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Abstract Avian infectious bronchitis is one of the most
important respiratory diseases affecting poultry production
worldwide. The etiological agent of this disease is the
avian infectious bronchitis virus (IBV). We analyzed 14
isolates of IBV obtained from poultry farms in Costa Rica,
from 2016 through 2019. We sequenced the S1 region of
the genome and the sequences obtained were submitted to
GenBank. Phylogenetic analyses showed that the isolates
obtained during 2016-2017 belong to the GI-17 lineage
and are related to the Georgia 13-type Ga-13/14255/14 and
CK/CR/1160/16 variants, with a 96.90-100% nucleotide
sequence identity and a 92.25-100% amino acid sequence
identity. The main differences were detected in the RBD
and HVR-3 regions, where a series of mutations eliminate
an N-glycosylation site in 10 out of 11 isolates. The iso-
lates obtained during 2018-2019 belong to the GI-13 lin-
eage and are closely related to the 4/91 vaccine variant,
with over 98% sequence identity at the nucleotide and
amino acids levels. Variations were detected in the RBD
and HVR regions, with a possible N-glycosylation site
detected in isolate CK/CR/0632/19. These results indicate
that a GA13-like pathogenic variant circulated during the
2016-2017 period and that the 4/91 variant was detected
after the introduction of the vaccine. The variations shown

DX Ricardo A. Villalobos-Agiiero
ricardo.villalobos@ucr.ac.cr

Escuela de Biologia, Universidad de Costa Rica, San José,
Costa Rica

Laboratorio Nacional de Servicios Veterinarios
(LANASEVE), Servicio Nacional de Salud Animal, Heredia,
Costa Rica

Escuela de Zootecnia, Universidad de Costa Rica, San José,
Costa Rica

@ Springer

in both the GA13-like and 4/91 isolates examined, reveal
the need for continuous surveillance of IBV in Costa Rica,
to detect new variants that may be introduced to the
country or develop during outbreaks. This information is
highly relevant for vaccination planning and disease man-

agement programs.
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4/91-CR 4/91 Variant from Costa Rica

BHI Brain Heart Infusion Broth

GI-13 Genotype 1 lineage 13
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GAI13 Georgia 13 variant

GA13-CR Georgia 13 variant from Costa Rica

HVR Hypervariable region

HVR-1 Hypervariable region 1

HVR-2 Hypervariable region 2

HVR-3 Hypervariable region 3

IBV Avian infectious bronchitis virus
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RBD Receptor-binding domain
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SPR Subtree-Pruning-Regrafting


http://orcid.org/0000-0002-3441-2199
http://crossmark.crossref.org/dialog/?doi=10.1007/s13337-022-00762-2&amp;domain=pdf
https://doi.org/10.1007/s13337-022-00762-2

Molecular characterization of the S1 gene in GI-17 and GI-13 type isolates of avian infectious... 85

Introduction

Infectious bronchitis (IB) is a viral disease that affects layer
and broiler chickens (Gallus gallus domesticus) and is
distributed worldwide [1, 11, 12, 15, 19]. This is an acute
and highly contagious disease that affects the respiratory
tract and sometimes enteric and urogenital tissues, which
results in important economic losses in production [1, 59].
IB is caused by avian infectious bronchitis virus (IBV)
[10, 15], which belongs to the order Nidovirales, family
Coronaviridae, genus Gammacoronavirus [10]. The IBV
virions contain a 27.6 Kb single-stranded, positive-sense
genome. The 5’-proximal region of the viral genome codes
for two polyproteins (la, lab), which contain the infor-
mation for nonstructural proteins (NSPs) including the viral
replicase. The rest of the genome contains genes that code
for the spike (S), coat (E) membrane (M), and nucleopro-
tein (N) structural proteins, as well as several accessory
proteins [1, 15, 17, 55]. The S glycoprotein is a class I
fusion protein that suffers a posttranslational cut which
results in two subunits: the hypervariable S1 subunit
involved in host cell receptor binding and the S2 conserved
subunit, which mediates fusion of the viral envelope with
the endosomal membrane, through a pH-dependent process
[6, 13, 45]. In the endoplasmic reticulum, the S polyprotein
is glycosylated and forms trimers [45], which are later
proteolyzed by furin in the Golgi complex to form the S1
and S2 subunits [6]. The S1 subunit contains a receptor-
binding domain (RBD, residues 19-272) and three hyper-
variable regions: HVR-1 (residues 38-67), HVR-2 (resi-
dues 91-141) and HVR-3 (residues 274-387)
[42, 46, 55, 65]. These regions are important due to their
role in cell tropism and immune response by the avian
hosts [37]. In vitro studies have indicated that as few as 3
amino acid changes in the RBD can generate a change in
cell tropism, while the HVRs have been associated with the
induction of neutralizing antibodies against the virus
[9, 33, 37, 40, 42, 53]. Thus, sequence analyses of the RBD
and HVRs in the S1 region, yield the most useful infor-
mation for the study of genetic variation in IBV [9, 43, 49].
Analysis of the full S1 region is also useful, to include
other antigenic regions that could modify viral serotypes
[49].

The high diversity of viral types reported since 1931
[5, 19] has been attributed to mutations in the HVRs of the
S1 region of the viral spike glycoprotein [19, 44, 55] as
well as to recombination events among different viral types
[24, 44]. Recombination is an important component of IBV
evolution and is influenced by large numbers of chickens
kept at high densities, as well as cocirculation and coin-
fection of different serotypes [11, 24]. More than 50 viral
types have been described worldwide, based on the

variability of the S1 region [16, 19, 44], which are cur-
rently classified in 6 genotypes and 32 lineages [15, 55].

Dynamic and constant surveillance aimed at the detec-
tion of circulating viral types should be one of the main
strategies to control infectious bronchitis in poultry [27].
Furthermore, the diagnosis should include the sequence
analysis of the full S1 region, to detect additional antigenic
regions involved in serotype modification [9, 43, 49].

In 2016, egg consumption in Costa Rica showed an
increase of 200 000 units compared to previous years, with
650 farms dedicated to this activity and thousands of
families that raise poultry for small-scale production and
self-consumption (William Cardoza, personal communi-
cation, May 17, 2016). IBV is highly involved in respira-
tory outbreaks that occur in poultry farms in Costa Rica
[29]. Since 1990, IBV variants have been detected in Costa
Rica, including Massachusetts-like and Arkansas-like
variants [5, 29, 38], as well as genotype IBV-CR-53
[5, 38, 47]. In 2016, there was an infectious bronchitis
outbreak that exhibited higher mortality after 35 days of
age and the associated IBV isolate was classified as a
Georgia 13 variant. In response to this outbreak, a new
4-91 vaccine strain (793B) was introduced in 2017 to be
used in combination with a Massachusetts vaccine (Ma5),
based on the protectotype concept [47]. The emergence of
new variants hinders the control of infectious bronchitis in
vaccination programs [38] and although the implementa-
tion of the Massachusetts and 4/91 protectotype was
effective against heterologous variants, the possibility of
reversion to virulence or recombination should be consid-
ered in disease management [3, 23]. The objective of this
research was to determine the genetic variability of the IBV
variants isolated during the 20162017 outbreak, as well as
those variants obtained after the introduction of 4/91 vac-
cine (2018-2019).

Materials and methods
Sample collection

Samples were obtained from all 7 provinces in Costa Rica
from farms with different bird populations: subsistence
(< 1000), small (1000-15,000), medium (15,000-50,000),
and large (> 50,000). Only the farms with more than 15
000 birds had a vaccination program, performed with live
and inactivated vaccines that included H120 and/or Ma5
variants (previous to 2017) and 4/91 (after 2017). A
symptom-directed sampling was performed in broilers
(young birds) and layers (young and adult birds) that were
identified as suspicious cases if they exhibited either res-
piratory symptomatology, tracheitis, airsacculitis, hemor-
rhagic bowel, or reduced egg production. Samples were
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referred to the National Laboratory of Veterinary Services
(LANASEVE) by official and private veterinarians. Pooled
samples of 5 tracheal or cloacal swabs from each farm were
transported in brain—heart infusion (BHI) broth. In some
cases, pooled samples of organs (lungs, tracheae, or ceca)
from three individuals with symptoms, were also obtained
and stored at —20 °C before processing. All the samples
used in this study tested negative for avian influenza and
Newcastle disease virus.

RNA extraction

RNA was extracted from either 50 mg of macerated tissue,
200 pL of swab samples, or 200 pL of allantoic fluid (see
Viral Propagation), using 1 mL TRIzol™ reagent (Invit-
rogen Cat. No: 15596026) according to manufacturer’s
recommendations [51]. RNA was eluted with 200 pL of
nuclease-free water.

Diagnosis of IBV directed to the nucleocapsid gene

Endpoint RT-PCR was performed to detect the nucleo-
capsid gene in the IBV genome using primers N784 and
N1145 [52] (Table S1). Final reactions of one Step RT-
PCR (Qiagen, GmbH, Hilden, Germany) of 12.5 pL (8.5
pL mixture + 4 pL sample) containing 0.9 uM of each
primer were processed with the following conditions: one
cycle of 30 min at 52 °C and 15 min at 95 °C, followed by
40 cycles of 30 s at 95 °C, 40 s at 52 °C, and 20 s at 72 °C,
with a final cycle for a final extension at 72 °C for 5 min. A
2.5 pL aliquot of amplified products was analyzed by
agarose gel electrophoresis in a 1.5% agarose gel, using
Ma41 vaccine as the positive control.

Viral propagation

Samples that tested positive by RT-PCR were propagated
by inoculation into 9-12 day embryonated, specific
pathogen-free (SPF) eggs. A 5 mg sample was homoge-
nized in 1.5 mL of BHI broth with antibiotics and inocu-
lated into the chorioallantoic cavity of three eggs per
sample. Embryos were analyzed at 7 days post-inoculation
looking for signs of dwarfing, feather underdevelopment,
hemorrhage, or finger/body curling [32, 39]. Allantoic
fluids were collected for RNA extraction and RT-PCR as
previously described, to confirm the presence of the virus.
Two or three additional passages were done in negative
allantoic fluids.

Sequencing of the S1 gene region

Allantoic fluids that tested positive for the presence of IBV
were used to amplify the spike protein-coding S1 gene
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region, using primers NewS1OLIGO 5’ and SIOLIGO3’
[18] (Table S1). The RT-PCR reactions were performed
using the Qiagen One-Step RT-PCR kit (Qiagen, GmbH,
Hilden, Germany) with the protocol modifications descri-
bed by Gallardo and collaborators (2010), using 4 mM
MgCl, and a final reaction volume of 25 pL (22.5 pL
reaction mixture 4+ 2.5 pL sample). Amplification of the
RT-PCR product was confirmed by electrophoresis in a 1%
agarose gel and bands corresponding to the S1 amplified
products (approx. 1600 bp) were purified using the QIA-
quick PCR purification kit (QIAGEN, Valencia, CA) and
sent to Macrogen® South Korea, for sequencing by the
Sanger method using the same primers used in RT-PCR.
Samples with sequences not covering the entire RT-PCR
fragment were resequenced using internal primers shown in
Table S1 [1, 19]. The resulting sequences were assembled
using Geneious® 11.1.5 (https://www.geneious.com).

Phylogenetic and recombination analysis

A phylogeny based on the S1 region of the spike protein
gene was constructed using a total of 162 reference
sequences obtained from GenBank (Table S2), under the
classification proposed by Valastro et al. (2016). Sequence
alignment was performed with the MAFFT algorithm,
available in the Guidance?2 server (http://guidance.tau.ac.il/
) [48]. Sequence editing, translation, and levels of identity
were performed using the Geneious® Prime software
(https://www.geneious.com). In addition, loss or gain of
glycosylation sites in the S1 region was predicted using the
NetNGlyc server (http://www.cbs.dtu.dk/services/
NetNGlyc).

Phylogenetic trees were inferred using a Bayesian
approach with Mr.Bayes 3.2.6 program [25] in the CIPRES
Science Gateway site (https://www.phylo.org) [41], for 10
000 000 generations. The best substitution analysis was
deducted using PartitionFinder2, with the Greedy algo-
rithm and based on the AICc criterion [34], in the CIPRES
Science Gateway V.3 site [41]. The Generalised Time
Reversible model (GTR) was selected, with Gamma dis-
tribution (I') and invariable sites (I) for each of the three
codon positions in the S1 sequences. The Tracer V1.7.1
software (http://tree.bio.ed.ac.uk/software/tracer/) was used
to corroborate convergence of the Bayesian analysis [15].
Phylogenetic tree robustness was evaluated by analyzing
the S1 sequence data set by the Maximum Likelihood
method, using PhyML in the ATGC Montpellier Bioinfor-
matics  platform  (http://www.atgc-montpellier.fr/phyml/)
[21]. A GTR + I + I'4 substitution model and the SPR
(Subtree-Pruning-Regrafting) search procedure for branch
swapping were used, with an evaluation of node support
through a Shimodaira-Hasegawa procedure [55]. Table S3
shows GenBank accession numbers for IBV-positive
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samples analyzed in this work. Recombination events were
detected using the RDP4 V.4.95 program [1, 66] and they
were only considered in this work if they were detected by
at least five out of the seven methods available in the
program [66].

Results

Diagnosis of IBV directed to the nucleocapsid gene
and viral propagation

Out of 146 samples examined, 98 samples tested positive
for IBV and a total of 14 isolates were recovered which
generated lesions on chicken embryos associated with IBV
infection, such as feather underdevelopment, finger curling,
blood traces, or embryo dwarfing and curling (Fig. S1).
IBV presence was confirmed on these 14 isolates by RT-
PCR directed to the nucleocapsid gene. The low recovery
from samples could be due to manipulation procedures
previous to laboratory analysis [30].

Sequence analysis of the S1 gene in IBV isolates
from Costa Rica

Phylogenetic analysis using Maximum Likelihood and
Bayesian inference methods indicated that the 14 IBV
isolates from Costa Rica classified as genotype I, within
lineages GI-17 or GI-13 with high support values for the
GI-13 and GI-17 in both phylogenetic trees (Table S3,
Figs. 1 and S2), 11 isolates grouped within lineage GI-17
and exhibited 86.42-100% nucleotide sequence identity
and 82.13-100% amino acid sequence identity when
compared to reference sequences (Table 1). These isolates
form a cluster with GA-13 variants GA-13/14255/14 and
Ck/CR1160/16 (with high support values), exhibiting high
levels of nucleotide (96.90-100%) and amino acid
(92.95-100%) sequence identities (Table 1). Moreover, 10
of these GA13-CR isolates show over 99% sequence
identity with the Ck/CR/1160/16 isolate from Costa Rica,
while the CK/CR/491/17 isolate is closest to the GA-
13-14,255/14 variant (Figs. 1 and S2), showing 95.97%
and 97.99 sequence identities at the nucleotide and amino
acid levels, respectively (Table 1).

The RBD of GA13-CR isolates exhibits low sequence
variation, with > 95% sequence identity compared to the
GA-13/14255/14 variant. The main differences observed in
the RBD are in sites that are conserved among the GA13-
CR isolates but not present in the GA-13/14255/14
sequence, with the HVR-2 showing the highest variation at
the amino acid level (Fig. 2a; Table S4). Moreover, the
HVR-3 exhibits > 82.76% identity at the amino acid level
between the GA-13 CR isolates and the GA-13/14255/14

sequence (Table S4), due to nucleotide insertions at posi-
tions r.1009_1010insA, r.1026_1028insUUA and
r.1039_1044 insGUUUA (nucleotide positions relative to
the GA-13/14255/14 genome sequence). These insertions
result in a frameshift variation that diminishes the sequence
homology and inserts three amino acid residues between
positions 338 and 350 of the sequence alignment (Fig. 2b)
and are therefore closely related to the CK/CR/1160/16
isolate from Costa Rica. These mutations are observed in
all GA13-CR isolates, except for the CK/CR/491/17 iso-
late, which exhibits a 92.92% amino acid sequence identity
with GA-13/14255/14 (Fig. 2; Table 1).

Comparison of the GA13-CR isolates with vaccine
variants indicates a low amino acid sequence identity
(< 63.33%) in HVR-1, while the HVR-2 sequence identity
is closest (> 73,68%) to the 4/91 vaccine variant and the
HVR-3 sequence identity is higher than 73,68% in all
isolates, except for isolate CK/CR/491/17 (Table S4)
which exhibits differences with the vaccine variants
between amino acid residues 338 and 350 (Fig. 2). All
isolates exhibited high amino acid sequence identities (over
98%) at the carboxyl-terminus.

The three remaining isolates (Fig. 1; Table 1) were
closely related to isolates in the GI-13 lineage (over
99.13% and 97.96% identity at the nucleotide and amino
acid levels, respectively), including the 4/91.V vaccine
strain (AF093794) which exhibited high sequence identi-
ties with the 4/91-CR isolates (99.26-99.81% and
99.14-99.44% at the nucleotide and amino acid levels,
respectively). The two isolates from 2018 that correspond
to this lineage are similar to the 4/91 reference sequence
(Table 1) and even though some differences were observed
in HVR-1 and HVR-2 (Fig. S3a and S3b), the entire RBD
shows over 98% amino acid sequence identity (Table S4).
The 2019 isolate (CK/CR/0632/19) showed a lower
(98.14%; Table 1) amino acid sequence identity with the
other 4/91-CR isolates, with five amino acid substitutions
(p-Gly55Lys, p.Asp64Tyr, Gly120Asp, Ser140Phe) in the
HVR1 and HVR2, two amino acid substitutions (p.Ala88-
Pro and p.Alal93Val) positioned in the RBD but outside
the HVRs, and one substitution (p.Pro452Phe) positioned
outside the RBD (Fig. S3b). As shown in Table 1 and S4,
isolate CK/CR/0632/19 exhibited the lowest amino acid
sequence identity when compared with vaccine variant
4/91. Tt is noteworthy that this was the only 4/91 isolate
that was associated with clinical symptoms (respiratory,
digestive, and egg quality issues). The recombination
analysis for the S1 region showed no specific recombina-
tion events for the GA13-CR and 4/91-CR isolates.

A total of 16 possible N-glycosylation sites were
detected in most of the GA13-CR sequences based on the
presence of the N-Xaa-T/S motif, except for three of the
isolates examined (Tables 2 and S5). Isolates CK/CR/185/
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Fig. 1 Phylogenetic tree made using the nucleotide sequence of the
S1 region of the IBV spike protein gene. The tree was inferred using
the Bayesian method using the MrBayes program. IBV isolates used
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Table 1 Nucleotide and amino acid sequence identities in the S1 region of the spike protein gene of IBV isolates during the 2016-2019 period,
compared with reference vaccine sequences

Strain Nucleotide percentage of identity

1 2 3 4 5 6 7 8 9 10 11 13
GA-13/14255/14 1 96.89 97.21 9715 97.09 9715 97.27 97.21 9721 97.02 9723 9690 97.99
Ck/CR/1160/16 2 93.23 99.94 99.88 99.82 99.88 100.00 9994 99.94 99.76 99.82 99.51 99.15
CK/CR/1167/16 3 93.67 100 99.82  99.76 99.82 99.94 99.88 99.88 99.70 99.82 9945 99.09
CK/CR/1298/16 4 93.5 99.64  99.64 99.70  99.76  99.88 99.82 99.82 99.64 99.76 99.39 99.03
CK/CR/1329/16 5 93.5 99.82 99.82 9945 99.94 99.82 99.76  99.76  99.82 99.70 99.57 98.97
CK/CR/1344/16 6 93.68 100 100 99.64  99.82 99.88 99.82 99.82 9988 99.76 99.64 99.03
CK/CR/0068/17 7 93.68 100 100 99.64 99.82 100 9994 9994 99.76 99.88 99.51 99.15
CK/CR/175/17 8 93.5 99.82  99.82 9945 99.64 99.82 99.82 99.88 99.70 99.82 9945 99.09
CK/CR/176/17 9 93.5 99.82  99.82 9945 99.64 99.82 99.82 99.64 99.82 99.82 9945 99.09
CK/CR/185/17 10 9331 99.64 99.64 99.27 9945 99.64 99.64 99.45  99.82 99.64 99.51 9891
CK/CR/186/17 11 9355 9946 99.64 99.27 9945 99.64 99.64 99.45 9945 99.27 99.39  99.03
CK/CR/307/17 129295 99.09 99.09 9872 9891 99.09 99.09 9891 9891 98.72 98.72 98.66
CK/CR/491/17 139597 9693 9693 96.56 96.75 96.93 96.93 96.75 96.75 96.56 96.56  96.02
4/91.V 14 7208 7555 7555 7537 7537 7555 7555 7555 7537 7518 7537 7574 7281
CK/CR/327/18 15 7172 7518 7518 75.00 7500 75.18 75.18 7518 7537 7518 75.00 7537 72.45
CK/CR/1094/18 16 7172 75.18 7518 75.00 7518 75.18 75.18 7518 75.00 7482 75.00 7537 7245
CK/CR/0632/19 17 7153 75.00 75.00 74.82 7482 75.00 75.00 75.18 7482 7463 7482 7518 72.26
Ma5.V 18 73.09 7546 7546 7546 7527 7546 7546 7527 7546 7527 7527 7582  73.09
M41 19 7163 75.00 7500 75.05 7486 75.05 75.05 7486 75.05 7482 7451 7554 72.66
H120.V 20 7252 7536 7536 7541 7523 7541 7541 7523 7541 75.18 7487 7572  73.02
ARK99 21 7504 77.60 77.45 7750 7731 7750 77.50 77131  77.68 7745 7712 7745 7559
AR/11/ER/33 22 7632 7817 7817 7817 78.17 7817 18.17 7798 7798 7780 7798 7835 75.59
CHL/12.185/Q1 23 7292 7576 75776  75.57 7557 75776  75.76 7557 7576 7557 7557 75776  73.30
YX10 24 69.2 72773 7251 7256 7256 7256  72.56 7256 7256 7233 7222 7251 70.38
GAO08 25 7774 80.70 80.70 80.51 80.51 80.70  80.70 80.51 80.88 80.70 80.51 80.51 78.10
DE/072/92 26 4441 47.18 4643 46,52 4652  46.52  46.52 46.70 46.52 4643 46773 46.79 44.68
Strain 1 2 3 4 5 6 7 8 9 10 11 13

Amino acid percentage of identity
Strain Nucleotide percentage of identity

14 15 16 17 18 19 20 21 22 23 24 25 26
GA-13/14255/14 1 75.55 7543 7537 7531 7814 7815 78.02 7876 78.65 7621 7352 81.14 54.68 1
Ck/CR/1160/16 2 7665 76,53 7647 7641 7924 7993 7951 80.12 79.57 77.66 75.13 8242 5647 2
CK/CR/1167/16 3 76.65 7653 7647 7641 7924 79.75 7938 7994 79.57 77.66 7500 8236 56.00 3
CK/CR/1298/16 4 7659 7647 7641 7635 79.12 79.66 7930 79.92 7945 7754 7480 8230 5596 4
CK/CR/1329/16 5 76.47 7635 7635 7623 79.12 79.61 7925 79.81 79.45 7754 7488 8224 5598 5
CK/CR/1344/16 6 7653 7641 7635 7629 79.12 79.66 7930 79.85 79.45 77.60 7480 8230 5590 6
CK/CR/0068/17 7 76.65 7653 7647 7641 7924 79.78 7942 7998 79.57 77.66 7492 8242 56.02 7
CK/CR/175/17 8 76.59 7647 7641 7647 79.18 79.72 7936 7992 7951 77.60 7492 8236 56.08 8
CK/CR/176/17 9 76.59 7659 7641 7635 7924 79.78 7942 80.04 79.51 77773 7492 8249 56.02 9
CK/CR/185/17 10 7641 7641 7623 76.16 79.06 79.56 7920 79.82 7933 77.60 7476 8230 55.88 10
CK/CR/186/17 11 7659 7647 7641 7635 79.12 79.63 7921 79.88 7945 77.60 7481 8242 56.09 11
CK/CR/307/17 12 7653 7641 7635 7629 79.24 79.75 7938 79.64 7939 7741 7470 8224 5594 12
CK/CR/491/17 13 7580 75.67 75.61 7555 7838 7890 7853 7921 7872 76.84 7415 81.63 5523 13
4/91.V 14 99.81 99.75 99.26 78.12 7832 7826 7733 7733 7853 7836 7693 56.07 14
CK/CR/327/18 15 99.44 99.81 99.20 78.06 7826 7820 7727 77.14 7853 7824 7693 56.13 15
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Table 1 continued

Strain Nucleotide percentage of identity

14 15 16 17 18 19 20 21 22 23 24 25 26
CK/CR/1094/18 16 99.44 99.44 99.13 78.00 7820 78.13 77.08 7721 7834 7818 76.75 56.19 16
CK/CR/0632/19 17 98.14 97.96 97.96 77.87 7820 78.01 7721 77.08 7827 78.18 7693 56.01 17
Ma5.V 18 7431 7394 7375 735 97.64 99.88 7799 7823 7636 77.15 79.02 57.44 18
M41 19 7343 73.06 72.88 7325 9590 97.58 7887 7831 77.00 77.05 79.26 58.06 19
H120.V 20 7454  74.17 7399 7399 99.81 95.82 7829 7837 7649 77.17 79.14 5799 20
ARK99 21 7537 75.18 7482 7518 7578 7536 75.67 7757 76.81 76.06 8331 57.73 21
AR/11/ER/33 22 7647 7592 7629 7592 7670 7619 7692 76.29 77.64 7554 7926 57.68 22
CHL/12.185/Q1 23 77.16 7697 76.78 7697 73.66 7347 7385 7691 7634 7647 77.13  56.65 23
YX10 24 7845 78.08 78.08 7790 76.81 7559 7631 7446 7678 76.57 7630 57.30 24
GAO08 25 7716 77.16 76.80 7698 7725 7725 7743 8232 8048 77.86 7491 56.67 25
DE/072/92 26 46.00 46.00 46.00 46.00 50.37 50.62 50.71 4877 48.19 4831 49.73 47.38 26
Strain 14 15 16 17 18 19 20 21 22 23 24 25 26

Amino acid percentage of identity

Variants exhibiting over 90% sequence identity with the Costa Rican isolates, are shown in bold

17 and CK/CR/186/17 show substitutions at sequence
position 271 (p.Thr2731le and p.Thr272Pro, respectively)
that affect the N-glycosylation motif. Isolate CK/CR/491/
17 maintains most of the conserved N-glycosylation sites
in the GA13-CR isolates and the GA13-like reference
sequences (CK/CR/1160/16 and GA-13/14255/14). How-
ever, a new N-glycosylation was predicted at position 314
which is not present in any of the GA13-like variants
analyzed in this study (Tables 2 and S5; Fig. 2, blue box).
A total of 17 N-glycosylation sites were predicted in the
4/91-CR isolates (CK/CR/1094/18 and CK/CR/0632/19)
and an additional site was predicted at position 57 for the
CK/CR/327/18 isolate (Fig. S3, pink box).

Discussion

Infectious bronchitis is an important disease that affects the
poultry industry in many different countries including
Costa Rica, where it has been reported since 1990
[5, 29, 38]. After a high mortality outbreak occurred in
Costa Rica during 2016 [47, 58], samples were collected to
undertake an IBV diversity study. We analyzed a total of
146 samples from broilers and layers with suspicious
symptomatology during a 2016-2019 period and 14 of
these samples were recovered for viral propagation in
embryonated eggs.

Samples recovered between 2016 and 2017 were iden-
tified as GA13-like variants and the complete genome
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sequence of one of these variants was reported in 2021
[58]. There have been subsequent informal commercial
reports of GA13-like detection in field samples, but to the
best of our knowledge, this is the first detailed molecular
study of GA13-like variants from an outbreak. Currently,
the GA13 variant appears to be relatively infrequent and
limited to the southeast of the United States, although it is
still an important threat to the poultry industry due to the
lack of specific commercial vaccines for this variant [28].

The GAI13-like isolates (GA13-CR) described in this
study are closely related to the reference sequence (GA-13/
14255/14), but they show several sequence variations
(Figs. 1 and 2; Tables 1 and S4). One of the most signifi-
cant sequence variations detected was at 338-350 (Fig. 2b,
blue box), which causes a frameshift mutation and a pre-
dicted three amino acid insertion. All these sequence
variations are probably associated with high mutation rates
of the RNA-dependent RNA-polymerase, which may result
in nucleotide substitutions, insertions, or deletions [20, 62].
Particular selective pressures in subpopulations of the virus
at different locations [17, 23, 63] may contribute to the
establishment of a particular viral variant. Variable selec-
tive pressures may include the movement of workers,
animals, and even farm materials between locations, which
may facilitate viral propagation [35, 56] and even popu-
lation bottleneck events and subsequent genetic drift [54].
Once again, these factors must be considered in biosecurity
measures for disease management in the field.
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a Signal sequence HVR-1 HVR-2
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CK/CR/1167/16 ...T......ccueuenenee.Neoiiooo .. SN..... S H M 144
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CK/CR/1329/16 ...T........ccucuvu.o. Novioo.., SN..... S H M 144
CK/CR/1344/16 ...T..........c........Noooooia. SN..... s H M 144
CK/CR/0068/17 ...T..........o.o.o....Noooioo ., SN..... S H M 144
CK/CR/175/17 ...T....ccueueueneeee Nuvioiou.., SN..... S H M 144
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Ck/CR/1160/16 ...
CK/CR/1167/16 ...
CK/CR/1298/16 ...
CK/CR/1329/16 ...
CK/CR/1344/16 ...
CK/CR/0068/17 ...
CK/CR/175/17
CK/CR/176/17
CK/CR/185/17
CK/CR/186/17
CK/CR/307/17
CK/CR/491/17
4/91.v
Ma5.V

M4l

H120.V
ARK99

GRo8

Fig. 2 Sequence alignment of amino acids from the S1 region of the
IBV spike protein in the GA13-like isolates of CR. The deduced
sequence for the S1 protein was aligned with reference IBV vaccine
variant sequences. The dots indicate the residues that are identical
with the GA-13/14255/14 variant at that position. The HVRs and the
RBD were located according to the M41 variant [42, 46, 55, 65]. The

The N-glycosylation site analysis shown in this study is
novel, particularly regarding GA13-like isolates. Previous
studies have predicted 30 to 35 N-glycosylation sites in the
complete S1 and S2 regions of QX-like and Massachusetts-
like variants [2], 10 to 14 sites in a 7937/B variant (closely
related to the 4/91 variant) in the S1 region [57], and 10
sites in an M41 variant, six of which are essential for spike
protein recognition by the host receptor [8, 45]. Our study
indicates that N-glycosylation patterns are relatively con-
served, given the observed sequence variation in the GA13-
CR variants and the GA13 reference sequence (Table 2)
and are distinct from the patterns detected in the vaccine
strains. This type of analysis supports the study of diversity
in IBV, together with recombination analysis and its rela-
tion to new serotypes, since mutations that modify N-gly-
cosylation may also have an effect on the structure of the

H

HHHHHAAAA

momomomom o ommomomom

wonnnn

red box shows a change in an N-glycosylation site of the sequence
CK/CR/1298/16 and CK/CR/307/17. The green box shows the amino
acid substitution that eliminates the N-glycosylation site in isolates
CK/CR/185/17 and CK/CR186/17. The blue box indicates the region
that differs between the GA-13/14255/14 and CK/CR/491/17 variants,
compared to the other 11 GA13-like isolates of CR

protein and lead to changes in antigenic patterns cellular
tropism, and virulence [31, 37, 45, 61, 63].

In the case of the samples recovered during the
2018-2019 period, the three isolates obtained were closely
related to the 4/91 vaccine variant, that was introduced to
Costa Rica as part of a new vaccination program in May
2017, based on the protectotype concept [47]. Therefore, it
was not surprising to detect the 4/91 variant during this
period, since the vaccine had proven to be effective in
controlling the outbreak in other countries where they used
the 4/91 strains and they re-isolated the vaccine variant
[36]. We consider that these variants are most probably re-
isolations of the 4/91 vaccine used, due to the low sequence
variation observed, primarily in the hypervariable regions 1
and 2 (Fig. S3, Table S4). Also, the number of glycosyla-
tion sites predicted here for the 4/91-CR isolates coincides
with those reported elsewhere for other 4/91 vaccine

@ Springer



92 R. A. Villalobos-Agiiero et al.
HVR 3
b 300 310 320 330 340 350 360 370 380 390 400 410 420 430
B Ll B I T B I el BT PR
GA-13/14255/14 GGDISAIFPTYQMVTAQSGYYNFNFSFLSCFVYKVSDFMYGSYHPKCIL---] SSSLAYVPLQGGCKQSV CYAYSYNGPHACKGVYRGQLQQYFECGLLVYITKSDGSRIQTATKAPVVTTNFYNNIT 431
Ck/CR/1160/16 ...... R FRPENF ) )2y s S c 434
CK/CR/1167/16 ...... R 'NNDLWENL. . .I....G 434
CK/CR/1298/16 ...... R NF OLWFNL. . .I....G 434
CK/CR/1329/16 ...... R FRPENF OLWFNL. . .I....G 434
CK/CR/1344/16 ...... R FRPENFNNDLWENL. . .I....G 434
CK/CR/0068/17 ...... R DLWFNL . .I....G 434
CK/CR/175/17  ...... R F OLWFNL. . .I....G 434
CK/CR/176/17  ...... R FRPENFNNDLWENL. . .I....G 434
CK/CR/185/17  ...... R DLWFNL . .I....G 434
CK/CR/186/17  ...... R F DLWFNL . .I....G 434
CK/CR/307/17  ...... R FRPENF OLWENL. . .I....G 434
CK/CR/491/17  ...... R ..---.Q.I.....L..I....G 431
4/91.v S.GVDT-.QL. . S.L Pl N.NFRPENINNGLWFN...V..T.G. 429
Ma5.v PSGVON-IQ...TQ. .S....E.N........S.NFRLETINNGLWFN...V.I..G.. 427
M4l PSGVON-IL...TQ. .S....E.N........S.NFRLETINNGLWFN...V.I..G.. 427
H120.V PSGVQON-IQ...TQ. .S....E.N........S.NFRLETINNGLWFN...V.I..G.. 427
ARK99 T.GVDS-.IL..TQ. .S...RE.NY....... A.SFRPETL-NGLW.N...V..I.G. 433
GA08 L.GVNN-IAI..TQ..........u.... S....S8....... F..Q.SFRPENINNGLWFN...I....G 434
440 450 460 470 480 490 500 510 520 530 540 550 560 570
el e L P R T B B L el B B T e e P e

GA-13/14255/14 LDRCVDYNIYGRVGQGFITNVTDSTADYNYLADGGLAILDTSGAIDIFVVQGEYGLNFYKVNPCEDVNQQFVVSGGKLVGVLTSRNETGSQFLENQFYIKL!' TSRPIVY 554
L0 2 e T -1 c.Y.s 557
L0339 es 2 e T = 3 549
L0330 03 2 A - 2P 550
(01 o R - L PPN 550
L3 9 en 2 T 7 550
L0330 03 2 A0 T L3 P 550
L0330 e5 2 R 550
L0302 e T - e 550
L339 es 2 - 1 e 549
L0339 a5 2 - 13 554
L0830 e5 2 0 B e 549
L3 9 e 2 b 1 e 546
4/91.v 539
Ma5.v 536
M41 ..IT...ANC.Y.SY----————————— 551
H120.V «....IT.S.ENC.Y.S------——-——--—— 550
ARK99 ..G...S....N....NC.Y.SYGKFCIKPDGSVSP 570
GAO8 543

Fig. 2 continued

variants [57]. Finally, we detected an extra glycosylation
site in one of the 4/91-CR isolates, which indicates that a
single amino acid substitution may result in variation of
glycosylation patterns of the spike protein.

It should be noted that a 4/91-CR isolate (CK/CR/0632/
19) came from birds that exhibited symptomatology, but
that does not necessarily mean that this is a vaccine
revertant. Variants related to the 4/91 vaccine have been re-
isolated in previous studies. Guzman et al., isolated a GI-13
homologous strain after a 4/91 vaccine introduction in
birds with symptoms of infection [23], and another work
reported the isolation of a 4/91 vaccine-derived strain,
associated with mild symptomatology [50]. Moreover,
postvaccination reactions vary in severity and are influ-
enced by a series of factors, such as age of the bird, route of
vaccination, vaccine concentration and degree of attenua-
tion [60], mass spray vaccination [14, 35], environmental
factors [60], and common secondary infections with
microorganisms [7, 60]that may exacerbate the symp-
tomatology of IBV infection [4, 26]. The introduction of
new live vaccines has the potential to disperse new
uncharacterized variants that may evolve in many different
ways [22, 23] and the interactions occurring during viral
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co-infections in the field, may also have an impact on field
strain replacement by vaccine variants [22].

Recombination is an important factor in the diversity of
IBV variants. Recombination events have been reported
between field variants and vaccine strains [64], and even
the emergence of new variants with multiple recombination
events [44]. Previous publications detected recombination
events for GA13-CR [58] and 4/91-like variants [57],
which reinforces the need for continuous surveillance that
may detect novel IBV variants. However, no recombina-
tion events were detected in the analyses performed during
this study.

In conclusion, the results shown here indicate that a
GA13-like variant circulated in Costa Rica between 2016
and 2017. Isolates from this period exhibit differences in
nucleotide and amino acid sequence as well as N-glyco-
sylation sites, between themselves and compared to refer-
ence sequences of IBV variants. In 2018, re-isolations of
4/9-like variants were detected in Costa Rica and such
variants should be monitored to detect possible virulent
revertants, such as those identified in other studies [64].
This study aims to better understand the consequences of
the introduction of vaccine variants of IBV and generate
information that may aid in decision-making when
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Table 2 Distribution of predicted N-glycosylation sites in IBV sequences from Costa Rica and reference vaccine variants

Position Isolates/Variants®
GA-13/14255/  Ck/CR/1160/  GA13-CR  CK/CR/491/17  4/91.V 4/91-CR  CK/CR/327/18 M4l MAS5.V
14 16 ¢ ¢
23 N_])SF23 N—NSFB TN_NSFB N—NSF23
51 MQSI MQSI MQSI MQSI N_ISSS' N_ISSSI
54 NGTN**  NGIN* ENGTN**
57 NNTVY
75 E A75 ﬂ A75 E A75
77 w S77 w S77
103 EYI(B mHIOB mHl(ﬂ EHI(B ED]O} ED]OB} EDI(B @DIOZ& EDI(B
151 MVISI MVISO MVISO MVISO MV]% MVMG MVMG MVIAM MVIAM
170 N_QTSI70 N_QTS169 N_QTS169 N_QTSIGQ N_STSIGS N_STSIGS N_STS]65 MS163 MSI63
185 EIISS wll&l wll&l Ell&l ET“;O ETISO mTlSO ET”S MTWX
219 N—C}TAZIQ N—GTA218 N_C}TAZIS N_C}TAZIS N_C}TA214 N—GTA214 N_C}TA214 N_C}TAZIZ N—GTAZIZ
244 mD244 mD243 sz43 ED243 EDZBQ EDZBQ @D239 @D237 ED237
254 @L254 @L253 ELZSS @L253 @L249 @sz @L249 @sz @LZM
271 ML27 1 MLZW) *NNTL270 ML270 ML266 ML266 MLZﬁG MF264 MF264
278 mF278 MF277 **MF277 mF277 mFZT‘& mF273 mF273 mF27 1 mF27 1
283 MS282 MS282 MSZS2 N_\/SN278 N_\/SN278 N_\/SN278 mG276 MGZW)
314 N_FSF3B N_LSF308 N_LSF3°8 N_LSF308
347 MSMS M S343
433 mL433 mL432 mL432 mL429 mL427 mL427 m]—’427 mL425 mL425
455 MD455 MD454 MD454 MD45 1 ME449 ME449 ME449 MD447 MD447
321 wDSlS mDSlS EDSIS
338 wHSI&S EHSTH EHS:W @HS:M MRSB}Z MRSI&Z @RS:Q @RK&O ERSI&O
550 MSSSO MSS” Mssw

N-glycosylation sites were determined with the NetNGlyc server. The consensus N-Xaa-T/S tripeptide is underlined and the immediate following
amino acid is show. Blanks indicate that N-glycosylation was not predicted at that alignment site

a-Position in alignment, based on deduced protein sequence, including the signal sequence

b-Superscripts indicate the position in each individual sequence

c-These isolates are shown separately because the exhibit distinct N-glycosylation sites

t-At this position, isolate CK/CR/1298/16 exhibits a NKSF sequence

*.No N-glycosylation site was predicted at this site for isolates CK/CR/185/17 and CK/CR/186/16

*%*_At this position, isolate CK/CR/307/17 exhibits a NVTF sequence

@-This N-glycosylation site was predicted only in the CK/CR/186/17 isolate

M- At this position, isolate CK/CR/0632/19 exhibits a NKT sequence

considering the introduction of vaccine variants not circu-
lating in the country. Finally, full-genome sequencing of
variants can also be implemented to aid in the detection of
potential revertants in the field and relate this information
to changes in genome sequence that affect pathogenicity
and cell tropism. Such information would be very valuable
in the selection of vaccination programs and the introduc-
tion of new vaccines.
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022-00762-2.

Acknowledgements This study was funded by “Fundacion para el
Fomento y Promocién de la Investigacion y Transferencia de Tec-
nologia Agropecuaria” (FITACORI), Costa Rica, grant number
3-006-115123, and by the “Vicerrectoria de Investigacién” and
“Sistema de Estudios de Posgrado”, University of Costa Rica.

Funding The fundings of the study was provided by “Fundacién
para el Fomento y Promocion de la Investigacion y Transferencia de
Tecnologia Agropecuaria” (FITACORI), Costa Rica, grant number 3-
006-115123, and by the “Vicerrectoria de Investigacion” and “Sis-
tema de Estudios de Posgrado”, University of Costa Rica.

Data availability the S1 gene sequences obtained from the 14 iso-
lates were uploaded in the genbank database under the accession

@ Springer


https://doi.org/10.1007/s13337-022-00762-2
https://doi.org/10.1007/s13337-022-00762-2

94

R. A. Villalobos-Agiiero et al.

number MT230562, MT230563, MT230564, MT230565, MT230566,

MT230567,

MT230568, MT230569, MT230570, MT230571,

MT230572, MT230573, MT230574, and MT230575.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics approval All procedures performed in animals were in
accordace with the ethical standards of the “Comité Institucional de
Cuido y Uso de Animales” (CICUA) of the University of Costa Rica.

References

10.

12.

13.

14.

15.

. Abozeid HH, Paldurai A, Khattar SK, Afifi MA, El-Kady MF, El-

Deeb AH, et al. Complete genome sequences of two avian
infectious bronchitis viruses isolated in Egypt: evidence for
genetic drift and genetic recombination in the circulating viruses.
Infect Genet Evol. 2017;53:7-14.

. Abro SH, Ullman K, Belak S, Baule C. Bioinformatics and

evolutionary insight on the spike glycoprotein gene of QX-like
and Massachusetts strains of infectious bronchitis virus. Virol J.
2012;9:1-9.

. Bande F, Arshad SS, Hair Bejo M, Moeini H, Omar AR. Progress

and challenges toward the development of vaccines against avian
infectious bronchitis. J Immunol Res. 2015;2015:12.

. Bande F, Arshad SS, Omar AR, Bejo MH, Abubakar MS, Abba

Y. Pathogenesis and diagnostic approaches of avian infectious
bronchitis. Adv Virol. 2016;2016:1-11.

. Bande F, Arshad SS, Omar AR, Hair-Bejo M, Mahmuda A, Nair

V. Global distributions and strain diversity of avian infectious
bronchitis virus: a review. Anim Heal Res Rev. 2017;18:70-83.

. Belouzard S, Millet JK, Licitra BN, Whittaker GR. Mechanisms

of coronavirus cell entry mediated by the viral spike protein.
Viruses. 2012;4:1011-33.

. Bhuiyan MSA, Amin Z, Bakar AMSA, Saallah S, Yusuf NHM,

Shaarani SM, et al. Factor influences for diagnosis and vaccina-
tion of avian infectious bronchitis virus (Gammacoronavirus) in
chickens. Vet Sci. 2021;8:47.

. Binns MM, Boursnell ME, Cavanagh D, Pappin DJ, Brown TDK.

Cloning and sequencing of the gene encoding the spike protein of
the coronavirus IBV. J Gen Virol. 1985;66:719-26.

. Bouwman KM, Parsons LM, Berends AJ, De Vries RP, Cipollo

JF, Verheije MH. Three amino acid changes in avian coronavirus
spike protein allow binding to kidney tissue. J Virol.
2020;94:¢01363-1419.

Carstens EB. Ratification vote on taxonomic proposals to the
International Committee on Taxonomy of Viruses (2009). Arch
Virol. 2010;155:133-46.

. Cavanagh D. Coronavirus avian infectious bronchitis virus. Vet

Resarch. 2007;38:281-97.

Cavanagh D, GelbJ. Infectious Bronchitis. In: Saif YM, Fadly AM,
Glisson JR, McDougald LR, Nolan L, Swayne DE, editors. Dis
Poult. 12th ed. Towa, USA: Blackwell Publishing; 2008. p. 117-36.
Chu VC, McElroy LJ, Chu V, Bauman BE, Whittaker GR. The
avian coronavirus infectious bronchitis virus undergoes direct
low-pH-dependent fusion activation during entry into host cells.
J Virol. 2006;80:3180-8.

de Wit JJ, Cook JKA. Factors influencing the outcome of infec-
tious bronchitis vaccination and challenge experiments. Avian
Pathol. 2014;43:485-97.

de Fraga AP, Grif T, Pereira CS, Ikuta N, Fonseca AS, Kazantzi
F, et al. Phylodynamic analysis and molecular diversity of the

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

avian infectious bronchitis virus of chickens in Brazil. Infect
Genet Evol. 2018;61:77-83.

de Wit JJ, Cook JK, van der Heijden HM. Infectious bronchitis
virus variants: a review of the history, current situation and
control measures. Avian Pathol. 2011;40:223-35.
Durdes-Carvalho R, Caserta LC, Barnabé AC, Martini MC,
Simas PV, Santos MM, et al. Phylogenetic and phylogeographic
mapping of the avian coronavirus spike protein-encoding gene in
wild and synanthropic birds. Virus Res. 2015;201:101-12.
Gallardo RA, Van Santen VL, Toro H. Host intraspatial selection
of infectious bronchitis virus populations. Avian Dis.
2010;54:807-13.

Gelb J Jr, Weisman Y, Ladman BS, Meir R. S1 gene character-
istics and efficacy of vaccination against infectious bronchitis
virus field isolates from the United States and Israel (1996 to
2000). Avian Pathol. 2005;34:194-203.

Gong H, Ni R, Qiu R, Wang F, Yan W, Wang K, et al. Evaluation
of a novel recombinant strain of infectious bronchitis virus
emerged from three attenuated live vaccine strains. Microb
Pathog. 2022;164:105437.

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W,
Gascuel O. New algorithms and methods to estimate maximum-
likelihood phylogenies: assessing the performance of PhyML 3.0.
Syst Biol. 2010;59:307-21.

Guzman M, Hidalgo H. Live attenuated infectious bronchitis
virus vaccines in poultry: modifying local viral populations
dynamics. Animals. 2020;10:2058.

Guzman M, Sdesnz L, Hidalgo H. Molecular and antigenic
characterization of GI-13 and GI-16 avian infectious bronchitis
virus isolated in Chile from 2009 to 2017 regarding 4/91 vaccine
introduction. Animals. 2019;9:656.

Han Z, Zhang T, Xu Q, Gao M, Chen Y, Wang Q, et al. Altered
pathogenicity of a tI/CH/LDT3/03 genotype infectious bronchitis
coronavirus due to natural recombination in the 5’- 17 kb region
of the genome. Virus Res. 2016;213:140-8.

Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics. 2001;17:754-5.

Ignjatovi¢ J, Sapats S. Avian infectious bronchitis virus. Rev Sci
Tech Int des Epizoot. 2000;19:493-508.

Jackwood MW. Impact of respiratory diseases with special
emphasis to emerging infectious bronchitis virus. Proc sixty-fifth
West Poult Dis Conf. 2016;116-7.

Jackwood MW, Jordan BJ. Molecular evolution of infectious
bronchitis virus and the emergence of variant viruses circulating
in the United States. Avian Dis. 2021;65:629-34.

Jiménez C, Cortés R, Ramirez M, Prendas J, Arrieta E, Lindahl J,
et al. Diagnosis and epidemiology of IBV infections in Costa
Rica. IV Symp Avian Corona-and Pneumovirus Infect Rauis-
chholzhausen, Ger 20-23. 2004;39-49.

Johnson FB. Transport of viral specimens. Clin Microbiol Rev.
1990;3:120-31.

Kamble NM, Pillai AS, Gaikwad SS, Shukla SK, Khulape SA,
Dey S, et al. Evolutionary and bioinformatic analysis of the spike
glycoprotein gene of H120 vaccine strain protectotype of infec-
tious bronchitis virus from India. Biotechnol Appl Biochem.
2016;63:106-12.

Kasem S, Abdel-Kader A, Tahoon A, Shaban H. Phylogentic
analysis of recent infectious bronchitis virus isolates from broiler
chicken farms in Kafrelsheikh. Egypt Beha Vet Med J.
2015;29:189-95.

Koch G, Kant A, Cook JK, Cavanagh D. Epitopes of neutralizing
antibodies are localized within three regions of the S1 spike
protein of infectious bronchitis virus. Second Int Symp Infect
Bronchitis, World Vet Poult Assoc Rauischholzhausen.
1991;154-60.



Molecular characterization of the S1 gene in GI-17 and GI-13 type isolates of avian infectious... 95

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B.
Partitionfinder 2: New methods for selecting partitioned models
of evolution for molecular and morphological phylogenetic
analyses. Mol Biol Evol. 2016;34:772-3.

. Legnardi M, Tucciarone CM, Franzo G, Cecchinato M. Infectious

bronchitis virus evolution, diagnosis and control. Vet Sci.
2020;7:79.

Leow BL, Syamsiah Aini S, Faizul Fikri MY, Muhammad
Redzwan S, Khoo CK, Ong GH, et al. Molecular characterization
of avian infectious bronchitis virus isolated in Malaysia during
2014-2016. Trop Biomed. 2018;35:1092—-106.

Leyson C, Franga M, Jackwood M, Jordan B. Polymorphisms in
the S1 spike glycoprotein of Arkansas-type infectious bronchitis
virus ( IBV ) show differential binding to host tissues and altered
antigenicity. Virology. 2016;498:218-25.

Lindahl J. Infectious bronchitis virus and infectious bursal dis-
ease virus; a study performed at the Universidad Nacional of
Costa Rica Sveriges lantbruksuniv. (Doctoral dissertation,
Sveriges lantbruksuniv); 2004.

Loomis LN, Cunningham CH, Gray ML, Thorp F Jr. Pathology
of the chicken embryo infected with infectious bronchitis virus.
Am J Vet Res. 1950;11:245-51.

Mahmood ZH, Sleman RR, Uthman AU. Isolation and molecular
characterization of Sul/01/09 avian infectious bronchitis virus,
indicates the emergence of a new genotype in the Middle East.
Vet Microbiol. 2011;150:21-7.

. Miller MA, Pfeiffer W, Schwartz T. Creating the CIPRES
Science Gateway for inference of large phylogenetic trees. 2010
Gatew Comput Environ Work. IEEE; 2010;1-8

Moore KM, Jackwood MW, Hilt DA. Identification of amino
acids involved in a serotype and neutralization specific epitope
within the sl subunit of avian infectious bronchitis virus. Arch
Virol. 1997;142:2249-56.

Nafaji H, Langeroudi AG, Hashemzadeh M, Karimi V, Madagar
O, Ghafouri SA, et al. Molecular characterization of infectious
bronchitis viruses isolated from broiler chicken farms in Iran,
2014-2015. Arch Virol. 2016;161:53-62.

Naguib MM, Hoper D, Arafa A, Setta AM, Abed M, Monne I,
et al. Full genome sequence analysis of a newly emerged QX-like
infectious bronchitis virus from Sudan reveals distinct spots of
recombination. Infect Genet Evol. 2016;46:42-9.

Parsons LM, Bouwman KM, Azurmendi H, De Vries RP, Cipollo
JF, Verheije MH. Glycosylation of the viral attachment protein of
avian coronavirus is essential for host cell and receptor binding.
J Biol Chem. 2019;294:7797-809.

Promkuntod N, van Eijndhoven REW, de Vrieze G, Grone A,
Verheije MH. Mapping of the receptor-binding domain and
amino acids critical for attachment in the spike protein of avian
coronavirus infectious bronchitis virus. Virology.
2014;448:26-32.

Roman T, Silva M, Barbosa J, Gomez L, Hernandez D, Zamora
R, et al. Effectiveness of a vaccine program based on the Pro-
tectotype® concept against an infectious bronchitis variant virus
strain challenge (GA13) in Costa Rica. Proccedings Am Assoc
Avian Pathol Annu Meet, 2018, Denver, Color EEUU. 2018;3.
Sela I, Ashkenazy H, Katoh K, Pupko T. GUIDANCE?2: accurate
detection of unreliable alignment regions accounting for the
uncertainty of multiple parameters. Nucleic Acids Res.
2015;43:W7-14.

Shan D, Fang S, Han Z, Ai H, Zhao W, Chen Y, et al. Effects of
hypervariable regions in spike protein on pathogenicity, tropism,
and serotypes of infectious bronchitis virus. Virus Res.
2018;250:104-13.

Shimazaki Y, Watanabe Y, Harada M, Seki Y, Kuroda Y, Fukuda
M, et al. Genetic analysis of the S1 gene of 4/91 type infectious
bronchitis virus isolated in Japan. J Vet Med Sci. 2009;71:583-8.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Smati R, Silim A, Guertin C, Henrichon M, Marandi M, Arella
M, et al. Molecular characterization of three new avian infectious
bronchitis virus (IBV) strains isolated in Quebec. Virus Genes.
2002;25:85-93.

Sumi V, Singh SD, Dhama K, Gowthaman V, Barathidasan R,
Sukumar K. Isolation and molecular characterization of infec-
tious bronchitis virus from recent outbreaks in broiler flocks
reveals emergence of novel strain in India. Trop Anim Health
Prod. 2012;44:1791-5.

Thiel V, Siddell SG. Reverse genetics of coronaviruses using
vaccinia vectors. In: Enjuanes L, editor. Coronavirus replication
reverse genet. Berlin: Heidelberg; 2005. p. 199-227.

Umar S, Shah MAAA, Munir MT, Ahsan U, Kaboudi K. Infec-
tious bronchitis virus: evolution and vaccination. Worlds Poult
Sci J. 2016;72:49-60.

Valastro V, Holmes EC, Britton P, Fusaro A, Jackwood MW,
Cattoli G, et al. S1 gene-based phylogeny of infectious bronchitis
virus: an attempt to harmonize virus classification. Infect Genet
Evol. 2016;39:349-64.

Van Limbergen T, Dewulf J, Klinkenberg M, Ducatelle R,
Gelaude P, Méndez J, et al. Scoring biosecurity in European
conventional broiler production. Poult Sci. 2018;97:74-83.
Vasfi Marandi M, Malekan M, Ranjbar MM, Dadashpour
Davachi N, Alamian S. Sequencing and in silico multi-aspect
analysis of S1 glycoprotein in 793/B serotype of infectious
bronchitis virus isolated from in 2003 and 2011. Arch Razi Inst.
2018;73:183-98.

Villalobos-Agiiero RA, Ramirez-Carvajal L, Zamora-Sanabria R,
Leén-Rodriguez B, Karkashian-Cérdoba J. Molecular character-
ization of an avian GA13-like Infectious bronchitis virus full-
length genome from Costa Rica. VirusDisease. 2021;32:347-53.
Villareal LYB, Sandri TL, Souza SP, Richtzenhain L, de Wit JJ,
Brandao PE. Molecular epidemiology of avian infectious bron-
chitis in brazil from 2007 to 2008 in breeders, broilers, and layers.
Avian Dis. 2010;54:894-8.

Villegas P. Viral diseases of the respiratory system. Poult Sci.
1998;77:1143-5.

Wickramasinghe IN, de Vries RP, Grone A, de Haan CA, Ver-
heije MH. Binding of avian coronavirus spike proteins to host
factors reflects virus tropism and pathogenicity. J Virol.
2011;85:8903-12.

Youn SY, Lee JY, Bae YC, Kwon YK, Kim HR. Genetic and
pathogenic characterization of QX(GI-19)-recombinant infec-
tious bronchitis viruses in South Korea. Viruses. 2021;13.
Zanaty A, Naguib MM, El-Husseiny MH, Mady W, Hagag N,
Arafa AS. The sequence of the full spike S1 glycoprotein of
infectious bronchitis virus circulating in Egypt reveals evidence
of intra-genotypic recombination. Arch Virol. 2016;161:3583-7.
Zhang Y, Wang HN, Wang T, Fan WQ, Zhang AY, Wei K, et al.
Complete genome sequence and recombination analysis of
infectious bronchitis virus attenuated vaccine strain H120. Virus
Genes. 2010;41:377-88.

Zhang X, Deng T, Lu J, Zhao P, Chen L, Qian M, et al. Molecular
characterization of variant infectious bronchitis virus in China,
2019: Implications for control programmes. Transbound Emerg
Dis. 2020;67:1349-55.

Zhao Y, Liu XY, Cheng JL, Wu YP, Zhang GZ. Molecular
characterization of an infectious bronchitis virus strain isolated
from northern China in 2012. Arch Virol. 2014;159:3457-61.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Molecular characterization of the S1 gene in GI-17 and GI-13 type isolates of avian infectious bronchitis virus (IBV) in Costa Rica, from 2016 to 2019
	Abstract
	Introduction
	Materials and methods
	Sample collection
	RNA extraction
	Diagnosis of IBV directed to the nucleocapsid gene
	Viral propagation
	Sequencing of the S1 gene region
	Phylogenetic and recombination analysis

	Results
	Diagnosis of IBV directed to the nucleocapsid gene and viral propagation
	Sequence analysis of the S1 gene in IBV isolates from Costa Rica

	Discussion
	Data availability
	References




