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ABSTRACT
Significant economic losses from deaths and
decreased egg production have resulted from H9N2
low pathogenic avian influenza virus (LPAIV) infections
in poultry across North Africa, the Middle East and
Asia. The H9N2 LPAIVs have been endemic in
Pakistani poultry since 1996, but no new viruses have
been reported since 2010. Because novel genotypes of
Pakistani H9N2 contain mammalian host-specific
markers, recent surveillance is essential to better
understand any continuing public health risk. Here the
authors report on four new H9N2 LPAIVs, three from
2015 and one from 2012. All of the viruses tested in
this study belonged to Middle East B genetic group of
G1 lineage and had PAKSSR/G motif at the
haemagglutinin cleavage site. The mammalian host-
specific markers at position 226 in the haemagglutinin
receptor-binding site and internal genes suggest that
Pakistan H9N2 viruses are still potentially infectious for
mammals. Continued active surveillance in poultry and
mammals is needed to monitor the spread and
understand the potential for zoonotic infection by these
H9N2 LPAIVs.

INTRODUCTION
Significant economic losses in the poultry
industries due to moderate to high mortality
and decreased egg production have resulted
from H9N2 low pathogenic avian influenza
virus (LPAIV) infections across North Africa,
the Middle East and Asia (Fusaro and others
2011, Lee and Song 2013). The currently cir-
culating Eurasian H9N2 LPAIV has rapidly
spread to become the most prevalent LPAIV
in domestic poultry since their initial isola-
tion in China during 1994 (Zhang and
others 2009). Phylogenetic and antigenic
analyses have identified several groups of
H9N2 LPAIV in Eurasia: the G1 lineage, the
Y280 lineage and the Y439/Korean lineage
(Guan and others 1999, Matrosovich and
others 2001, Butt and others 2010). This
group of viruses has caused sporadic infec-
tions in mammalian species, including
human beings, and have been associated
with some specific genetic changes that

suggests increasing pandemic potential (Lin
and others 2000, Matrosovich and others
2001, Butt and others 2005, Cong and others
2008).
The first outbreak of the H9N2 LPAIV in

Pakistan occurred in 1998 and the viruses
from the outbreak were genetically close to
the G1-lineage virus circulating in Hong
Kong during 1997 (Cameron and others
2000). Since then, the H9N2 viruses have
become prevalent in Pakistan and have
evolved through reassortment with H5N1
and H7N3 highly pathogenic avian influenza
viruses (HPAIVs), generating a new H9N2
genotype, represented by A/Chicken/
Pakistan/UDL-01/06 (H9N2), which has
internal gene segments from G1-like H9N2,
clade 2.2 H5N1 and H7N3 HPAIV (Iqbal
and others 2009). Molecular characterisation
of H9N2 viruses collected during December
2009–February 2010 from chickens in live
poultry retail shops in Lahore, Pakistan,
showed that H9N2 isolates were reassortants
between the G1 lineage and the H7N3
HPAIV that circulated in Pakistan and con-
tained several mammalian host-specific
markers (Chaudhry and others 2015).
Because these H9N2 novel genotypes

contain mammalian host-specific markers,
recent surveillance is essential to better
understand any continuing public health
risk. No information and genetic sequence
have been reported since 2010. Here the
authors report on complete genomes of new
H9N2 LPAIV, three from 2015 and one from
2012, isolated from Pakistan and genetically
characterised.

MATERIALS AND METHODS
Viruses
The authors sequenced the genome of
Newcastle disease viruses collected from mor-
tality events in Pakistan using next-generation
sequencing and detected H9N2 LPAIV. Swab
samples were shipped to biosafety level
3–agriculture facilities at the Southeast Poultry
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Research Laboratory, Agricultural Research Service, United
States Department of Agriculture as frozen samples follow-
ing international shipping regulations. Sample collection
date and regions are shown in Fig 1. A/chicken/
Pakistan/26A/2012(H9N2), A/chicken/Pakistan/10A/
2015(H9N2), A/chicken/Pakistan/13A/2015(H9N2) and
A/pigeon/Pakistan/25A/2015(H9N2) hereafter will be
designated as 26A/2012, 10A/2015, 13A/2015 and 25A/
2015, respectively. The 10A/2015 and 26A/2012 samples
were collected from a broiler chicken farm. The 13A/2015
sample was collected from a layer farm. The 25A/2015
sample was collected from a four-month-old to a
five-month-old pigeon that was purchased. These viruses
were propagated in nine-day-old specific pathogen free
(SPF) embryonating chicken eggs.

Sequencing
Viral RNA was extracted from the allantoic fluid, using
the QIAamp RNA Viral Mini Kit (Qiagen, USA).
Complementary DNA was synthesised by reverse

transcription reaction using Invitrogen Moloney Murine
Leukemia Virus Reverse Transcriptase kit (Thermo
Scientific, USA). The paired-end sequencing libraries
were generated using the Nextera XT DNA Sample
Preparation Kit (Illumina, USA) according to the manu-
facturer’s instructions. Input DNA were fragmented and
tagged with sequencing adapters by Nextera XT transpo-
some. The tagmented DNA were amplified by a reduced
12-cycle PCR programme to add index sequences
required for subsequent cluster formation. The DNA
libraries concentrations were measured using a Qubit
2.0 Fluorometer and the size of the libraries were deter-
mined on Bioanalyzer 2100 (Agilent Technologies,
Germany) using the Agilent High Sensitivity DNA Kit
(Agilent Technologies, Germany). Whole-genome
sequencing (500 cycles) was conducted using Miseq
benchtop next-generation sequencer (Illumina, USA).
After the sequencing run, de novo and directed assem-
bly of genome sequences were carried out using the
Geneious R8 programme. The deduced amino acid

FIG 1: Virus used in this study.

Red circle buttons identify the

location of identified viruses
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sequences of polymerase basic 2 (PB2), PB1, PB1-F2,
polymerase acidic (PA), PA-X, haemagglutinin (HA),
nucleocapsid (NP), neuraminidase (NA), matrix 1,
matrix 2, non-structural 1 (NS1) and NS2 proteins were
analysed using the Geneious R8 programme. Nucleotide
sequences of four H9N2 LPAIVs have been deposited in
GenBank under accession no. KU042891-KU042922.

Phylogenetic analysis
The nucleotide sequences of HA segment were aligned
using MUSCLE (Edgar 2004). The Bayesian relaxed
clock phylogenetic analyses were done using BEAST
V.1.8.2 (Drummond and Rambaut 2007). The authors
applied an uncorrelated lognormal distribution relaxed
clock method, the SRD06 nucleotide substitution model
and the Bayesian skyline coalescent prior. A Markov
Chain Monte Carlo method to sample trees and evolu-
tionary parameters was run for 5.0×107 generations.
At least three independent chains were combined to
ensure adequate sampling of the posterior distribution
of trees. BEAST output was analysed with TRACER V.1.4
with 10 per cent burn-in. The FigTree V.1.4.2 pro-
gramme was used to construct and visualise the
maximum clade credibility tree. Maximum-likelihood
phylogenies of PB2, PB1, PA, NP, NA, M, non-structural
(NS) segments were generated with RAxML using the
general time reversible nucleotide substitution model,
with among-site rate variation modelled using a discrete
γ distribution. Bootstrap support values were generated
using 1000 rapid bootstrap replicates and represented
on nodes.

RESULTS
All of the viruses tested in this study were LPAIV based
on amino acid sequence, PAKSSR/G, at the HA proteo-
lytic cleavage site. All segments of the viruses
sequenced in this study, 26A/2012, 10A/2015, 13A/
2015 and 25A/2015, belonged to Middle East group B
(see Fig 2 and online supplementary figure) (Fusaro
and others 2011). The PB1, PA, NP, M and NS seg-
ments were clustered with A/chicken/Karachi/
NARC-100/2004(H7N3) virus. As shown in Fig 2, the
HA gene of H9N2 viruses identified in Pakistan from
2004 to 2015 belonged to Middle East group B and fell
within two separate sublineages, designated as subline-
age B1, which contains viruses collected from 2004 to
2008 and clustered with other Middle East viruses, and
sublineage B2, which contains viruses collected from
2008 to 2015 and clustered with viruses identified from
the Indian subcontinent.
The authors analysed the deduced amino acid

sequences of viral proteins to identify the possible deter-
minants of zoonotic transmission (Table 1). All of the
viruses sequenced in this study had an identical amino
acid residues leucine (L) at position 226 in the receptor-
binding site (RBS) of HA gene. Based on the deduced
amino acid sequence of the internal genes, 10A/2015,
13A/2015 and 25A/2015 viruses also contained other
mammalian host-specific markers (Chaudhry and others
2015) in the matrix 1 protein (V15I); the C-terminus of
PDZ ligand motif in NS1 protein (KSEI); and the NP
(E372D) protein. The 26A/2012 virus contained mam-
malian host-specific markers in the M2 protein (L55F);

FIG 2: Relaxed clock molecular phylogenetic tree for the haemagglutinin of H9N2 viruses identified in Pakistan. The

phylogenetic relationships and temporal evolutionary history have been estimated by molecular clock analysis. Black triangles

indicate viruses detected and characterised in the present study
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the C-terminus of PDZ ligand motif in NS1 protein
(KSEI); the NP protein (E372D) protein.

DISCUSSION
The H9N2 LPAIV isolated from 1998 to 2010 in Central
Asia and the Middle East comprise four distinct groups
(A, B, C and D) with groups A and B circulating exten-
sively in Central Asia and the Middle East since 1999
(Fusaro and others 2011). As shown in Fig 1, H9N2
viruses identified in Pakistan from 2012 and 2015
belonged to sublineage B1, which contains viruses col-
lected since 2008 and clustered with viruses identified
from the Indian subcontinent. The presence of lysine at
position 4 in the HA proteolytic cleavage site was
observed in H9 isolates from the Indian subcontinent
(Iqbal and others 2009, Shanmuganatham and others
2013, Chaudhry and others 2015). All of the viruses
tested in this study had lysine at position 4 in the HA
proteolytic cleavage site.
The H9N2 LPAIV identified in Pakistan from 2006 to

2010 were reassortants between the G1 lineage and the
H7N3 HPAIV that circulated in Pakistan and belong to
genetic group B (Fusaro and others 2011, Chaudhry and
others 2015). Molecular characterisation of H9N2
viruses collected during December 2009–February 2010
from chickens in live poultry retail shops in Lahore,
Pakistan, showed that PB1, PA and NS genes of these
viruses originated by reassortment events from local
H7N3 HPAIVs circulating in Pakistan (Chaudhry and
others 2015). All segments of the viruses sequenced in
this study were clustered with these 2009–2010 viruses.
However, in the present phylogenetic study, NP and M
genes of A/chicken/Karachi/NARC-100/2004(H7N3)

virus were also clustered with H9N2 viruses identified
from Middle East, Pakistan and Bangladesh.
Consistent with the present phylogenetic analysis, the
PB1, PA, NP, M and NS segments of H9N2 viruses
identified in Bangladesh between 2011 and 2013
were clustered with A/chicken/Karachi/NARC-100/
2004(H7N3) virus and H9N2 viruses identified from
Pakistan (Shanmuganatham and others 2014).
The G1 lineage H9N2 LPAIV has been sporadically

isolated from human beings suffering from flu-like
illness (Lin and others 2000), and are predicted to have
an affinity for the human receptor binding profile
(Matrosovich and others 2001). The amino acid L at
position 226 in the HA RBS plays a key role in human
virus-like receptor specificity and promotes the transmis-
sion of H9N2 in ferrets (Wan and others 2008).
Sequence comparison showed that the 2009–2010
Pakistani H9N2 viruses (Chaudhry and others 2015) and
all of the viruses sequenced in this study had an identi-
cal amino acid residue L at position 226 in the HA RBS.
As shown in Table 1, the mammalian host-specific
markers found in this study suggest that Pakistani H9N2
viruses are still potentially infectious for mammals. The
sequence analyses of internal genes showed that these
viruses also contained mammalian host-specific markers,
including the aspartic acid at position 372 in NP
protein, the isoleucine at position 15 in M1 protein, the
phenylalanine at position 55 in M2 protein and uncom-
mon PDZ ligand motif. The aspartic acid at position 372
in NP protein has been found in avian influenza viruses
isolated from human beings (Chen and others 2006,
Iqbal and others 2009, Pan and others 2010). The iso-
leucine at position 15 in M1 protein was associated with
high pathogenicity of H5N1 viruses in mice (Katz and

TABLE 1: Amino acid substitutions identified from Pakistani H9N2 viruses

Protein Position

Predicted amino

acid

Description ReferencesAvian Mammalian

HA 226: L Q L The L at position 226 in the HA receptor

binding site plays a key role in human

virus-like receptor specificity and promotes the

transmission of H9N2 in ferrets

Wan and others 2008

NP 372: D E D The D at position 372 in NP protein has been

found in avian influenza viruses isolated from

human beings

Chen and others 2006,

Iqbal and others 2009, Pan

and others 2010

M1 15: I V I The I at position 15 in M1 protein correlated

with high pathogenicity of H5N1 viruses in

mice

Katz and others 2000, Iqbal

and others 2009

M2 55: F L F The F at position 55 in M2 protein is a putative

molecular determinant responsible for

swine-origin influenza A virus transmission in

human beings

Pan and Jiang 2009

NS1 PDZ ligand

motif: KSEI

EPEV

ESEV

RSEV

RSKV

KSEV

Modulation of pathogenicity of influenza virus Jackson and others 2008,

Iqbal and others 2009

HA, haemagglutinin; NP, nucleocapsid; NS1, non-structural 1
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others 2000, Iqbal and others 2009). The phenylalanine
at position 55 in M2 protein is a putative molecular
determinant responsible for swine-origin influenza A
virus transmission in human beings (Pan and Jiang
2009). Viruses containing PDZ ligand motif from the
1918 H1N1 and H5N1 HPAIV demonstrated increased
virulence in infected mice (Jackson and others 2008).
All viruses contained an uncommon KSEI sequence as a
PDZ ligand motif in the NS protein.
Considering the possibility of future gene reassortment

with additional HPAIV and the presence of what appear
to be mammalian host-specific markers, the public health
threat of H9N2 viruses in Pakistan and other countries
continues. Continued active surveillance in poultry and
mammals is needed to monitor the spread and under-
stand the potential for zoonotic infection.
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