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a  b  s  t  r  a  c  t

As  part  of  our  ongoing  efforts  on animal  influenza  surveillance  in  Argentina,  an  H9N2  virus  was  isolated
from  a  wild  aquatic  bird  (Netta  peposaca),  A/rosy-billed  pochard/Argentina/CIP051-559/2007  (H9N2)  –
herein referred  to as  559/H9N2.  Due  to the  important  role  that H9N2  viruses  play in the  ecology  of
influenza  in  nature,  the  559/H9N2  isolate  was  characterized  molecularly  and  biologically.  Phylogenetic
analysis  of  the HA gene  revealed  that  the 559/H9N2  virus  maintained  an  independent  evolutionary  path-
way  and  shared  a sister-group  relationship  with  North  American  viruses,  suggesting  a common  ancestor.
The rest  of the  genome  segments  clustered  with  viruses  from  South  America.  Experimental  inoculation
of  the  559/H9N2  in chickens  and quail  revealed  efficient  replication  and  transmission  only  in  quail.  Our
results  add  to the  notion  of  the  unique  evolutionary  trend  of  avian  influenza  viruses  in South  Amer-
ica.  Our  study  increases  our understanding  of  H9N2  viruses  in nature  and  emphasizes  the  importance
of  expanding  animal  influenza  surveillance  efforts  to  better  define  the  ecology  of influenza  viruses at a
global  scale.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Influenza A viruses (IAVs) belong to the family Orthomyxoviri-
dae. IAVs have in common 8 segments of genomic negative sense
RNA. Wild aquatic birds are considered the natural reservoir of
these viruses. Avian influenza viruses responsible for outbreaks
in avian and mammalian species, including humans, are thought
to evolve from wild bird strains. Two major lineages for avian
influenza viruses have been defined, the Eurasian and North Amer-
ican lineages, respectively. Surveillance studies in Australia and
South America suggest the presence of sub-lineages that evolve
independently from other influenza genes in other regions. Avian
influenza viruses from Australia appear to form a monophyletic
lineage, whereas those from South American show independent
evolution but share a common ancestor with North American
viruses. Antigenic differences on the two viral surface proteins,
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hemagglutinin (HA) and neuraminidase (NA) have led to the clas-
sification of IAVs into subtypes; 16 HA and 9 NA subtype viruses
have been described so far in wild aquatic birds (Bulach et al., 2010;
Gonzalez-Reiche et al., 2012; Hansbro et al., 2010; Rimondi et al.,
2011; Webster et al., 1992).

The H9N2 IAV subtype was first detected in the USA in 1966
(Homme  and Easterday, 1970). In the late 1960s to early 1970s,
H9N2 viruses were associated with a number of outbreaks in free-
range turkeys in Minnesota, with viruses originating in wild ducks.
To date, H9N2 influenza viruses are isolated sporadically from wild
birds in North America (Halvorson et al., 1997; Kawaoka et al.,
1988; Sharp et al., 1993, 1997). In Asia, H9N2 viruses were found in
domestic ducks until the late 1980s before they crossed to domes-
tic land-based poultry (Shortridge, 1992). Since then, H9N2s have
caused disease outbreaks in poultry in a vast number of regions
from South East Asia to the Middle East (Dong et al., 2011; Guo et al.,
2000). China, Pakistan, Israel, Iran, and South Korea, among others,
have reported H9N2 viruses in local live poultry markets where
these viruses remain endemic (Fusaro et al., 2011; Lee et al., 2007;
Naeem et al., 2007; Xu et al., 2007). More importantly, H9N2 viruses
have been frequently transmitted to pigs, considered an interme-
diate host in the generation of influenza strains with pandemic
potential (Peiris et al., 2001; Yu et al., 2011). Human infections
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with avian H9N2 viruses have also been reported and associated
with mild influenza-like symptoms (Butt et al., 2005; Cheng et al.,
2011; Lin et al., 2000). Serological studies suggest significant human
exposure to these viruses in regions where they remain endemic
(Khuntirat et al., 2011; Wang et al., 2009). Although no evidence of
human-to-human transmission of H9N2 viruses has been observed,
some H9N2 viruses circulating in poultry have evolved human-like
receptor specificity and thus recognize sialic acids bound to the
adjacent galactose in an !2,6 conformation (SA!2,6) (Matrosovich
et al., 2001). Thus, the World Health Organization (WHO) con-
siders H9N2 viruses as potentially pandemic strains (Capua and
Alexander, 2002).

In contrast, no information regarding the presence of H9N2
viruses in South America is available. In this report, a H9N2 virus
from an aquatic bird (559/H9N2) was isolated and characterized.
Like other IAVs isolated in Argentina, the 559/H9N2 possesses a
gene constellation consistent with a unique evolutionary group of
IAVs from South America. Animal studies revealed limited replica-
tion with lack of transmission of 559/H9N2 in chickens, whereas in
Japanese quail, efficient replication and transmission was observed.
These results are consistent with previous studies showing that
quail are more susceptible than chickens to H9N2 viruses isolated
from ducks (Hossain et al., 2008; Makarova et al., 2003; Perez et al.,
2003).

2. Materials and methods

2.1. Sample collection

Sampling activities were performed by trained biologists and
veterinarians in the Lower Paraná River Valley. This valley is com-
posed of a mosaic of rice fields, natural wetlands and marshes,
native forests, and patches of land within the floodplain of the
Parana River (30◦41′S, 60◦02′W)  (Rimondi et al., 2011). Cloa-
cal swabs were collected from carcasses of hunter-killed ducks
donated by licensed hunters during the hunting seasons (April 15th
to August 15th) of 2007 through 2008. Cloacal swabs were collected
using single-use polyester sterile swabs and then stored separately
in single plastic cryo-vials, containing 2 ml  of Phosphate Buffer
Solution (PBS) with 50% glycerol and Penicillin 10,000 IU/ml, Strep-
tomycin 5 mg/ml, Gentamicin Sulfate 1 mg/ml, Kanamycin sulfate
700 "g/ml and Anphotericin B 10 "g/ml (Sigma Chemical Co, St.
Louis, MO,  USA). Samples were frozen in liquid nitrogen and trans-
ported on dry ice. Once in the laboratory all samples were stored at
−80 ◦C until processed for molecular diagnosis and virus isolation.

2.2. Virus detection

Viral RNA was  extracted from 140 "l of suspension from cloacal
swabs using a QIAamp Viral RNA Mini Kit (Qiagen Inc., Valencia,
CA, USA) in accordance with the manufacturer’s instructions. RNA
was eluted in a final volume of 60 "l and stored at −80 ◦C. Viral
cDNA was prepared using 30 "l of viral RNA and random hexamers
in a final volume of 60 "l using a High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA, USA). The cDNA was tested
for avian influenza virus (AIV) by real-time reverse transcriptase
PCR (RRT-PCR) using TaqMan Universal PCR Master Mix  (Applied
Biosystems) directed to the matrix (M)  gene. This system detects
all type A influenza viruses (Spackman et al., 2002). The PCR was
performed on an ABI Prism 7500 SDS (Applied Biosystems).

2.3. Virus isolation

Swab samples positive by RRT-PCR were inoculated into 9–11
day old specific pathogen free (SPF) embryonated chicken eggs.
Briefly, 200 "l of PBS suspension from the cloacal swabs was

injected into the egg’s allantoic cavity and the eggs were incu-
bated for 72 h and harvested in accordance with standard protocols
described in the WHO  Manual on Animal Influenza Diagnosis and
Surveillance (Webster et al., 2005). Virus titration was performed
by egg infectious dose 50 (EID50) following a previously described
method (Reed and Muench, 1938) and using the hemagglutination
assay as the final readout (Webster et al., 2005).

2.4. Phylogenetic and molecular analysis

Viral RNA was  extracted from infected allantoic fluid using an
RNEasy Mini kit (Qiagen). Reverse transcription followed by PCR
was performed using specific primers for each gene segment as
described previously (Hoffmann et al., 2001). PCR products were
purified with a QIAQuick PCR purification kit (Qiagen). Sequencing
was performed using the BigDye Terminator v3.1 Cycle Sequenc-
ing Kit on an ABI PRISM 3700 DNA Analyzer (Applied Biosystems)
following the manufacturer’s instructions. Phylogenetic analyses
were performed using additional influenza virus sequence data
available in GenBank. Sequences were assembled and edited with
Lasergene 8.1 (DNASTAR); BioEdit 7 was  used for alignment and
residue analysis. Neighbor-joining (NJ) trees were constructed by
using PAUP* 4.0. Estimates of the phylogenies were calculated by
performing 1000 NJ bootstrap replicates. The TREEVIEW program,
Version 1.6.6 was used for visualization and printing of phyloge-
netic trees.

2.5. Animal studies

2-Week old SPF White Leghorn chickens (Charles River Labora-
tories, Wilmington, MA)  and 4-week old Japanese quail (Coturnix
coturnix, B & D Game Farm) were used throughout the stud-
ies. Chickens (n = 4) or quail (n = 4) were inoculated intraocularly,
intranasally, and intratracheally with 5 × 106 EID50 of virus. Trans-
mission was monitored by bringing the directly inoculated birds
in direct contact with naïve birds (n = 4 birds/group) at 1 day post-
inoculation (dpi). Tracheal and cloacal swabs were collected at 1,
3, 5, and 7 dpi in 1 ml  freezing media (50% glycerol in PBS con-
taining 1% antibiotics) and stored at −80 ◦C until use for virus
titration. Birds were observed daily for 14 days for signs of dis-
ease. Birds were monitored for appetite, activity, fecal output, and
signs of distress including cyanosis of the tongue or legs, ruffled
feathers and respiratory distress. Experiments were carried out
under ABSL2+ conditions with investigators wearing appropriate
protective equipment and compliant with protocols approved by
the Institutional Animal Care and Use Committee of the University
of Maryland and adhered strictly to the Animal Welfare Act (AWA)
regulations.

2.6. Nucleotide sequence accession numbers

The nucleotide sequences obtained in this study are available
from GenBank under accession numbers CY111587 to CY111594.

3. Results and discussion

As part of ongoing animal influenza surveillance efforts an H9N2
IAV strain was isolated. Samples were collected between May  2007
and February 2008 at different hunting lodges in the Lower Paraná
River Valley (30◦41′S, 60◦02′W)  in Argentina. Details on species
and samples have been previously described (Rimondi et al., 2011).
Briefly, 1395 cloacal swabs representing 23 different bird species
were collected and tested for the presence IAVs. Of these, 738
samples were obtained from rosy-billed pochards (Netta peposaca)
and one of these samples resulted in the isolation of a H9N2
strain: A/rosy-billed pochard/Argentina/CIP051-559/2007 (H9N2)
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Table  1
Type A influenza virus isolates with the highest nucleotide identity to A/rosy-billed
pochard/Argentina/CIP051-559/2007 (H9N2) by gene segment.

Gene
segment

Highest sequence identity with % nt identity

PB2 A/chicken/Chile/176822/2002 (H7N3) 95%
PB1 A/cinnamon teal/Bolivia/4537/2001 (H7N3) 95%
PA  A/rosy-billed pochard/Argentina/CIP051-557/2007

(H6N2)
97%

HA  A/quail/Arkansas/29209-1/1993 (H9N2) 91%
NP A/rosy-billed pochard/Argentina/CIP051-575/2007

(H6N8)
97%

NA  A/rosy-billed pochard/Argentina/CIP051-557/2007
(H6N2)

98%

M  A/rosy-billed pochard/Argentina/CIP051-557/2007
(H6N2)

99%

NS A/rosy-billed pochard/Argentina/CIP051-925/2008
(H6N2)

96%

(559/H9N2). Given the ecological and epidemiological importance
of H9N2 viruses elsewhere, the 559/H9N2 virus was subjected to
molecular and biological characterization.

3.1. Genetic and phylogenetic analysis

Sequences corresponding to the entire ORF of the 8 gene seg-
ments of 559/H9N2 were compared to other H9N2 virus sequences
deposited in GenBank. Blast search results suggested that the inter-
nal gene segments of 559/H9N2 were closely related to avian
influenza viruses from South America (Table 1), with sequence
homologies ranging from 95% (PB2 and PB1 gene segments) to 99%
(M gene segment). With respect to the HA gene, the closest homol-
ogy identified was 91% with A/Quail/Arkansas/29209-1/93 (H9N2),
reflecting the lack of H9N2 reference viruses from South Amer-
ica in the database. The NA gene had 98% nucleotide identity with

A/rosy-billed pochard/Argentina/CIP051-557/2007 (H6N2), which
has been recently characterized (Rimondi et al., 2011).

Phylogenetic analysis revealed that the 559/H9N2 virus genes
clustered with avian influenza viruses from South America (Fig. 1).
Four clades (H9.1, H9.2, H9.3, H9.4) can be identified for the
H9 HA gene based on the nomenclature proposed recently
(Liu et al., 2009). Clade H9.1 includes the old H9N2 viruses
from North America and one unusual H9N2 virus from China,
A/Chicken/HLJ/35/2000. Clade H9.3 contains viruses from both
Eurasia and North America while clade H9.4 contains H9N2 viruses
that have become established in poultry in Asia. The HA gene
of 559/H9N2 virus belongs to H9.2 clade, together with 3 H9N2
viruses from North America, suggesting a recent common ancestor,
although the Argentine H9N2 virus maintains an out-group rela-
tionship with the other viruses, indicating it has diverged and may
have formed a unique sub-clade during evolution. If more H9 sub-
type viruses are isolated from South America, this trend is likely to
become more evident.

Phylogenetic analysis of the NA gene showed that 559/H9N2
is closely related to the Argentine H6N2 viruses characterized
recently (Fig. 1). Likewise, phylogenetic analysis of the internal gene
segments (PB2, PB1, PA, NP, M and NS) revealed that 559/H9N2
belongs to the South American clade (Figs. 2 and 3) (Alvarez et al.,
2010; Pereda et al., 2008; Rimondi et al., 2011). It is interesting to
note that 559/H9N2, along with viruses from South America, shows
a sister-group relationship with equine viruses in the PA and NP
phylogenetic trees, suggesting a recent common ancestor. The NS
gene of 559/H9N2 belongs to Allele A in the South American clade.

3.2. Molecular analysis

Within the receptor binding site, the HA protein of 559/H9N2
contains amino acid residues consistent with binding to avian-like

Fig. 1. Phylogenetic trees of HA and NA gene segments. Trees were generated by the neighbor-joining method in the PAUP* program. Numbers above branches indicate
neighbor-joining bootstrap values. Not all supports are shown because of space constraints. Analysis was  based on nucleotides: H9, 129-1042; and N2, 249-1303. The H9
and  N2 trees were rooted to A/duck/Alberta/60/1976 (H12N5) and A/equine/Prague/1/56 (H7N7), respectively. The 559/H9N2 strain is highlighted in red. Scale bar at the
bottom of each tree indicates substitutions per site.
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Fig. 2. Phylogenetic trees of PB2, PB1, and PA gene segments, performed as described in materials and methods and in legend of Fig. 1. Analysis was based on nucleotides: PB2, 1079-2138; PB1, 42-1217; and PA, 1429-2127.
Phylogenetic trees were rooted to A/equine/Prague/1/56 (H7N7) for the PB2 gene and A/Brevig Mission/1/1918 (H1N1) for the PB1 and PA genes. Scale bar at the bottom of each tree indicates substitutions per site.
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Fig. 3. Phylogenetic trees of NP, M and NS gene segments, performed as described in materials and methods and in legend of Fig. 1. Analysis was based on nucleotides: NP, 31-917; M, 49-864; and NS, 88-815. The trees were
rooted  to A/equine/Prague/1/56 (H7N7). Scale bar at the bottom of each tree indicates substitutions per site.
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Table 2
Replication and transmission of A/rosy-billed pochard/Argentina/CIP051-559/2007 in chickens and quail.

Species Group 1 dpi 3 dpi 5 dpi 7 dpi

Trachea Cloaca Trachea Cloaca Trachea Cloaca Trachea Cloaca

Chicken Inoculated 2/4 (4.5)a 0/4 1/4 (2.5) 0/4 0/4 0/4 0/4 0/4
Contact 0/4 0/4 0/4 0/4 0/4 0/4 0/4 0/4

Quail Inoculated 4/4 (3.8) 0/4 2/4 (2.5) 1/4 (4.5) 0/4 0/4 0/4 1/4 (0.7)
Contact 0/4 0/4 4/4 (3.8) 0/4 4/4 (2.8) 0/4 3/4 (2.5) 0/4

a Number of birds that shed virus vs. number of birds in group. Peak virus titer shown in parentheses (log10EID50/ml).

SA!2,3 receptors (Q226 and G228). The HA also contains the typical
low pathogenic A-S-D-R/G motif at the cleavage site. No muta-
tions associated with drug resistance were found in the M2  and
NA proteins and no mutations associated with increased virulence
in mammals were found in PB2, PB1, and NS proteins (data not
shown).

3.3. Replication and transmission of 559/H9N2 in chickens and
quail

H9N2 viruses have established stable lineages in different types
of poultry in Asia and the Middle East (Dong et al., 2011; Lee
et al., 2007; Naeem et al., 2007; Xu et al., 2007). To determine
the potential risk of 559/H9N2 virus to local poultry, the repli-
cation and transmission of this virus in chickens and quail was
evaluated. In chickens, 559/H9N2 showed limited replication in
inoculated chickens (2 out of 4). Only one chicken shed significant
amounts of virus from the respiratory tract up to 3 dpi with titers of
4.5 log10EID50/ml  and 2.5 log10EID50/ml  at 1 and 3 dpi, respectively
(Table 2). No virus shedding was detected by 5 dpi (or thereafter) in
chickens. No evidence of virus shedding in cloaca and no evidence
of transmission was observed in contact chickens either by virus
isolation or serology (not shown). Inoculated chickens showed no
signs of disease during the course of the experiment.

In quail, 559/H9N2 virus was detected from the respiratory tract
in 4 out 4 inoculated quail at 1 dpi, which represents also the time
when peak virus titers were observed (4.5 log10EID50/ml, Table 2).
By 3 dpi, 2 out 4 inoculated quail were positive for virus in the
trachea and 1 quail was shedding virus in the cloaca. The cloaca
positive bird was again weakly positive by 7 dpi. More impor-
tantly, direct contact quail became positive for virus in the trachea
(4/4) by 3 dpi with peak virus titers of 3.8 log10EID50/ml  and 3/4
remained positive by 7 dpi. Direct contact quail remained nega-
tive for virus isolation in the cloaca for the duration of the study.
Neither directly inoculated quail nor direct contact quail showed
clinical signs of disease, which is consistent with previous stud-
ies (Hossain et al., 2008; Makarova et al., 2003; Perez et al., 2003).
Although further studies would be needed to determine whether
transmission occurred by either respiratory droplets or fomites or
drinking water or a combination of those routes, our studies are also
consistent with a previous study highlighting the relative higher
susceptibility of Japanese quail to H9N2 viruses compared to chick-
ens (Perez et al., 2003). Interestingly, the 559/H9N2, which has not
been adapted to domestic poultry, shows a pattern of transmis-
sion equal or better than H9N2 strains isolated from ducks in the
1970s in Asia (Perez et al., 2003). It was also interesting to observe
that direct contact quail had a tendency to show higher levels of
virus shedding than the directly inoculated quail; however, the
limited number of animals in these studies precludes any major
conclusions.

From 2006, a long-term systematic influenza surveillance net-
work was established in Argentina between the National Institute
of Agricultural Technology (INTA), the Argentine National Animal

Health Service (SENASA), the Wildlife Conservation Society (WCS),
and the University of Maryland, College Park. This surveillance net-
work has helped us define the presence of a unique clade in the
natural gene pool of IAVs in South America (Alvarez et al., 2010;
Pereda et al., 2008; Rimondi et al., 2011). This present study fur-
ther supports this notion. The Argentine H9N2 virus belongs to
clade H9.2, sharing a sister-group relationship with North American
H9N2 viruses. Unlike the Asian H9N2 viruses which appear to have
gone through a rather lengthy process of adaptation from wild birds
to domestic ducks and from there to domestic land-based birds
(Perez et al., 2003; Shortridge, 1992), the 559/H9N2 virus appears
very effective in terms of replication and transmission in Japanese
quail. In this regard, the 559/H9N2 resembles its North American
counterparts that have been associated with disease outbreaks in
domestic turkeys after exposure to H9N2 viruses present in wild
ducks. Due to improvements in biosecurity, H9N2 viruses have not
become established in domestic poultry in the Americas. Our study
suggests that these viruses have the makings of viruses that could
easily jump to other bird species and thus, highlights the poten-
tial threat posed to local poultry. In summary, our study increases
our understanding of H9N2 viruses in nature and emphasizes the
importance of expanding animal influenza surveillance efforts to
better define the ecology of influenza viruses at a global scale.
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