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Abstract: The highly pathogenic avian influenza (HPAI) H5NS8 virus was first detected in Egypt in
late 2016. Since then, the virus has spread rapidly among different poultry sectors, becoming the
dominant HPAI H5 subtype reported in Egypt. Different genotypes of the HPAI H5NS8 virus were
reported in Egypt; however, the geographic patterns and molecular evolution of the Egyptian HPAI
H5NBS viruses are still unclear. Here, extensive epidemiological surveillance was conducted, including
more than half a million samples collected from different poultry sectors (farms/backyards/live bird
markets) from all governorates in Egypt during 2019-2021. In addition, genetic characterization and
evolutionary analyses were performed using 47 selected positive H5NS isolates obtained during
the same period. The result of the conducted surveillance showed that HPAI H5NS viruses of clade
2.3.4.4b continue to circulate in different locations in Egypt, with an obvious seasonal pattern, and no
further detection of the HPAI H5N1 virus of clade 2.2.1.2 was observed in the poultry population
during 2019-2021. In addition, phylogenetic and Bayesian analyses revealed that two major genotypes
(G5 and G6) of HPAI H5N8 viruses were continually expanding among the poultry sectors in Egypt.
Notably, molecular dating analysis suggested that the Egyptian HPAI H5N8 virus is the potential
ancestral viruses of the European H5NS8 viruses of 2020-2021. In summary, the data of this study
highlight the current epidemiology, diversity, and evolution of HPAI H5NS8 viruses in Egypt and call
for continuous monitoring of the genetic features of the avian influenza viruses in Egypt.
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1. Introduction

In the last decade, influenza A viruses of subtype (H5Nx) have continued to circulate
in migratory birds and spread to infect domestic poultry in many countries worldwide [1,2].
The highly pathogenic avian influenza (HPAI) H5NS8 virus was isolated for the first time in
2010 in China as a result of the genetic reassortment of different avian influenza subtypes [3].
In early 2014, a new reassortant of the HPAI HSN8 virus was reported in South Korea [4],
which further spread via migratory birds to Europe and North America, causing multiple
outbreaks that clustered phylogenetically as clade 2.3.4.4a [5-7]. In 2016/2017, novel
reassortants of the HPAI H5SN8 virus, with a different gene constellation known as clade
2.3.4.4b, were detected in migratory birds in several countries around the globe [8-10].
Since then, the virus has undergone continual evolutionary divergence via reassortment
with other influenza A subtypes, resulting in the emergence of various genotypes and
further spreading to domestic birds [8]. Genetically different reassortant combinations of
six distinct genotypes of H5N8 were commonly detected [8]. In February 2021, the first
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human case of HPAI H5N8 virus infection was reported in Russia in two farmers with a
history of contact with infected birds [11].

In Egypt, the HPAI HSNS virus was originally detected in migratory bird (common
coots—Fulica atra) in late 2016 [12]. The original virus was phylogenetically closely related
to other H5NS8 viruses of clade 2.3.4.4b detected in Russia in 2016 [13]. Targeted AIV
surveillance was performed in response to the virus detection in late 2016-2017 [14,15]. Six
genotypes of the HPAI H5NS8 virus were reported in migratory and domestic birds in Egypt
based of their whole genome sequence [13-17]. Thereafter, the virus spread in a very short
time among domestic poultry populations in different governorates in Egypt, posing a great
threat to the poultry industry [14,15]. The Egyptian HPAI H5NS8 virus was also involved,
via reassortment with the Egyptian low pathogenic avian influenza (LPAI) HIN2 virus,
in the emergence of novel HPAI H5N2 viruses in Egypt in 2018/2019 [18,19]. The HPAI
H5NS8 viruses detected in Europe in 2020 were found to be phylogenetically related, based
on the HA (haemagglutinin) gene sequence, to the HPAI H5N8 viruses isolated in Egypt in
2019 [7,20]. Epidemiologic data suggested that the HPAI H5NS virus(clade 2.3.4.4b) has
replaced the Egyptian H5N1 virus (clade 2.2.1.2), becoming the most commonly detected
HS5 subtype in Egyptian poultry sectors [21].

It is currently evident that HPAI H5N8 viruses circulate endemically in domestic
poultry species in Egypt [22,23]. However, the epidemiology and genetic evolution of
the Egyptian HPAI H5NS8 viruses are not yet well understood. Hence, in order to further
understand the diversity and evolution of HPAI H5NS8 viruses circulating in Egyptian
poultry, more than half a million samples, collected from poultry farms, backyards, and
live bird markets (LBMs) in Egypt between 2019 and 2021 as a part of the surveillance
program, were analyzed. In addition, extensive genetic analysis was performed to assess
the phylogenetic and genetic structure of the Egyptian HPAI H5NS viruses. Finally, the
molecular dating was estimated and selection pressure was calculated using sequences
generated in this study, along with all sequences publicity available for the Egyptian HPAI
H5NB8 viruses.

2. Materials and Methods
2.1. Samples Collection

A total of 506,097 swabs were collected from 30,159 commercial poultry (chickens,
ducks, and turkeys) farms in Egypt—a total of 29,468 farms as part of active surveillance,
(planned surveillance, and pre-slaughter check) and 691 farms as part of passive surveillance
(due to reported cases with symptoms) as shown in Supplementary Table S1. Additionally,
8276 swabs from 783 backyards and 34,905 swabs from 984 live bird markets (LBMs) were
retrieved. A total of 10 to 20 individual tracheal and/or cloacal swabs collected from each
farm, backyard, or LBM were pooled together and treated as one sample. Samples were
obtained from 27 governorates in Upper and Lower Egypt (Supplementary Table S1) and
collected as a part of an active and passive avian influenza virus surveillance program in
Egypt performed by the Reference Laboratory of Veterinary Quality Control on Poultry
Production (RLQP), Animal Health Research Institute, Egypt, and the General Organization
for Veterinary Services (GOVs). The epidemiological data of the collected samples and the
H5NB8 avian influenza positive samples are provided in Supplementary Tables S1 and S2.

2.2. Molecular Detection and Virus Isolation

Briefly, viral RNA from each sample was extracted using the QIlAamp Viral RNA
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. All
extracted RNAs were initially examined for the matrix (M) gene of influenza A viruses
using standard quantitative reverse transcription polymerase chain reaction (RT-qPCR) [24].
Positive influenza M RN As were then tested using gene-specific RT-qPCR assays for the
hemagglutinin (HA) and neuraminidase (NA) gene segments of the AIV H5, and N1, N2,
and N8, respectively [25]. The RT-qPCR reactions were conducted using the Stratagene
MX3005P real-time PCR machine (Agilent, Santa Clara, CA, USA). Further, samples that
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were found RT-qPCR positive for influenza genes were inoculated into the allantoic cavity
of 9 to 11-day-old specific pathogen-free (SPF) embryonated chicken eggs (ECEs) according
to the standard protocols of the OIE (World Organization for Animal Health) diagnostic
manual [26]. Allantoic fluid from inoculated eggs was harvested 36—48 h post inoculation.
Virus detection in the allantoic fluid was initially performed by hemagglutination assay with
1% chicken red blood cells and then verified by RT-qPCR for the AIV HA and NA genes.

2.3. Sequencing and Phylogenetic Analyses

Complete gene segments of the HA and NA were amplified for 47 and 19 positive
isolates, respectively, using primers previously described by Hoper et al. [27]. In addition,
whole-genome amplification of four representative H5SNS viruses was conducted using a set
of forward and reverse primers for each gene segment, as previously described [27]. Briefly,
all specific RT-PCR genomic segments were size-separated by agarose gel electrophoresis,
excised, and purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany).
Further, purified PCR products were used directly for cycle sequencing reactions using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, USA).
Sequence amplified products were cleaned up using a Centrisep spin column (Thermo
Fisher, Waltham, MA, USA) and processed using an ABI PRISM 3100 Genetic Analyzer (Life
Technologies, Carlsbad, CA, USA). Obtained sequences were assembled and edited using
Geneious Prime 2021.1.1 (https://www.geneious.com). A Blast search was performed
using the Basic Local Alignment Search Tool (BLASTn) at NCBI https:/ /blast.ncbi.nlm.nih.
gov/Blast.cgi (accessed on 1 March 2022), and sequences established in this study were
submitted to GenBank under accession numbers shown in Supplementary Table S2.

Further, genetic sequences of representative global HPAI H5N8 viruses from clade
2.3.4.4a and 2.3.4.4b, as well as for Egyptian HPAI H5NS viruses, were retrieved from GI-
SAID platforms (GISAID, http:/ /www.gisaid.org, accessed on 1 May 2022). Representative
viruses were selected based on geographical locations and availability of whole genome
sequences to obtain a similar representation in all gene segment analyses. The nucleotide
sequences of retrieved viruses and viruses obtained in the current study were aligned
using MAFFT [28]. Phylogenetic trees, for all gene segments except the HA and NA, were
constructed after the selection of the best-fitted model, by employing maximum likeli-
hood methodology based on the Akaike criterion using IQ-tree software version 1.1.3 [29].
Finally, phylogenetic trees were annotated and visualized using FigTree v1.4.2 software
(http:/ /tree.bio.ed.ac.uk/software/figtree/, accessed on 5 April 2022) and Inkscape 1.0
(Available at https:/ /inkscape.org ).

2.4. Times of Most Recent Common Ancestor (tMRCAs)

The HA and NA sequences, including all Egyptian HPAI H5NS8 viruses and repre-
sentative sequences from other countries, were downloaded from the GISAID (GISAID,
http:/ /www.gisaid.org, accessed on 1 May 2022) and aligned with sequences generated
in this study. Full or near full length sequences of HA (n = 1588) and NA (n = 1313), in
addition to sequences generated in this study, were used for this analysis. Further, con-
catenated sequences including the coding sequences of the eight segments were generated
using Geneious Prime 2022.1.1 (https://www.geneious.com), including viruses in this
study, all whole genome available Egyptian HPAI H5NS viruses, and representative global
H5NS8 viruses.

Molecular dating was performed for each of the HA, NA, and the concatenated tree
using the Bayesian Evolutionary Analysis Sampling Trees BEAST version 1.8.4. After the
selection of the best-fitting model, HA, NA, and the concatenated trees were performed
using gamma distributed rates-across-sites, a strict molecular clock model, and the birth-
death skyline serial model using simulations for 100 million generations with sampling
every 10,000 steps. The log and trees files from two separate MCMC runs were merged
using the LogCombiner (v1.8.4) program after removal of 10% of the chain as burn-in. All
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parameters were assessed using the Tracer (v1.7.2) program. Maximum clade credibility
(MCC) trees were then visualized using the TreeAnnotator (v1.8.4) program.

2.5. Selection Pressure

Selection pressure modes were applied on alignments of 242 and 146 sequences for HA
and NA of the Egyptian H5NS viruses, respectively, using the codon-based approach avail-
able at Datamonkey 2.0 [30]. Evidence of positive selection was determined at dN/dS > 1.0
and p-value < 0.05, selection of a site was accomplished using the pervasive evolutionary
method represented in fixed-effects likelihood (FEL), and the episodic evolutionary method
as the mixed effects model of evolution (MEME) method.

3. Results
3.1. Active and Passive Surveillance

In total, only 17 farms (0.06%) of apparently healthy birds were found to be positive
for the influenza H5N8 subtype among the 29,468 examined farms as a part of the active
surveillance program in Egypt in 2019-2021. In addition, 20 farms (2.89%) tested positive
from the 691 examined farms as part of the passive surveillance. Positive farms were
distributed over 13 governorates in Upper and Lower Egypt during 2019-2021, with geo-
prevalence of 48.1% (Figure 1A,B). From the 37 positive farms, the majority of positive
results were found in chicken (n = 24), then duck (n =9), followed by turkey (n = 3), and
one was un-identified, but found positive for the influenza H5N8 subtype. (Figure 1B).
A clear seasonal variation was found in this three-year period, where a high number of
positive cases were detected during the winter season—late November to April (Figure 1C).
Moreover, 27 (3.44%) and 86 (9.75%) samples were found positive for HPAI H5NS8 viruses
in backyards and LBMs, respectively. Additionally, two HPAI H5N2 cases were recorded
in two LBMs in Giza in October and November 2021 in mixed species, (chicken, duck,
and turkey).

B-
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Figure 1. Surveillance and epidemiological features of HSN8 in Egypt commercial farms, 2019-2021.
(A) Geographical distribution of HPAI H5N8 viruses in Egypt during 2019-2021. (B) Number
of samples collected from each species indicating the total tested and the total detected as posi-
tive for the H5NS8 virus. “Others” indicates other sources rather than chicken, duck, and turkey
(e.g. environmental samples). (C) Distribution of positive HSN8 per month over 2019-2022.
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3.2. Genetic Diversity and Selection Pressure

Based on the genetic variation of the internal gene segments, six HPAI H5N8 geno-
types were found in Egypt. Among them, genotypes G5 and G6 are the currently dominant
genotypes circulating among the Egyptian poultry farms in 2019-2021. The hemagglu-
tinin (HA) revealed the presence of multiple basic amino acid motif PLREKRRKR/GLF
at the HA cleavage site, confirming a highly pathogenic status. The receptor binding
pocket of the HA protein of all Egyptian isolates displayed amino acids H103, N182, G221,
222, and G224 (H5 numbering), suggesting an avian-like «?2,3-sialic acid receptor binding
preference [31,32]. Genetically, G5 genotype viruses displayed R72S and N183S substitu-
tional mutations in the HA coding segment, respectively. The Egyptian H5N8 G6 genotype
is characterized by unique amino acids T140A and V522A (H5 numbering); in addition,
Egyptian H5NS8 viruses from 2021 are characterized by the N236D substitution mutation.
No substitutional amino acid mutations related to oseltamivir or amantadine resistance
were detected in the NA and MA, respectively (Table 1).

Table 1. Key amino acid analysis of the Egyptian HPAI H5N8 viruses among different proteins.

d HA # NA PB2 PB1-F2 M ”Amantadine NS1
Receptor Binding Sites Cleavage Stalk Resistance Markers”
103 129 186 2210 222 224  Site® Del 627 701 lLength 050 31 34 Lensth
Duck/Jiangsu/ PLREKR
k1203 2010 H L E G Q G pepory No E D 90 L V A N G 25
A/duck/Zhejiang/ PLREKR
oD18,2013 H L E G Q G pgpeir No E D 52 L V A N G 230
A/turkey/
Germany/AR3390- H L E G Q G prrent No E D 52 L V A N G 23
100939/2014
A/great_crested_grebe/
Uvs- H L E G Q G pnerx No E D 52 L V A S G 230
Nuur_Lake/341/2016
Afchicken/Iraq/1/2020 H L E G Q G peReeR No E D 52 L V A S G 217
A/barnacle_goose/ PLREKR
Netherlands/20017557- H L E G Q G RKRGLF No E D 52 L VvV A S G 217
002/2020
A/domestic_duck/
Germany- H L E G Q G pUREKR No E D 52 L V A S G 217
NI/AI03099,/2021
A /common-
coot/Egypt/CA285/ H L E G Q G  pLRenR No E D 52 L V A S G 217
0165
A/chicken/Egypt/ PLREKR
P14 /2000 H L E G Q G pgrorr No E D 52 L V A S G 230
A/chicken/Egypt/ PLREKR
AF12 2000 H L E G Q G gEreir No E D 52 L V A S G 230
A/chicken/Egypt/ PLREKR
PAOS1SE /200 ¢ H F E G Q G pepory No E D 52 L V A S G 230
A/turkey/Egypt/ PLREKR
FAOSCE /2000 H L E G Q G pereir No E D 52 L V A S G 230

# H5 numbering. * Viruses for which whole genome sequences were obtained in this study.

Further, positive selection pressure for hemagglutinin occupied six amino acid residues,
including the amino acid residue 94 at antigenicity associated site A that showed a strong
positive selective pressure by both of the analytical methods used for selection. Moreover,
24 residues on neuraminidase have possessed positive selection pressure, distributed along
the NA molecule (Table 2).
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Table 2. Amino acid sites under positive selection pressure estimated using different analytical
methods in both HA (H5 numbering) and NA. Amino acids (a.a) detect in both methods are shown

in bold.
Gene a.a Residue MEME FEL
Number of
(p-Value < 0.05) Branches under (p-Value < 0.05) LRT
Episodic Selection
23 0.05 1 0.04 4.5
88 0.04 2 0.03 4.9
HA gene 94 0.04 9 0.03 4.8
175 0.01 7
195 0.02 4
438 0 1
8 0.02 8 0.011 6.471
19 0.04 1
29 0.05 6 0.0347 4.462
37 0.04 6 0.0204 5.374
38 0.02 5 0.0118 6.335
65 0.03 0
66 0.0358 4.408
71 0.0323 4.584
79 0.02 2
80 0.01 7 0.0101 6.62
89 0.0429 4.098
151 0.03 5 0.0394 4.244
NA gene 177 0.0232 5.153
213 0.045 4.019
244 0.02 6 0.0191 5.492
245 0.05 7 0.0402 4.211
254 0.03 7 0.0339 4.501
269 0.04 4 0.0453 4.008
270 0.0484 3.896
300 0.01 7 0.0026 9.046
311 0.02 1
314 0.0444 4.041
350 0.0392 4.253
382 0.02 7 0.0049 7.917

3.3. Phylogenetic Characterization and Molecular Dating

Phylogenetic analyses are in accord with the genetic characterization, indicating that
the Egyptian HPAI H5NS viruses are found in six different lineages, confirming the detec-
tion of at least six genotypes of HPAI H5NS viruses in Egypt (Figures 2a,b, 3A-F and 4). In
addition, the topology of the trees revealed a phylogenetic relatedness of the Egyptian to
the recent European HPAI H5NS8 viruses from 2020-2021 in all included gene segments
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(Figures 2a,b, 3A-F and 4). Moreover, the concatenated phylogenetic tree showed the same

relatedness with the European viruses.

Afbamacle._goose/Denmark/14534.1/2020
therlands/20019255-002/2020

Net
A/l duekNe hariands 30007 74-001/303
ommashe. duck/Germany-Ni/AL03099/ 2021

001,

ACyanus_olor/Belglum/1 1956 001/2020
A/baracle_ rk/14537-1/ 2

Europe

‘A/turkey/Norway/FU496/202
/Callus_ anus/Ee\q\um/llj7z 0001/2021

A/duck/Saratov/29804/2020
A/rr-\rksn'stver\and<r2n018496 006010/2020 2 0 2 O 2 0 2 1
byl J—

ken/Czech_Republic/6151-2/2021

/aock/poland 1035 21RS1385.6/ 2021
AMute_Swan/Netherlands/5/2020

mute_swan/Czech_Republic/4270/2021

A/chicken/Omsk, /m 1872
nViStnam/ 1 14-1811/2021
2020

Irag/2020 —
A kev/EQyp(/BFAO/SL/ZDzl

tur

A/chicken/Eqypt/G1Z4/20.

e lcken/EavpyMEN10/20

A eicken/Eayot/Glzn G AH/20 20

Avchicken/EvpU/MENG/2020

Afchicken/Eqypt/CAIL1/2 021 =

A eh ke Eg ot Calro OB AH/2020 —
duck/EQypt/4FAD/SL/2021

A/du
A/chicken/Egypt/qalyubia-| \ever -AH/20.
Egypt

A/chicken/Egypt/AF12/4/20:
A/:m:ksn/EQ‘/Dt/AFJQ/202D
A/Duck/Egypt/BEH2/2020
A/duck/Eqypt/Behera-HB2-AH/2020
R e G6

P
A/chicken/Egypt/behera-AH/2
A/duck/Eqypt/o1F/2021
AVchciken/Egypt/ 1740 5/2021

F/20 j:

Aveicken/Egypt/304

A/du Eva(/]lFAo/Sl/zun

urkev/Eant/FAOSzMi/zu

ke EayptAOCANLSS
Ach mcken/EGYDK/SDhaQ AH/2020 ==

A/chicken/Egypt/Assiu t-AH/2
e ickensEgyat/Emona-backyard-AH/2019

AVchicken/EgypUFAOS18E 2020

Aduck/EGYPUAL2/2/ 2020
A/Duck/Luxor/297/201
W enickenLoxar/3 1373019
A/duck/Eypt/FAO-56/6/ 2019
A/chicken/Eqypt/F565/12] 2019
Aturkey/Eqypt/FAO-S18/6/2 019

1 =

A/chicken/Eqypt/F172298/2019
A/chicken/Eqypt/F172300/201 9
Avehicken/Egypi/FL 723012019
Avchicken/Egypt/EL72308/2019
Wehicken/Egyou/E172208/2010
A/cmcken/EQ‘/Dt/Fl7zzD(/ =

A/ Chicken/ gyt Giza-AH/20 20
A/duck/Eqypt/A16793/2015

A/duck/Egypt/FAO-S32/5 /2019
A/duck/Egypt/FAO-SGI_11/7/ 2019
Achicken/Egypt/FAO-SG1_10/7/2019 -
A/chicken/Egypt/V1345/172019
Achicken/Egypt/AL6/10/2 019
— Aturkey/Eqypt/FAQ-542/9/2 019
A/dUCk/Egypt/FAC-576/11/2019
Alchicken/Egypt/N16730/2019
Alchicken/Egypt/N16732/2019
A/DUCK/EQypt/SMG4/2019
Avchicken/Egypt/FAO-5G21/9/2019
12/2019
5G3/1/2020
A/D 19
A/Duck/Ismalia/1721Fa0-51/2017 —_—
5
—

|
%

1.0
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 2. Cont.



Viruses 2022, 14, 1758

8 of 14

A/Gallus_gallus/Belgium/11372_00 01/2021
A/domestic_duck/Germany-NI/AI03099/ 202
1RS1385-5/ 20.

A/duck/Po\and/Hng
icken/Czech_| Repubhc/elsl 2/2021
2020

url
A/mute_swan/Netherlands/20019255-002,
A/wild_duck/Netherlands/20017794-001/2020
Afbarnacle_goose/Denmark/14534-1/ 2020
A/Cygnus_olor/Belgium/11956_001/2020
Afturkey/Norway/FU496/2020
A/duck/Saratou/29804/2020
n/\/\elnam/HUVl LB11/2021
2020

A/chick
A/whooper swan/Shanky/Sx
Tnire. SwanCzoch. Repubhc/4270/2021
A/Mute_Swan/Netherlands/5/ 20

A/chicken/Omsk/0118/2020
A/chicken/Kazakhstan/1-20-B-Talg- 57/2020

Afpigeon/Kazakhstan/15-20-B-
A/goose/Omsk/01161/20
A/(h\(ksn/NElher\and5/20015496 006010/2020
Afchicken/Iraq/1/20

A/cmcken/sgypt/mex Breeder-AH/2021
A/chicken/Eqypt/AF12/2020

A/cmcken/sgypt/AF14/zo 0
n/Egyptm;\yugbla layer-AH/2020

A/chlcken/Egypt/Asslut A
hicken/Egypt/sohag-AH/2020
A/ch\cken/Egypl/E\monuﬂa backyard-AH/2019
A/turkey/Egypt/Alex -AH1/2019
GYI;T/FAOSIBE/ZOZO

en/E
A/turkey/EGYPT/FAO S1
A/Duck/Egypt/297/20;
/ch\cken/EgyDt/Glza AH/2020

Afchicken/E
Afchicken/E
Afchicken/E
Afchicken/E
Afchicken/Eg
A/duck/Egypt/A16
A/pigeon/Egypt/A168

Jypt/F17230A/2019

yPt/F172308/2019

Jypt/F17230C/ 2019

3ypt/F172300/2019

ypt/F172§98/2019
793,

04/2019
A/duck/EGYPT/FAO-S6/6/2019
A/duck/EGYPT/FAO-$32/5/2019
A/chwcken/EGYPT/leAS/l 019

/EGYPT/FAOSGS/I/ZUZO

A/ch\cken/EGYPT/AL
A/cmcken/Egypl/N16730/2019
A/cmcken/sgypt/msny 019
A/Duck/Luxor/270/2019
A/cmcken/EGYPT/ALZ/Z/Z 019
hickeny/Eqypt/ALI/2019

A/cmcken/Egyp(/FMLZ/ZO
== /Duck/Luxor/ 51/2

A/cmcken/Egypl/MMD D/20
en/ Egypt/AR553/2018

= A/cmcken/Egypt/FL34/2017
A/Duck/Cairo/1795CA/ 2017

2.3.4.4b

Afchi

Afbaracle_goose/Denmark/14537-

Afturkey/Netherlands/21028936-0 01005/2021
02/2020

Talg-5/2020
A/barnacle_ guuse/NEthEr\andS/ZDDl7557 002/2020
Irag/2020

1

Europe
2020—2021

Egypt
G6 —

=

L

2.3.4.4a

0.8
r T T T T T T T 1
2014 2015 2016 2017 2018 2019 2020 2021

2013

(b)

Figure 2. Time-scaled Bayesian maximum clade credibility tree of the (a) HA gene and (b) NA gene
segment of HPAI H5NS8 viruses from Egypt (blue) and representative HSNS8 viruses from clade
2.3.4.4a and 2.3.4.4b. Node bars represent 95% Bayesian credible intervals for estimates of common

ancestry, which are shown on the main nodes



Viruses 2022, 14, 1758

9of 14

Abarnacie gose penmark 1457712020

e ~

i
Feres ”‘;?sii ;i, 1.:;0 o

2344b

R en et Reputie 306172 2017
e G AT AR 39S L8144 2017
il ol 542017

A

Hidgam A 2017

2 Sweden- svusnlzuxunzwjzsnx 205

234.4.a

kk i u::;mz;;su:m e

e e o
Aot w%g;::nz,;‘;m

il g s a0
R e

e
)&1::: N::z:: o

a0y
e ‘."m;w Y

e
R o171 15 2017 IO

feiEr

2.3.4.4Db

S T 0ts e
N Eki }R;;ﬂng-nu. R 0

27 ptssian swaden. svAl so311kuna7. s2502_2015

i S
A duce zhajing W

A
i

A-Eneken e Gieiic 2010

e Sl

S sl 7003 ot
SR o 20ie

o7

R s
Ui ghal YoI-8 2016

2006
S

T e
et rf;::,ﬂ‘u.’s‘“
i

Ay ot FADES
A RS el Ris730 2015
" _duek Eqypr Ale7os

S Hhine Lo et

Achcken_Eqypr_N16732.2019

872195 2020
it i ?mmssv 002 200

T e
LﬂutLS o

P ——
i

one bk G
A-Eckan Coee Repusic 8131-2.2021

2 tukey_Germany- .
A Tetentands

100

S
2.3.4.4.a e
30}

Ryniona a1 2013
R-icken Shandong. KOD2699_2013

A encken Eqypt Qus0LA 2017

e R

A o ey Chzts 30
Dlen Eoec - iier 10 2017
- armton guoss emnuny L AR 95 031447017

o
STt

Asizn Nigata_ 151118 2020
ot At

el Yoai 13 2020
% inﬂéfe:“ﬁﬁ‘ 153 20

o
PR
A b e yes codargs_aoua
A Traions Wi

o6 Shanal S0 2013
A nei PRt

o 201
R 5:‘"»“2;\2"“(';;&:2% 1208131087 2020
oo ogarand ST an
nsnsszsz

e S i

A duck e
% (m% o e 010

pemm b Gl

08 2
ana va3g.losnns o

St Sines Stncerton_2017

[H A S i Sl
Ao e TR a0

TR

201
S .;;»;,‘zm e 2017 2017

R Goss ingan 21757 2020
A duck Zhejang 6016 2073
P oo Shciong Vi 201
e S nghar svo 012

e k. KagoEnma_KU70_2015
e CTo1 3019
‘e Shardong 01 201
e g Baao 201y
-ewns m L a-L611 2021

Figure 3. Phylogenetic relationships of the PB2 (A), PB1 (B), PA (C), NP (D), M (E), and NS (F) gene
segments of Egyptian and representative H5NS viruses. Egyptian H5N8 viruses are colored in blue,
and viruses generated by the whole genome sequence in this study are shown by black dots. Trees
were generated, after the selection of the best-fitted model, by employing maximum likelihood
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Figure 4. Time-scaled Bayesian maximum clade credibility tree of the concatenated whole genome
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95% Bayesian credible intervals for estimates of common ancestry and are shown on the main nodes.
Genotyping of the Egyptian viruses is based on sequence similarity and years of detection.
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Molecular clock-based trees were generated based on the HA and NA gene seg-
ments, as well as concatenated sequencing of the whole gene segments. As we described
previously [13], the estimation of time of the most recent common ancestor (tMRCAs)
revealed that Egyptian viruses were introduced in late 2016, likely from Russia. This
was also confirmed in the present study including HA, NA, and the concatenated whole
genome. Additionally, the Egyptian HPAI H5NS8 viruses from 2019 are shown to be the
most likely ancestor of the recent HPAI H5NS8 viruses spread in Europe over the last two
years (Figures 2a,b and 4).

4. Discussion

Influenza A (H5NS8) viruses have been the dominant H5 subtype reported among
different bird species around the globe since 2014 [8]. During 2020-2021, HPAI H5N8
viruses were frequently isolated from migratory birds and domestic poultry in several
countries worldwide [7,33]. Recently, the HPAI H5NS virus was detected for the first time
in humans working at an infected chicken farm in Russia [11]. Since its introduction into
Egypt in late 2016, HPAI H5NS viruses have begun to replace the previously endemic HPAI
H5N1 viruses in both commercial farms and backyard sectors [21]. The aim of the present
study was to determine (i) the epidemiological picture, (ii) the genetic and phylogenetic
features, and (iii) the evolution and selection pressure of HPAI H5N8 viruses isolated from
Egypt in 2016-2021.

In the current study, no positive HPAI H5N1 viruses of clade 2.2.1.2 were detected in
poultry sectors in Egypt during 2019-2021. This confirms our [21] and others’ studies [34]
that showed no further HPAI H5N1 virus circulation in the poultry population in Egypt in
the period between mid-2017 to mid-2020. Further, lower numbers (17/29,468; 0.06%)) of
HPAI H5NS8 positive farms were found in 22/27 governorates in Lower and Upper Egypt in
the active surveillance compared to 20/691 (2.89%) farms as part of the passive surveillance.
Usually, passive surveillance is based on clinically suspected cases, which justifies the higher
incidence of positive H5 virus results. Further, higher incidence found in backyard and
LBMs compared to poultry farms could be due to the vaccination programs implemented
in farms against H5 subtypes, where typically, no vaccination occurs in backyards. Recently,
a higher detection rate of 41.7% was reported by Salaheldin et al., 2022 [35] from only
211 tested poultry farms in Egypt. This highlights the need for collaboration between
the different laboratories in Egypt to obtain an in-depth genetic feature of circulating
Hb5 viruses.

The genetic and phylogenetic characterizations performed in this study revealed at
least six genotypes of HPAI H5N8 viruses, as described previously [13] [14,16,34]. Here,
out of six genotypes, only two genotypes (G5, G6) were found to still be circulating among
poultry sectors in Egypt. Genetically, The HA of the Egyptian genotypes G5 and G6
displayed amino acid mutations R72S/N183S and T140A, respectively, in their antigenic
sites, underlining the importance of continuous genetic monitoring and updating of the
H5 vaccination program in Egypt. Positive selection pressure has been determined at
amino acid site 94 of the HA, which is one of the characteristic antigenic sites of the H5
viruses [31,36], in addition to other sites that are adjacent to the antigenic and receptor-
binding sites of the HA. Viruses are exposed to selection pressure during replication
through the years, and this can be caused by different factors, the most common being
the vaccination pressure that induced mutations on the surface antigens HA and NA [37].
In addition, accumulation of positive selection pressure sites have a crucial impact on
the evolution of the virus; it may be a principle cause of releasing more phenotypes that
may possess variable pathogenic and antigenic characteristics, in addition to the changes
in the avidity of virus attachment and adaptation to the different hosts [38,39]. Further,
molecular dating analysis indicates that the Egyptian HPAIV H5NS8 viruses are the most
likely ancestors of the recent HPAI H5NS8 virus spread in Europe over the last two years
2020/2021. This might be due to the back-spread of H5 viruses from domestic poultry to
migratory birds in Egypt, along with further dissemination to different countries.
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In conclusion, the extinct of HPAI H5N1 viruses in Egypt and the dominance of two
genotypes of HPAI H5NS in the poultry sectors in Egypt calls for the re-evaluation of the
vaccination policy in Egypt. Updating the vaccine seed in a timely manner is important to
ensure the effectiveness of the vaccine in controlling HPAI H5 virus in Egypt. In countries
applying vaccination against HPAIV H5 virus, such as China, the vaccine seeds had been
updated many times and were shown to be protective [40]. Currently, vaccination against
the HPAI virus in Egypt is based on several vaccination regimes, including H5 viruses from
different clades (clade 2.2.1.2, clade 2.3.2.1c, and clade 2.3.4.4). Based on the current study,
the vaccine seed should be updated to minimize the antigenic mismatch with the circulating
strains. Vaccination against the HPAI virus in Egypt should be done in a consistent manner
to overcome the vaccination failure due to unsuitable vaccination programs or the lack
of vaccination in backyard poultry—and some broiler—farms. In addition, the higher
prevalence of positive cases in backyards and LBMs requires that all stakeholders be aware
of the up-to-date biosafety and biosecurity recommendations. Continuous monitoring and
early detection of new cases will help to reduce the risk of virus spread. Finally, updated
genetic features using whole genomic sequencing of avian influenza viruses circulating in
Egypt is essential to better understand virus evolution and the mechanisms of spread to
neighboring countries.
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