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a  b  s  t  r  a  c  t

Highly  pathogenic  avian  influenza  (HPAI)  H5N1  (clade  2.2)  was  introduced  into  Egypt  in  early  2006.
Despite  the  control  measures  taken,  including  mass  vaccination  of  poultry,  the  virus  rapidly  spread
among  commercial  and  backyard  flocks.  Since  the  initial  outbreaks,  the  virus  in  Egypt  has  evolved  into
a third  order  clade  (clade  2.2.1)  and  diverged  into  antigenically  and  genetically  distinct  subclades.  To
better understand  the  dynamics  of  HPAI  H5N1  evolution  in countries  that  differ  in  vaccination  policy,
we  undertook  an  in-depth  analysis  of  those  virus  strains  circulating  in Egypt  between  2006  and  2010,
and  compared  countries  where  vaccination  was  adopted  (Egypt  and  Indonesia)  to those  where  it was
not  (Nigeria,  Turkey  and  Thailand).  This  study  incorporated  751  sequences  (Egypt  n = 309,  Indonesia
n  = 149,  Nigeria  n =  106,  Turkey  n  = 87,  Thailand  n  =  100)  of  the  complete  haemagglutinin  (HA)  open
reading  frame,  the  major  antigenic  determinant  of  influenza  A  virus.  Our  analysis  revealed  that  two
main  Egyptian  subclades  (termed  A and  B) have  co-circulated  in  domestic  poultry  since  late  2007
and  exhibit  different  profiles  of positively  selected  codons  and  rates  of  nucleotide  substitution.  The
mean  evolutionary  rate  of subclade  A  H5N1  viruses  was  4.07  ×  10−3 nucleotide  substitutions  per  site,
per  year  (HPD  95%,  3.23–4.91),  whereas  subclade  B  possessed  a markedly  higher  substitution  rate
(8.87  ×  10−3;  95%  HPD  7.0–10.72  × 10−3)  and  a  stronger  signature  of  positive  selection.  Although  the
direct  association  between  H5N1  vaccination  and  virus  evolution  is  difficult  to  establish,  we  found

evidence  for a difference  in  the  evolutionary  dynamics  of  H5N1  viruses  among  countries  where  vac-
cination  was  or  was  not  adopted.  In particular,  both  evolutionary  rates  and  the  number  of positively
selected  sites  were  higher  in  virus  populations  circulating  in  countries  applying  avian  influenza  vacci-
nation  for  H5N1,  compared  to viruses  circulating  in  countries  which  had  never  used  vaccination.  We
therefore  urge  a  greater  consideration  of the  potential  consequences  of  inadequate  vaccination  on viral
evolution.
. Introduction
Since its emergence in 1996 in Guangdong, China, highly
athogenic avian influenza (HPAI) viruses of the H5N1 subtype

∗ Corresponding author. Tel.: +39 0498084384; fax: +39 0498084360.
E-mail address: gcattoli@izsvenezie.it (G. Cattoli).

264-410X/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2011.09.127
© 2011 Elsevier Ltd. All rights reserved.

have spread widely across Asia, Europe, and Africa, infecting a
range of domestic and wild avian species and sporadically spilling
over into humans and other mammals [1,2]. The spread of HPAI
H5N1 virus has resulted in the implementation of a vaccination pol-

icy in several countries including PR China, Hong Kong, Vietnam,
Indonesia [3] and Egypt [4].  While vaccination in some countries
seems to have successfully contributed to the reduction of the inci-
dence of the disease, as is the case for Hong Kong in 2002 [5] and
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http://www.sciencedirect.com/science/journal/0264410X
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ietnam [6,7], in other countries, such as Indonesia and Egypt, out-
reaks are still occurring and the virus has become endemic in
oultry [4,8].

In Egypt, H5N1 HPAI virus was first notified in poultry in
ebruary 2006, with the first human case occurring shortly after-
ards (March 2006). Since then, 151 human infections and 52
eaths have been reported in Egypt by the WHO  [9].  Egypt expe-
ienced the introduction of only one H5N1 clade (clade 2.2) virus,
hich spread rapidly among commercial and backyard flocks in
ost of the Governorates [9,10].  Since the initial outbreaks, the

irus in Egypt has evolved into a distinct third order clade (clade
.2.1) and diverged further into antigenically and genetically dis-
inct subclades [10–12].  In particular, a new variant of HPAI H5N1
iruses exhibiting significant antigenic diversity from previous
gyptian isolates appears to have spread widely in Egypt since late
007 [12–15].

To control the disease in poultry and reduce the risk to human
ealth, the large-scale vaccination of commercial and backyard
ectors has been used officially since March 2006 and May  2007,
espectively. However, in July 2009 vaccination in household poul-
ry was suspended. Despite all the control measures undertaken,
oultry outbreaks are regularly reported and human cases still
ccur [4,9]. Previous studies have suggested that the limited impact
f vaccination in controlling the infection is probably due to the
mproper use of vaccines rather than to the efficacy of the vaccine
tself [13,16].  Indeed, in Egypt vaccination coverage was  poor in
he household sector (estimated range 1%–30%) and about 50–60%
n the commercial farms. In addition, the vaccination monitoring
ystem seems inefficient and the training of the field technicians
nadequate [4,17].

The prolonged circulation of influenza viruses in a partially
mmunized population might also have a direct impact on the
volution of influenza virus, and particularly on the occurrence
f antigenic drift [18,19].  However, information on the impact
f poultry vaccination on the evolutionary dynamics of avian
nfluenza viruses in natural situations is limited. One previous study
nvestigated the occurrence of antigenic drift in low pathogenic
vian influenza isolates (H5N2) circulating in Mexico [20]. How-
ver, detailed information on viral evolution was not available
nd the observed antigenic drift could not be directly associated
o vaccination. To better understand whether or not HPAI H5N1
volution is different in countries where poultry vaccination is
pplied, we investigated the evolutionary and population dynam-
cs of the viruses circulating in Egypt between 2006 and 2010. We
hen compared the evolutionary rates and the selection profiles
f H5N1 viruses isolated from countries where vaccination was
dopted (Egypt and Indonesia) or not adopted (Nigeria, Turkey and
hailand).

. Materials and methods

.1. Viruses and genetic sequences included in this study

We analysed the HA gene cds of 309 H5N1 viruses isolated in
gypt from February 2006 to July 2010, 149 H5N1 viruses collected
n Indonesia from October 2003 to March 2007, 87 Turkish iso-
ates of H5N1 isolated between December 2005 and March 2008,
06 H5N1 viruses circulating in Nigeria from January 2006 to July
008, and 100 H5N1 isolates collected in Thailand between 2004
nd 2008. In total, 126 HA sequences were newly determined in

his study; the remaining sequences have been retrieved from Gen-
ank (www.ncbi.nlm.nih.gov). All complete HA open reading frame
equences from the above mentioned countries available or newly
etermined at the time of writing were included in the study.
 (2011) 9368– 9375 9369

2.2. Nucleotide sequencing

The HA gene segment of 39 H5N1 viruses isolated from poultry
in Egypt in 2010 were sequenced here. In addition, we sequenced
the HAs of 87 viruses collected in Turkey from 2005 to 2008. For
these isolates, viral RNA was  extracted from the infective allantoic
fluid of SPF fowls’ eggs using the Nucleospin RNA II Kit (Machery-
Nagel, Duren, Germany) and was reverse transcribed with the
SuperScript III Reverse Transcriptase kit (Invitrogen, Carlsbad, CA,
USA). PCR amplifications were performed by using specific primers
(primer sequences available on request). The complete coding
sequences were generated using the Big Dye Terminator v3.1 cycle
sequencing kit (Applied Biosystem, Foster City, CA, USA). The prod-
ucts of the sequencing reactions were cleaned-up using PERFORMA
DTR Ultra 96-Well kit (Edge BioSystems, Gaithersburg, MD,  USA)
and sequenced in a 16-capillary ABI PRISM 3130xl Genetic Ana-
lyzer (Applied Biosystem, Foster City, CA, USA). Sequence data were
assembled and edited with SeqScape software v2.5 (Applied Biosys-
tem).

2.3. Nucleotide sequence accession numbers

The nucleotide sequences obtained in this study are made
available in the GISAID database under accession numbers:
EPI287349–EPI287384 (HA of Egyptian viruses), and EPI293896,
EPI293904, EPI293912, EPI293920, EPI293928, EPI293936,
EPI293944, EPI293952, EPI293960, EPI305540 to EPI305616
(HA of Turkish viruses).

2.4. Evolutionary analysis

Rates of nucleotide substitution per site, per year and the time to
the Most Recent Common Ancestor (tMRCA) for five different data
sets comprising the HA gene of H5N1 viruses from Egypt, Indonesia,
Nigeria, Turkey and Thailand were estimated using the BEAST pro-
gram, version 1.6.1 [21], which employs a Bayesian Markov chain
Monte Carlo (MCMC) approach. All data sets were analysed with the
codon-based SRD06 nucleotide substitution model [22]. For each
analysis the Bayesian skyride [23] coalescent prior was utilized.
Two  molecular clock models – the strict (i.e. constant) and uncorre-
lated lognormal (UCLN) relaxed molecular clocks – were compared
by analyzing values of the coefficient of variation (CoV) in the Tracer
program [21]. For the HA gene of viruses from Egypt, Indonesia
and Thailand the lower 95% HPDs of CoV values were >0, indicative
of rate among viral lineages. In contrast, the HA gene of Turkish
and Nigerian viruses showed CoV values approximately of 0 and
hence indicative of strictly clock-like evolution. For consistency,
the comparison of parameter estimates was performed using the
uncorrelated lognormal relaxed molecular clock and the Bayesian
skyride coalescent prior as these are the most general models and
likely better reflect the complex population dynamics of influenza
A virus [24]. However, the results of all model comparisons – strict
versus relaxed molecular clock – are given in Supplementary Table
1. In all cases, statistical uncertainty in the data is reflected in the
95% highest probability density (HPD) values for each parameter
estimate, and in each case chain lengths were run for sufficient time
to achieve coverage as assessed using the Tracer program (up to 100
million generations in the case of the Egyptian HA sequences). In
addition, an independent estimate of nucleotide substitution rate
was  obtained using a root-to tip regression method available in the
Path-O-Gen program (kindly provided by Andrew Rambaut, Uni-

versity of Edinburgh; http://tree.bio.ed.ac.uk/software/pathogen/),
in which genetic distances estimated from a maximum likeli-
hood (ML) tree (see below) are plotted against day of sampling
(Table 1).

http://www.ncbi.nlm.nih.gov/
http://tree.bio.ed.ac.uk/software/pathogen/
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Table 1
Evolutionary profiles of H5N1 HPAI viruses included in this study.

Country N.seq Collection date Genetic clade Evolutionary rate
sub/site/year (×10−3)

Mean dN/dS Positively selected sitesa

BEAST
Mean (95%
HPD)

Path-O-Gen
(correlation
coefficient, R2)

N aa pos.a Antig. site Ref.

Egypt 309 February
2006–July 2010

2.2.1 5.36
(4.81–5.96)

4.07
(0.72–0.52)

0.31 9 61 – –

136 A [34]
137 B [35]
157 A [34–37]
170b B [34,37]
171b B [35]
204 – –
205 B [34,35,37]
254 - –

Subclade A 95 January
2007–July 2010

2.2.1 4.07
(3.23–4.91)

2.14
(0.67; 0.45)

0.29 4 102 – –

136 A [34]
157 A [34–37]
205 B [34,35,37]

Subclade B 92 December
2007–July 2010

2.2.1 8.87
(7.00–10.72)

6.15
(0.89; 0.79)

0.46 5 87 – –

131 – –
157 A [34–37]
201 B 19
291b – –

Indonesia 149 October
2003–March
2007

2.1 6.13
(5.14–7.06)

6.12
(0.78; 0.6)

0.21 6 104 E 37

145 A [34,36]
156 A [34,36]
172b B [35,37]
211b – –
529 – –

Nigeria  106 February
2006–July 2008

2.2 5.20
(4.11–6.27)

4.67
(0.87-0.75)

0.23 2 152 A [34,36]

489 – –

Turkey  87 December
2005–March
2008

2.2 4.04
(2.16–6.04)

5.3
(0.91; 0.84)

0.24 0 – – –

Thailand  100 2004–2008 1 2.52
(1.93–3.19)

2.14
(0.7-0.5)

0.29 3 8 – –

156 A [34,36]
167 – –

d
g
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(
F

a H5 numbering.
b Potential additional glycosylation sites.

We  used the Bayesian skyride plot to infer the population
ynamics of Egyptian viruses in terms of changing levels of relative
enetic diversity [Net] through time, in which Ne represents the
ffective population size and t the generation time [23]. Finally, a
aximum Clade Credibility (MCC) phylogenetic tree was estimated

or the Egyptian HA sequences using the posterior distribution of
rees obtained from the BEAST analysis described above and after
he removal of an appropriate burn-in (10% of the samples). To
ncrease phylogenetic rigor, the Bayesian tree topology was com-
ared with those of neighbor-joining (NJ) and ML  phylogenetic
rees inferred using the PAUP* 4.0 [26] and PhyML [27] pro-
rams, respectively. For both these later trees the best-fit general
ime-reversible (GTR) + I + � 4 model of nucleotide substitution was
mployed, and a bootstrap analysis comprising 1000 replicates was
lso undertaken. Parameter values for the GTR substitution matrix,
ase composition, gamma  distribution of among-site rate variation

with four rate categories, � 4), and proportion of invariant sites
I) were estimated directly from the data using MODELTEST [28]
available on request). All trees were visualized using the program
igTree v1.3.1 [25].
2.5. Statistical analysis

A  comparison of the evolutionary rates of viruses collected from
five distinct countries was performed using the probability density
function of posterior simulated data for each population mean rate
obtained using BEAST. Assuming a normal distribution of mean sub-
stitution rates with a standard deviation derived from the 95% HPD
values, we calculated the probability that the distributions of the
evolutionary rates from viruses sampled in vaccinated countries
was  higher than those of viruses sampled from unvaccinated coun-
tries (Pr). A probability of >0.90 was evaluated relevant (R program
version 2.10.1).

2.6. Analysis of selection pressures

Gene and site-specific selection pressures for the HA gene

segment of H5N1 viruses from Egypt, Indonesia, Nigeria, Turkey
and Thailand were measured as the ratio of nonsynonymous
(dN) to synonymous (dS) nucleotide substitutions per site (ratio
dN/dS). In all cases these estimates were made using the Single
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ikelihood Ancestor Counting (SLAC) and Fixed Effects Likelihood
FEL) methods available at the Datamonkey online version of the
y-Phy package [29]. All analyses used input NJ phylogenetic trees
stimated using the GTR model of nucleotide substitution.

. Results

.1. Phylogenetic and molecular analysis

All the 309 HPAI H5N1 viruses sampled from February 2006 to
uly 2010 in Egypt fell within clade 2.2.1 [11] (Fig. 1). The maxi-

um  clade credibility (MCC) tree inferred for the HA gene segment
howed that most of the viruses collected at the beginning of the
utbreak (i.e. 2006–early 2007) were characterized by a poorly
esolved branching structure. In contrast, the majority of viruses
ampled from more recent infections (2007–2010) fell within two
ain genetic groups, denoted here as groups A and B to maintain

he subdivision nomenclature adopted in a previous publication
10]. These two clusters have been subsequently identified by Bal-
sh et al. [12] using a smaller data set, as groups C and E, respectively.
f note, these groups meet the three specific clade definition crite-

ia proposed by the WHO/OIE/FAO H5N1 Evolution Working Group
30] and could be defined as additional fourth order clades. Indeed,
ll phylogenetic trees (MCC, ML,  NJ) of the HA gene of the Egyptian
5N1 viruses estimated here show that subclades A and B comprise

wo well-supported monophyletic groups (with bootstrap values of
0 and 100, respectively, and posterior probabilities of 100, at both
lade-defining nodes). Subclade A shows an average percentage
airwise within-clade nucleotide distance of 1% and a between-
lade distance of 1.8%–7.4%, while for subclade B the average within
nd between-clade percentage pairwise nucleotide distance were
.5% and 2.9%–7.9%, respectively. We  focus our analysis on these
wo subclades as they clearly represent the two dominant variants
o-circulating in Egypt since 2007.

Among those viruses belonging to subclade A (95 viruses), 25%
ere isolated from chickens, 23% from ducks, 6% from geese, 1%

rom turkeys and 45% from humans, while 94% of the analysed
iruses from subclade B (92 viruses) were collected from chick-
ns, 3% from ducks, 2% from turkey, 1% from geese and only one
solate was obtained from a human case. Compared to the Egyptian
5N1 viruses circulating in this country in 2006 (i.e. the progenitor
iruses), the HA gene of isolates belonging to subclade B showed
ight amino acid differences, while three amino acid substitu-
ions were acquired by subclade A. In particular, two mutations
t positions 74 and 165 (H3 numbering) generated two  potential
dditional glycosylation sites in the HA gene of subclade B and A
iruses, respectively. A total of 11 amino acid differences in HA were
bserved between subclades A and B. Interestingly, most of these
ell within the receptor binding domain, in the H3-corresponding

 or B antigenic sites (positions 120, 129, 140, 141, 151, 184, 226,
3 numbering) confirming previous observations [31–33].

.2. Evolutionary rates and population dynamics

We  inferred the evolutionary rates and population dynamics
f the HA gene segment using a Bayesian coalescent approach
21]. The mean rate of nucleotide substitution of all the Egyptian
iruses collected from February 2006 to July 2010 was 5.36 × 10−3

ubstitutions/site/year (95% HPD from 4.81 × 10−3 to 5.96 × 10−3

ubs/site/year) and the mean time of the most recent common
ncestor (TMRCA) was estimated to be September 2005 (95% HPD

rom July 2005 to November 2005). Analysis of virus population
ynamics revealed three distinct increases in genetic diversity of
lade 2.2.1 in poultry in Egypt (Fig. 1). The first, very rapid, increase
s at the beginning of the epidemic in 2006 corresponding with
 (2011) 9368– 9375 9371

the initial invasion of H5N1. A second, peak was identified at the
end of 2007 followed by a gradual decrease during the first half of
2008, while the third increase in genetic diversity occurred approx-
imately from June to December 2008.

To determine the contribution of each subclade to the viral
population behaviour we  analysed the evolutionary dynamics
of subclades A and B separately. Interestingly, the evolutionary
rates estimated for the two subclades were different with no
overlap in HPD values (Table 1): a mean rate of 4.07 × 10−3 sub-
stitutions/site/year (95% HPD from 3.23 × 10−3 to 4.91 × 10−3) for
subclade A, and a rate of 8.87 × 10−3 substitutions/site/year (95%
HPD from 7.00 × 10−3 to 10.72 × 10−3) for subclade B, making
the latter clade the fastest evolving group of viruses. The esti-
mated TMRCAs for these groups were January 2006 (95% HPD, July
2005–June 2006) for subclade A and September 2007 (95% HPD,
July–November 2007) for subclade B, such that subclade B was
detected soon after its appearance in the country.

The MCC  tree also showed a long branch within subclade A. The
absence of this long branch in the ML  phylogenetic tree and the
lack of sequences of samples collected during 2007 suggest that
this branch could be an artefact of the Bayesian analysis. To explore
its possible influence on the evolutionary dynamics of subclade A,
the analysis was  repeated using subclade A viruses collected from
January 2008. Essentially identical substitution rates were observed
using this subpopulation (results available on request).

3.3. Selection pressures

We  investigated the selection profiles of the HA protein of all
Egyptian viruses, as well as those from subclade A and subclade
B. Overall, the total number of nonsynonymous to synonymous
substitutions (dN/dS) for each data set was  less than 1 (Table 1), indi-
cating that purifying selection has been the main pressure shaping
the evolution of Egyptian H5N1 viruses, although mean dN/dS was
markedly higher in subclade B (0.46) compared to subclade A (0.29).
Nevertheless, we identified several individual codons likely under
positive selection pressure in the HA gene of all the Egyptian viruses
(nine residues), of subclade A (four residues), and of subclade B
(five residues) (Table 1). In addition, six, three, and two positively
selected sites identified in the HA gene segment of all Egyptian
viruses, subclade A and subclade B, respectively, were located at
antigenic sites previously identified in H5, H1 and H3 subtypes
(Table 1) [34–37].

3.4. Comparison of evolutionary rates and selection profiles
between viruses collected from vaccinated and unvaccinated
poultry populations

To investigate the possible effect of poultry vaccination on
viral evolution we  compared the evolutionary rates of the HA
gene of H5N1 viruses isolated both in countries where vaccination
was  (Egypt and Indonesia) and was not adopted (Turkey, Nigeria,
Thailand). Importantly, each of these data contained a large num-
ber of complete HA cds sequences (>80), either from GenBank
(H5N1 sequences from Indonesia, Egypt, Thailand and Nigeria) or
obtained in this study (87 sequences of H5N1 from Turkey and 39
from Egypt). Except for Thailand, the H5N1 isolates identified in
each country belonged to a single genetic clade (Table 1). Specif-
ically, viruses from Egypt, Nigeria and Turkey clustered into the
major clade 2.2, while Indonesian isolates grouped within clade
2.1. Viruses from Thailand fell within two distinct clades, namely 1

and 2.3.4. However, only few outbreaks in northeast Thailand were
caused by 2.3.4 viruses [38]. In the present analysis we included
the genetic variant prevalently circulating in this country (clade 1)
as this allows for more comparable results.
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Fig. 1. Phylogenetic tree of the HA gene segment of clade 2.2.1 Egyptian viruses scaled to real time (x-axis). Posterior probability values higher than 90 are indicated at nodes.
Subclade A viruses are marked in blue, while viruses belonging to subclade B are marked in red. Bayesian skyride plot of the HA gene showing changes in genetic diversity
of  all H5N1 viruses collected in Egypt between 2006 and 2010. A measure of genetic diversity (Net) is given on the y-axis with 95% HPD values shown in blue. Vertical blue
shaded  lines highlight peaks of drastic increase in genetic diversity.
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The two countries applying vaccination, Egypt and Indonesia,
hared a number of features. Specifically, they experienced a sin-
le introduction of H5N1 [17,39,40];  after its appearance, the virus
apidly became endemic and evolved creating a new third-order
lades or subclades: 2.1.1, 2.1.2, 2.1.3 in Indonesia; clade 2.2.1 and
ubclades A and B in Egypt. In contrast to what occurred in Egypt,
here both subclades co-circulated widely, in Indonesia clade 2.1.3

iruses have widely spread in recent years, whereas clade 2.1.1 and
.1.2 viruses have progressively become rarer since 2005. Further-
ore, in both countries sporadic zoonotic transmissions to humans

ave occurred, as reported in literature [4,40].
In the countries where vaccination was not enforced (i.e. Nigeria,

hailand and Turkey) we noted multiple introductions of H5N1
iruses belonging to the same clade, such as in the case of Nigeria
41] or Turkey (this study, data not shown), or to different clades,
uch as in Thailand [38]. Thailand and Turkey experienced seven
nd three waves of H5N1, respectively [38,42].  In Nigeria, the
irus circulated extensively from the beginning of 2006 to the
nd of 2007, when outbreaks appeared to have been successfully
estrained without the need of vaccination. In July 2008 new cases
ere reported [43], but since then no cases of H5N1 have been
oted.

Interestingly, the substitution rate of Egyptian subclade B
iruses (95% HPD 7.00 × 10−3 to 10.72 × 10−3) and H5N1 viruses
ollected in Indonesia (95% HPD 5.14 × 10−3 to 7.06 × 10−3) were
igher than the rates of the HA gene of H5N1 viruses from Nigeria
95% HPD 4.11–6.27 × 10−3), Turkey (95% HPD 2.16–6.04 × 10−3)
nd Thailand (95% HPD 1.93–3.19 × 10−3) (Table 1). Indeed, the
robability that the evolutionary rates of viruses collected from
he unvaccinated countries (Nigeria, Turkey and Thailand) were
ower than those of viruses circulating in countries where vac-
ination was applied (Egyptian subclade B and Indonesia) was
r > 0.90 (Table S2).  An equivalent analysis using root-to-tip regres-
ion against sampling time (program Path-O-Gen) resulted in a
imilar distinction between the vaccinated and unvaccinated coun-
ries, even though most of the values obtained were lower than
hose achieved with BEAST (Table 1).

Finally, there was also a marked difference in the number of
ositively selected sites between the HA gene of viruses collected
rom vaccinated poultry populations and those from unvaccinated
nes. Specifically, zero (Turkey), two (Nigeria) or three (Thailand)
odons predicted to be under positive selection were identified
n the HA gene of viruses from unvaccinated countries (Table 1),
ompared to nine and six positively selected sites from Egypt and
ndonesia, respectively. Although our analysis of the number of
ositive selected sites is clearly affected by sample size, the high
umber of codons predicted to be under positive selection (five)

n the Egyptian subclade B viruses alone supports the conclusion
hat there is an elevated level of positive selection in vaccinated
ountries.

. Discussion

Sequence analysis of the HA gene segment of H5N1 viruses iso-
ated in Egypt revealed that two main distinct subclades (here
amed A and B) fitting the specific clade definition criteria
escribed by WHO/OIE/FAO H5N1 Evolution Working Group [30]
ave co-circulated in domestic poultry since late 2007. Although
iruses belonging to both subclades were collected from the same
ountry and during the same time period, they exhibited different
election profiles and rates of nucleotide substitution, suggest-

ng that they are subject to differing evolutionary pressures. This
ould reflect the circulation of viruses belonging to each of these
ubclades in distinct host environments such as separate poul-
ry sectors (e.g. backyard versus commercial flocks) and which in
 (2011) 9368– 9375 9373

turn leads to differences in selection pressure. The idea of inde-
pendent maintenance of different viruses in distinct compartments
was  proposed in a previous Egyptian study [44]. Indeed, we note
that subclade B was  mainly isolated from chickens, the poultry
species most represented in the integrated and commercial sec-
tors [45,46],  while subclade A had a wider host range (i.e. distinct
avian species). However, additional epidemiological information is
clearly required to test this hypothesis.

Interestingly, subclade A which seemingly circulates in multi-
ple species experienced a lower evolutionary rate than subclade B,
which is almost exclusively detected in chickens, indicating that,
in the case of the HA gene, multiple inter-species transmission of
these viruses has not resulted in an elevated rate of viral evolu-
tion. It is therefore possible that the higher population density of
chickens, which are the main target species for vaccination, associ-
ated with subclade B has facilitated the action of natural selection
in favouring antigenic variants in HA which has in turn increased
the substitution rate. This appears to be also consistent with the
evolutionary rates of subclade A which is comparable to the lower
rate of evolution observed for viruses circulating in countries not
applying vaccination (Table 1).

Analysis of virus population dynamics of the entire data set
of the Egyptian H5N1 viruses showed a rise in genetic diversity
at the beginning of 2006, immediately after the introduction of
the H5N1 viruses in the country, at the end of 2007, correspond-
ing to the emergence of subclade B, and during the second half
of 2008. The second and third peaks in relative genetic diversity
occurred approximately a year after the beginning of vaccination
in commercial farms (March 2006) and backyard birds (May 2007),
respectively. Interestingly, a previous study estimated the emer-
gence of antigenically distinct viruses in Egypt as also occurring 18
months after the beginning of vaccination in poultry [12]. Although
China was  not included in the present study, H5N1 genetic diver-
sity has been documented in this country [47] and the emergence
of vaccine escape variant viruses was  reported one year after the
implementation of vaccination in poultry [48]. As such, the increase
of the viral genetic diversity we observe may reflect the emer-
gence and the subsequent selection of mutants escaping vaccine
pressure, particularly where vaccination was not completely or
properly applied as it was  the case of Egypt, China and Indonesia
[4,48,49].

We also noted evidence of a difference in the evolution-
ary dynamics of H5N1 among countries where vaccination was
adopted or not adopted. In particular, rates of nucleotide substi-
tution were higher for viruses circulating in poultry population
where vaccination was applied, and most strikingly in subclade B
from Egypt followed by Indonesia. In addition, we  noted that virus
HA sequences analysed from vaccinating countries seemingly had
greater numbers of positively selected sites compared to the HA
sequences of viruses from countries which had never used vaccina-
tion, and a markedly higher mean dN/dS value in the case of Egyptian
subclade B. However, the direct association between H5N1 vac-
cination and virus evolution is clearly difficult to establish since
other factors, difficult to evaluate under field conditions, might
contribute to the apparent differences in evolutionary dynamics
observed here. For example, poultry density, a variety of ecological
factors or environmental changes may  contribute to the different
rates of nucleotide substitution and strength of natural selection
in those viruses circulating in poultry [50,51].  In addition, the
endemicity of H5N1 viruses, the number of distinct introductions
of H5N1 (e.g. in Nigeria and Turkey), may  also have influenced the
pattern of viral evolution.
When properly planned and adopted, vaccination is a powerful
tool for the control and eradication of avian influenza in poultry,
as demonstrated by past experiences in Italy, Vietnam and Hong
Kong, where it reduced economic losses and the risks for zoonotic
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ransmission [5,52,8]. However, if not properly applied and not cou-
led with careful surveillance, robust vaccine strategies and strict
io-security precautions, vaccination may  contribute to the rapid
volution and antigenic change of H5N1 viruses, creating oppor-
unities for the viruses to escape from vaccine protection. Clearly,

ore sophisticated and effective animal health control and pre-
ention measures are urgently required, such as a sustainable and
fficacious vaccination strategies for poultry.
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