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ABSTRACT Hypervirulent fowl adenovirus serotype
4 (hvFAdV-4) has emerged as a major pathogen of
hepatitis-hydropericardium syndrome (HHS) with
increased mortality in chickens, resulting in economic
losses to the Chinese poultry industry since June 2015.
Here, we isolated a hypervirulent FAdV-4 (hvFAdV-4)
strain (designated GD616) from 25-day-old meat-type
chickens with severe HHS in Guangdong Province China
in June 2017. The whole genome of the strain GD616
shares high homology with those in the recently-
reported hvFAdV-4 isolates in China, with natural dele-
tions of ORF19 and ORF27. A comparative analysis of
Hexon and Fiber-2 proteins revealed that 2 unique
amino acid residues at positions 378 and 453 of the
Fiber-2 protein might be associated with virulence due
to their occurrences in all the hvFAdV-4 isolates only.
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To systemically evaluate the effect of age on the suscep-
tibility of chickens to hvFAdV-4, we used this hvFAdV-
4 strain to intramuscularly inoculate 7- to 180-day-old
specific-pathogen-free chickens for the evaluation of
pathogenicity. These results showed that the pathoge-
nicity of the hvFAdV-4 strain GD616 to chickens exhib-
ited age-relatedness, with younger than 59-day-old
chickens showing 100% morbidity and mortality, while
180-day-old chickens still exhibited a hydropericardium
syndrome-like clinicopathology with 60% morbidity and
20% mortality. These findings enrich the current avail-
able knowledge regarding the pathogenicity of the
hypervirulent FAdV-4 virus in chickens with a wide
range of ages, which assists with the selection of suit-
able-aged chickens for the evaluation of hvFAdV-4
vaccines.
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INTRODUCTION

Hypervirulent fowl adenoviruses (hvFAdVs), which
have emerged as major agents of inclusion body hepati-
tis-hydropericardium syndrome (IBH-HPS) and giz-
zard erosion, exhibit a severe damage to the poultry
industry due to their contribution to enhanced mortality
rates and decreased poultry growth performance (Vera-
Hern�andez et al., 2016). FAdVs, the Aviadenovirus
genus of the Adenoviridae family, are classified into 5
species (FAdV-A to E) dependent upon molecular
structure, and subclassified into 12 serotypes, namely
FAdV-1 to 8a and -8b to 11, according to cross-neutrali-
zation test results (Hess, 2000). After the first FAdV
infection occurred in 1987 in Pakistan (Anjum et al.,
1989), subsequent outbreaks have been recorded in many
countries, including the USA, India, Canada, Hungary,
Korea, and Japan, causing considerable economic losses
to the poultry industry (Asrani et al., 1997; Hess et al.,
1999; Toro et al., 1999; Jadhao et al., 2003; Kim et al.,
2008; Mase et al., 2012; Rahimi and Minoosh, 2015;
Zhao et al., 2015).
FAdVs are nonenveloped virions with 252 capsomers

in an array of icosahedral symmetry. The genome of
FAdVs is a linear, double-stranded DNA molecule with
a size of approximately 43-45 kb (Griffin and
Nagy, 2011; Marek et al., 2012; Zhao et al., 2015). Two
separate Fiber-encoding genes noncovalently linked to
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the penton base in the FAdV-4 genome (Griffin and
Nagy, 2011). Fiber is a structural protein located at the
outermost part of the capsid for initial attachment to
the host cell’s receptor via the N-terminal tail that con-
tributes to endocytosis (Shah et al., 2017). Hexon is the
viral major protein which contains the neutralizing epi-
tope, and is serotype-specific (Toogood et al., 1992; Rus-
sell, 2009). The Hexon gene sequence is directly related
to the serotype of FAdVs (Niczyporuk, 2016; Li et al.,
2017). Molecular analyses based on the major FAdV
structural Hexon and Fiber proteins with antigenic spec-
ificity are frequently undertaken (Meulemans et al.,
2001; Helena et al., 2014). The mature trimeric Hexon
can bind to the phospholipids of the target cell mem-
brane eluding the cellular receptors that form the barrier
blocking viral entry (Balamurugan and Kataria, 2004;
Yan et al., 2016). Moreover, they are also responsible for
transportation of the FAdV-4 DNA into the nucleus via
the nuclear pore complex (Yan et al., 2016).

In China, the prevalence of IBH and hepatitis-HPS
(HHS) was sporadic until 2015; however, especially
since May 2015, severe IBH-HPS, which is characterized
by accumulated fluid in the pericardial sac and IBH, has
emerged in major chicken-producing provinces of China
and has caused considerable epidemics in broilers and
layers. FAdV-4 infection has resulted in acute death
with no overt clinical disease and high mortality rates
with a range of 10% to 80% and 0% to 10% in 21- to 35-
day-old broilers and younger than 140-day-old layers,
respectively (Anjum et al., 1989; Balamurugan and
Kataria, 2004; Asthana et al., 2013; Mittal et al., 2014).
The pathological characteristics are an accumulation of
straw-colored fluid in the pericardial sac
(Balamurugan and Kataria, 2004), the swelling of the
liver with many necrotic foci and spots, hepatocytes
with nuclear inclusion bodies, and pale bone marrow
(Abe et al., 1998). Here, we isolated a FAdV-4 strain
(designated GD616) from 25-day-old meat-type chick-
ens with severe HHS in Guangdong Province China in
June 2017 and identified it as a hypervirulent FAdV-4
strain as evidenced by being the same genotype strain as
hvFAdV-4 recently found to be prevalent in China. Pre-
vious studies have indicated that the outcome of experi-
mentally-reproduced IBH-HHS by FAdV-4 is associated
with the age of the birds (Mazaheri et al., 1998;
Lim et al., 2011). Most IBH-HHS cases are observed in
21- to 35-day-old broilers, and the younger ages are asso-
ciated with more severe disease consequences (Li et al.,
2017). One recent study showed that the pathogenicity
of FAdV-4 to geese was also dependent on age
(Wei et al., 2019). Clinical disease and pericardial effu-
sion were observed in 10-day old geese when adminis-
tered subcutaneously with hvFAdV-4, whereas geese
aged 20 and 30 d were not susceptible (Wei et al., 2019).
However, there has been, to our knowledge, no systemic
report on the effect of age on the susceptibility of chick-
ens to hvFAdV-4. In the present study, we used this
hypervirulent FAdV-4 isolate GD616 to intramuscularly
inoculate 7- to 180-day-old specific-pathogen-free (SPF)
chickens for the evaluation of pathogenicity and found
that the pathogenicity in hypervirulent FAdV-4-inocu-
lated chickens exhibited age-relatedness, with 180-day-
old chickens having substantially low pathogenicity. The
results of this study demonstrated that the pathogenicity
of hypervirulent FAdV-4 is associated with the age of
infected chickens, which is beneficial for the selection of
suitably aged chickens for the evaluation of FAdV-4 vac-
cines.
MATERIALS AND METHODS

Ethics Statement

All chicken experiments were conducted according to
the animal welfare guidelines of the Institutional Animal
Care and Use Committee (IACUC) of the Institute of
Animal Husbandry and Veterinary Medicine, Beijing
Academy of Agriculture and Forestry Sciences.
Case History and Sample Collection

In June 2017, an outbreak of HPS occurred at several
meat-type commercial chicken farms in Guangdong
province, China. The affected chickens ranged in age
from 21 to 56 d, and the morbidity and mortality rates
were 80 to 100% and 50 to 80% in different chicken
flocks, respectively. Necropsy was conducted on dead
chickens and liver tissue samples from 5 affected birds
were collected for virological and histological examina-
tion. Collected liver samples were homogenized in phos-
phate-buffered saline (PBS) and centrifugated,
supernatant was passed through a 0.22 mM filter and
stored at -80°C until use (Kaj�an et al., 2013).
PCR Amplification and Complete Genome
Sequencing

Viral DNA from infected liver homogenates was
extracted using a DNeasy Blood & Tissue Mini kit (Qia-
gen) in accordance with the manufacturer’s instructions.
The extracted DNA was resuspended in 25 mL of
RNase-, DNase-, and proteinase-free water. GD616
genome sequencing was performed on the basis of the
whole genome sequence of the FAdV-4-HN-15102 strain
as described previously (Liu et al., 2016).
Cell Culture and Virus Isolation

A chicken hepatoma cell line (LMH) was cultured in
Dulbecco’s modified Eagle’s medium (Gibco, 11995)
with 100 mg/mL streptomycin, 100 units/mL penicillin,
and 10% fetal bovine serum (FBS; Gibco, 10099-141),
and incubated at 37°C in a 5% CO2 incubator. LMH cell
monolayers in a 75 cm2

flask were infected with 5 mL
each of 5-fold diluted liver tissue homogenates and were
incubated at 37°C for 2 h followed by incubation with a
maintenance medium containing 2% FBS. The cells
were checked daily for cytopathic effects (CPE). The
50% tissue culture infective dose (TCID50) of the FAdV-
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4 strain GD616 was assayed on LMH cells as previously
described (Gao et al., 2019).
Indirect Immunofluorescence and Confocal
Microscopy

Monolayer LMH cells grown in chamber slides (BD)
were infected with the hvFAdV-4 strain GD616 for 72 h
and expression of Fiber-2 protein was detected by indi-
rect immunofluorescence assay under confocal micro-
scopic obversation as described recently (Yuan et al.,
2021).
Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (PAGE) and Western
Blotting

FAdV-4-infected LMH cells were collected and the cell
lysates was extracted for determining expression of
Fiber-2 protein by using Western blotting as described
recently (Yuan et al., 2021).
Pathogenicity Experiments

Infection of Different hvFAdV-4 Inocula in 21-Day-
Old Specific-Pathogen-Free Chickens. Seventy 21-
day-old specific-pathogen-free (SPF) White Leghorn
chickens (Beijing Boehringer Ingelheim Vital Biotech-
nology Co., Ltd, Beijing, China) were randomly
assigned to 7 groups; namely, a sham-infected group
(n = 10) and 6 groups of the hvFAdV-4 strain
GD616-infected chickens (n = 10) at a dose of 101.5-
6.5 TCID50 inoculua. The groups were observed for 9
d postinfection, and the morbidity and mortality
were recorded every day.

Infection of hvFAdV-4 in Different-Aged SPF Chick-
ens. Ten batches of SPF White Leghorn chickens aged 7
to 180 d from Beijing Boehringer Ingelheim Vital Bio-
technology Co., Ltd., Beijing, China were used for fur-
ther evaluation of hvFAdV-4 pathogenicity. The 10
batches of chickens corresponded to chickens aged 7, 14,
21, 28, 35, 42, 59, 80, 120, and 180 d. Each batch of 15
chickens of the same age were randomly divided into
GD616-infected (n = 10) and sham-infected (n = 5)
groups. All the infected chickens were intramuscularly
inoculated with a dose of 0.2 mL (106.5 TCID50) of
hvFAdV-4 strain GD616. All batch chickens were
observed for 14 d postinfection, and the morbidity and
mortality were recorded every day.
Histopathology and Immunohistochemical
(IHC) Staining

Liver tissue samples of dead chickens following
hvFAdV-4 infection were collected for histopathological
observation and IHC staining to detect FAdV-4 viral
antigens as described recently (Yuan et al., 2021).
Quantitative Real-Time Polymerase Chain
Reaction (PCR)

Quantitative real-time PCR (qPCR) was performed
to determine virus loads in the GD616-infected chicken
sera, liver, and LMH cell culture supernatants. The for-
ward primer (5’-TTGTTACCTCCCTCTACTTG-3’)
and the reverse primer (5’-TGGACACGCTCC-
TATTGG-3’) were used to amply a 207 bp) fragment
located in the Fiber-2 gene. Viral DNA was isolated
from LMH cells, sera, and liver using a DNeasy Blood &
Tissue Mini kit (Qiagen) in accordance with the manu-
facturer’s instructions. The extracted DNA was resus-
pended in 25 mL of RNase-, DNase-, and proteinase-free
water. The qPCR protocol followed the instructions of
an IQ SYBR Green Supermix kit (Bio-Rad). The qPCR
parameters consisted of total denaturation at 95°C for
3 min and 40 cycles of denaturation at 95°C for 5 s and
annealing at 55°C for 30 s. Serial dilutions of a plasmid
pCMV-F2 (Fiber-2 gene cloned into pCMV-HA) were
used to quantitatively determine the FAdV-4 genomic
copy number.
RESULTS

Isolation and Characterization of hvFAdV-4

Total DNAs in the liver tissues of dead chickens that
exhibited clinical disease were extracted. A 1,440-bp
FAdV-4-specific fragment (Fiber-2 gene) was amplified,
and no-infections of other viruses, including Newcastle
disease virus, infectious bursal disease virus, avian reovi-
rus, avian leukosis virus, reticuloendotheliosis virus,
chicken anemia virus, and Marek’s disease virus, deter-
mined by PCR or RT-PCR, were present. As shown in
Figure 1A, the liver homogenates-inoculated LMH cells
showed severe CPE at 72 h postinouclation during cell
culture passage, as compared to that of the noninfected
cells. We examined FAdV-4 replication in the cultured
LMH cells using double staining for Fiber-2 protein
(green) and nuclei (blue) under a confocal microscope.
Fiber-2 expression (green) was displayed predominantly
in the cytoplasm of FAdV-4-infected cells (Figure 1B).
We also determined strain GD616 replication in LMH
cells by detecting the expression of the Fiber-2 protein
by Western blotting at the indicated times after infec-
tion, with the peak of the Fiber-2 protein expression
being at 72 h postinfection (Figure 1C).
Genome Sequencing, Phylogenetic Tree
Analysis, and Molecular Signatures of Hexon
and Fiber-2 Proteins

The complete genome sequence of the FAdV-4 strain
GD616 from the liver samples was determined and
deposited in the GenBank database under the accession
number MW509553. The full genome size of strain
GD616 was 44,247 bp in length. For 3 low pathogenic
strains, KR5 (HE608152), ON1 (GU188428), and B1-7



Figure 1. Infection of the FAdV-4 strain GD616 in cultured LMH cells. (A) Cytopathic effects in the LMH cells 72 h after FAdV-4 strain GD616
infection. (B) LMH cells following FAdV-4 infection at 72 h were fixed and incubated with a guinea pig polyclonal antibody raised against FAdV-4
Fiber-2 protein followed by a fluorescein isothiocyanate-conjugated antiguinea pig IgG antibody. LMH cells expressing Fiber-2 protein (green) and
nuclear staining (blue) were merged. (C) FAdV-4-infected LMH cell lysates at the indicated times following infection were collected, resolved by
SDS-PAGE, and immunoblotted. The expression level of the Fiber-2 protein was analyzed. GAPDH served as the loading control.
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(KU342001), natural deletions of ORF19, and ORF27
were observed. The strain GD616 genome possessed
99.83 to 99.95% homology with those of the reported
hypervirulent FAdV-4 isolates (GDMZ, SD1601,
HLJDAd15, AHMC, AHHQ, HN-151025, JSJ13, and
GX-1) but exhibited 98.42 to 98.76% homology to the
overseas highly pathogenic strain MX-SHP95 or low
pathogenic strains (B1-7, KR5, and ON1). Phylogenetic
analysis of the whole genome showed that the strain
GD616 assigns as a cluster of FAdV-C viruses, while
FAdV-A, FAdV-B, FAdV-D, and FAdV-E all belong to
another cluster (Figure 2). The GD616 strain was fur-
ther classified into a distinct group with all recently-
reported hypervirulent FAdV-4 isolates in China, such
as HN-151025, AHMC, GDMZ, SD1601, AHHQ, and
HLJDAd15, which is different from another group con-
sisting of the overseas highly pathogenic strain MX-
SHP95 or low pathogenic strains (B1-7, KR5, and ON1)
(Figure 2).
The full Hexon and Fiber-2 genes of the FAdV-4
strain GD616 were 2,814 bp and 1,440 bp in length, and
encoded for 937 and 479 amino acids, respectively. No
deletions or insertions were observed as compared to
those of other hvFAdV-4 strains. There were no amino
acid substitutions in Hexon protein of strain GD616
when compared to that of other Chinses hypervirulent
FAdV-4 strains, such as HB1510, HN/151029, NIVD2,
SDSX1, HN-151025, AH-F19, and GX-1 (Table 1).
Additionally, 13, 11, and 4 amino acid mutations
occurred in the Hexon protein of strain GD616 com-
pared to that of low pathogenic FAdV-4 strains KR5
(Marek et al., 2012), ON1 (Griffin and Nagy, 2011), and
B1-7, respectively. Three amino acid mutations were
observed at positions 193 (Q to R), 195 (E or N to Q),
and 842 (G or T to A) in the Hexon protein of the
GD616 strain compared to that of nonpathogenic
FAdV-4 strains, but 13 amino acid substitutions in the
Hexon protein of strain GD616 were observed compared



Figure 2. Phylogenetic analysis of FAdV viruses based on the nucleotide sequences of the whole genomes by MAGE7. GD616 is highlighted by
the listed symbol. The GenBank accession number for each FAdV sequence is indicated as the number in parenthesis.
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to that of the highly virulent FAdV-4 strain MX-SHP95
(Vera-Hern�andez et al., 2016) and pathogenic strain Kr-
Changnyeong (Park et al., 2017). For Fiber-2 protein,
there was almost 100% identity among the recently-
reported hypervirulent FAdV-4 strains in China, such
as HB1510, HN/151029, NIVD2, SDSX1, HN-151025,
AH-F19, GX-1, and GD616, except for unique amino
acid residue A at position 219 in the Fiber-2 protein of
strain GX-1 (Table 1). However, only 4 amino acid sub-
stitutions were observed at positions 261 (N or S to T),
391 (S to T), 459 (A to N), and 478 (V to L) in the
Fiber-2 protein of the hvFAdV-4 isolates in China com-
pared to those of the nonpathogenic FAdV-4 strains,
but these 4 amino acid substitutions were different from
those of the Fiber-2 protein in the highly pathogenic
FAdV-4 isolates MX-SHP95 and Kr-Changnyeong
(Table 1). However, analysis of Fiber-2 amino acid
sequences revealed that 2 unique amino acid substitu-
tions at positions T378 and A453 occurred in all highly
virulent FAdV-4 isolates, regardless of whether they
were the recently-reported hypervirulent FAdV-4 iso-
lates in China or the highly pathogenic FAdV isolates
MX-SHP95 and Kr-Changnyeong outside China
(Table 1).
Pathogenicity of Different hvFAdV-4 Inocula
in 21-Day-Old SPF Chickens

The hvFAdV-4 strain GD616 was purified by plaque
test and successively passaged 10 times in LMH cells to
increase viral titers. Different passages (3, 5, and 10 pas-
sages) of the GD616 strain were collected for FAdV-4
Fiber-2 gene sequencing and no nucleotide mutation was
found in the Fiber-2 gene (data not shown), indicating
the genetic stability of strain GD616 during continued
passage in cultured LMH cells. The titer of the
hvFAdV-4 strain GD616 after 10 passages was 107.7

TCID50/mL at 72 h postinfection. We adopted 6 differ-
ent doses (ranging from 101.5 to 106.5 TCID50 per
chicken) to intramuscularly inoculate 21-day-old SPF
chickens to determine the relationship between inocula
doses and pathogenicity. As expected, no clinical dis-
eases were observed in the sham-inoculated chickens
throughout the animal experiment. However, chickens
inoculated with the strain GD616 regardless of different
doses showed lethargy, diarrhea, and prostration. All
chickens from the 106.5 TCID50-inoculated group died
within 2 d postinoculation (Figure 4A). The time of
symptom onset to death progressively prolonged with
the decrease of inocular dose (Figure 4A). All the strain
GD616-inoculated chickens died except for one chicken
that survived in the 101.5 TCID50-inoculated group,
which still exhibited 90% mortality, during the 9-day-
observation period (Figure 4A). All the dead chickens
exhibited typical clinicopathology, which was character-
ized by an accumulation of yellow pericardial effusion
and a pale yellow, swollen, friable liver (data not
shown). We determined FAdV-4 load in the sera of
chickens in the 103.5 TCID50-inoculated group by qPCR.
The results showed that the FAdV-4 copy number
increased significantly after 3 d postinoculation until



Table 1. Comparison of variable amino acid sequences from Hexon and Fiber-2 genes among pathogenic isolates and nonpathogenic isolates.

Genes Amino acids at position

Hexon Isolates 164 188 193 195 238 240 243 263 264 402 410 574 797 842

GD616 S R R Q D T N I V A A I P A
Pathogenic
isolates

HB1510 . . . . . . . . . . . . . .

HN/151029 . . . . . . . . . . . . . .
NIVD2 . . . . . . . . . . . . . .
SDSX1 . . . . . . . . . . . . . .
HN-151025 . . . . . . . . . . . . . .
AH-F19 . . . . . . . . . . . . . .
GX-1 . . . . . . . . . . . . . .
MX-SHP95 T . Q E N A E M I Q T V A G
Kr-
Changnyeong

T I Q N N A E M I . T V A G

Non-
pathogenic
strains

ON1 T I Q E N A E M I . T V A G

KR15 T I Q E N A E M I . T . . G
B1-7 . I Q E . . . . . . . . . T

Fiber-2 11 12 13 14 15 22 29 114 144 219 232 261 300 305 306 307 319 324 329 334 338 343 344 346 378 380 391 393 400 403 405 406 413 427 435 439 453 459 478

GD616 E N G K P S A D S D Q T T A N A I V L A N L N A T T T P G E S I S I S E A N L
Pathogenic
isolates

HB1510 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

HN/151029 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
NIVD2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
SDSX1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HN-151025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
AH-F19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
GX-1 . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MX-
SHP95

�� �� �� �� �� Y P A A . . N . . H . . F . T T N S V . . S S A Q . S T V . D . A V

Kr-Changnyeong �� �� �� �� �� . P A A . . N . . H P V F . T T W . V . A S S A . . S T V . D . A V
Non-pathogenic
strains

ON1 �� �� �� �� �� . P . . G E S I S H P V F V T T N S . A A S . A Q P S T . T D S A V

KR15 . . . Q . . . . . G E S I S H P V F V T T N S . A A S . A Q . S T . T D S A V
B1-7 . . . . . . . . . G . S . . . . . . . . . . . . A A S . . . . . . V . . S A V

6
Y
U
A
N
E
T
A
L
.



Figure 3. Growth kinetics of the FAdV-4 strain GD616 in cultured LMH cells. (A) LMH cells were inoculated with the FAdV-4 strain GD616 at
an MOI of 0.1 and harvested at the indicated times for a viral titer assay. Virus titers were expressed as TCID50/mL, and the values are shown as the
mean § SD of the results of 3 independent experiments. (B) qPCR analysis of DNA extracted from the FAdV-4 strain GD616-infected LMH cells at
the indicated times postinfection. Data are means § SD of the results of 3 independent experiments.
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death reached the peak and thereafter declined
(Figure 4B). We detected the viral load of the liver tis-
sues in the 103.5 TCID50-inoculated group and found
that the FAdV-4 genome copy number sustained an
increase after inoculation and reached a peak of approxi-
mately 1010 copies/mg liver tissue at 5 d postinoculation
(Figure 4C). Five randomly selected dead chicken liver
tissues from the 103.5 TCID50-inoculated group or
chicken liver tissues from the sham-inoculated group
were subjected to hematoxylin and eosin staining and
Figure 4. Pathogenicity of the FAdV-4 strain GD616 in 21-day-old SP
infected chickens at different doses (101.5-106.5 TCID50) and sham-infected S
and liver tissues (C) of the 103.5 TCID50-inoculated group, and the FAdV-4
§ SD. (D) Histological observation of heart and liver tissues from the sham
the sham-inoculated chickens exhibited no overt histopathological lesions. T
a) and ruptured myocardial fibers (arrow b). The liver tissues of the dead ch
nied by vacuolar degeneration (arrow d) and nuclear enlargement (arrow e
sham-inoculated and 103.5 TCID50-inoculated chickens. No staining was obs
heart and liver samples of FAdV-4-inoculated chickens showed many FAdV
for inclusion bodies, and arrow h for degenerated vacuoles).
IHC staining. As shown in Figure 4D, there were many
basophilic inclusion bodies (arrow c) with severe hepatic
steatosis (arrow d) and infiltration of inflammatory cells
(arrow e) in the liver samples of the hvFAdV-4-inocu-
lated chickens. Heart tissue showed lymphocyte infiltra-
tion (arrow a) and myocardial Fiber-2 rupture (arrow b)
(Figure 4E). As expected, liver and heart tissues from
the sham-inoculated chickens were negative for the
FAdV-4 antigen via IHC staining. In the liver, the inclu-
sion bodies (arrow g) in the hepatic cells showed strong
F chickens. (A) The survival rates in 21-day-old FAdV-4 strain GD616-
PF chickens. (B) Total DNAs were extracted from the chicken sera (B)
virus load (n = 10) was detected by qPCR. Data are shown as the mean
- and 103.5 TCID50-inoculated chickens. The heart and liver sections of
he hearts of the dead chickens exhibited lymphocyte infiltration (arrow
ickens displayed a great amount of inclusion bodies (arrow c) accompa-
). (E) Immunohistochemical staining of heart and liver tissues from the
erved in the heart and liver tissues from sham-inoculated chickens. The
-4 antigen-positive cells (arrow f for inflammatory infiltration, arrow g



Figure 5. Pathogenicity of the FAdV-4 strain GD616 in chickens of different ages. (A) The survival rates for 7-, 14-, 21-, 28-, 35-, 42-, 59-, 80-,
120-, and 180-day-old SPF chickens after GD616 infection when administered a 106.5 TCID50 dose regardless of the chicken ages. (B) The mean
FAdV-4 genomic DNA copies in liver samples of the infected chickens aged 7−180 d after a 106.5 TCID50 dose of GD616 infection. (C) Liver lesions
from a GD616-inoculated chicken aged 21, 59, or 180 d showed a great amount of inclusion bodies accompanied by vacuolar degeneration and
nuclear enlargement. Immunohistochemical staining of the liver tissues from the FAdV-4-inoculated chickens aged 21, 59, or 180 d showed many
positive cells for the FAdV-4 antigen. No histopathological lesions or FAdV-4 antigen-positive signals were found in the liver sections of the sham-
inoculated chickens.
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FAdV-4 antigen-positive signals (Figure 4F). For the
heart tissues, only weak FAdV-4 antigen-positive signals
were observed in infiltrated inflammatory cells
(Figure 4F, arrow f). These results indicated that the
hvFAdV-4 strain GD616 exhibited severe pathogenicity
to 21-day-old SPF chickens at a dose as low as 101.5

TCID50, with the mortality rate being 90% after inocula-
tion.
Pathogenicity of hvFAdV-4 Strain GD616 in
Different-Aged SPF Chickens

To further evaluate whether the pathogenicity of
hvFAdV-4 was age-dependent in chickens, we used 106.5

TCID50/dose of the hvFAdV-4 strain GD616 to intra-
muscularly inoculate SPF chickens aged 7 to 180 d. For
7- to 42-day-old chickens, the morbidity and mortality
rates were 100% within 5 d post-hvFAdV-4 inoculation
(Figure 5A). The morbidity and mortality rates were
100% vs. 90%, 80% vs. 50%, 70% vs. 30%, and 60% vs.
20% for 59-, 80-, 120-, and 180-day-old hvFAdV-inocu-
lated chickens, respectively (Figure 5A). The morbidity
and mortality rates after hvFAdV-4 infection were
inversely proportional to the age of the chickens. Only
60% morbidity and 20% mortality were observed in the
180-day-old hvFAdV-4-inocluated chickens. Figure 5B
shows the mean copies of viral genomic DNA for each
group of 5 randomly selected liver samples of affected or
dead chickens. The maximum mean viral genomic copies
(more than 108.5 copies/mg liver tissue) were observed
in the 28- and 35-day-old hvFAdV-4-inoculated groups
(Figure 5B), whereas the minimum mean viral genomic
copies (107.0 copies/mg liver tissues) were observed in
the 7- and 180-day-old hvFAdV-4-inoculated chickens
(Figure 5B). The amount of viral genomic DNA from
hvFAdV-4-inoculated chickens aged 21 to 80 d was
approximately 107-1010 copies/mg liver tissues. In addi-
tion, the amounts of viral genomic DNA from some
affected or dead chickens aged 14 d or less and 120 d or
more were below 106 copies/mg liver tissue. The liver tis-
sues from hvFAdV-4-inoculated chickens aged 21, 59,
and 180 d were subjected to histological examination.
Liver lesions were characterized by a large number of
inclusion bodies and lipid droplets in the hepatocytes
(Figure 5C). The numbers of inclusion bodies from the
180-day-old inoculated chickens were less than those of
the 21-day-old inoculated chickens. IHC staining showed
that a large amount of positive viral signals for the
FAdV-4 antigen was widely distributed in hepatic cells
(Figure 5C). The numbers of FAdV-4-positive signals in
the 180-day-old inoculated chickens were significantly
lower than those in the 21- and 59-day-old inoculated
chickens (Figure 5C). These results indicated that the
hvFAdV-4 infection-induced pathogenicity was associ-
ated with the ages of the chickens, with the maximum
viral load and 100% morbidity and mortality being at 42
or less d of age, but 60% morbidity and 20% mortality
were found in 180-day-old FAdV-4-infected chickens.
DISCUSSION

Recently, an important emerging disease with severe
HHS caused by hvFAdV-4 infection has spread rapidly
in many broiler and layer farms in Chinese poultry-
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rearing regions, resulting in severe economic losses. In
the present study, a hypervirulent strain GD616 was iso-
lated from Chinese native meat-type chickens and classi-
fied as the serotype 4 hvFAdV-4 strain on the basis of
phylogenetic analysis of the whole genome (Figure 2).
The whole genome sequencing of the GD616 exhibited
deletions of ORF19 and ORF27, and possessed specific
molecular signatures located in Hexon and Fiber-2 pro-
teins, as observed for those of the recently-reported
highly virulent FAdV-4 isolates in China (Table 1). The
hypervirulent FAdV-4 isolates were highly pathogenic
to 20- to 60-day-old chickens (Yin et al., 2020). In the
present study, infection of chickens with the hvFAdV-4
strain GD616 showed age-relatedness, as evidenced by
100% morbidity and mortality for chickens aged 42 d or
less but 60% morbidity and 20% mortality for chickens
aged 180 d (Figure 5). These results suggest that the
FAdV-4 isolate GD616 from local meat-type chickens
was a hypervirulent FAdV serotype 4 and its pathoge-
nicity to chickens occurs in an age-dependent manner.

The FAdV-4 strain GD616 identified in the present
study possessed a common ancestor that belongs to the
recently reported hypervirulent FAdV serotype 4 strains
in China on the whole genome. Similar to the strain
GD616, ORF19 and ORF27 deletions of nucleotides
were found in almost all of the hvFAdV-4 viruses
recently reported in China, including JSJ13 (Zhao et al.,
2015), HLJDAd15 (Pan et al., 2017), GDMZ
(Chen et al., 2019), and AH-F19 (Yin et al., 2020), but
were not found in the highly virulent strain MX-SHP90
(Vera-Hern�andez et al., 2016) outside China or in the
pathogenic strain Kr-Changnyeong or the low or non-
pathogenic strains ON1, KR5 (Valle et al., 2020), and
B1-7. These deletion mutant strains without ORF19
and ORF27 are emerging as novel FAdV-4 genotypes
prevalent in China due to their adaption to hosts and
environments (Ye et al., 2016). The ORF19 and ORF27
deletion might be responsible for viral evolution and
pathogenicity (Liu et al., 2016; Ye et al., 2016;
Pan et al., 2017). However, a recent study suggested
that this deletion is nonessential for the enhanced patho-
genicity of hvFAdV-4 isolates using the clustered regu-
larly interspaced short palindromic repeat (CRISPR)
and CRISPR-associated protein 9 system (Pan et al.,
2018). By acting as the major structural proteins of the
FAdV, Hexon and Fiber-2 are considered to associate
with the virulence of emerging and hypervirulent
FAdV-4 strains (Zhang et al., 2018). The Hexon protein
of the strain GD616 showed high homology to those of
the highly pathogenic strains recently isolated in China.
Furthermore, the Hexon protein of the hvFAdV-4 iso-
lates in China showed 3 amino acid substitutions at 193,
195, and 842 with respect to those of the mildly- and
nonpathogenic FAdV-4 strains (Table 1). However,
these 3 amino acid substitutions are different from those
of the Hexon protein in the highly pathogenic FAdV-4
strains MX-SHP95 (Vera-Hern�andez et al., 2016) and
Kr-Changnyeong (Park et al., 2017). Thus, amino acid
mutations in the Hexon protein might be unrelated to
hvFAdV-4 virulence. The Fiber-2 protein is associated
with binding of cellular receptor and alterations in viru-
lence (Pallister et al., 1996). D219, T300, and T380 in
the Fiber-2 protein may be conserved in the pathogenic
FAdV-4 strains and are associated with virulence when
compared to that of nonpathogenic isolates (Mase et al.,
2010; Marek et al., 2012; Vera-Hern�andez et al., 2016).
However, A219 and T300 occur in the Fiber-2 protein of
a hvFAdV-4 strain GX-1 (Ren et al., 2019) and non-
pathogenic FAdV-4 strain B1-7, respectively, while
A380 is located in that of the pathogenic strain Kr-
Changnyeong. This indicates that D219, T300, and
T380 may not contribute to FAdV-4 virulence. In the
present study, we found that T261, T391, N459, and
L478 in the Fiber-2 protein are conserved among the
recently isolated hypervirulent FAdV-4 isolates in China
(Table 1). Four amino acid substitutions (T261, T391,
N459, and L478) in the Fiber-2 protein also occurred in
hypervirulent FAdV-4 isolates from Guangxi, China in
2017-2019 (Rashid et al., 2020). However, these 4 amino
acid substitutions are different from those of the Fiber-2
protein in the highly virulent FAdV-4 strain MX-SHP95
(Vera-Hern�andez et al., 2016) and the pathogenic strain
Kr-Changnyeong. Further analysis of Fiber-2 amino
acid sequences revealed that 2 unique amino acid substi-
tutions at positions T378 and A453 occurred in all the
highly virulent FAdV-4 isolates (Table 1). However, the
involvement of the unique putative genetic marker in
the virulence of highly pathogenic FAdV-4 strains must
be further investigated using a reverse genetic system
for the identification of the critical site required for the
high virulence of FAdV-4 viruses.
In the present study, we first used 21-day-old SPF

chickens to inoculate the hypervirulent FAdV-4 strain
GD616 at various doses of 101.5-6.5 TCID50 and found
that the morbidity and mortality of inoculated chickens
at a dose of 102.5 or higher TCID50 were 100% within 7 d
postinfection (Figure 4), indicating the mortality in
inoculated chickens in a dose-dependent fashion. The
mortablity of the strain GD616-inoculated chickens was
identical to those in other hypervirulent FAdV-4 strains,
such as MX-SHP95 (Vera-Hern�andez et al., 2016),
HB1501 (Ruan et al., 2018), and GX-1 (Ren et al.,
2019), when administered to 21-day-old SPF chickens
with a lower dose (102.5 vs. 104.0 or 105.0 TCID50). Fur-
thermore, the clinicopathological alterations caused by
the FAdV-4 strain GD616 mainly consisted of substan-
tially straw-colored or transparent fluid accumulated in
the pericardial sac and IBH with hemorrhage or necrotic
foci as observed in other highly virulent FAdV-4 isolates
(Zhao et al., 2015; Li et al., 2016; Vera-Hern�andez et al.,
2016; Pan et al., 2017; Ruan et al., 2018; Chen et al.,
2019; Ren et al., 2019; Sun et al., 2019; Yin et al., 2020).
These results indicated that the strain GD616 is a hyper-
virulent FAdV-4 virus that is highly pathogenic to
chickens.
In this study, we further determined whether the

pathogenicity of the hvFAdV-4 virus was related to the
age of chickens and found that the pathogenicity of the
hvFAdV-4 strain GD616 to chickens was dependent on
their ages when administered to chickens aged 7 to 180 d
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with the strain GD616 at a dose of 106.5 TCID50
(Figure 5). FAdV strains instigated subclinical and clini-
cal infections or severe diseases in chickens depending on
their virulence. Hydropericardium hepatitis syndrome
caused by hvFAdV-4 was mainly observed in broilers
aged 21 to 35 d as well as layer and breeder pullets with
mortality rates with a range of 20% to 80% (Zhao et al.,
2015; Schachner et al., 2018). The 100% mortality for
35-, 98-, and 120-day-old chickens is caused by highly
virulent FAdV-4 strains SD1511 (Mo et al., 2019),
GDMZ (Chen et al., 2019), and AH-F19 (Yin et al.,
2020), respectively. The present study further found
that 60% morbidity and 20% mortality remained in the
180-day-old hvFAdV-4-inocluated chickens (Figure 5).
These results enrich the current knowledge surrounding
the pathogenicity of the hvFAdV-4 virus to chickens
aged 180 d.

In summary, we characterized as a highly pathogenic
FAdV-4 strain GD616 from a case of HPS in a 25-day-
old meat-type flock affected by FAdV-4 in Guangdong,
China. The whole genome of the GD616 strain shares
high homology with those in the recently isolated highly
virulent FAdV-4 strains in China, with natural deletions
of ORF19 and ORF27. A comparative analysis revealed
that 2 unique amino acid residues at positions 378 and
453 of the Fiber-2 protein might be associated with viru-
lence due to its occurrence in all the highly virulent
FAdV-4 isolates only. Animal experiments further
showed the pathogenicity of the hvFAdV-4 strain
GD616 to chickens dependent on days of age and 180-
day-old chickens still exhibited an HPS-like clinicopa-
thology with 60% morbidity and 20% mortality. These
results enrich the current knowledge surrounding the
pathogenicity of the hvFAdV-4 virus in chickens at a
variety of ages, which is beneficial for the selection of
suitably aged chickens for the evaluation of FAdV-4 vac-
cines.
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