DHAV-3 in DEL cells in which the virus could in-
duce CPE [40]. These findings support the view that
DHAV-3 can establish noncytocidal, productive infec-
tions in DEF cells. It has been shown previously that
chicken embryo adapted DHAV-1 causes a cytocidal in-
fection in DEF cells [27, 39]. Taken together, these inves-
tigations suggest that the effect of DHAV-1 and
DHAV-3 infections on DEF cells is disparate. The detec-
tion of viral RNA in medium of infected cultures indi-
cated that the noncytocidal DHAV-3 can be released
from the infected cells. Previous studies have shown that
noncytolytic viruses may be released from cell mem-
branes, whose permeability can be modified by viral pro-
teins such as nonstructural protein 2B [42, 43]. In
addition, it has been proposed that release of noncytoly-
tic viruses can be mediated by autophagy [44]. Further
studies are needed to elucidate the mechanism of the re-
lease of DHAV-3 from infected cells.
In the investigation of the viral growth kinetics in DEF

cells, both virulent and attenuated strains were shown to
replicate effectively in DEF cells. We noted that the viral
load of C-GY peaked more rapidly than that of YDF120
in the cell cultures (medium and cells) and medium, and
that there were significant differences in viral loads be-
tween the virulent and attenuated groups in cell cultures
at 12 and 48 hpi and in medium at 24 hpi. These find-
ings suggest that the virulent strain can be replicated
more rapidly and efficiently in DEF cells than the attenu-
ated strain in early infection period. The difference in
virulence may be responsible for the distinct replication
efficiency between virulent and attenuated strains in
early infection period.
The present study also describes the effect of serum

on DHAV-3 replication in DEF cells. Based on the
neutralization tests, FCS was shown to exert an in-
hibitory effect on both attenuated and virulent strains
in DEF cells. On the basis of the TODA assays, it has
been shown that FCS mainly inhibits DHAV-3 repli-
cation at two stages including co-inoculation and
post-inoculation periods. The present observation was
in agreement with previous findings of Chalmers and
Woolcock [41], who have suggested that FCS cannot
prevent entry of DHAV-1 into the cells by blocking
receptor sites.
In further investigations into the mechanism of action

of FCS against DHAV-3, the inhibitory effect was
reflected at three steps of the DHAV-3 life cycle, includ-
ing attachment virions to the cell surface, replication of
genomic RNA, and release of viral particles. We noted
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Fig. 5 Examination of steps of the DHAV-3 life cycle on which FCS exhibited inhibitory effect. (a) Virus-serum mixtures were used as inoculation
and incubated at 4 °C for 1 h to allow viral adsorption to cell surface. b Viral inoculation was performed at 4 °C for 1 h, followed by sera treatment
at 37 °C. DHAV-3 inoculated cells were treated with sera at 1 h and 2 h after inoculation and the samples (medium together with cells) (c) and
medium (d) were collected for further detection. All samples were collected from three well of 24-well-plates and the viral loads in samples were
quantified by qPCR assay. Error bars represent the SD (n = 3). *, P < 0.05; **, P < 0.01
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that FCS cannot enter the interior of DEF cells. There-
fore, we consider it likely that the inhibitory effect of
FCS on replication of genomic RNA might be attributed
to action on progeny virions released into the medium,
which may prevent virus from infecting other uninfected
cells.
The inhibitors in normal serum named as

non-specific inhibitors to distinguish them from spe-
cific antibody has been studied by many researchers,
while information on serum inhibitors has been con-
troversy and confusing. To date, a generally accepted
view is that the inhibitors were characterized as a
complex of several proteins [45–47]. Based on the re-
sults of Chalmers and Woolcock [42], we can specu-
late that inhibitors of DHAV-1 may occur in normal
animal sera as a complex with other inert materials.
It should be noted that the inhibitors of DHAV-1 was
only found in several mammal sera, which was con-
sistent with host susceptibility [48, 49]. These obser-
vations may support the opinions that the presence of
non-specific inhibitors in serum would be a factor in
natural resistance to infection with DHAV and that
the non-specific inhibitors may be employed as potent
inhibitors in combating DHAV infection.
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Conclusions
In summary, we have demonstrated that both virulent
and attenuated strains of DHAV-3 can establish a noncy-
tocidal, productive infection in DEF cells. Furthermore,
FCS displays an inhibitory effect on DHAV-3 replication,
which is reflected at three steps of the DHAV-3 life
cycle, including attachment, replication, and release. It is
likely that the inhibitory effect might be attributed to ac-
tion of a non-specific inhibitory factor present in FCS
directly on the virus. These findings may provide new
insights into the development of potential antiviral
agents.

Methods
Viruses
Two DHAV-3 strains, namely C-GY and YDF120, were
used in this study. C-GY was isolated from a 2-week-old
dead duckling exhibiting signs and lesions typical of
DVH. The virus was propagated in 10-day-old embryo-
nated duck eggs [14]. YDF120 was the 120th passage of
the DHAV-3 C-YDF isolate in specific pathogen-free
(SPF) embryonated chicken eggs [50]. The viruses were
stored at − 80 °C as embryo homogenates. The homoge-
nates were clarified by centrifugation at 10,000 g for 10
min, followed by filtration through 0.22 μm Sterile Syr-
inge Filters (Millipore, Billerica, MA, USA). Using
10-day-old duck embryos and 9-day-old chicken em-
bryos, the titers of C-GY and YDF120 were determined
to be 105.0 and 104.5 50% egg lethal dose (ELD50) per 0.1
ml, respectively.

Antiserum
Antiserum against DHAV-3 was produced in 4-week-old
SPF chicks as described previously [14]. The chicks were
inoculated intramuscularly two times at weekly intervals
with the C-GY virus at the dose of 5 × 105 ELD50 per
bird. The antiserum was bled at 6 weeks of age and inac-
tivated at 56 °C for 30 min.

Cells
Primary DEF cells were prepared from 12-day-old Pekin
duck embryos by a standard method [51], and main-
tained in growth medium consisting of DMEM (Mac-
gene, Beijing, China) supplemented with 10% FCS
(Corning, NY, USA), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin. The cells were incubated at 37 °C in 5%
CO2 until use.

Virus propagation
Confluent monolayers of DEF cells grown in T25 flasks
were washed three times with DMEM, and each of DEF
cultures was inoculated with 0.5 ml (104 ELD50) of virus.
After 1 h adsorption at 37 °C, the inoculum was re-
moved, and maintenance medium consisting of DMEM
supplemented with 2% CS (Solarbio, Beijing, China),
100 U/ml penicillin, and 0.1 mg/ml streptomycin was
added. The cells together with medium were harvested
after incubation at 37 °C for 3 days. Subsequently, the
cells were lysed by three freeze-thaw cycles, and sub-
jected to centrifugation at 10,000 g for 10 min. The
cell-free supernatants were harvested and passaged for
additional 9 times in DEF cells. Apart from investigation
of CPE, growth of viruses in DEF cells were also deter-
mined by testing the supernatants from each passage
using the qPCR assay as described below. The 5th pas-
sages in DEF cells of C-GY and YDF120 of DHAV-3
were used as inocula in subsequent experiments.
Plague formation assay
DEF cells were prepared in 24-well plates, seeded at 2 × 105

cells per well. When confluent, the cells were washed three
times with DMEM. The virus was diluted in 10-fold steps
to 10− 6, and 0.2ml from each dilution was used to inocu-
late two of monolayers of DEF cells. After 1 h adsorption at
37 °C, the inoculum was removed, and the cells were
washed three times with DMEM. Each of the wells was
overlaid with 0.5ml of agarose-maintenance medium over-
lay containing 1% agarose L.M.P (Macgene, Beijing, China).
Following 72 h incubation at 37 °C in 5% CO2, the cells
were fixed with 4% paraformaldehyde (Macgene, Beijing,
China) for 1 h at room temperature. Subsequently, the
overlay was removed, and the cells were stained with 0.2%
crystal violet (Macgene, Beijing, China) for 30min for
visualization of plaques.
IIF staining of virus-infected cells
DEF cells were prepared in 24-well plates and washed as
described in plague formation assay. The cells were inoc-
ulated with DHAV-3 at a multiplicity of infection (MOI)
corresponding to 1 copy/cell. After 1-h adsorption at 37
°C, the cells were washed three times with DMEM and
replenished with 2% CS DMEM. Following incubation at
37 °C for 36 h, the medium was removed and the cells
were washed three times with phosphate buffered saline
(PBS). Subsequently, the cells were fixed with 0.3 ml of
pre-cold ethanol for 15 min at room temperature. The
ethanol was removed and the cells were washed three
times. Each of monolayers was inoculated with 0.3 ml of
a 100-fold dilution of antiserum against DHAV-3. After
incubation at 37 °C for 1.5 h, the cells were washed three
times, 5 min every time, and stained with 0.3 ml of a
50-fold dilution of FITC-conjugated goat anti-chicken
IgG (BioDragon, Beijing, China). After further incuba-
tion at 37 °C for 1 h, the cells were washed again and
examined using fluorescence microscopy (Olympus,
Tokyo, Japan).
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Determination of kinetics of viral RNA replication and
virus release
DEF cells were prepared and inoculated with DHAV-3
as described in IIF test. After adsorption at 37 °C for 1 h,
the cells were washed three times with DMEM and
replenished with 2% CS DMEM. Incubation at 37 °C was
continued. To investigate the kinetics of viral RNA repli-
cation and virus release, infected cultures (medium and
cells) and medium were sampled respectively at different
time points pi, and viral loads in the samples were de-
tected by using qPCR assay.

Analysis on effect of serum on virus
This assay was designed to investigate the effect of
FCS and CS on DHAV-3 C-GY and YDF120 strains.
Each serum was diluted in DMEM to form three con-
centrations (4, 2, and 1%). DMEM served as a con-
trol. The serum from each concentration was mixed
with an equal volume of virus (2 × 105 copies) diluted
in DMEM, and incubated at 37 °C for 1 h. After
monolayers of DEF cells (2 × 105 cells) were main-
tained in culture in a 24-well plate and washed three
times with DMEM, the cells were inoculated with 0.2
ml of the serum-virus mixtures and incubated for 1 h
at 37 °C for virus adsorption. Next, the cells were
washed three times with DMEM and replenished with
2% CS DMEM. The samples (medium together with
cells) were collected at 36 hpi for C-GY and 48 hpi
for YDF120. Viral load in each sample was detected
by the qPCR method.

TODA assay
To investigate the mode of action of FCS on DHAV-3
replication, the TODA assay was performed as described
previously with modifications [52]. DEF cells were pre-
pared as described in IIF test. When confluent, the cells
were washed thrice with DMEM.
For the pre-inoculation assay, DEF cells were

pre-incubated with 0.2 ml of 2% FCS DMEM, using 2%
CS DMEM as a control. After treatment at 37 °C for 1 h,
the cells were washed thrice with DMEM to remove un-
bound serum residues, and inoculated with DHAV-3 at
an MOI corresponding to 1 copy/cell. After adsorption
at 37 °C for 1 h, the cells were washed thrice with
DMEM and replenished with 0.5 ml of 2% CS DMEM.
For the co-inoculation assay, DHAV-3 was mixed with

FCS to give a final concentration of 2% of serum. 0.2 ml
of the FCS-virus mixture (MOI of 1 copy/cell) was used
to inoculate monolayers of DEF cells. The CS-virus mix-
ture served as a control. After adsorption at 37 °C for 1
h, the cells were washed thrice with EMEM and replen-
ished with 0.5 ml of 2% CS DMEM.
For the post-inoculation assay, DEF cells were inocu-

lated with DHAV-3 at an MOI corresponding to 1 copy/
cell. After 1-h adsorption at 37 °C, the cells were washed
thrice and divided into four groups: the first group was
replenished with 0.5 ml of 2% FCS DMEM, the second
group with 0.5 ml of 2% CS DMEM, and the third and
fourth groups with 0.5 ml of serum-free DMEM. After
incubation at 37 °C for 1 h, FCS and CS were added into
the cells in the third and fourth groups respectively to
give a final concentration of 2% of serum.
The cells were incubated further at 37 °C in 5% CO2.

In all three assays, three monolayers of DEF cells were
used in each inoculation. The samples (medium and
cells) were collected at 24 hpi. Viral load in each sample
was detected by using the DHAV-3 qPCR assay.
Mechanism of action of FCS against DHAV-3
To gain insight into the mechanisms by which FCS
exerted its anti-DHAV-3 activity in DEF cells, the effect
of FCS on the steps of the DHAV-3 life cycle was exam-
ined as described previously [53].
Firstly, the effect of FCS on viral attachment to cell

surface was investigated. Serum and virus were individu-
ally diluted with pre-cold DMEM and mixed together to
give a final concentration of 2% of serum. DEF cells were
prepared in 24-well plates, seeded at 2 × 105 cells per
well. When confluent, the cells were washed thrice with
pre-cold DMEM, and inoculated with 0.2 ml of the
serum-virus mixture (MOI of 1 copy/cell). After adsorp-
tion at 4 °C for 1 h, the cells were washed thrice with
pre-cold DMEM and replenished with 0.2 ml of DMEM.
After incubation at 37 °C for 1 h, DMEM was removed,
and 0.5 ml of 2% CS DMEM was added. Incubation was
continued at 37 °C in 5% CO2 and samples (medium and
cells) were collected at 24 hpi.
Secondly, the effect of FCS on virus entry into cells

was investigated. DEF cells were prepared and washed as
described above. The cells were inoculated with
DHAV-3 at an MOI of 1 copy/cell. Following 1 h ad-
sorption at 4 °C, inoculum was removed, and the cells
were washed thrice with pre-cold DMEM to remove un-
bound viruses. The cells were treated with 0.2 ml of 2%
FCS DMEM, using 2% CS DMEM as a control. After
treatment at 37 °C for 1 h, the maintenance medium was
removed and the cells were washed thrice with DMEM.
The cells were then replenished with 0.5 ml of 2% CS
DMEM and incubated further at 37 °C in 5% CO2. Sam-
ples (medium and cells) were collected at 24 hpi.
Finally, the effect of FCS on viral RNA replication and

virus release was assessed. The experiments were per-
formed as described in post-inoculation assay. The sam-
ples were collected at 36 hpi for C-GY and 48 hpi for
YDF120. For assessing viral RNA replication, medium
and cells were sampled. For virus release assay, medium
was sampled.
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In all experiments, each group contained three replica-
tions. Viral load in each sample was quantified as de-
scribed below.

Virus quantification
DHAV-3 loads in samples collected from infected DEF cells
were quantified by using a DHAV-3 qPCR assay. Briefly,
forward primer DHAV-3/F1 (5′-TGACCCACGTT-
TAAGTCTCTATG-3′) and reverse primer DHAV-3/R1
(5′-CTCGGCACAGGATCCAATAATC-3′) were designed
on the basis of the genome sequence of C-YDF (GenBank
accession no. GU066821). The primers were applied in a
conventional reverse transcription (RT)-PCR assay to amp-
lify a 515-bp product from the 5′UTR–VP0 region of the
YDF120 genome. The reaction mixture and condition were
the same as described previously [14]. The PCR product
was cloned into the pCloneEZ-Blunt-AMP/HC (Taihegene,
Beijing, China), resulting in a recombinant plasmid
pC-YDF120.
The concentration of plasmid pC-YDF120 was mea-

sured using Biodropsis BD-1000 ultraviolet spectropho-
tometry (Beijing Oriental Science and Technology
Development, Beijing, China). Standard curve for the
qPCR assay was generated using 2 μl from each of
10-fold serial dilutions (10− 3–10− 7; corresponding to
3.83 × 105–38.3 copies/μl) of vector construct
pC-YDF120 as templates. qPCR was performed using
forward primer DHAV-3/F2(5′-TGGTCGAGTCCCA-
TACACTATAA-3′) and reverse primer DHAV-3/R1,
which were used to amplify a 106 bp sequence from the
515 bp 5′UTR-VP0 region of DHAV-3. The reaction
mixture and condition were provided by AceQ qPCR
SYBR Green Master Mix Kit (Vazyme, Nanjing, China).
For determination of viral load, the samples (medium

or medium together with cells) were subjected to three
frozen-thaw cycles, followed by centrifugation at 10000 g
for 10 min. RNA was extracted from 200 μl supernatant
using a TRIzol reagent (Thermo Scientific, Waltham,
MA, USA), and diluted in 50 μl of RNase-free water. 5 μl
of RNA was reverse transcribed into cDNA using a
HiScript first Strand cDNA Synthesis Kit and random
hexamers (Vazyme, Nanjing, China). 2 μl of cDNA was
quantified using qPCR.

Statistical analysis
Data were calculated as means ± standard deviation (SD).
Differences between groups were analyzed using an inde-
pendent samples t-test implemented in the SPSS Statistics
21th software (IBM, Armonk, NY, USA). A P < 0.05 value
was considered statistically significant.
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