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In Egypt, since 2006, descendants of the highly pathogenic avian influenza virus (HP AIV) H5N1 of clade
2.2 continue to cause sharp losses in poultry production and seriously threaten public health. Potentially
zoonotic H9N2 viruses established an endemic status in poultry in Egypt as well and co-circulate with HP
AIV H5N1 rising concerns of reassortments between H9N2 and H5N1 viruses along with an increase of
mixed infections of poultry.

Nucleotide sequences of whole genomes of 15 different isolates (H5N1: 7; H9N2: 8), and of the hemag-
glutinin (HA) and neuraminidase (NA) encoding segments of nine further clinical samples (H5N1: 2;
H9N2: 7) from 2013 and 2014 were generated and analysed. The HA of H5N1 viruses clustered with clade
2.2.1 while the H9 HA formed three distinguishable subgroups within cluster B viruses. BEAST analysis
revealed that H9N2 viruses are likely present in Egypt since 2009. Several previously undescribed
substituting mutations putatively associated with host tropism and virulence modulation were detected
in different proteins of the analysed H9N2 and H5N1 viruses.

Reassortment between HP AIV H5N1 and H9N2 is anticipated in Egypt, and timely detection of such
events is of public health concern. As a rapid tool for detection of such reassortants discriminative
SYBR-Green reverse transcription real-time PCR assays (SG-RT-qPCR), targeting the internal genes of
the Egyptian H5N1 and H9N2 viruses were developed for the rapid screening of viral RNAs from both
virus isolates and clinical samples. However, in accordance to Sanger sequencing, no reassortants were
found by SG-RT-qPCR.
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Nevertheless, the complex epidemiology of avian influenza in poultry in Egypt will require sustained
close observation. Further development and continuing adaptation of rapid and cost-effective screening
assays such as the SG-RT-qPCR protocol developed here are at the basis of efforts for improvement the
currently critical situation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Avian influenza viruses (AIV), are members of the family
Orthomyxoviridae and possess eight negative-sense
single-stranded RNA segments encoding at least 10 viral proteins.
AIV covers a broad range of avian host species and may on rare
occasions also infect mammalian hosts (Alexander, 2007).
Genetic and antigenic properties of the hemagglutinin (HA) and
neuraminidase (NA) envelope glycoproteins of AIV allow the dis-
tinction of 16 and 9, respectively, subtypes. AIV infection in poultry
usually runs a benign course inducing mild respiratory signs
and/or a drop in egg production (hence, low pathogenic [LP]
AIV). However, infections complicated by other opportunistic
co-pathogens might enhance mortality (Pan et al., 2012).
Amongst viruses of subtypes H5 and H7 highly pathogenic (HP)
biotypes exist that may cause up to 100% mortality especially
amongst galliform poultry (Alexander, 2007). In mammals includ-
ing humans, occasional AIV infections caused by accidental
spill-over transmission from avian hosts, may induce fatal disease
but didn’t result in sustained transmission chains yet (Cardona
et al., 2009; Webster et al., 1992). Pandemic influenza viruses that
have caused rapid global spread and, during some pandemics, sig-
nificant death tolls amongst people, harboured gene segments
from avian sources. This indicates that AIV, through genetic reas-
sortment, may contribute to the pandemic potential of certain
human influenza viruses (Hilleman, 2002; Shope, 1958;
Taubenberger and Morens, 2006).

Since 2003, an epidemic of vast proportions of HPAIV H5N1 of
Asian origin adversely affected the poultry industry in large areas
of Asia, Europe and Africa. Descendants of this virus still remain
endemic in several countries resulting in continuing huge losses
of birds raised for human consumption (Swayne et al., 2011).
Until to date, this virus evolved into 10 phylogenetic clades (0–9)
and several subclades. Viruses of clade 2.2 escaped in 2005 and
2006 from South Eastern to Western Asia, Europe and Africa
(WHO, 2014b). Along with disastrous outbreaks of HPAI in poultry
public health problems arose due to the zoonotic potential of
HPAIV H5N1: Since 2003, the virus caused 676 recorded human
infections with 398 fatalities in 15 countries (WHO, 2014a).
While currently there is no evidence for sustained
human-to-human transmission of this virus, serosurveillance indi-
cated that an under-reporting of human infections is possible
(Dung et al., 2014). In Egypt, since 2006, HPAIV H5N1 of clade
2.2 caused serious losses in poultry production (Abdelwhab and
Hafez, 2011). In addition, 185 laboratory confirmed human cases
with 68 deaths were recorded as of December 2014 (WHO,
2014a). Despite serious nationwide attempts of eradication includ-
ing blanket vaccination, HPAIV H5N1 gained endemic status in
poultry in Egypt and continues to threaten poultry production
and public health (Abdelwhab and Hafez, 2011). In 2011, in vacci-
nated commercial poultry, antigenic drift variants arose that
formed distinct phylogenetic clusters termed 2.2.1.1 and 2.2.1.1a.
Viruses that circulated amongst household and backyard poultry
but also, though more rarely, in commercial farms belonged to sub-
clade 2.2.1/C (WHO, 2014b). The latter clade prevails in poultry in
Egypt since 2011 and continues to cause human cases while the
variant viruses (2.2.1.1) apparently became extinct (Arafa et al.,
2012).

Avian influenza viruses of subtype H9N2 are, along with the
HPAIV H5N1, extremely widespread amongst poultry in all parts
of Asia. Apart from its role as an important avian pathogen H9N2
virus also bears zoonotic potential (Kalthoff et al., 2010; WHO,
2013). Eurasian lineage H9N2 viruses became endemic in poultry
in some Asian and Middle Eastern countries in the mid-1990s
(Alexander, 2007). Several sublineages of H9N2 viruses evolved
of which the most prevalent lineage ‘‘G1’’, represented by
A/quail/Hong Kong/G1/97, further diversified into four
co-circulating genetic groups A, B, C and D (Fusaro et al., 2011;
Shahsavandi et al., 2012). Continued co-circulation of HPAIV
H5N1 and H9N2 viruses in poultry populations over wide areas
of Asia fostered genetic interactions of these viruses. Frequent
reassortment events between these and further AI viruses con-
tributed to a plethora of different genotypes of HPAIV H5N1
(Cameron et al., 2000; Guo et al., 2000; Iqbal et al., 2009; Lin
et al., 2000; Munir et al., 2013). In Asia, recent reassortants that
carried internal gene segments of H9N2, such as LP H7N9 (Lam
et al., 2013) and H10N8 (Chen et al., 2014) revealed enhanced zoo-
notic potential and caused lethal human infections. Some of the
Asian H9N2 lineages (e.g., G1 and Y280) carry markers of advanced
adaptation to mammalian hosts at position 183, 190, 225 and 226
of the receptor-binding site of the hemagglutinin (HA) protein (H3
numbering) (Matrosovich et al., 2001).

In 2010, an incursion with such H9N2 viruses carrying
human-like HA 226L was detected in poultry in Egypt
(El-Zoghby et al., 2012; Monne et al., 2013a), and, similar to
HPAIV H5N1, also H9N2 established an endemic status. In addi-
tion, sero-surveillance data indicated occupational exposure of
humans to both H5N1 and H9N2 in Egypt (Gomaa et al.,
2015). In January 2015, the first human H9N2 case was reported
from Egypt (EMPRES, 2015). There is also evidence from the field
(Arafa et al., 2012) and from experimental studies (Khalenkov
et al., 2009) that past H9N2 infection in commercial poultry
may induce some cross immunity against H5N1 whereby clini-
cally masking consecutive infection with HPAIV H5N1 in galli-
form poultry. Reassortment between H9N2 and H5N1 viruses
in Egypt is anticipated due to the increasingly parallel occur-
rence of these viruses in poultry holdings (Arafa et al., 2012;
Kayali et al., 2014). Phenotypic properties of such reassortants
cannot be predicted, however, given the impact of internal gene
segments of H9N2 in the generation of highly zoonotic AIV in
China the timely detection of such reassortants is certainly a
matter of concern for public health (Fuller et al., 2013).

Therefore, molecular methods that allow the identification of
such reassortants directly from clinical poultry samples have to
be developed and validated. To this end, discriminative
SYBR-Green reverse transcription real-time PCR assays
(SG-RT-qPCR), targeting the internal genes of H5N1 and H9N2 for
rapid screening of clinical samples were developed. In addition,
aspects of the current evolution of H9N2 and H5N1 viruses in
Egypt were analysed.
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2. Materials and methods

2.1. Viruses and virus isolation

A total of 15 field isolates and 9 clinical samples from chickens,
ducks, turkeys or quails in Egypt that tested positive for H5N1 or
H9N2 viruses at the National Laboratory for Veterinary Quality
Control on Poultry Production (NLQP, Ministry of Agriculture)
and at the Faculty of Veterinary Medicine, Beni-Suef University
(BSU), Egypt, were selected for sequence and evolutionary analysis
(Table S1). Samples were collected between January 2013 and June
2014 from backyard poultry holdings and commercial farms in 10
governorates representing Upper and Lower Egypt (Table S1). Virus
passaging from clinical samples was performed in 10-day old
specific pathogen free (SPF) chicken eggs and/or Madin-Darby
canine kidney (MDCK) cells, respectively, according to standard
protocols (OIE, 2014). Allantoic fluids or cell culture supernatants
were assayed for hemagglutinating activity (OIE, 2014) and
isolates were stored at �70 �C until further use.

2.2. RNA extraction and virus subtyping

Viral RNA was extracted using the QIAamp Viral RNA Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA was eluted in 70 lL nuclease-free water, ali-
quoted at 10 lL each and stored at �20 �C until use. By RT-qPCR,
presence of the influenza A virus matrix (M) gene was confirmed
and positive samples were further subtyped using RT-qPCRs speci-
fic for H5 and H9 (Fereidouni et al., 2012; Monne et al., 2008). The
RT-qPCR reactions were performed in 25 lL volumes using
SuperScript� III One-Step RT-PCR kit with Platinum� Taq DNA
Polymerase (Invitrogen) on a CFX96 thermocycler machine
(Bio-Rad).

2.3. Sequencing of viral genomes

For amplification of the whole genome of H9N2 viruses forward
and reverse primers for each gene fragment were designed
(Table S2) based on the genomic sequence of
A/quail/Egypt/113413v/2011 (H9N2); for H5N1 viruses primers
published by Hoper et al. (2009) were used. Whole genomes of
eight H9N2 and seven H5N1 viruses in addition to the HA and
NA genes of another seven H9N2 and two H5N1 viruses were
amplified using a one-step RT-PCR, size-separated in agarose elec-
trophoresis excised and purified from gel using the QIAquick Gel
Extraction Kit (Qiagen, Hilden, Germany). Purified PCR products
were used directly for cycle sequencing reactions (BigDye
Terminator v3.1 Cycle Sequencing Kit, Applied Biosystems). The
reaction products were purified using NucleoSEQ columns
(Macherey–Nagel GmbH & Co.) and sequenced on an ABI PRISM�

3100 Genetic Analyzer (Life Technologies).

2.4. Sequence and phylogenetic analyses

Sequences were assembled and edited using the Geneious soft-
ware, version 7.1.7 (Kearse et al., 2012). Alignment and identity
matrix analyses were performed using MAFFT (Katoh and
Standley, 2013) and BioEdit (Hall, 1999). Sequences generated in
this study were deposited in the Global Initiative on Sharing All
Influenza Data (GISAID) database, and assigned accession numbers
are shown in Table S1. Sequences of other H9N2 or H5N1 viruses
required for further analyses were extracted from public databases
and from the GISAID database, (see Acknowledgements section).
Phylogenetic analyses were based on manually edited alignments
of the full-length open reading frames. For maximum likelihood
analysis of phylogenetic relationship a best fit model was chosen
first on which further calculations and an ultrafast bootstrap
equivalent analysis was based. The IQ-tree software version 1.1.3
was used for all operations (Minh et al., 2013; Nguyen et al.,
2014). Finally, trees were viewed and edited using FigTree v1.4.2
software (http://tree.bio.ed.ac.uk/software/figtree/) and Inkscape
0.48.

Prediction of N-linked potentially glycosylated amino acids
(N-X-S/T-X) in the HA and NA proteins was by the NetNGlyc 1.0
server (Gupta and Brunak, 2002).

2.5. Structural prediction of HA1 epitope sites

Representative structural models for the HA protein from H9N2
viruses from Egypt were derived using an existing crystal structure
of the A/swine/Hong Kong/9/98 HA (PDB ID: 1JSH) (Ha et al., 2001)
and full-length HA sequences from the Egyptian H9N2 isolates.
Representative models for H5N1 HA protein were derived from
A/Egypt/N03072/2010 (PDB ID: 4KW1) (Shore et al., 2013) and cor-
responding H5N1 sequences. Homology modelling was performed
using a custom script based on the MODELLER engine (Eswar et al.,
2006) with five rudimentary models generated and loop refine-
ment performed on each model. The best model for each target
sequence was selected on the basis of DOPE quality scores (Shen
and Sali, 2006). Resulting models were structurally aligned in
YASARA Structure using the MUSTANG algorithm (Konagurthu
et al., 2006) and structural and antigenic site comparison per-
formed. Residue numbering was changed to H3 numbering for
H9N2, and H5 numbering for H5N1.

2.6. Analysis of reassortment using a SYBR� Green-based RT-qPCR
assay

All sequenced isolates and 6 additional field samples (positive
by RT-qPCR for H9N2 [n = 4] or H5N1 [n = 2]) were examined for
reassortment events by a SYBR-Green RT-qPCR assay that was
specifically designed and established in the frame of this study
for the rapid detection of reassortment of the PB2, PB1, PA, NP, M
and NS genes of H9N2 and H5N1 viruses in Egypt. Sets of forward
and reverse primers highly specific for fragments of the six internal
gene segments of either H9N2 or H5N1 viruses from Egypt were
designed (Table S3) and evaluated in silico for specificity using
the BLAST search tool on the National Center of Biotechnology
Information (NCBI) website. Further primer properties were anal-
ysed using Oligo Calculator, online version 3.26 (Kibbe, 2007).
One-step SYBR Green-based RT-qPCR assay was performed using
the qScript™One-Step SYBR� Green kit (Quanta BioSciences,
USA). To evaluate specificity of the chosen primer pairs RNA was
extracted from the H9N2 isolate A/chicken/Egypt/NLQP139V-A
R754/2013 (H9N2) and the H5N1 isolate A/chicken/Egypt/NLQP7
FL-AR747/2013 (H5N1), and RNA extracts were diluted so that,
by M gene specific RT-qPCR, similar Cq values of 26–28 were
obtained for both viruses. Then each primer set was tested against
the homologous and the heterologous gene segment. The detection
limit of the SYBR Green assays was determined by testing tenfold
serial dilutions of viral RNA extracted from the Egyptian H9N2
and H5N1 viruses mentioned above. Cq values (mean of three sep-
arate runs) obtained with a standard RT-qPCR for the M gene
(Fereidouni et al., 2012) were compared with melting point analy-
ses of the SYBR Green assay for the six internal segments also for
three separate runs. Finally, the assay was adjusted to a 10 lL reac-
tion mixture containing 5 lL of SYBR Green reaction mix, 0.4 lL of
each forward and reverse primer (20 pmol/reaction), 0.2 lL of
qScript one step RT-enzyme, 2 lL of nuclease-free water and 2 lL
of template RNA. The optimised thermal cycling conditions were
as follows: reverse transcription at 50 �C for 10 min, initial

http://tree.bio.ed.ac.uk/software/figtree/
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denaturation at 95 �C for 5 min, 40 cycles of PCR amplification at
95 �C for 10 s, 55 �C for 20 s, and 72 �C for 30 s, followed by a melt-
ing curve analysis from 65 �C to 95 �C with an increment of 0.5 �C.
All SYBR-Green real time RT-qPCR reactions were conducted in
CFX96 thermocycler machines (Bio-Rad).
2.7. Evolutionary analysis

All Egyptian H5N1 and H9N2 gene sequences available at the
EpiFLu GISAID and the GenBank databases were retrieved. A selec-
tion of full or near full length sequences of a total of 122 and 77
H5N1 and H9N2 viruses, respectively, including sequences gener-
ated in this study, were used for analysis.

Selection pressure modes for each viral protein of H5N1 and
H9N2 were determined using the software suite Datamonkey
(Poon et al., 2009). A gene was admitted under neutral, positive
or negative selection pressure when mutation rates of
non-synonymous to synonymous substitutions (dN/dS(x)) was
x � 1, x > 1.0 or x < 1.0, respectively. Evidence of positive selec-
tion of a site was detected using the single-likelihood ancestor
counting (SLAC) method using the best fit model and setting the
significance level to p-value <0.05.

Evolutionary rates and divergence times of the Egyptian H9N2
viruses were estimated using the Bayesian Markov Chain Monte
Carlo (MCMC) method implemented in the Bayesian Evolutionary
Analysis Sampling Trees (BEAST) program version 1.8
(Drummond et al., 2012). Rates of nucleotide substitutions per site
per year (subs/site/year) and the 95% highest posterior density
(HPD) for each parameter were estimated for each segment of all
H9N2 viruses circulating in Egypt between 2011 and 2014, by
using two molecular clock models, a strict constant and a relaxed
uncorrelated lognormal one with gamma-distributed rate hetero-
geneity after identifying the best-fitting substitution model using
JModelTest 2.1.7 (Darriba et al., 2012). The MCMC computation
was done under a Bayesian skyline coalescent tree prior using sim-
ulations for 5 � 107–108 generations with sampling every 5000
steps for each of the Egyptian H9N2 segments.

To estimate the introduction time of group B H9N2 viruses into
Egypt the approximate or exact dates of sampling (day/-
month/year) were used. Uncorrelated lognormal relaxed clock
models with gamma-distributed rate heterogeneity were run inde-
pendently after identifying the best-fitting substitution model
using jModelTest 2.1.7 (Darriba et al., 2012) for 108 generations
with sampling every 1000 steps for group B HA segments.
Convergence and effective sampling size were analysed using the
Tracer v1.4 program (Drummond et al., 2012) Lower and upper
bounds of the 95% highest posterior density interval (HPD) were
used to assess the robustness of the data. Maximum clade credibil-
ity (MCC) trees for the group B HA segment were summarised after
a 10% burn-in removal by using TreeAnnotator v1.8.0 (http://beast.
bio.ed.ac.uk/TreeAnnotator) and the MCC trees were visualised
with FigTree v1.4.0 (http://beast.bio.ed.ac.uk/figtree).
3. Results

In this study, a total of 138 gene segments from 8 H9N2 and 7
H5N1 virus isolates and 7 H9N2 and 2 H5N1 positive field samples
(from which no virus isolate could be obtained) were sequenced to
update genetic and phylogenetic developments of these
co-circulating viruses from poultry in Egypt from 2013 to 2014.
Samples originated from infected chickens (n = 21), ducks (n = 1),
quails (n = 1) and turkeys (n = 1) in backyards and commercial
farm sectors in ten governorates (Table S1).
3.1. Phylogenetic analysis

All Egyptian H9N2 viruses (2010–2014) including those anal-
ysed here are members of the G1-like lineage. Based on a clustering
scheme proposed by Fusaro et al. (2011) for H9N2 viruses circulat-
ing in Middle Eastern and Central-Asian countries from 1998 to
2010, the PB2, PB1, PA and NP genes clustered in group A together
with isolates from Israel, Saudi Arabia, and Jordan while the HA,
NA, M and NS genes clustered in group B with recent Israeli viruses
(Fig. 1.1 and 1.2 and S1). Within group B of the HA sequences the
Egyptian viruses segregate into at least three further subgroups
(B.Egy. 1–3; Fig. 1.1). Segregation is not correlated with time of
occurrence, region or host species and seems to reflect a star-like
diversification of these sequences. The NA N2 sequences of these
viruses similarly reveal a shallow subclustering within group B
(Fig. 1.2). However, here groups of older isolates (2010–2012) are
separated from those obtained in 2013 and 2014.

Phylogenetic analysis of the HA and NA gene sequences of the
sequenced H5N1 viruses revealed that they are continuing to clus-
ter in clade 2.2.1 (Fig. 1.3 and 1.4). This is also true for the cluster-
ing of the internal gene segments of the H5N1 viruses (Fig. S2).

Thus, from the analysed isolates and datasets, no evidence for
reassortment between the H9N2 and H5N1 viruses or an intrusion
from other AI viruses could be obtained using both sequencing and
phylogenetic analyses.

3.2. Sequencing-independent analysis of reassortment of internal gene
segments by SYBR-Green RT-qPCRs (SG-RT-qPCR)

As an alternative to nucleotide sequence analysis for detection
of reassortant viruses SG-RT-qPCRs specific for the internal gene
segments of the Egyptian H9N2 and H5N1 lineage were developed.
Since SYBR Green dye intercalates non-specifically into the DNA
strands (including primer dimers), a melting curve analysis is
required to confirm the specificity of amplificates. Specificity eval-
uation in a proof-of-concept manner using diluted viral RNA of
both an Egyptian H9N2 and H5N1 virus revealed distinct melting
points for each internal gene segment using the homologous but
lack of specific amplification with the heterologous primer sets
(Fig. 2 and Table S3). This confirms high lineage specificity of the
primer pairs. In addition, all amplificates showed the expected size
in agarose gel electrophoresis (not shown). Detection of specific
fragments was also possible with higher diluted template RNA:
Results obtained with tenfold serial dilutions of viral RNA indicated
that the relative detection limit of the SYBR Green assays are about
one log step lower than RT-qPCR for an M gene fragment
(Table 1a and b). Nevertheless, samples with Cq values up to 32
(H5N1) or up to 35 (H9N2) in the M-specific RT-qPCR yielded
specific amplificates in each of the SYBR Green assays. Based on
these validation results the 15 isolates and an additional 6 field
samples were examined (Table 2). The results obtained with
SG-RT-qPCRs matched exactly those generated from nucleotide
sequencing and phylogenetic analysis. Thus, no reassortants
between H9N2 and H5N1 were detected.

3.3. Genetic characterisation of H9N2 and H5N1 viruses

3.3.1. Ribonucleoprotein complex (PB2, PB1, PA and NP)
Markers of mammalian adaption in the PB2 protein (K627 and

N701) were not found in any of the H9N2 sequences. Instead, all
isolates possessed valine at position 627 which is typical of viruses
of the G1 lineage, group A (Table 3) (Wang et al., 2012). In addition,
substitutions I504V and K526R, associated with enhanced poly-
merase activity in mice, were recognised in all isolates (Rolling
et al., 2009; Zhou et al., 2013). Egyptian H9N2 isolates of this study
encoded three variants of the PB1-F2 protein (verified by

http://beast.bio.ed.ac.uk/TreeAnnotator
http://beast.bio.ed.ac.uk/TreeAnnotator
http://beast.bio.ed.ac.uk/figtree


Fig. 1. Phylogenetic tree of the nucleotide sequences of the HA (1 and 3) and NA (2 and 4) gene segments of H9N2 and H5N1 viruses. Maximum likelihood calculations were
done with the IQTree software using an ultrafast bootstrap approach. Best fit models were calculated in IQTRee as well. Cluster designation for H9N2 is based on Fusaro et al.
(2011).
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re-sequencing the encoding gene twice) that differed in length: (i)
52 amino acids (aa), isolates A/chicken/NLQP194V-AR756/Egyp
t/2013 and A/chicken/Egypt/NLQP758V-AR759/2013; (ii) 79 aa,
isolate A/chicken/Egypt/NLQP257V-AR757/2013; and (iii) full
length 90 aa (n = 5 isolates). All H9N2 isolates encoded a PB1 pro-
tein that showed mutation L13P which has been associated with



Fig. 2. Melting curve analysis of SYBR Green-based RT-qPCRs detecting and differentiating fragments of internal gene segments of H9N2 and H5N1 viruses from Egypt.
Specificity of amplification is as follows: H9 – green, H5 – red, water control –blue.
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enhanced replication in mammalian hosts (Gabriel et al., 2005).
Moreover, the N66S substitution in the PB1-F2 protein associated
with higher virulence in mice was present in all H9N2 isolates of
this study (Schmolke et al., 2011). Sequence analysis of the PA pro-
tein revealed A404S, a marker for adaptation towards the human
host, in only one isolate (A/chicken/Egypt/NLQP257V-A
R757/2013 (H9N2)) (Finkelstein et al., 2007). Additional substitu-
tions that have been described to affect virulence in avian and/or
mammalian hosts were found in PA and NP encoding sequences
(Chen et al., 2006; Rolling et al., 2009). Details are shown in
Table 4. The viral protein PA-X was predicted to be of 252 amino
acid length in all Egyptian H9N2 isolates.

In the PB2 protein of all sequenced H5N1 viruses, amino acid
substitutions E627K and K318R were present while A661T was
recorded in three isolates; these mutations have been associated
with increased virus replication in mammalian cells (Gabriel



Table 1
Detection limit of SYBR Green RT-qPCRs targeting internal genome segments of H5N1 (a) and H9N2 (b) viruses from Egypt.

Dilution RT_qPCR M (Cq value)a PB2-H5N1 PB1-H5N1 PA-H5N1 NP-H5N1 M-H5N1 NS-H5N1

(a)
H5N1 �1 28.59 (SD 0.53) +/+/+ +/+/+ +/+/+ +/+/+ +/+/+ +/+/+

�2 32.08 (SD 0.10) +/�/� +/+/+ +/+/+ +/+/+ +/+/+ +/+/+
�3 35.47 (SD 0.22) +/�/� +/�/� +/�/� +/�/� +/�/� +/�/�
�4 37.91 (SD 1.06) – – – – – –
�5 N/A – – – – – –

Dilution RT_qPCR M (Cq value)a PB2-H9N2 PB1-H9N2 PA-H9N2 NP-H9N2 M-H9N2 NS-H9N2

(b)
H9N2 �1 28.59 (SD 0.02) +/+/+b +/+/+ +/+/+ +/+/+ +/+/+ +/+/+

�2 32.08 (SD 0.10) +++ +/+/+ +/+/+ +/+/+ +/+/+ +/+/+
�3 35.47 (SD 0.22) +/+/+ +/+/+ +/+/� +/+/+ +/+/+ +/+/�
�4 37.91 (SD 1.06) – – – – – –
�5 N/A – – – – – –

a Cq values represent the mean of three separate runs; SD – standard deviation; N/A – no specific amplificate detected.
b Detection of a specific amplificate showing the expected melting temperature is indicated by (+); (�) indicates failure of detection. Three independent runs have been

performed (separated by slashes). The specific Tm for each segment is shown in Table 2.
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et al., 2005; Gao et al., 2009; Shinya et al., 2004; Subbarao et al.,
1993). All PB2 proteins coded for D701 which is a marker of avian
adaptation while mutation L13P detected in the PB1 protein of all
H5N1 isolates has been associated with enhanced replication in
mammalian hosts (Gabriel et al., 2005). All analysed viruses
encoded a full length PB1-F2 protein of 90 aa. Further mutations
that were described to foster replication in mammals were present
in the NP gene segment (I109V, K398Q and A184K; Table 3) (Chen
et al., 2006; Shaw et al., 2002; Wasilenko et al., 2009).
3.3.2. Envelope glycoproteins (HA, NA)
The HA of the H9N2 viruses studied here encoded amino acid

residues H183 and L226 (H3 numbering) which were reported to
correlate with a shift in affinity of the HA from the ‘‘avian’’ alpha
2–3 towards the ‘‘human-like’’ alpha 2–6 sialic acid linkage
(Matrosovich et al., 2001). The exception was A/chicken/Egypt/NL
QP73VD-AR755/2013 (H9N2) which showed Q at residue 226
signalling pronounced avian-type affinity. In addition, avian
receptor-specific substitutions 158N, 190A and 227I (H3 number-
ing) were identified in the receptor binding site (RBS) differing
from the lineage ancestor A/quail/Hong Kong/G1/97. All but one
isolate showed the trypsin-sensitive R-x-x-R (R-S-S-R) motif at
the proteolytic cleavage site (PCS). Isolate A/chicken/Egypt/BS
U3614-AR2212/2014 (H9N2) encoded K-S-S-R. The H9 HA encoded
seven potential glycosylation sites (PGS) in positions 21, 97, 133,
290, 297, 484 and 543 in the membrane distal part of the HA
and lacked PGS at residues 198 and 210 (H3 numbering) compared
to A/quail/Hong Kong/G1/97.

Based on a structural analysis of sequences of representative
viruses from these subgroups most of the coding differences
compared to A/swine/Hong Kong/9/98 (H9N2) are located in the
stem region of the HA glycoprotein. Only one of the analysed
viruses (A/chicken/Egypt/NLQP257V-AR757/2013) showed two
(conserved) AA substitutions located in antibody epitopes in the
HA1 region: M79L at the Cb antigenic site and A166V (H3 number-
ing) at the Sa binding site (Fig. 3A).

The NA N2 protein of A/quail/Hong Kong/G1/97 is reported to
harbour three hemadsorbing sites (HB) 366IKKDSRSG373,
399DSDIRS404 and 431PQE433 (Matrosovich et al., 2001). In contrast
to the neuraminidase of human influenza viruses, the NA of the
avian viruses has separate sialic acid binding sites (hemadsorption
site) in addition to its catalytic site (Uhlendorff et al., 2009). All
Egyptian H9N2 viruses encoded IKKDSRAG while at the second
location they showed variable substitutions as summarised in
Table S5. Seven PGS were predicted at positions 44, 61, 69, 86,
146, 200 and 234 in all viruses but A/chicken/Egypt/NLQP123VD-
AR758/2013 which lacked the PGS at position 69. Moreover, no
deletions in the NA stalk domain were recognised relative to the
sequence of the quail/G1 lineage ancestor virus which is known
to lack aa 38 and 39 while viruses of the Y280 lineage of H9N2
viruses (A/Duck/Hong Kong/Y280/97) harbour a deletion at posi-
tion 62–64 of the NA stalk region.

The HA of the H5N1 viruses harboured the known multibasic
PCS motif PQGEKRRKKR/GLF in all viruses, except A/chicken/Egyp
t/NLQP2AL-AR749/2013 (H5N1) which encoded an additional argi-
nine: PRGEKRRKKR/GLF. The analysed H5N1 viruses possessed
six PGS at amino acid positions 11, 23, 165, 286, 484 and 543
(H5 numbering) while A/chicken/Egypt/NLQP20SL-AR751/2013
(H5N1) had an additional PGS at position 54. All H5N1 viruses
showed markers of avian receptor specific binding: Q222 and
G224 (H5 numbering) (Lin et al., 2012; Liu et al., 2009). A/chicke
n/Egypt/NLQP639V-AR752/2013 encoded R140I at antigenic site
Ca (Shore et al., 2013) (Table S6). In addition, A184D was observed
in antigenic site Sb in A/chicken/Egypt/NLQP7FL-AR747/2013 and
in A/chicken/Egypt/NLQP2AL-AR749/2013 (Fig. 3B).

In the neuraminidase N1 stalk region of H5N1 viruses the pre-
viously described 20 aa-deletion (positions 49–68) was present.
Downstream of that deletion one additional aa was deleted at posi-
tion A56 (N1 numbering, not counting the previous deletion) in
A/chicken/Egypt/NLQP7FL-AR747/2013 and A/chicken/Egypt/NLQ
P2AL-AR749/2013. This deletion had not been described before
amongst the Egyptian H5N1 viruses. The same isolates also
showed an A184D substitution in antigenic site Sb of the HA1 pro-
tein. No oseltamivir resistance markers were observed and all
Egyptian H5N1 strains including those analysed herein encode
PGS at positions 68, 126 and 215 (N1 numbering) in the NA protein
(Abdelwhab et al., 2012).

3.3.3. Matrix and non-structural proteins
The deduced matrix protein sequences revealed several substi-

tutions associated with enhanced mammalian host tropism (M1:
I15; M2: G16, F55, V28) or increased virulence in mammalian hosts
(M2: S64, and P69) (Tables 3 and 4) (Chen et al., 2007; Shaw et al.,
2002). Furthermore, in three (A/chicken/Egypt/NLQP139V-A
R754/2013, A/chicken/Egypt/NLQP 123VD-AR758/2013 and A/chi
cken/Egypt/NLQP426V-AR760/2013) of the eight H9N2 isolates
an amantadine resistance marker (V27I) was found (Scholtissek
et al., 1998). Such resistance marker has not been reported from
Egyptian H9N2 viruses before. In contrast, no evidence for
amantadine resistance was observed in the H5N1 M2 sequences
(Ison, 2011).



Table 2
Melting curve analysis of SYBR Green RT-qPCR products obtained with primers specific for internal gene segments of either H9N2 or H5N1 viruses from Egypt. SYBR Green RT-
qPCR was used as real time method to examine reassortment between H5N1 and H9N2 viruses.

Virusa Sample
types

PB2 PB1 PA NP M NS Reassortant

H9N2b H5N1 H9N2 H5N1 H9N2 H5N1 H9N2 H5N1 H9N2 H5N1 H9N2 H5N1

1 A/chicken/Egypt/
NLQP7FL-AR747/
2013(H5N1)

Isolate <65c 79 <65 77.5 <65 78 <65 81 <65 80.5 <65 79 No

2 A/chicken/Egypt/
NLQP33SD-AR748/
2013(H5N1)

Isolate <65 79.5 <65 79 <65 78.5 <65 81.5 <65 79.5 <65 79 No

3 A/chicken/Egypt/
NLQP2AL-AR749/
2013(H5N1)

Isolate <65 79 <65 78 <65 78.5 <65 81.5 <65 80.5 <65 79 No

4 A/Duck/Egypt/
NLQP27SG-AR750/
2013(H5N1)

Isolate <65 79.5 <65 79.5 <65 78.5 <65 81.5 <65 80.5 <65 79 No

5 A/chicken/Egypt/
NLQP20SL-AR751/
2013(H5N1)

Isolate <65 79 <65 79 <65 78.5 <65 81.5 <65 80.5 <65 79 No

6 A/chicken/Egypt/
NLQP639V-AR752/
2013(H5N1)

Isolate <65 79.5 <65 79 <65 78.5 <65 82 <65 80.5 <65 80 No

7 A/chicken/Egypt/
NLQP139V-AR753/
2013(H5N1)

Isolate <65 79.5 <65 79 <65 78.5 <65 82 <65 81 <65 79.5 No

8 A/chicken/Egypt/
NLQP139V-AR754/
2013(H9N2)

Isolate 79 <65 77 <65 79 <65 79.5 <65 85 <65 80 <65 No

9 A/chicken/Egypt/
NLQP73VD-AR755/
2013(H9N2)

Isolate 78.5 <65 77 <65 79 <65 79.5 <65 85 <65 80 <65 No

10 A/chicken/Egypt/
NLQP194V-AR756/
2013(H9N2)

Isolate 79 <65 77 <65 79 <65 79 <65 84 <65 79.5 <65 No

11 A/chicken/Egypt/
NLQP257V-AR757/
2013(H9N2)

Isolate 78.5 <65 77 <65 78.5 <65 79.5 <65 85 <65 79.5 <65 No

12 A/chicken/Egypt/
NLQP123VD-AR758/
2013(H9N2)

Isolate 78.5 <65 76.5 <65 78.5 <65 79 <65 84 <65 80 <65 No

13 A/chicken/Egypt/
NLQP758V-AR759/
2013(H9N2)

Isolate 78.5 <65 77.5 <65 79 <65 79.5 <65 85 <65 80 <65 No

14 A/chicken/Egypt/
NLQP426V-AR760/
2013(H9N2)

Isolate 78.5 <65 77.5 <65 78.5 <65 79.5 <65 84.5 <65 80 <65 No

15 A/chicken/Egypt/
NLQP488V-AR761/
2013(H9N2)

Isolate 79 <65 77 <65 79 <65 79.5 <65 85 <65 80 <65 No

16 A/Turkey/Egypt/
BSU5114-AR2218/
2014(H5N1)

Swab <65 78.5 <65 78.5 <65 77.5 <65 81 <65 80 <65 79 No

17 A/Quail/Egypt/
BSU5514-AR2219/
2014(H5N1)

Swab <65 79.5 <65 78.5 <65 78.5 <65 81.5 <65 80.5 <65 79 No

18 A/chicken/Egypt/
BSU21KMB-AR2188/
2013(H9N2)

Swab 78 <65 76.5 <65 78 <65 78 <65 84 <65 79 <65 No

19 A/chicken/Egypt/
BSU32KMB-AR2194/
2013(H9N2)

Swab 77 <65 76.5 <65 78 <65 79 <65 83 <65 79.5 <65 No

20 A/chicken/Egypt/
BSU35KMB-AR2196/
2013(H9N2)

Swab 78.5 <65 77 <65 78.5 <65 79 <65 84 <65 79.5 <65 No

21 A/chicken/Egypt/
BSU3614-AR2212/
2014(H9N2)

Swab 78.5 <65 76.5 <65 79 <65 79 <65 84 <65 79.5 <65 No

Average T �C melt 78.4 79.2 76.9 78.7 78.6 78.3 79.2 81.5 84.3 80.4 79.7 79.2
Standard deviation
(SD)

0.54 0.36 0.35 0.61 0.39 0.35 0.44 0.35 0.64 0.41 0.33 0.35

a Positions 1–15 represent virus isolates; position 16–21 are clinical field samples.
b Indicates which primer set has been used (see also Table S3 for primer sequences).
c Values indicate melting temperatures (�C) of PCR products. A temperature of <65 �C indicates that no specific amplificate has been obtained.
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Table 3
Deduced amino acid markers associated with host tropism in internal and M2
proteins of H9N2 and H5N1 viruses isolated from poultry in Egypt.

Protein Tropisma Ancestral
virusesb

Egyptian
virusesc

Name Residue Avian Mammalian H9N2
quail/
G1

H5N1
BHG/
65/05

H9N2 H5N1

PB2 64 M T M I M I
318 K R K R (R)5

(K)3
R

627 E K E K V K
661 A T T A A (A)4

(T)3

PB1 13 L P P P P P

PB1-
F2

73 K R K K (K)7

(E)1
E

82 L S L L S L

PA 100 V A V V V (V)4

(I)3

404 A S A A (A)7

(S)1
A

615 K L R K K R

NP 34 D N G S G (S)6

(R)1

61 I L I I (I)7

(L)1
I

109 I V I I (I)7

(V)1
V

214 R K R R K R
398 K Q Q Q Q Q

M1 15 V I I I I I

M2 16 E G/D G E G G
28 I I/V V V V (I)6

(F)1

55 L F F L F L

NS1 227 E K/R E E K E

a Amino acids associated with increased tropism for avian or mammalian hosts is
indicated.

b Amino acid constellation of viruses that bare ancestral to the current Egyptian
H9N2 and H5N1 lineages: A/quail/Hong Kong/G1/97(H9N2) and A/Bar-headed-
Goose/Qinghai-65/05(H5N1).

c Sequences refer to seven H5N1 isolates (No. 1–7 in Table S1) as well as eight
H9N2 isolates (No. 10–17 in Table S1). If more than one substitution was detected
in a site, the superscript indicates the number of virus showing the respective
mutation.

Table 4
Amino acid residues associated with virulence in the PB2, PB1-F2, PB1, PA, M2, NS1,
and NS2 proteins in H9N2 and H5N1 viruses isolated from poultry in Egypt.

Protein Virulencea Ancestral virusesb Egyptian
virusesc

Name Residue Higher Lower H9N2
quail/G1

H5N1
BHG/65/
05

H9N2 H5N1

PB2 147 L M M T I T
250 G V V V V V
504 V I V V V V
627 K E E K V K
701 N D D D D D

PB1 317 I M/V I M (I)5

(M)3
M

PB1-
F2

66 S N N N S N

PA 127 V I V V V V
550 L I L L L L
672 L F L L L L

M2 64 S/A/F P S S S S
69 P L P P P P

NS1 42 S A/P S S S S
103 L F L F F F
106 I M I M M M
189 N D/G D D D D

NS2 31 I M M M M M
56 Y H/L H H H H

a Amino acids associated with variations in virulence for avian and/or mam-
malian hosts is indicated.

b Amino acid constellation of viruses that bare ancestral to the current Egyptian
H9N2 and H5N1 lineages: A/quail/Hong Kong/G1/97(H9N2) and A/Bar-headed-
Goose/Qinghai-65/05(H5N1).

c Seven H5N1 isolates (No. 1–7 in Table S1) as well as eight H9N2 isolates (No.
10–17 in Table S1) are summarised. If more than one substitution was detected in a
site, the superscript indicates the number of virus showing the respective mutation.

286 M.M. Naguib et al. / Infection, Genetics and Evolution 34 (2015) 278–291
The C-terminus of the non-structural protein 1 of influenza
viruses encodes a PDZ domain which enhances the virulence of
the virus by targeting cellular PDZ proteins (Fan et al., 2013). All
H9N2 isolates sequenced here encoded 227KSEV230 like that of
the 1918 H1N1 virus NS1 C-terminus. 222ESEV225 was present in
all H5N1 viruses except A/chicken/Egypt/NLQP639V-AR752/2013
(H5N1) which encoded EPEV. The latter is observed here and in
three further strains represented in the database (EPI538761,
EPI538777 and EPI538769) for the first time amongst Egyptian
H5N1 viruses. EPEV has occurred in other H5N1 virus lineages in
Asia and was associated with an increase of virulence (Jackson
et al., 2008). The mutated motif was associated with an increase
of virulence of H5N1 virus in mammals (Fanning and Anderson,
1999). The NS1 of the H5N1 viruses revealed a deletion at positions
80–84 which is known to be associated with high virulence in
chickens and mice (Long et al., 2008; Seo et al., 2002). No such
deletions were found in the NS1 of H9N2 viruses.

3.4. Selection pressure and evolutionary rates

Few proteins of H9N2 and H5N1 viruses circulating in Egypt are
under positive selective pressure (Table 5A). Amongst the H9N2
and H5N1 viruses circulating to date in Egypt positive selection
seems to focus on the PB1-F2 encoding sequence only. Increased
rates of evolution were seen in the Pb1-F2, M2 and the HA1 pro-
teins of the H5N1 2.2.1.1 clade (Table 5A); viruses within this clade
represented vaccine escape mutants but this lineage is extinct by
now. In the HA protein of H9N2 viruses only position 234/226
(H9/H3 numbering) was found to be under positive selection
whereas in the HA of H5N1 position 129 (H5 numbering) was
under positive selection. The estimated evolutionary rates using
the strict and the uncorrelated lognormal relaxed clock model for
the Egyptian H9N2 segments are indicated in Table 5B. The
obtained results showed mean substitution rates for all segments
that were within the range previously observed for avian influenza
viruses (Fusaro et al., 2011). The highest rate of evolution was
observed for the envelope glycoproteins HA (5.30) and NA (5.44)
regardless of the clock model used. BEAST analyses to clarify tim
e-to-most-recent-common-ancestors (TMRCA) revealed that the
H9N2 strains circulating in Egypt between 2011 and 2014 likely
originated from a common ancestor in July–August 2009 with
roots in neighbouring countries in the Middle East region (Fig. 4).
4. Discussion

Despite efforts to limit the spread and eliminate H5N1 and
H9N2 viruses in poultry in Egypt, these viruses remain deeply
entrenched until today. Due to their widespread co-circulation
(since 2010) and their zoonotic potential, Egypt is considered a
hotspot for the generation of new sub- and genotypes of
H5N1/H9N2 AIVs by reassortment and a potential epicentre for a
future next influenza pandemic (Abdelwhab and Abdel-Moneim,



Fig. 3. Epitope configuration at the HA1 protein of H9N2 (A) and H5N1 (B) isolates from Egypt. (A) H9N2 isolate A/chicken/Egypt/NLQP257V-AR757/2013 – an M87L
substitution at the Cb antigenic site (blue) and an A174V substitution at the Sa binding site (pink) distinguish this virus from other H9N2 viruses circulating in Egypt. (B)
Substituting mutation R140I at the Ca antigenic site (orange) was observed in A/chicken/Egypt/NLQP639V-AR752/2013 while A184D at the Sb antigenic site (cyan) was
observed in both A/chicken/Egypt/NLQP7FL-AR747/2013 and A/chicken/Egypt/NLQP2AL-AR749/2013.

Table 5A
SLAC analysis examining selective pressure acting on deduced proteins sequences of
H9N2 viruses (2011–2014) and H5N1 viruses (2006–2014).

Viral
gene

H9N2 H5N1
(all)

H5N1 (clade
2.2.1)

H5N1 (clade
2.2.1.1)

PB2 0.1304a 0.10136 0.08774 0.12266
PB1 0.32770 0.10714 0.11125 0.093646
PB1-F2 3.9533 2.5350 3.01222 1.98144
PA 0.09156 0.13941 0.15333 0.11894
HA 0.31924 0.30964 0.24308 0.4477
HA1 0.30179 0.49429 0.38654 0.67066
NP 0.14504 0.09508 0.09938 0.08378
NA 0.36189 0.25243 0.24789 0.24467
M1 0.10146 0.39087 0.49744 0.47724
M2 0.69202 0.83018 0.96156 1.16878
NS1 0.26047 0.57767 0.57656 0.59324
NS2 0.37105 0.19250 0.34540 0.11507

a Values indicate the dN/dS(x) substitution rate obtained by SLAC analysis where
x = 1 indicates neutral evolution, x > 1 indicates positive selection and x < 1
indicates an overall selective pressure on conservation.

Table 5B
Estimated evolutionary rates of nucleotide substitutions per site per year (subs/site/
year) for H9N2 viruses circulating in Egypt between 2011 and 2014. Substitution rates
were estimated under a strict clock (SC) and under an uncorrelated lognormal relaxed
clock (UL) model. The 95% HPD intervals are given.

Genome
segment

SCa-skylineb ULc-skyline

Substitution rates (subs/site/
year)

Substitution rates (subs/
site/year)

Mean
(�10�3)

95% HPDd

(�10�3)
Mean
(�10�3)

95% HPD
(�10�3)

PB2 1.81 1.12–2.56 3.72 1.89–6.01
PB1 1.46 0.88–2.14 3.63 2.18–5.02
PA 2.468 1.79–3.12 2.99 1.89–4.31
HA 4.293 3.55–5.05 5.30 4.26–6.37
NP 2.477 1.79–3.19 3.79 2.22–5.63
NA 4.16 3.13–5.30 5.44 3.79–7.01
M 1.882 1.05–2.81 2.16 1.05–3.35
NS 2.433 1.51–3.41 2.83 1.57–4.23

a SC = strict molecular clock.
b Skyline = Bayesian skyline coalescent prior.
c UL = uncorrelated lognormal molecular clock.
d HPD = highest posterior density.
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2015). Therefore, powerful diagnostic tools would be helpful to
detect such events as early as possible. In this study, we developed
a rapid sensitive assay for detection of H5N1/H9N2 reassortants
and analysed and updated knowledge on the co-evolutionary tra-
jectories of H5N1 and H9N2 in Egypt.

The inspection of sequence data in data bases and the whole
genome nucleotide sequencing each of eight H9N2 and seven
Egyptian H5N1 isolates from 2013 to 2014 did not give evidence
for the existence of such reassortants. The sequencing results were
confirmed by a newly developed SYBR Green RT-qPCR based assay
which detected fragments of internal gene segments in a subtype
discriminative way. These assays also allowed a sequencing-
independent genotyping of viruses in six field samples from which
no isolates could be grown. Detection of reassortants is usually
accomplished by nucleotide sequence analysis of partial or full
length gene segments. Such tasks require, in general, the availabil-
ity of a virus isolate and an appropriately equipped and highly spe-
cialised laboratory for either Sanger-based or next generation
sequencing. Detection of reassortants, therefore, is often delayed
and coincidental. Rapid molecular diagnostic tool for detection of
reassortant viruses would be advantageous. The SG-RT-qPCR tool
was shown to produce results that fully correlate with sequence
analysis when using RNA of viral isolates. In addition, it is also suit-
able for rapid screening of clinical (swab) samples provided they
harbour viral loads that correlate with Ct values of up to 32
(H5N1) or up to 35 (H9N2) based on generic M gene specific
RT-qPCR. SG-RT-qPCR is rapid, cost-effective (compared to
sequencing), and, most importantly, circumvents the need for virus
isolation.

There is a continuing apparent absence of H9N2/H5N1 reassor-
tants in Egypt. However, this is based on analysis of a limited num-
ber of fully sequenced isolates. Future use of the SG-RT-qPCR to a
much wider scale of samples my give an altered picture. More fre-
quent reassortment events were reported from Bangladesh
(Monne et al., 2013b), Pakistan (Iqbal et al., 2009) and China (Bi
et al., 2011). Moreover, H9N2 viruses featured as donors in a series
of reassortments that lead, e.g., to the generation of highly zoonotic
H7N9 and H10N8 viruses in China since early 2013 (Qi et al., 2014;
Wu et al., 2013). In addition, the newly emerging H5N8 HP viruses
that were spread from Southeast Asia to Europe and North America
have formed several new reassortant lineages involving the NA as
well as internal gene segments within only a few months of circu-
lation (Adlhoch et al., 2014). The occurrence of H5N1/H9N2 reas-
sortants with unpredictable gene constellations and phenotypes
poses a potential threat to both poultry and human populations
in general, and to those in Egypt in particular. In Egypt extensive
co-circulation of the two viruses is observed since 2011 and the
high density of poultry and human populations along the Nile



Fig. 4. Maximum clade credibility (MCC) tree based on nucleotide sequences of the HA gene segment of H9N2 viruses. BEAST analysis was carried out to determine time to
the most recent common ancestor (TMRCA; indicated by horizontal blue bars overlaying nodes). TMRCA calculations were based on an uncorrelated lognormal relaxed clock
model. The tree was scaled to time using the collection dates (day/month/year) of all samples.
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valley enables frequent and close contacts between poultry, live-
stock and humans. Nevertheless there may be several factors that
hamper extensive viral reassortments in Egypt: H5N1 in Egypt is
highly pathogenic and infected non-vaccinated chickens, particu-
larly in the backyard sector, die rapidly and are removed as hosts
for reassortment while infected water fowl does not necessarily
succumb to the infection and may excrete virus for prolonged
times creating, in theory, a fertile ground for reassortment.
However, H9N2 infections have so far been largely confined to
the chicken sector of the Egyptian poultry industry and infections
have not regularly been reported in domestic waterfowl to date
(Abdelwhab and Abdel-Moneim, 2015). As such the main replica-
tion pools of H9N2 (chickens) and H5N1 (backyard poultry, ducks)
are separated. Nevertheless, bivalent vaccination of chickens
against both H5N1 and H9N2 as practiced in some sectors of the
Egyptian poultry industry is highly recommended to prevent
mixed infections and hence the risk of reassortment.

Currently (January 2015) an alarming increase of human cases
of H5N1 infections in Egypt is observed (ProMED-mail, 2015) that
cannot be easily explained with changing behaviours of poultry
rearing and marketing. A close observation of the viruses in
Egypt is essential to detect emerging variants as early as possible.
Phylogenetic analysis of the Egyptian H9N2 and H5N1 viruses in
this study did not yield evidence for new lineages developing in
2013 and 2014. However, virulence and host tropism are polygenic
traits in influenza viruses that are still difficult to dissect by using
single molecular markers. Markers known to be associated with
increased affinity of avian influenza viruses to the human host
have been extensively described in Egyptian H9N2 and H5N1
viruses (El-Shesheny et al., 2014; Kandeil et al., 2014) and were
also detected in viruses from 2013 to 2014 sequenced in this study
(Table 4).

In addition to the above mentioned substitutions several muta-
tions previously not described in Egyptian H9N2 and H5N1 viruses
were discovered in the frame of the current study: For the H9N2
viruses these comprise PA A404S and NP I61L. Moreover, the
PB1-F2 protein of Egyptian H9N2 isolates revealed three variants
of which two were truncated to 52 aa and 79 aa, respectively, apart
from the intact 90 aa protein. The 52 aa form with an N-terminal
truncation is rarely represented in avian viruses (including
H5N1) in the data bases but has been frequently described in swine
H1N1 viruses (Chakrabarti and Pasricha, 2013). The 79 aa protein,
truncated at its C-terminus, was previously recorded in swine
H3N2 viruses (Harder et al., 2013). The HA of H9N2 viruses
sequenced in this study showed aa H183 and L226 (H3 numbering)
which would correlate with a shift in affinity of the HA from the
avian to the human sialic acid receptor type (Wan et al., 2008).
Only one H9N2 virus, A/chicken/Egypt/NLQP73VD-AR755/2013,
carried Q226 indicating a preference for the avian receptor.
Another strain, A/chicken/Egypt/NLQP257V-AR757/2013, revealed
two physicochemically conserved aa substitutions located in anti-
body epitopes of the HA1 region, M79L in the antigenic site Cb and
A166V (H3 numbering) at the Sa epitope. These mutations have
not been detected in any other H9N2 virus from Egypt so far, and
due to the conservation of chemical properties, their effect on anti-
genicity is unclear. Also unique to Egyptian H9N2 viruses M2 V27I
presumed to be associated with amantadine resistance was
detected in three isolates; no further amantadine resistance mark-
ers were present (Belshe et al., 1988).

Previously undescribed in the HA of Egyptian H5N1 viruses was
an additional, sixth, PGS at position 54 in isolate A/chicken/Egyp
t/NLQP20SL-AR751/2013. Furthermore, downstream of the 20 aa
deletion present in the stalk domain of Egyptian N1 NA proteins,
one additional deletion at position 56 (N1 numbering) was identi-
fied in isolates A/chicken/Egypt/NLQP7FL-AR747/2013 and A/chic
ken/Egypt/NLQP2AL-AR749/2013. The same mutation is recorded
in another isolate from 2013 (EPI538758). Phenotypic conse-
quences of this additional deletion are not clear but may be asso-
ciated with on-going adaptation to chickens as a host, amongst
other factors. It should be noted that in the same two isolates
showing deletion A56 a substitution was present in antigenic site
Sb of the HA1:A184D (Shore et al., 2013).

Several scenarios were proposed for the introduction of H9N2
into poultry in Egypt. (i) Smuggling of infected poultry from neigh-
bouring countries (El-Zoghby et al., 2012), (ii) wild birds as a
source (Abdel-Moneim et al., 2012), (iii) undetected long term cir-
culation of the virus (Monne et al., 2013a). H9N2 seropositive poul-
try was detected for the first time in 2009 (Afifi et al., 2013). BEAST
analysis carried out here narrowed the possible introduction date
of H9N2 viruses into Egypt to July–August 2009 (Fig. 4). H9N2
viruses from Egypt and Israel share a common ancestor that is pre-
dicted to have existed in mid 2007 although there is a gap of
sequence data for that region between 2007 and 2009. There is a
single report of an H9N2 virus detected in a chicken in Egypt in
2006 but no HA sequences of this virus are available. As such it
is likely to assume that H9N2 viruses have been introduced by
unknown routes from neighbouring countries of Egypt in the
Middle East region in 2009 and that these viruses could have been
in (limited) circulation for almost 2 years until detected at a larger
scale in commercial poultry in Egypt.
5. Conclusions

The endemic status of avian influenza viruses H9N2 and of HP
H5N1 persisted in Egypt through 2014. While phylogenetically
no significant changes versus previous years were observed, a
number of new substituting mutations were detected in several
viral proteins. BEAST analysis allowed narrowing the introduction
date of H9N2 viruses into Egypt to summer 2009. Nucleotide
sequence analysis of whole genomes of 15 isolates did not yield
evidence for genome reassortment of these viruses. The successful
development of SG-RT-qPCRs for the specific detection and differ-
entiation of the internal gene segments of H9N2 and H5N1 aided in
analysing further 9 clinical samples from which no isolate was
available. Again, no reassortants were found. The SG-RT-qPCR will
aid in screening on a wider scope as these PCRs are directly appli-
cable also to field samples whereby circumventing needs for virus
isolation. The epidemiology of AIV in poultry in Egypt will require
enduring close observation. Further development and continued
adaptation of rapid and cost-effective screening assays are at the
basis of any efforts in improving the currently critical situation.
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