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ARTICLE INFO ABSTRACT

Infectious bronchitis virus (IBV), a gamma-coronavirus, causes infectious bronchitis (IB), a major respiratory
disease of chicken. Its high mutation rate in conjunction with recombination of the RNA genome constantly

Keywords:
Infectious bronchitis

Coronavirus creates IBV variants that are difficult to control by currently available vaccines. In this study, we addressed the
Chicken question whether small-scale holdings might harbor IBV variants that serve as a reservoir for newly emerging
Recombination

variants. Egyptian IBV isolate EGY/NR725/2016 (NR725/16) from a small-scale broiler farm was assigned to
genotype I, clade 23 (S1:GI-23), based on partial S1 gene sequences and corroborated by full genome sequen-
cing. Analysis of the S1 gene established three subclades for historical IBV strains (S1:GI-23.1, S1:GI-23.2.1 and
$1:GI-23.2.2) and confirmed NR725/16 as being part of a separate fourth subclade (S1:GI-23.3). Samples from
the years 2018 and 2019 revealed that the new subclade prevails in Egypt, carrying fixed mutations within the
hypervariable regions (HVR) 1-3 of the S1 protein that affect two neutralization sensitive epitopes at sites 294F,
297S and 306Y (48.2) and 329R (62.1). In addition, recombination was recognized in isolate NR 725/16, with
intra-subtype mixing for the entire genes 3ab and E and inter-subtype mixing for the entire gene 6b with a close
match to QX like viruses of genotype GI-19. Further analysis of gene 3ab detected the homologous gene pool to
NR725/16 in samples from 2013 (3ab:C) and closely related 3ab genotypes in IBV Egyptian isolates from 2016,
2018 and 2019. These data prove a flourishing exchange between poultry holdings with a common gene pool.
The continued circulation of viruses harboring genes S1:GI-23.3 and 3ab:C indicates an evolutionary advantage
of this combination possibly by combining antigenic escape with modulated pathogenicity to facilitate IBV
spread in the vaccinated poultry population in Egypt.

1. Introduction gasping, coughing, sneezing or tracheal rales. Alterations in the re-

spiratory tract are dominated by accumulation of excessive amounts of

Avian infectious bronchitis (IB) is an economically important in-
fectious disease caused by infectious bronchitis virus (IBV), with clin-
ical manifestations in the upper respiratory tract, oviduct and kidneys.
Infection is highly contagious with morbidity reaching 100%, but
mortality can vary between 0% and 80% and depends on the age and
immune status of the birds and the circulating virus strain (Jackwood
and de Wit, 2013). Clinical manifestation of IBV infection in Egypt is
mainly observed in broilers and dominated by respiratory distress like
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mucus in the trachea and thickened, turbid air sacs. Coinfections with
bacterial or viral pathogens may lead to complicated chronic re-
spiratory disease (CCRD) with morbidity and mortality rates of up to
50%. In particular, nephropathogenic IBV strains induce acute to sub-
acute nephritis with polyuria evident by watery droppings. Pathological
findings are dominated by congested, swollen kidneys with paleness in
some cases and deposition of urates (Abdel-Moneim et al., 2012; Abd El
Rahman et al., 2015; Sultan et al., 2015; Zanaty et al., 2016a).
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IBV is an enveloped virus of about 120 nm in diameter and classified
as gammacoronavirus, subgenus Igacovirus within the family of
Coronaviridae (King et al., 2018). The genome consists of a single-
stranded positive-sense RNA of approximately 27.6 kb. Indispensable
for RNA replication and transcription is gene 1, with two open reading
frames, the products of which provide RNA dependent RNA polymerase
functions (Cavanagh, 2007; Masters and Perlman, 2013). Intrinsic to
coronaviruses is the limited proof reading capacity of this viral poly-
merase which results in a high mutation rate with an estimated average
rate of synonymous mutations of approximately 1.2 x 10~ substitu-
tions/site/year (Hanada et al., 2004; Holmes, 2009). Besides, RNA re-
combination is recognized as an important factor for viral evolution of
IBV and coronaviruses in general (Thor et al., 2011; Jackwood et al.,
2012). Even though the specific mechanisms are yet unknown, gen-
eration of a set of subgenomic plus-strand RNAs during replication is
considered to facilitate homologous recombination among closely re-
lated genes from different lineages by template switching (Masters and
Perlman, 2013). Beside gene 1, IBV comprises four genes coding for
nonstructural proteins (3, 4, 5 and 6b) and four genes encoding struc-
tural proteins, i.e. the spike protein (S), integral membrane glycopro-
tein (M), membrane associated envelope protein (E) and nucleoprotein
(N) (Cavanagh, 2007).

In terms of protective immune response against IBV, the S protein is
of uppermost importance as it facilitates attachment and entry into the
host cell: Cleaved into two subunits, the amino-terminal S1 is re-
sponsible for attachment of the virus to cells, whilst carboxy-terminal
S2, anchored in the membrane, is responsible for membrane fusion.
Accordingly, S1 has been reported to be the most important protein in
terms of antigenic differentiation (Kusters et al., 1989; Thor et al.,
2011; Jackwood et al., 2012), harboring at least five neutralization sites
(S1-A to S1-E) (Kant et al., 1992). By means of cross-neutralization
using polyclonal sera, serotypes can be distinguished with the Massa-
chusetts and Connecticut serotypes as the best known standard strains
(Cook, 1984; Toro et al., 1987). However, due to the intrinsic high
mutation rate of IBV in conjunction with selection pressure generated
by the immune response, the S1 subunit of S protein is highly variable
and numerous antigenic variants are circulating. (Mockett et al., 1984;
Minskaia et al., 2006; De Wit et al., 2011, Jackwood et al., 2012;
Jackwood and Lee, 2017). In consequence, serotyping of IBV is difficult
to standardize and has been replaced by genotyping, with particular
focus on the S1 gene (Jackwood and de Wit, 2013). Recognition of three
clusters of amino acid (aa) substitutions within the S1 gene, designated
as hypervariable regions (HVR) 1-3 spanning in between amino acid
residues 38-67, 91-141 and 274-387, respectively, draws attention of
analysis to these sites (Niesters et al., 1986; Cavanagh et al., 1988; Kant
et al., 1992; Moore et al., 1997). In an attempt to harmonize IBV
classification, sequence information of the complete S1 gene fragment
was used in order to distinguish six IBV genotypes (I-VI) that comprise
altogether 32 lineages. Genotype S1:GI-1 includes the Massachusetts
serotype vaccine strains like Mass/Mass41/41, Mass/H120/55 or Ma 5,
whereas vaccine strain D274 belongs to genotype S1:GI-12. The atte-
nuated vaccine strains CR88 and 4/91, also known as 793B type, belong
to genotype S1:GI-13. So-called QX IBV strains segregate into genotype
$1:GI-19, while genotype S1:GI-23 is represented by Israeli variant 2
and Egyptian variant 1 and 2 respectively (Valastro et al., 2016).

The latter, genotype S1:GI-23, became most important for North
Africa and the Middle East. First reported in Egypt in 2001 and sub-
sequently called Egyptian variant 1 (EGY-varl) (Abdel-Moneim et al.,
2002), this genotype became endemic in Egypt (El-Mahdy et al., 2010),
and subsequently a new cluster within genotype S1:GI-23 emerged, that
was labeled Egyptian variant 2 (EGY-var2) (Abdel-Moneim et al.,
2012). Beside the dominant genotype S1:GI-23 strains, other IBV strains
like Mass and 793B were still circulating (Selim et al., 2013; Sultan
et al., 2015; Rohaim et al., 2019a). In line with the co-circulation of
different IBV genotypes, recombination events were detected within
genotype S1:GI-23 strains (Zanaty et al., 2016b) as well aswith S1:GI-
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19, S1:GI-13 or S1:GI-1 strains (Abozeid et al., 2017). In addition, intra-
genotypic recombinant S1:GI-23 IBV strains were identified not only in
poultry but were recovered also from wild bird species, like house
sparrow (Passer domesticus), quail (Coturnix coturnix), teal (Anas
crecca) and cattle egret (Bubulcus ibis) (Rohaim et al., 2019b), in-
dicating a flourishing exchange of IBV within and between poultry and
wild birds.

In this respect, small-scale holdings with limited biosecurity mea-
sures might be an important reservoir where new IBV variants emerge.
To address this question, we were interested in characterizing IBV
strains circulating in small-scale farms in Egypt, identified in a former
study in which IBV was detected in 3 out of 16 farms from sector 3, i.e.
commercial poultry production systems with low to minimal biose-
curity (FAO, 2004) farms (Moharam et al, 2019). From the same study,
five IBV positive samples were derived from sector 2 farms, i.e. com-
mercial poultry production system with moderate to high biosecurity.
Poultry in all farms suffered from respiratory distress with mortality
rates of 10 to 70%.

2. Material and methods
2.1. Samples

IBV positive tracheal samples from a previous study were derived
from chicken flocks with respiratory distress from sector 3 (n = 3) and
sector 2 (n = 5) and were described in detail elsewhere (Moharam
et al., 2019). These samples were collected during the year 2016. For
comparison, 15 historical Egyptian IBV isolates from year 2012/2013
IBV (Sultan et al., 2015) were included as well as recent IBV positive
samples form large-scale production enterprises: three samples from
2018 (Hassan et al., 2019) and three samples from 2019. Details of all
used IBV isolates and samples are given in Table 1..

2.2. Screening of samples for IBV, NDV and AIV by qRT- PCR

Viral RNA was extracted using the QIAamp Viral RNA Mini Kit
(Qiagen, Hilden, Germany), and RNA extracts were screened by real
time RT-qPCR for different respiratory pathogens: Newcastle disease
virus (NDV), lentogenic and velogenic (Wise et al., 2004, Moharam
et al., 2019); AIV H5N1 (Naguib et al., 2017b), HON2 (Monne et al.,
2008), and IBV (Naguib et al., 2017a). All reactions were performed
using the QIAGEN One-Step RT-qPCR kit (Qiagen, Hilden, Germany),
and the reactions were carried out in a BioRad CFX96 Real-Time cycler
(BioRad, Hercules, CA, USA). Results with a Ct value < 38 were con-
sidered positive.

2.3. Virus propagation

Isolation attempts and IBV propagation were carried out in specific
pathogen free (SPF) embryonated chicken eggs (ECE) by the allantoic
route, following routine procedures (EU/92/66/EEC, 1992) as de-
scribed earlier (Moharam et al., 2019). Up to three serial passages were
conducted for each specimen.

2.4. Purification of IBV from co-infected samples

Initially, isolate (USC-5/2013) was recognized to be co-infected
with NDV that could be eliminated by pretreatment with NDV-specific
hyper-immune serum. Shortly: Virus isolate USC-5/2013 was diluted
1:1000 in MEM cell culture medium and subsequently mixed with an
equal volume of 1:4 pre-diluted NDV specific antiserum (HI-titer: 512)
in MEM. After incubation for one hour at 37 °C, the mixture was in-
oculated into SPF eggs as described above. Three egg passages were
performed with antibody pretreatment, followed by two egg passages
without. All passages were tested for NDV by HA and for both IBV and
NDV by qRT-PCR.
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Table 1
IBV positive samples
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NR Gov Type sample Date Flock size * Grouping by specific gene /segments

3ab 3a 3b HVR1-2 HVR3 3 s12 s1
NR 715/16 Monufia Broiler Trachea 3\2016 20000 C B/C C nd GI-23.2 EGY-var2
NR 718/16 Giza Broiler Trachea 5\2016 25000 C B/C C nd GI-23.2 EGY-var2
NR 719/16 Giza Broiler Trachea 5\2016 15000 C B/C C nd GI-23.2 EGY-var2
NR 725/16* Monufia Broiler Trachea MN\2016 300 B B/C B GI-23.3 GI-23.3 outgroup GI-23.3
NR 730/16 Behiera Layer Trachea 7\2016 1000 C B/C C nd GI-23.2 EGY-var2
SCU-1/2013 Monufia Broiler AAF 2\2013 20000 B B/C B nd Vac
SCU-2/2013 Cairo Broiler AAF 10\2012 10000 B B/C B nd GI-23.2 EGY-var2
SCU-3/2013 Giza Broiler AAF 5\2012 10000 B B/C B nd GI-23.2 EGY-var2
SCU-4/2013 Cairo Broiler AAF 7\2012 14000 A A A nd GI-23.2 EGY-var2
SCU-6/2013 Behera Broiler AAF 11\2012 60000 A A A nd GI-23.2 EGY-var2
SCU-7/2013 Behera Broiler AAF 11\2012 70000 A A A nd GI-23.2 EGY-var2
SCU-11/2013 Cairo Broiler AAF 7\2012 10000 A A A nd GI-23.2 EGY-var2
SCU-12/2013 Gharbia Broiler AAF 5\2012 12000 B B/C B nd GI-23.2 EGY-var2
SCU-13/2013 Gharbia Broiler AAF 5\2012 50000 B B/C B nd GI-23.2 EGY-var2
SCU-14/2013 Giza Broiler AAF 11\2012 20000 A A A nd GI-23.2 EGY-var2
USC-2/2013 Gharbia Broiler AAF 5\2012 15000 B B/C B nd GI-23.2 EGY-var2
USC-3/2013 Giza Broiler AAF 2\2012 20000 Vac Vac B nd GI-23.2 EGY-var2
USC-4/2013 Monufia Broiler AAF 11\2012 15000 A A A nd GI-23.2 EGY-var2
USC-5/2013* Monufia Broiler AAF 11\2012 80000 A A A GI-23.1 GI-23.1 EGY-var2 GI-23.2.2
USC-6/2013 Monufia Broiler AAF 11\2012 80000 Vac Vac B nd Vac
AR 545/18 Qualiobia Broiler Trachea 05/2018 5000 C B/C C outgroup GI-23.3 nd
AR 563/18 Giza Broiler Trachea 04/2018 9000 C noSeq C outgroup noSeq nd
AR 593/18 Fayoum Broiler Trachea 05/2018 7000 C B/C C outgroup GI-23.3 nd
AR 90/19 Beni-Suef Broiler Trachea 03/2019 5000 C B/C C outgroup noSeq nd
AR 93/19 Beni-Suef Broiler Trachea 04/2019 3500 C B/C C outgroup noSeq nd
AR 97/19 Beni-Suef Broiler Trachea 05/2019 8000 C B/C C noSeq noSeq nd
Pol/G052/2016 B B/C B GI-23.1 GI-23.1 EGY-varl GI-23.1
ck/ISR/1494/2006 (B/Q)) B/C A GI-23.1 GI-23.1 EGY-varl GI-23.1

*Full genome sequence obtained in this study; nd: not done; noSeq: no sequence obtained with described method; AAF AmnionAllantoic fluid
1: number of animals per flock; 2: classification according gene S1 (Fig 1a); 3: classification according HVR3 within gene S1 (Fig 3e).

2.5. Sanger sequencing

For initial genotyping of IBV viruses, sequencing for IBV HVR 1, 2,
and 3 of the S1 gene was done using primer sets and reaction conditions
as described by (Adzhar et al., 1997; Naguib et al., 2017a) by direct
amplification of the RNA extracted from the sample homogenate.
Primer sensitivity was tested using RNA stock from IBV isolate NR725/
16 with an initial Ct value of 13 that could be diluted x 107°. For
sequencing of gene 3ab gene a specific primer set was generated to
amplify gene 3ab from diagnostic samples consisting of two forward
primers (IBV/3ab/FW1: CAA TAC AGA CCT AAA AAG TCT G, IBV/3ab/
FW2: TAT TAA GTG GCC TTG GTA TGT) and one reverse primer (IBV/
3ab/RV: CCA CTA CCC ATG TRT ACC A). The SuperScript®III One-Step
RT-PCR kit (Invitrogen, Carlsbad, CA, USA) was used for amplification
with the following cycling conditions: RT step 45 °C for 10 min, fol-
lowed by an initial denaturation step at 95 °C for 10 min. PCR ampli-
fication was done for 35 cycles each with 95 °C:15 s, 55 °C:15 s, and
68 °C:30 s with a final extension step of 68 °C for 5 min. Agarose gel size
separated PCR products were excised and purified using the QIAquick
Gel Extraction Kit (Qiagen, Hilden, Germany). The product was ana-
lyzed by nucleotide sequencing with the BigDye Terminator Cycle Se-
quencing Kit 1.1 (PE Applied Biosystems, Weiterstadt, Germany).

2.6. Next generation sequencing

Aamnio allantoic fluid (AAF) from the third virus passage (150 pl)
was added to 750 pl TRIzol® (Invitrogen, Carlsbad, CA, USA) for RNA
extraction and further genome analysis by Ilumina platform next gen-
eration sequencing (NGS). All the sequencing and data analysis proce-
dures were done as described by (Wylezich et al., 2018).

2.7. Phylogenetic analysis of IBV

From the obtained partial and full genome, S1 gene sequences were
aligned using ClustalW and analyzed in MEGA 7 (Kumar et al., 2016)
with sequences representing all IBV genotypes and all sequences related
to genotype 23 as extracted from the NCBI Genbank database. Phylo-
genetic analysis, pairwise distance analysis as well as between group
distance analysis were performed by maximum likelihood analysis
(1,000 bootstrap replicates) and the Tamura-Nei model (Tamura and
Nei, 1993) as the most appropriate model. Initial tree(s) for the heur-
istic search were obtained automatically by applying Neighbor-Joining
and BioNJ algorithms to a matrix of pairwise distances estimated using
the Maximum Composite Likelihood (MCL) approach, and then se-
lecting the topology by superior log likelihood values. A discrete
Gamma distribution was used to model evolutionary rate differences
among sites (4 categories (+ G, parameter = 1.1333). The rate varia-
tion model allowed for some sites to be invariable ([+1], 22.6138%
sites).

Similarly, the relationship of other NR725/16 genes was compared
to USC-5/2013 and other related viral sequences derived from
GenBank. Therefore, sequences were aligned using ClustalW and pair-
wise distances were calculated for each gene. The distances were then
used to generate a heatmap using the function “pheatmap” as im-
plemented in R (version 3.6.1) package “pheatmap” using R Studio
(version 1.2.5019).

For further differentiation within clade 23 of genotype I, we applied
the criteria used for genotyping of NDV (Dimitrov et al., 2019): nu-
cleotide distance between the sub-clades had to be above 5% and the
bootstrap support value for the nodes had to be 70% or above after at
least 1000 bootstrap replicates. Throughout the figures virus names
include the genotype according to S1 gene, followed by accession
number, species the virus was detected from, with abbreviation for
chicken (ck), country code according ISO 3166-1 alpha-3, laboratory
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identification number and year of publication.
2.8. Recombination analysis

Bootscan analysis included in the Recombination Detection software
package RDP4 (Martin et al., 2015) was used to identify recombination
events implicating NR725/16 against three viruses (USC-5/2013, POL/
G052/16 and CH/LJS/110439). The selection of these viruses was
suggested by phylogenic analysis and analysis of pairwise distances for
different genes. Bootscan analysis was performed on the basis of pair-
wise distances, modelled with a window size of 200 nt, step size of 50
nt, and 100 bootstrap replicates as parameters.

3. Results
3.1. Recent Egyptian IBV viruses from sector 2 and 3 segregated into GI-23

From eight IBV RT-qPCR positive samples, only one IBV isolate
could be recovered (NR725/16) and a full genome sequence was gen-
erated. However, for four additional samples partial sequence in-
formation for the S1 gene (nt 750-1069) including the HVR 3 region
could be obtained (Table 1). Phylogenetic analysis indicated that all
five viruses belong to genotype I clade 23 (GI-23) (Fig. S1A). Within
genotype GI-23 one virus from a small scale poultry farm (NR730/16)
grouped with viruses from industrial sector 2 poultry farms (NR715/16,
NR718/16 and NR719/16) within the EGY-Var2 group (Fig. 1A). The
IBV isolate NR725/16 was in an outgroup of genotype GI-23. This se-
parate phylogenetic grouping is also reflected by the level of nucleotide
diversity: While diversity between the four EGY-var2 viruses was only
0.3 to 0.6%, diversity between the EGY-var2 viruses and the sector 3
virus NR725/16 was 20 to 21%. Within the branch of NR725/16, four
other viruses from Egypt detected in 2012, 2013, 2015 and 2017 are
grouped, that have a diversity within the branch of 1 to 5% (Fig. 1A).
Genotyping was corroborated based on sequence information of the
entire S1 gene. Following the suggested nomenclature by Valastro and
colleagues (Valastro et al., 2016) the isolate as well as the historical
reference strain USC-5/2013 (Sultan et al., 2015) included in the NGS
analysis, was verified as genotype I clade 23 (S1:GI-23) (Fig. S1B).
However, by applying criteria for clade differentiation of NDV
(Dimitrov et al., 2019), clade 23 could be divided into three subclades
(Fig. 1C). Viruses formerly combined as EGY-var2 are now separated
into two subclades: the historical IBV strain USC-5/2013 was part of a
branch (n = 6) forming sub-clade 2.1 (S1:GI-23.2.1). Subclade 2.2
(S1:GI-23.2.2, n = 15) harbors other viruses from Egypt from 2010
until 2016. A third subclade, S1:GI-23.1 (n = 14) combines EGY-Varl
and IS-Var2 viruses from Israel, Egypt, Turkey, Romania and Poland
from the years 2010-2017. Group distances between subclades were
5%, 6% and 9% respectively (Fig. 1D). According to this analysis, iso-
late NR725/16 was not within any of the three subclades and has to be
considered an out-group, as only one sequence was available (Fig. 1B).
At the level of the S1, NR725/16 had the highest nucleotide similarity
(94 %) with both CU/4/2014 (GI-23.2.1) and POL/G052/16 (GI-23.1).

3.2. Gene flow from genotypes GI-23.1 and GI-19 contributed to the
emergence of NR725/16

To verify the relationship of IBV isolate NR725/16 from a small-
scale poultry farm, other genome regions were analyzed: At the level of
the whole genome, NR725/16 had 95% and 96% similarity with EGY/
CU/4/14 and USC-5/2013 respectively. Both IBV strains, EGY/CU/4/
14 as well as USC-5/2013were characterized as genotype S1:GI-23.2.1,
based on the S1 phylogeny. Likewise, genes lab, S2, 4bc and 5ab of
NR725/16 are most similar to USC-5/2013 (Fig. 2), with similarities of
96%, 97%, 99% and 99%, respectively (Table S1). In contrast, gene 3ab
and E of NR725/16 show the highest similarity (99%) with GI-23.1
virus POL/G052/16. Interestingly, another GI-23.1 prototype virus
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from Israel (ISR/1494/2006) has a closely related gene 3a (98%) but a
higher degree of difference in genes 3b (81%) and E (82%). Striking
differences of NR725/16 to GI-23 viruses were observed in gene 6b,
with a homology of less than 65%. The closest match to NR725/16 was
a virus from GI-19 (CH/LJS/110439 QX/2011) with a similarity of 91
%. However, gene 6b was not conserved within genotype GI-19, as a
second virus from this subclade (ck/ITA/90254/2005) showed a
homology of only 61%. The relationship was confirmed by phylogenetic
analysis (Fig. S2), where NR725/16 clusters in gene 6b analysis to-
gether with QX CH/LJS/110439/2011, that is grouped to viruses from
China obtained between 1999 to 2012 and belonging to diverse geno-
types (GI-1, GI-16, GI-22 and GIV). The Italian GI-19 virus clusters to-
gether with GI-13 viruses including vaccine strain 4/91 (KF377577).
Analogously to the heat map (Fig. 2A), NR 725/16 clusters with EGY/
CU/4/14 and USC-5/2013 in analyses of genes 1, 4 and 5. In all three
analyses, GI-23.1 viruses (POL/G052/16 and ISR/1494/2006) are in
separate branches to each other and to the NR725/16 group. Inversely,
analysis of genes 3 and E, NR725/16 clusters with the GI-23.1 virus
described in Poland (POL/G052/16) but apart from the GI-23-2.1
viruses EGY/CU/4/14 and USC-5/2013. According to analyses for the E
gene, GI-23.1 reference strain ISR/1494/2006 formed a separate group
with viruses from Nigeria, Italy and China, identified as S genotype GI-
26, GI-19 and GI-16, respectively. These data strongly suggested mul-
tiple recombination events for generating the NR725/16 strain, a hy-
pothesis supported by bootscan analysis. Applying RDP recombination
analysis package suggests recombination events within six genes (1a,
1b, S, N, 3a, 3b and 6b), indicating that genotypes GI-23.1 and GI-19
donated genes to circulating GI-23.2 strains (Fig. 2B) to give rise to
isolate NR725/16.

3.3. Mobility of gene 3ab in Egyptian IBV strains

The similarity in genes 3 and E of NR725/16 to a virus identified in
Poland (POL/G052/2016) raised the question whether the IBV strain
from a small-scale farm reflects the introduction of a new gene pool to
Egypt, or the gene pool was present already before 2016 and may have
spread to other farms/sectors in Egypt. By specifically designed PCR
protocols for gene 3ab we were able to sequence 14 historical GI-23 IBV
strains from the years 2012 and 2013 (Table 1). It became apparent that
seven strains cluster together with prototype S1:GI-23.2.1 strain EGY/
USC-5/2013 (Fig. 3A, gene 3ab:A) (Table 1). However, 6 historical IBV
strains group together with isolate NR 725/2016 and POL/G052/2016,
clearly demonstrating that this particular 3ab genotype (Fig. 3A, 3ab:B)
already was present in IBV strains in Egypt before 2016. In addition, by
analyzing new samples from large-scale broiler farms in Egypt, from the
years 2018 and 2019 (n = 6) (Table 1), we recognized a closely related
3ab genotype to NR725/16 (Fig. 3A, 3ab:C), that was already present in
IBV-positive samples from large-scale poultry farms, taken in 2016.

Separate analysis of gene 3a and 3b indicated an independent
evolution of both genes (Fig. 3B/3C). When analyzing gene 3a sepa-
rately, historical as well as recent Egyptian IBV strains form one group
(Fig. 3B, 3a:B/C). In contrast, in the analysis of gene 3b (Fig. 34C), all 6
strains from 2013 (SCU-1, —2, —3, —12, —13/2013 and USC-2/2013)
cluster together with NR725/16 and POL/G052/2016 (3b:B) and apart
from recent IBV strains from sector 2 (Fig. 3C, 3b:C). The independence
of gene 3a and 3b is even more evident for prototype S1:GI-23.1 strain
ISR/1494/2006: While for gene 3a, ISR/1494/2006 is within the group
of newly recognized genotype 3a:B/C (Fig. 3B), for gene 3b it clusters
with historical Egyptian viruses in 3b:A (Fig. 3C) like EGY/USC-5/
2013. A pronounced differentiation between genes 3a and 3b is also
evident for historical strains EGY/ USC-3/2013 and EGY/ USC-6/2013.
Both strains cluster for gene 3a with vaccine type viruses of genotype
S1:GI-1 and are closely related to strain NL/H120/1960 (nucleotide
pairwise similarity 99%) (Table 1). In contrast to gene 3b, both strains
cluster together within the same group as NR725/16 (3b:B). These data
support the notion that recombination of gene 3a and 3b can take place
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Fig. 1. Phylogenetic analysis of IBV viruses within genotype GI-23 based on partial (a) and full (b) S1-gene sequences. The phyologenetic tree was generated using

Maximum likelihood analysis for the partial S1 gene (290 nucleotides) including partial HVR3. Marked are reference strain for IS variant 2 viruses (|

*), Egyptian

variant 1 ( A) and Egyptian variant 2 (*). Prototype viruses used throughout the study include 2 EGY-var2 - (.) and 2 EGY-varl-strains (.). Virus from the

small broiler flock (NR 725/16) and four additional viruses from the year 2016 are marked in red(A). In addition, the nucleotide distances between NR725/16 and
related sequences in the gene bank are given (B). Phylogenetic analysis based on full S1 gene (1610 Nucleotide) resulted in establishing three sub-clades (GI-23.1,
—23.2.1 and —23.2.2) (C). Viruses with full genome sequences in the study are highlighted in red. Distances between the proposed sub-clades are given below (D).
Names include the genotype according to S1 gene, followed by accession number, species the virus was detected from with abbreviation for chicken (ck), country
code according ISO 3166-1 alpha-3, laboratory identification number and year of publication.

as a separate event and coexist in strains with different S gene config-
uration.

3.4. New IBV strains represent combination 3ab: C and new S-subclade GI-
23.3

To address the question whether the recent IBV strains had kept the
historical S gene (S1:GI-23.2) or switched to the outgroup constellation
found in sector 3 isolate NR725/16, we attempted to sequence the IBV
positive samples from 2018 and 2019. We succeeded in obtaining se-
quence information on S1 hypervariable regions 1 and 2 (HVR1-2) for
five IBV positive samples (Fig. 3D) and for HVR3 of two samples
(Fig. 3E). In all instances the recent viruses cluster together with
“outgroup” strain NR725/16 forming a forth subclade GI-23.3. The fact
that all obtained IBV-positive samples harvested the new subclade GI-
23.3, indicates that the new S gene might be beneficial to spread within
a vaccinated poultry population. This notion is supported further when
analyzing the amino acid composition of the obtained partial HVR 1-3
fragments (Table S3). All together prototype strain NR725/16 displayed
99 mutations within the stretch of 224 amino acids determined to
known sequences of genotype GI-23 and vaccine type viruses. Within
GI-23.3 “outgroup”, these mutations were stable and differences were

observed only at five positions. In contrast, compared to vaccine strains
GL.12/D274, G1.13/4/91, GI.1/Ma5 and GI.1/H120, 50, 59, 74 and 75
mutations were detected, respectively. Compared to the other subclades
of genotype GI-23, subclade GI-23.3 viruses accumulated additional
mutations that included defined epitopes within the S protein: Unique
changes were present at site 48.2 (294F, 297S and 306Y) and 62.1
(329R).

4. Discussion

Vaccination-directed control of IB is hampered by the high mutation
rate of IBV as well as by homologous recombination of the viral RNA
genome, leading to a broad variety of circulating IBV strains (Cavanagh,
2007; De Wit et al., 2011). As a gene reservoir, backyard holdings and
wild birds were previously discussed (Sultan et al., 2015; Hassan et al.,
2016; Pauly et al., 2019; Rohaim et al., 2019b). In this study, we in-
vestigated an IBV strain from a small-scale broiler farm of sector 3
(EGY/NR 725/2016) in order to elucidate the relation to IBV strains
from large-scale poultry enterprises. Initial comparison to four samples
from sector 2 broiler farms from the same study (Moharam et al., 2019)
indicated that all five viruses belong to genotype G1-23, but that isolate
NR725/16 from the small-scale farm, was different from previously
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Fig. 2. Heatmap and Bootscan analysis. Heatmap showing the relationship of IBV isolate NR725/16 on the basis of pairwise distances for each gene in relation to

other viruses representing different subclades. The highest related genes have

a deep blue color that converts to light blue, light yellow and deep yellow with

increasing distance (A). The Bootscan analysis showing different recombination events within NR725/16 genome compared to viruses suggested by phylogenetic

analysis of different genes, with arrangement of the IBV genome given (B).

described EGY-varl and EGY-var2 genotypes (Fig. 1a). For further full
genome analysis, we were able to obtain an IBV isolate from the sector
3 but not from the sector 2 samples. For comparison, we therefore chose
a different historic IBV isolate from a previous study in 2012 (Sultan
et al., 2015). The virus (EGY/USC-5/2012) was obtained from a large-
scale broiler production farm in 2012 and was previously described to
belong to sub-group EGY-var2.

4.1. Origin of new IBV variant

The obtained IBV isolate NR725/16 enabled full genome sequencing
by NGS. Initial genotyping was based on the established S1 gene,
clearly verifying that NR725/16 and the historical IBV USC-5/2013
belong to genotype S1:GI-23, the major IBV genotype circulating in
Egypt in recent years (Abdel-Moneim et al., 2012; Sultan et al., 2015;
Zanaty et al., 2016a; Abozeid et al., 2017). Our deeper phylogenetic
analysis, however, revealed, that considerable variability exists within
clade 23 of genotype I (GI). For distinguishing different subclades
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Fig. 3. Evolution of gene 3ab and S-gene in Egyptian IBV strains. IBV-positive samples from 2012 until 2019 were sequenced specifically for 3ab gene and S1 genes
by applying specific RT-PCRs. Phylogenetic analysis was done for combined gene 3ab (A) and separately for 3a (B) and 3b (C). In addition, two fragments of the S1
gene are given with a fragment spanning part of the HVR1 and 2 (D). The second fragment encloses partial HVR 3 region and was analyzed in the context of subclade
GI-23 (E) and for two viruses in the context of vaccine strains of subclade GI-1 (F). The Egyptian subclade GI-23.2.1 prototype sequences are colored in blue, whereas
subclade GI-23.1 prototype viruses are colored in green. Historical and recent IBV samples sequenced in this study are depicted in red.

within genotype GI-23, we applied criteria of nucleotide diversity
adapted for NDV genotyping (Dimitrov et al., 2019) and could identify
three separate subclades. The historic isolate EGY/USC-5/2013 that
before was part of the EGY-var2 group, was assigned to subclade GI-
23.2.1. The second subclade GI23.2.2 separates group EGY-var2 and
comprises IBV from poultry as well as wild birds from Egypt detected
between 2010 and 2016. Viruses that before were assigned to EGY-
varl/ISR-var2 group are now gathered within subclade GI-23.1, a
subclade that contains not only viruses from Egypt or the Middle East
but also from Turkey, Poland and Romania. In contrast, the IBV isolate

from Israel that are conside
quences of three independe

group viruses, not assigned

NR725/16 of 6% to GI-23.

from sector 3 (NR725/16) was not integrated in the three subclades and
forms a separate branch in genotype GI-23. Furthermore, three viruses

red to be ancestor viruses for GI-23, form

another separate branch. According to the criteria that at least se-

nt virus sequences should be available to

form a separate subclade, also the three early Israeli viruses are out-

to a specific subclade. However, our ana-

lysis of partial S1 sequences indicates that isolate NR725/16 is a pro-
totype of currently circulating viruses. Distance values of isolate

1 as well GI-23.2.1 clearly are above the
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threshold of 5% distinguishing a new subclade and suggest that the
emerged IBV viruses will form a fourth subclade, GI-23.3. Taken to-
gether our phylogenetic analysis is a further proof of the ongoing
evolution of the S gene of IBV strains in Egypt.

However, when analyzing further individual genes of the IBV
genome, it became clear that NR725/2016 is not a direct progeny of
subclade GI-23.2 or GI-23.1, but a recombinant: Intra-genotypic gene
exchange is indicated for genes S1, 3ab and E, while gene 6b was ac-
quired from inter-genotypic recombination. Previous studies reported
recombination of Egyptian viruses on the level of S1 (Zanaty et al.,
2016b; Rohaim et al., 2019b), but this is the first report of intra-gen-
otypic recombination events for an Egyptian IB virus affecting the
whole genome. This additional information revealed a puzzling high
similarity of genes 3ab and E for NR725/16 to a virus detected in Po-
land in 2016 (Lisowska et al., 2017), indicating a possible link between
European and Egyptian IBV viruses (Fig. 2). However, a direct in-
troduction of the IBV strain detected in Poland in 2016 to Egypt, or vice
versa, seems unlikely. This was confirmed by our analyses of historic
Egyptian samples which carried the particular 3ab:B genotype already
in 2013. Back then, this genome constellation existed within the context
of the dominating Egyptian S1 genotype (Fig. 3).

A highly similar 3ab genotype (3ab:C, Fig. 3) was present also in
sector 2 farms sampled in 2016. This 3ab:C genotype prevailed in IBV
and was present in positive samples from 2018 and 2019. However, the
IBV strains from 2016 carried the S1:GI-23.2 genotype and all recent
viruses carry the S1:GI-23.3 genotype (Fig. 3). These data indicate that
viruses within the newly designated subclade GI23.3 do not have a
single ancestor but have emerged by successive recombination events at
least since 2013 and were successful in spreading in the Egyptian
poultry population until at least 2019.

4.2. New IBV genotype GI-23.3 prevailed in Egypt and accumulated specific
mutations in S1 protein

The finding that recombinants with 3ab:C in conjunction with S1
GI-23.3 were successfully maintained in the vaccinated Egyptian
poultry population for at least the last 3 years suggests a selective ad-
vantage of these viruses. The S1 protein likely represents one major
factor facilitating entry of the virus into the host cell and being a key
target for protective immune responses. Defined conformational epi-
topes for neutralizing antibodies help to connect sequence data to
possible antigenic escape variants (Kant et al., 1992). For the emerging
$1:GI-23.3 viruses we could demonstrate an accumulation of point
mutations within HVR 1-3: All S1:GI-23.3 viruses share mutations to
vaccine strains with an average of 28.8 % amino acids changed (99/
224). Point mutations are also evident compared to genotype GI-23.1
and GI-23.2.1 with 13.6% and 12.9% of the analyzed amino acids
mutated in NR725/16 respectively. It is striking that 23.2 % (23/99) of
overall mutations are conserved in other Egyptian IBV strains, with two
of these sites also changed in GI-23.1 viruses (aa: 255, 282). Five ad-
ditional sites are different between NR725/16 and vaccine viruses as
well as GI-23.2.2 but are identical in GI-23.1 viruses and the majority of
GI-23.2.1 viruses (aa 88, 108, 127, 132 (epitope 52.1), 168). These
findings further support the notion that S1:GI-23.3 viruses emerged
from viruses of subclade GI-23.1 and/or GI-23.2.1. In addition, the
analysis indicates that the new viruses have accumulated mutations
that facilitate immune escape. This notion is corroborated by the
finding that two additional mutated neutralizing epitopes (48.2 and
62.1) in NR725/16 are sustained in all investigated S1:GI-23.3 out-
group viruses. Further functional studies will have to test the hypothesis
of an antigenic escape and investigate whether current vaccines are
able to mediate protection.

4.3. Possible contribution of genes 3ab for evolutionary advantage

The contribution of protein 3ab to a possible evolutionary
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advantage for these new viruses remains unclear. It is known that the
gamma-coronavirus-specific protein 3ab is non-structural and non-es-
sential for virus replication in ovo (Hodgson et al., 2006). New evi-
dence, however, indicates that protein 3a and 3b might, like protein 5b,
play a role in viral pathogenesis in chickens. The first line of evidence is
provided by in vitro observations demonstrating that protein 3a is in-
volved in resistance of IBV to the cellular antiviral status induced by
type I interferon (IFN) by modulating the IFN response at transcrip-
tional and translational levels (Kint et al., 2015a; Kint et al., 2015b).
Secondly, recombinant IBV 3ab deletion mutants in the background of
virulent IBV strain H52 or a QX strain displayed a lower pathogenicity
(van Beurden et al., 2018; Zhao et al., 2019). The latter study differ-
entiated between contribution of genes 3a and 3b and concluded that
protein 3b has a greater effect on pathogenicity than protein 3a. In this
respect it is interesting to note that gene 3a is more uniform compared
to 3b, which can be used to divide Egyptian strains into two subgroups
(3b:B and 3b:C). Further studies will have to elucidate whether specific
pathotypes can be associated with specific 3a or 3b genotype or with
specific motifs in the proteins.

5. Conclusions

In general, recombination is considered to be advantageous in
evolution, if there is a negative linkage between specific genes/alleles,
an effect termed negative disequilibrium. In exchanging genes/alleles
offspring might gain advantage through an immediate switch to more
favorable combinations (Barton, 2010). For IBV circulation, mutations
in the S1 protein could give rise to variants that are more efficiently
transmitted in a vaccinated population. If the second allele is linked to a
highly virulent pathotype, the combination would efficiently kill the
birds and reduce the number of individuals in a population. In this
respect, an allele that facilitates low pathogenicity in escape variants
would be beneficial for sustaining virus circulation. Following this
hypothesis, the current 3ab:C genotype protein would facilitate a
weaker pathogenicity, possibly by a less efficient interference with IFN.
From the evolutionary point of view, this could be an advantage, in
particular in a finite population, which in general favors recombination
(Felsenstein, 1974). Further studies are needed to evaluate a connection
of different 3ab genotypes to pathogenicity and a possible application
as diagnostic marker.
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