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Summary. - As the major aquatic and terrestrial hosts for avian influenza viruses (AIVs), ducks and chickens
play a critical role in the evolution and spread of the HON2 virus. However, the outcomes of infection of ducks
and chickens with the HON2 virus are not sufficiently documented. In this study, we compared the outcomes of
infection of chickens and Peking ducks with a duck-origin HON2 virus. The results showed that this virus caused
more pronounced clinical signs and histological lesions in chickens. As for the virus shedding, chickens shed
more virus in the trachea and less virus in the cloaca in levels of interferon (IFN) y were found in the trachea of
ducks compared with chickens, while comparison with ducks. As for cytokines, namely IFNs and interleukins
(IL), higher higher levels of IFN-f, IFN-y, IL-1p, and IL-6 were observed in the ileum of chickens compared
with ducks. Eventually, serum hemagglutination-inhibition (HI) antibody titers were higher in chickens than
in ducks. Taken together, ducks and chickens use different strategies in response to the HON2 virus infection in
tissues representing main replication sites of low-pathogenic AIVs. Given the different outcomes of the HON2
virus infection in ducks and chickens, different measures should be taken in vaccination and treatment.
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Introduction

Avian influenza viruses (AIVs) have been well docu-
mented to reside in the aquatic birds of the world (Olsen et
al., 2006). They are classified into subtypes based on surface
glycoproteins, hemagglutinin (HA) and neuraminidase
(NA). Of special interest to medicine and agriculture, ducks
are considered the principal natural reservoir for AIV and
harbor any combination of the 16 HA and 9 NA subtypes
that are currently identified, with the exception of the H13
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Abbreviations: AIV(s) = avian influenza virus(es); CL = cloa-
cal; HA = hemagglutinin; HI = hemagglutination-inhibition;
HPAIVs = highly pathogenic avian influenza viruses; IFN = interferon;
IL = interleukin; LPAIV(s) = low pathogenic avian influenza virus(es);
NA = neuraminidase; OP = oropharyngeal; p.i. = post infection

and H16 subtypes (Webster et al., 1992; Munster et al.,
2007). Most AIV isolates have been reported from dabbling
ducks in the subfamily Anatinae. These duck-origin viruses
were typically identified as low pathogenic AIVs (LPAIVs)
based on their virulence in domestic galliformes and the
amino acid sequence at the HA cleavage site (Lee et al.,
2007). Although all subtypes of AIV circulate and evolve
in the wild aquatic birds, only viruses of subtypes H5 and
H7 have historically mutated to highly pathogenic avian
influenza viruses (HPAIVs) after circulating in domestic
poultry (Alexander, 2000).

While HPAIVs have become widespread across conti-
nents, causing huge economic losses to poultry farming,
one subtype belonging to LPAIVs, HON2, has also attracted
a particular attention. Since the first isolation from terrestrial
birds (quails) in 1988, HON2 became prevalent in China
and, occasionally, infected a wide range of species, including
humans, dogs, cats, pigs, and a wide variety of domesticated
birds (Peiris et al., 1999; Xu et al., 2004; Bi et al., 2010; Zhang
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et al., 2013). It has been reported that HON2 might provide
internal genes to the lethal 1997 Hong Kong H5N1 viruses
that caused six fatal cases out of 18 infected patients (Guan
et al., 1999). Genetic analysis has shown that the recently
emerged human H7N9 virus derived six gene segments from
HI9N2 (Gao et al., 2013). Moreover, some currently circulat-
ing HON2 viruses have acquired the capacity to bind [alpha]
2-6 sialic acids found in the mammalian upper respiratory
tract (Matrosovich et al., 2001). Given the wide distribution
of HON2 viruses and the capacity to infect humans and pigs,
HON?2 viruses have the potential ability to cause a future
human influenza pandemic.

As the major aquatic and terrestrial hosts for AIV, ducks
and chickens play a critical role in the transmission and
evolution of HON2. Multiple experimental trials with HON2
have been conducted in chickens and the infection caused
syndromes including decrease in egg production, delays
in growth, mild respiratory distress, and even death in the
immunosuppressed models or models co-infected with
asecondary pathogen (Bano et al, 2003; Kishida et al., 2004;
Kwon et al., 2008). Although experimental LPAIV infections
in ducks have been reported with the outcomes varying
from asymptomatic infection to the induction of respira-
tory disease evident as sinusitis, conjunctivitis, and lower
respiratory tract lesions (Jackwood et al., 2010; Spackman
et al., 2010; Maughan et al, 2013), the current knowledge
of HIN2 infection of ducks is still very limited. Further-
more, there are few studies concerning the comparison of
outcomes of HON2 infection between ducks and chickens.
Therefore, in this study, we compared the outcomes of
infection of chickens and Peking ducks with duck-adapted
HIN?2 influenza A virus. In particular, clinical signs, virus
shedding, microscopic lesions and immune responses to the
virus were followed.

Materials and Methods

Virus and birds. The HIN2 virus (A/duck/SD/006/2010),
hereafter named HI9N2, was isolated from a Peking duck (Anas
platyrhynchos domesticus). After the third passage in 9-day-old
SPF embryonated chicken eggs, the virus was titrated to determine
EID,. 1-day-old SPF white leghorn chickens were obtained from
a local commercial supplier of SPF animals. Because of no SPF
ducks available, 1-day-old Peking ducks were purchased from
alocal hatchery. Birds were housed in SPF isolators until they were
exposed at 2 weeks of age.

Experimental design. The experiment was approved by the Com-
mittee on the Ethics of Animal of Shandong. Prior to exposure, all
birds were seronegative to HIN2 tested by HI test. Experimental
groups were housed separately, one group per isolator. The experi-
mental procedures conducted in ducks were identical to procedures
used in chickens, unless stated otherwise.

Forty ducks (chickens) were evenly divided into two groups:
control group and HIN2-inoculated group. At 2 weeks of age,
each duck (chicken) was intranasally inoculated with 100 ul of
inoculum containing 10” EID,  of the virus. Birds in the two control
groups received 100 pl of sterile PBS in the same manner. After
inoculation, all birds were monitored daily for clinical signs of the
disease for 14 days, and were scored as follows: 0 = no clinical signs,
1 = mild depression, decreased activity and mild respiratory signs,
2 = depression, diarrhea, anorexia and moderate respiratory signs,
3 = severe depression and respiratory signs, 4 = dead.

Oropharyngeal (OP) and cloacal (CL) swabs were collected at 2,
4,7, 10, and 14 days post infection (p.i.) from five birds to evaluate
virus shedding. In addition, on day 1,4 and 7 p.i., five birds from each
group were euthanized and necropsied. Tissues from five birds were
collected for histopathology and a portion of the collected trachea
and ileum were snap-frozen in liquid nitrogen and stored at -70°C
for RNA isolation and further analysis of immune-related gene

Table 1. PCR primers

Gene Host Forward primer (5'-3") Reverse primer (5'-3") GenBank Acc. No.
GAPDH Chicken CCTCTCTGGCAAAGTCCAAG CATCTGCCCATTTGATGTTG V00407
Duck ATGTTCGTGATGGGTGTGAA CTGTCTTCGTGTGTGGCTGT AY436595
IFNA Chicken ATGCCACCTTCTCTCACGAC AGGCGCTGTAATCGTTGTCT EU367971
Duck TCCTCCAACACCTCTTCGAC GGGCTGTAGGTGTGGTTCTG EF053034
IFNB Eh“fen CCTCAACCAGATCCAGCATT GGATGAGGCTGTGAGAGGAG AY831397
uc
IENG Chicken GCTGACGGTGGACCTATTATT TGGATTCTCAAGTCGCTCATCG DQY06156
Duck Duck GCTGATGGCAATCCTGTTTT GGATTTTCAAGCCAGTCAGC AJ012254
IL1B Chicken GCTCTACATGTCGTGTGTGATGAG TGTCGATGTCCCGCATGA NM204524
Duck TCGACATCAACCAGAAGTGC GAGCTTGTAGCCCTTGATGC DQ393268
2 Chicken CGGGATCCATGATGTGCAAAGTACTG CGGTCGACTTATTTTTGCAGATATCT AY510091
Duck GCCAAGAGCTGACCAACTTC ATCGCCCACACTAAGAGCAT AB191038
L6 Chicken ATGTGCAAGAAGTTCACCGTG TTCCAGGTAGGTCTGAAAGGCGAA EU170468
Duck TTCGACGAGGAGAAATGCTT CCTTATCGTCGTTGCCAGAT AB302327
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expression levels. For the determination of HI antibodies titers, the
remaining five ducks (chickens) were kept for one more week. Serum
samples were collected on day 0, 3, 7, 10, 14, 17, and 21 p.i.

Virus isolation and titration. The collected OP and CL swabs
were collected in PBS containing antibiotics and stored at -70°C.
Titers of infectious virus (expressed as EID, ) were determined by
Reed and Muench method (Reed and Muench, 1938).

Histopathology. Samples of heart, trachea, lung, spleen, pancreas,
liver, kidney, ileum, bursa of Fabricius (BF) were fixed in 10%
neutral buffered formalin for histopathology. After 48 hr fixation,
samples were routinely processed and embedded into paraffin
blocks. 4 um sections were counterstained with hematoxylin and
eosin (H&E) and examined under light microscopy. The severity
of lesions was scored as follows: (-) none; (+/-) minimal; (+) mild;
(++) moderate; (+++) high.

RNA extraction. Total RNA was extracted from tissue homoge-
nates in Trizol (Invitrogen) following the manufacturer's instruc-
tions. RNA was DNAse-treated and cDNA was synthesized using
PrimeScript™ II 1st Strand cDNA Synthesis Kit (TaKaRa, DaLian,
China) following the manufacturer's instructions.

Assay of cytokines by real-time RT-PCR. The relative quanti-
tation of immune-related gene expression levels in the samples
after infection was determined using the Applied Biosystems
7500 Fast Real-Time PCR System (Applied Biosystems, CA).
Primers used in this study were previously reported (Adams
et al., 2009). The selected primers are shown in Table 1. PCR
conditions were the same for each targeted gene and were as
follows: 95°C for 30 sec, followed by 45 cycles of 95°C for 15
sec, 58°C for 32 sec and 72°C for 20 sec. Cycling was terminated
after 45 cycles with dissociation curves. The 24T method was
used for quantification of target gene expression using GAPDH
gene as the reference gene for data normalization (Livak and
Schmittgen, 2001). Additionally, due to an error in processing
samples collected at 7 days p.i., only samples collected on day 1
and 4 p.i. were analyzed.

Titration of HI antibodies. Serum samples were obtained from
the whole blood and tested for the antigen-specific antibody titers
against HIN2 following the WHO standard.

Statistical analysis. Data were expressed as means + standard
error (SE). Statistical differences between the means for two groups
were evaluated using two-tailed Student’s unpaired ¢-test with the
level of significance at P <0.05.

Results

Clinical signs and virus shedding

As shown in Fig. 1a, the primary clinical signs presented
by ducks were mild nasal discharge and tearing 3-5 days
p.i. with clinical score ranging from 0-0.2. On the other
indicated days p.i., infected ducks were asymptomatic. As for
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Fig. 1
Clinical signs and virus shedding in chickens and ducks
infected with HON2

The ratios above columns indicate the number of birds showing clinical signs/
examined birds (a) and the number of postive/examined swab samples (b). Data
are means + standard error (SE). Asterisk indicates a significant difference.

the infected chickens, clinical signs were primarily depres-
sion, sneezing and decreased feed and water intake, which
occurred 2-6 days p.i. and disappeared 7-14 days p.i.. No
mortality occurred in chickens and ducks after infection.
However, it appeared that more chickens than ducks mani-
fested clinical signs after infection.

Based on the results of virus shedding presented in
OP and CL swabs (Fig. 1b), the pattern of viral shedding,
including the amount of the virus and viral persistence,
varied between ducks and chickens. In chickens, virus
shedding collected from OP presented higher titer lev-
els than CL swabs. Meanwhile in ducks, there appeared
greater positive recovery rates and longer persistence of
viral shedding in CL swabs. Moreover, 4 days p.i.,, CL
swabs from ducks displayed significantly higher titers
than those from chickens. Taken together, chickens shed
more virus in the trachea and less virus in the cloaca in
comparison with ducks.
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Fig. 2
Histopathological lesions in tissues of chickens and ducks infected with HIN2
Day 4 p.i. Chicken trachea (a), lungs (b), pancreas (c) and ileum (d). Duck trachea (e) and lungs (f). Bar = 100 pum.

Histopathology

The microscopic lesions after infection were mainly con-
fined to the respiratory tracts in chickens (Table 2). On 4 days
p-i, lesions in the respiratory tracts were more predominant
in virus-infected chickens and ducks. Three of five chickens
displayed lesions in the tracheas consisting of mild to moderate
lymphocytic infiltration mixed with red blood cells and mild
edema in the submucosa (Fig. 2a). In the lungs, mild to mod-
erate congestion and inflammatory cells around bronchi and
blood vessels were present in four of five chickens (Fig. 2b).
Lesions in pancreata were mainly mild to moderate inflamma-
tory cells infiltration (Fig. 2¢). Also, mild to moderate enteritis
developed in chickens after infection (Fig. 2d). As for other
tissues examined, minimal to mild lymphocytic infiltration or
no significant lesions were commonly observed.

In ducks, similar but milder lesions than in the infected
chickens were frequently observed in the upper respiratory
tracts. At 4 days p.i., two of five ducks displayed rare muco-
heterophilic infiltrate in the tracheas with mild edema in the
submucosa (Fig. 2e). On 4 and 7 days p.i.,, in some ducks,
microscopic lesions were observed in the lungs with mild
congestion and mild mononuclear cell infiltration (Fig. 2f).
Remaining organs of the infected ducks lacked significant
microscopic lesions, including the gastrointestinal tracts,
which are considered the main sites of LPAIVs replication in
ducks. In addition, no lesions attributed to HON2 infection
were observed in the chickens and ducks of control group.

Cytokines in trachea and ileum

Because the differences in clinical signs and viral shed-
ding patterns between chickens and ducks were observed in
the current study, immune-related gene expression levels in
the trachea and ileum were analyzed. As shown in Fig. 3, the
differences in the IFN-a (IFNA) expression levels were not
statistically significant between the two species. However, on
1 day p.i. and 4 days p.i., the IFN-f (IFNB) expression and
IFN-y (IFNG) expression in the ileum of chickens was sig-
nificantly higher than in the ileum of ducks. Although IFN-y
(IENG) expressions levels were upregulated in the trachea of
both species, the infection process resulted in higher levels
of IENG expression in the trachea of ducks.

Minimal changes in the levels of IL1B and IL6 were ob-
served in ducks. However, the expression levels of IL1B and
IL6 in trachea and ileum were significantly elevated in chickens
compared to ducks on 1 day p.i. and 4 days p.i., although with
varying levels. The infection process appeared to result in up-
regulation of IL2 in tissues of both ducks and chickens. Taken
together, after infection with HON2, ducks showed a milder
IL1B and IL6 expressions, which was different from stronger
IL1B and IL6 expressions observed in chickens.

Serum HI antibodies

The results for serum HI antibodies are shown in Fig. 4.
Serum collected before 7 days p.i. remained negative against
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Table 2. Severity of histopathological lesions in chickens and ducks

infected with HON2
Day 4 p.i. Day 7 p.i.
Chickens ~ Ducks Chickens ~ Ducks
Tracheas ++° + + +/-
Lungs + + + +/-
Hearts +/- - +/- -
Spleens - - - -
Livers +/- - - -
Pancreata ++ - + -
Kidneys +/- - + +/-
Tlea + - + -
Bursae of Fabricius +/- - +/- -

“The severity of lesions: (-) none; (+/-) minimal; (+) mild; (++) moderate;
(+++) high.

HON2. From 10 days p.i. to the end of the experiment, chick-
ens developed higher serum HI antibody titers than ducks.
Moreover, serum HI antibodies seemed to have a longer
persistence in chickens.

Discussion

In the current study, we experimentally inoculated ducks
and chickens with a duck-origin HON2. As a result, ducks
exhibited minimal clinical signs, whereas chickens showed
stronger response to the infection. Meanwhile, based on the
results of viral shedding, chickens were infected and shed
virus, although with shorter duration, indicating that this
duck-origin HON2 could be transmissible and cause clinical
signs in chickens without prior adaption. In addition to the
results of viral shedding, differential immune responses to
HIN?2 infection in the trachea and ileum of chickens and
ducks were observed, suggesting ducks and chickens use
different strategies in response to HON2 infection in tissues
where LPAIVs replicate.

In the field, HON2 is an invasive agent and caused 5-30%
mortality with apparent clinical signs in the infected chick-
ens characterized by decreased egg production, depression,
edema of head, cyanosis of comb and legs (Lee et al., 2000).
Meanwhile, it has been reported that the outcome of HON2
could be exacerbated in chickens co-infected with other
infectious agents (Bano et al., 2003). Therefore, these under-
lying conditions may provide an explanation for the higher
mortality rates among chickens in the field in comparison
with no mortality reported in our study. It is noteworthy
that experiments should be conducted to evaluate the effect
of these factors on ducks. With respect to viral shedding,
chickens seemed to have higher viral titers and a longer
duration of viral shedding in the trachea, while ducks had
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Cytokine levels in the trachea and ileum of chickens and ducks
infected with HIN2

Cytokine mRNAs were assayed by real-time RT-PCR and normalized to
GAPDH. Data represent means + SE (n = 5). Asterisk indicates a significant
difference.
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an extended period of viral shedding and higher viral titers
found in CL swabs. Meanwhile, the positive recovery rate
from CL swabs collected from ducks was relatively higher
than from OP swabs, indicating that this duck-origin HIN2
replicated in respiratory tracts of ducks less efficiently than
in their digestive tracts. Although the distribution of AIV
receptors in these two species may contribute to the different
viral shedding patterns (Gambarian et al., 2002), different
immune responses to HON2 infection between ducks and
chickens also play a critical role.

While multiple cytokines and chemokines are produced
by various kinds of host cells combating influenza infec-
tion, [FNs are principal cytokines involved in the antiviral
response. In our study, ducks displayed lower overall IFNs
expression in response to HIN2 infection in the ileum than
chickens, which may provide an explanation for higher
positive recovery rate in CL swabs and longer viral shedding
observed in ducks, and a relatively shorter duration of viral
shedding in chickens. However, ducks mounted a stronger
IENG expression in the trachea, which may help explain
a quicker clearance of HIN2 in trachea and milder respi-
ratory signs. Meanwhile, different IFNB expression levels
were observed between ducks and chickens. Recent studies
have shown that the chicken melanoma differentiation-
associated protein 5 (chMDAD5) strongly activated chicken
[FNB promoter in response to AIV infection (Liniger et al.,
2012), while retinoic acid-inducible gene I (RIG-I) present
in ducks, which is apparently absent in chickens, played an
essential role in the IFNB production triggered by AIV. Ad-
ditionally, RIG-I was highly upregulated in ducks infected
with HPAIVs, and slightly upregulated in ducks infected with
LPAIVs (Barber et al., 2010). Studies have also demonstrated
that the NS1 protein of AIV could inhibit IFNB signaling
due to its interaction with MDAS5 signaling pathway and
RIG-I signaling pathway (Guo et al., 2007; Liniger et al.,
2012). According to these reports, different susceptibility of
the two species to the suppressive effect of the HON2 NS1
gene on the [FNB expression may account for different levels
of IFNB expression in ducks and chickens, which shared
similarities to the results described by Adams et al. (2009)
despite the fact that our study selected different tissues, dif-
ferent experimental approaches, time points, and LPAIV
subtypes. In addition, a recent study revealed that Muscovy
ducks (Cairina moschata) mounted overall stronger innate
immune response to HON2 infection than chickens (Huang
et al., 2012). Several studies have demonstrated that expres-
sion of immune-related genes varied with different types of
ducks, different origins of AIV isolates and different tissues
(Cagle et al., 2012; Cornelissen et al., 2012; Maughan et
al., 2013). Furthermore, age-related differences in immune
responses to AIV infection have also reported in chickens
and ducks (Reemers et al., 2010; Pantin-Jackwood et al.,
2012). We, therefore, hypothesized that immune responses
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Fig. 4
Serum HI antibodies against HIN2 in chickens and ducks
infected with H9N2

Data are means + SE (n = 5). Asterisk indicates a significant difference.

and pathogenesis in chickens and ducks in response to
H9N?2 infection may be affected by these factors. However,
further studies are needed to fully elucidate the differences.
Additionally, we also examined the expression levels of
IL1B, IL2 and IL6. Our results showed that IL1B and IL6
were significantly upregulated in the trachea and ileum of
chickens, which is different from their expression levels in
samples collected from ducks. Recent studies have shown
a positive correlation between the severity of the clinical
manifestations and IL6 expression levels in animals (Marais
et al., 2011; Chiaretti et al., 2013). It was possible to account
for different manifestation of clinical signs in the two spe-
cies after infection with HIN2. Interestingly, IL6 levels have
been reported to play an important role in the development
of mucosal IgA antibodies, which represent the first line of
defense against exotic pathogens (Ramsay et al., 1994). In our
study, infected chickens showed overall higher IL6 expression
levels in the trachea and ileum, while IL6 levels in infected
ducks were minimally changed. This led us to speculate that
chickens may develop more mucosal IgA antibodies against
H9N?2 after infection than ducks, which might explain the
frequent re-infections with LPAIV in the free ranging ducks
in the field. Asis known, IL2 is produced by Th1 cells, which
leads to cellular immune response. After the infection, IL2
expression levels in both ducks and chickens were increased,
emphasizing the role of IL2 in the cellular immune response
to HON2 infection.

In our study, chickens developed higher HI antibody titers
than ducks. It was consistent with previous studies reporting
that ducks typically generated poor antibody responses to
influenza compared with mammals or even chickens, and
further studies showed immunoglobulin genetics contrib-
uted to poor antibody responses to influenza infection or
vaccination. Evidence also suggested that lack of secondary
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immune responses appeared to be a general feature of duck
antibody responses (Kida et al., 1980; Lundqvist et al., 2006).
Several inactivated influenza vaccines are currently used for
controlling avian influenza in the laboratory and field studies
(Tian et al., 2005; Nomura et al., 2012;). In one of these stud-
ies, vaccination of ducks with inactivated influenza vaccine
induced lower antibody titers and required larger dosage in
comparison with vaccination of chickens. A second boost,
however, seemed to help the relatively high antibody titers
to last, although the boost generated only slightly higher
antibody titers (Tian et al, 2005). As our results and previ-
ous studies show, ducks may be more likely to be re-infected
with HON2 even at shorter intervals. We, therefore, suggest
that the vaccination procedures for ducks should be care-
fully planned.

In many areas of China, free-range ducks are often in
close contact with poultry, livestock, and humans in the same
village or farm. AIVs-infected ducks have the opportunity
to transmit the virus to chickens and other domesticated
animals. Therefore, effective vaccination of ducks may be
of good strategy for prevention and control of HIN2 trans-
mission. Additionally, given the different outcomes of the
HON2 virus infection in ducks and chickens, different
measures should be taken in vaccination and treatment of
these animals.
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