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Extensive genetic and biological characterization of infectious bronchitis virus
strain D2860 of genotype GVIII
RJ Molenaar a, R. Dijkman a, I. Jornaa and J. J. de Wita,b

aRoyal GD, Deventer, the Netherlands;bDepartment of Farm Animal Health, Faculty of Veterinary Medicine, Utrecht University, Utrecht,
the Netherlands

ABSTRACT
Infectious bronchitis virus (IBV) strains of genotype GVIII have been emerging in Europe in the
last decade, but no biological characterization has been reported so far. This paper reports the
extensive genetic and biological characterization of IBV strain D2860 of genotype GVIII which
was isolated from a Dutch layer�ock that showed a drop in egg production. Whole genome
sequencing showed that it has a high similarity (95%) to CK/DE/IB80/2016 (commonly
known as IB80). Cross-neutralization tests with antigens and serotype-speci�c antisera of a
panel of di� erent non-GVIII genotypes consistently gave less than 2% antigenic cross-
relationship with D2860. Five experiments using speci�ed pathogen-free chickens of 0, 4, 29
and 63 weeks of age showed that D2860 was not able to cause clinical signs, drop in egg
production, false layers or renal pathology. There was also a distinct lack of ciliostasis at
both 5 and 8 days post-inoculation at any age, despite proof of infection by
immunohistochemical (IHC) staining, RT–PCR and serology. IHC showed immunostaining
between 5 and 8 days post inoculation in epithelial cells of sinuses and conchae, while only
a few birds displayed immunostaining in the trachea.In vitro comparison of replication of
D2860 and M41 in chicken embryo kidney cells at 37°C and at 41°C indicated that D2860
might have a degree of temperature sensitivity that might cause it to prefer the colder parts
of the respiratory tract.
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Introduction

Infectious bronchitis is a highly contagious disease of
chickens of any age caused by infectious bronchitis
virus (IBV) (Jackwood & de Wit,2020). This gamma-
coronavirus readily acquires mutations giving rise to a
wide range of IBV genotypes. Recombinations of IBV
strains can be another cause of the appearance of new
strains (Kusterset al., 1990). A third option for the
appearance of new IBV strains in chickens might be
a successful interspecies transmission of a gammacor-
onavirus from another bird species into chickens (De
Wit & Cook, 2019). Detection and typing of known
and unknown IBV strains depend on the use of proper
diagnostic tools that include genotyping and, prefer-
ably, virus isolation to enable antigenicity and patho-
genicity testing and allow vaccination-challenge
experiments to determine the level of protection
induced by single or combinations of live and/or inac-
tivated vaccines.

Recently, the emergence of strains of genotype VIII
in Europe has been reported (Domanska-Blicharz
et al., 2020; Petzoldtet al., 2022). Domanska-Blicharz
et al. (2020) reported the� ndings of the gCoV/ck/
Poland/516/2018 strain and several related Polish
strains in 2018 and 2019 that shared only 52.7–58.1%
nucleotide identity to any known genotype of IBV

and shared the highest identity of 81.4% to the unique
North American PA/1220/98 variant (Kinghamet al.,
2000; Gelbet al.,2005). The PA/1220/98 group of strains
was already reported by Valastroet al. (2016) as a unique
variant group that was very distinct from all known
lineages of IBV, however, no genotype number was
assigned to this group of strains due to the lack of full
sequences of the S1 gene. It was proposed by the Polish
group to assign genotype VIII to the PA/1220/98-like
strains as genotypes I to VII have already been assigned
or claimed (Valastroet al.,2016; Ma et al.,2019). In 2022,
Petzoldtet al. (2022) reported the detection of strains
similar to CK/DE/IB80/2016(abbreviated as IB80) in
over 220 farms since 2015, mostly in Europe and a few
times in the Middle East and the Philippines. Compar-
able to the Polish strain, IB80 showed 81% nucleotide
identity with the available partial sequence of the S1 of
PA/1220/98 and 94.8% identitywith the available partial
sequence of gCoV/ck/Poland/516/2018. Remarkably,
both papers report that the vast majority of detections
were in layers and broiler breeder� ocks with only a
few detections in broilers. Neither of these papers reports
work on antigenicity, pathogenicity or induction of pro-
tection against these GVIII strains. A preference of
speci� c IBV strains for either egg-laying birds or broilers
is known to occur more often (Vermeulenet al., 2023).
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In 2010 Royal GD detected for the� rst time a GVIII
strain in Dutch layers with mildly increased mortality.
The highest identity, based on partial sequencing of
the S1 gene, was 83% with strain PA/1220/98. This
partial sequence of the Dutch strain was submitted
to GenBank under accession number MF078631
(Domanska-Blicharzet al., 2020). Since then, related
strains have been detected in 2011 (German broiler
grant parent � ock, accession number MF078632),
twice in 2014 (a Dutch broiler breeder and a Dutch
layer � ock) and once more in 2015 (a Dutch layer
� ock, partial sequence accession number
MF078633). All attempts to isolate this PA/1220/98-
like strain in embryonated speci� ed pathogen-free
(SPF) chicken eggs were unsuccessful. In early 2019
two additional PA/1220/98-like strains were detected
in two Dutch layer� ocks. One of these was detected
in 6-month-old commercial white layers with a drop
in both feed intake and egg production that had
been submitted to Royal GD for apost-mortemexam-
ination. In this case, the virus was successfully isolated
using embryonated SPF eggs. The isolate (named
gCoV/ck/Netherlands/D2860/2019, abbreviated as
D2860) caused dwar� ng of the embryos as well as
development of cysts� lled with clear� uid protruding
from the coelomic cavity (Figure 1). As in 2010, the
highest genetic similarity in the sequenced part of
the S1 gene of D2860 was 83% with the PA/1220/98
strain. This successful isolation made it possible to

perform the extended characterization of the IBV
D2860 strain of genotype GVIII. Whole genome
sequencing was performed, as well as serotyping,
replication at 37° and 41°C and determination of trop-
ism and pathogenicity in both young and adult birds.

Materials and methods

Full genome sequencing

The complete genome of strain D2860 was sequenced
and assembled from paired-end libraries (300-cycle
sequence reads, 2 × 150-bp paired-end) using the Illu-
mina NovaSeq 6000 system (Illumina, Inc., San Diego,
CA, USA) at BaseClear (Leiden, the Netherlands).
Initial quality assessment was based on data passing
the Illumina chastity� ltering. Reads containing PhiX
control signal were removed using an in-house� lter-
ing protocol and reads containing (partial) adapters
were clipped (up to a minimum read length of 50
bp). The second quality assessment was based on the
remaining reads using the FASTQC quality control
tool version 0.11.5. De-multiplexed and adapter
clipped reads were analysed using the CLC Genomics
Workbench version 23.0.4. (Qiagen Aarhus A/S, Aar-
hus, Denmark). Forde novoassembly, reads below 150
bases were discarded, paired-end reads with a mini-
mum distance of 50 bases and maximum distance of
500 bases were included, and minimum contig length
of 1000 bases was used as the threshold. The par-
ameters for mapping back the reads were: mismatch
cost = 2; insertion cost = 3; deletion cost = 3; length
fraction = 0.5 and similarity fraction = 0.8. Sca�olds
were produced from resulting contigs using the CLC
Genomics Workbench, and the NCBI ORF� nder
tool was used to search for open reading frames and
potential protein encoding segments. Phylogenetic
trees were constructed using MEGA7.0. The full gen-
ome sequence for strain gCoV/ck/Netherlands/
D2860/2019 has been deposited in GenBank under
accession number OR791595.

Bird experiments

To determine the pathogenicity and tropism of the
D2860 isolate, several experiments were conducted
using SPF white layers (Royal GD) housed in HEPA
� ltered negative pressure isolators (Table 1). Layers
were chosen since most detections of the strain in
the � eld were in egg-laying birds. Initially the e�ect
on ciliary activity as well as clinical signs after infec-
tion were studied (experiments Young-1 and Adult-
1). Based on the unexpected results, an enhanced ver-
sion of these experiments was deemed necessary
(experiments Young-2 and Adult-2). In experiment
Young-3, the potential of D2680 to induce false layers
and the potential to induce renal pathology were

Figure 1.Macroscopy of SPF chicken embryo at 7 days post-
inoculation with gCoV/ck/Netherlands/D2860/2019, with
� uid-� lled cyst visible in the middle of the picture.
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assessed. The D388/QX strain, which can induce both
renal pathology and false layers, was used as a refer-
ence (De Witet al., 2011). All virus titres of the inocula
mentioned below were determined by titration using
embryonated SPF chicken eggs.

Virus
D2860 was isolated from 6-month-old commercial
white layers with a drop in both feed intake and egg
production that had been submitted to Royal GD for
a post-mortemexamination. Isolation took place by
growing the virus in the allantoic cavity of 8-day-old
embryonated SPF eggs. The third passage of D2860
was used for the inoculations. The inocula were pre-
pared by dilution of the challenge strains in cold demi-
neralized sterile water to provide the required dose
and stored on melting ice until application. They
were subsequently back-titrated in embryonated SPF
eggs according to standard procedures (Kintet al.,
2015).

Experiment adult-1
In experiment Adult-1, 36 SPF layers were housed in
two isolators (18 birds per isolator), 31 days before
inoculation with D2860 at 63 weeks of age. This
allowed adjustment time for the hens and a su� cient
period of recording of the egg production to assess
the e�ect of the D2860 challenge on egg production.
On the day of challenge, blood samples were collected
from 10 layers and all layers were inoculated by eye-
nose drop (0.2 ml) with a dose of 102.8 EID50 per
bird. At 5 days post inoculation (dpi) and 8 dpi, four
chickens (two per isolator) were euthanized for the
ciliostasis test, immunohistochemistry (IHC) on tracheal

tissue, and tracheal and cloacal swabs were collected for
the generic IBV S1 RT–PCR (Table 1). At 14 dpi, blood
samples were collected from the remaining 28 layers to
check the antibody response by ELISA. Based on the
very limited e�ects of the initial challenge, a second
inoculation with a higher viral dose was performed. At
43 dpi a dose of 104.9 EID50 of D2860 was given to
each of the remaining hens and a� nal blood sampling
was performed at 68 dpi when all birds were euthanized.
These sera were pooled and used as monospeci� c D2860
serum in the cross-neutralization test. The maximum
inoculation dose was limited by the growth of the
D2860 strain in eggs.

Experiment adult-2
Experiment Adult-2 was performed using 36 29-week-
old SPF hens divided between two isolators. On day of
challenge, all layers were inoculated by eye-nose drop
with a dose of 104.8 EID50 of D2860 per bird. At 5 dpi
and 8 dpi, four birds were removed from the isolators
for the ciliostasis test and collection of samples of tra-
chea, sinus, kidney, ureter, oviduct (infundibulum,
magnum and shell gland) and intestines (duodenum,
jejunum, ileum and caecum) for the IHC. Swabs were
also taken from trachea, cloaca and oviduct for testing
using a D2860 genotype-speci� c conventional RT–
PCR (Table 1). At 21 dpi, all birds were euthanized
for sampling of the same organs for IHC, and D2860
genotype-speci� c RT–PCR and blood was collected to
test for the presence of antibodies by ELISA.

Experiment young-1
In experiment Young-1, two groups of twenty 28-day-
old SPF layers housed in separate isolators were

Table 1.Results of ciliostasis test, immunochemistry (IBV IHC) and PCR after inoculation with IBV D2860 or D388/QX. PCR and IHC
results of the negative control groups are not shown but were consistently negative.

Experiment (age,
weeks at
inoculation) Inoculum

Days post-
inoculation

Percentage of
ciliostasis

IBV Immunohistochemistry IBV PCR#

Trachea Sinus
Kidney
+ ureter

Oviduct or
testes Intestines Trachea Cloaca Oviduct

Adult-1 (63) D2860 5 4% 3/4 – – – – 1/4 0/4 –A

8 0% 3/4 – – – – 1/4 0/4 –
Adult-2 (29) D2860 5 0% 2/4 4/4 0/4 0/4 0/4 3/4 0/4 0/4

8 0% 1/4 4/4 0/4 0/4 0/4 3/4 1/4 0/4
21 – 0/4 0/4 0/4 0/4 0/4 0/8 0/8 0/8

Young-1 (4) D2860 5 5%
8 4%

Mock 5 2%
8 3%

Young-2 (4) D2860 5 7% 0/10 – 0/10 0/10 0/10 8/10 – –
8 6% 0/10 – 0/10 0/10 1/10* 0/10 – –

Mock 5 5%
8 0%

Young-3 (0) D2860 7 0/5 5/5 0/15 0/15 5/5 0/5
14 5/5 1/5
21 4/5 4/5
28 0/5 0/5 0/15 0/15 1/5 3/5

D388/QX 7 5/5 5/5 14/15 14/15 5/5 5/5
14 5/5 5/5
21 5/5 5/5
28 0/5 0/5 1/15 1/15 3/5 5/5

#Generic IBV S1 RT-PCR was performed on the Adult-1 birds. D2860 genotype-speci� c RT-PCR was performed on the Adult-2, Young-2 and Young-3 birds.
*Immunostaining was limited to a few scattered lymphoid cells in the tissue of a caecum.
A not tested.

382 R. J. MOLENAAR ET AL.



inoculated with either 103.6EID50D2860 (Group A, 20
birds) or 104.5 EID50 D2860 (group B, 20 birds). Six
additional birds (group C) were housed in another iso-
lator to serve as negative controls and were inoculated
with water. At 5 and 8 dpi, 10 birds from groups A and
B and 3 birds from group C were removed for the
ciliostasis test.

Experiment young-2
In experiment Young-2, two groups of 1-day-old
SPF birds were housed in isolators and inoculated
at 28 days of age with either 104.6 EID50 D2860
(challenge group, 20 birds) or with water (negative
control, six birds). At 5 dpi and 8 dpi, half of the
birds per isolator were removed for sampling. The
ciliostasis test, IBV IHC and a D2860 genotype-
speci� c RT–PCR were performed on trachea samples
from all birds. The oviduct (infundibulum, magnum
and shell gland) or testes, as well as the intestines
(duodenum, jejunum, ileum and caecum), were col-
lected in formalin from all birds for IHC.

Experiment young-3
To evaluate the potential nephropathogenicity of
D2860 as well as its ability to induce cystic oviducts
indicative for the ability to cause false layers, SPF
chicks were inoculated with D2860 on the day of
hatch. This is considered to be the most sensitive
age for induction of both renal lesions and false
layers (De Wit & Cook,2014). IBV D388/QX strain
was used as reference strain as this strain is known
for both its nephropathogenicity and its ability to
cause false layers (De Witet al., 2011). Eighty-� ve
chicks were divided across three experimental groups
as follows: 45 in the D2860 (105.1 EID50) inoculated
group, 30 in the D388 (104.3 EID50) inoculated
group and 10 in the negative control group (mock
inoculation using water). At 7, 14 and 21 days of
age the same� ve birds were sampled for the
D2860 genotype-speci� c RT–PCR on cloaca and oro-
pharyngeal swabs (Table 1). At 7 days of age 15 birds
from the D2860 group and the D388 group as well as
� ve birds from the negative control group were
euthanized for sampling. From all birds the left kid-
ney was sampled for IHC and from� ve birds per
group the entire oviduct, the trachea and a cross sec-
tion of the beak showing conchae and infraorbital
sinuses were also sampled for IHC. At 28 days all
remaining birds were sacri�ced and macroscopically
examined for abnormalities of the oviduct. The
same set of organs was collected for IHC as was
done on day 7.

Serotyping

Virus cross-neutralization tests were performed using
strain D2860 and strains of serotypes M41 (GI-1),

Arkansas (GI-9), 793B (GI-13), Q1 (GI-16), D388/QX
(GI-19), Variant 2 (GI-23), D1466 (GII-1), and D181
(GII-2), and their monospeci� c antisera to determine
the antigenic relationship between these strains. The
sera had been raised in groups of 4-to-8-week-old
SPF broilers (Royal GD) except for the D181 (Molenaar
et al., 2020) and D2860 sera that had been raised in SPF
layers (experiment Adult-1). The antisera were pooled
per virus and used in duplicate to determine the ability
to neutralize a constant amount of 30–300 median tis-
sue culture infectious doses (TCID50) of virus of each
of the nine serotypes. The virus was mixed with twofold
dilutions of antisera and incubated for 1 h at 36–38°C.
Subsequently, the virus-serum mixtures were trans-
ferred in duplicate to wells of microtitre plates which
contained monolayers of primary chicken embryo kid-
ney cells. The plates were placed in a CO2 incubator at
36–38°C for 72 h. The VN titres were expressed as the
reciprocal of the highest dilution of serum that pre-
vented cytopathic e� ects. The test was performed in
the presence of appropriate controls.

RT–PCR tests

At the time of the �rst bird experiment (Adult-1), only a
small partial sequence of the S1 gene of D2860 was avail-
able. For bird experiment Adult-1, samples were tested
using a generic IBV S1 RT–PCR and a D1466 geno-
type-speci� c RT–PCR as it was performed for the orig-
inal detection of the virus in the layer� ock (De Wit
et al., 2018). After obtaining a larger fragment of the S1
sequence of D2860, it became clear that the primers
used in the generic IBV S1 RT–PCR and D1466 RT–
PCR had multiple mismatches with strain D2860 prob-
ably resulting in an ine� cient detection of the D2860
strain. Therefore, based on the larger part of the D2860
sequence a D2860 genotype-speci� c RT–PCR was devel-
oped using forward primer D2860-F (TACTGG-
TAATTTTACAGATGG) and reverse primer D2860-R
(TAATTTGCTTACAGGCACC) that had an improved
sensitivity. This test was used for bird experiments
Adult-2, Young-2 and Young-3 (Table 1).

ELISA

Serum samples were assayed in single 1:500 dilutions
using a commercial ELISA system (IDEXX Corpor-
ation, Westbrook, ME, USA) according to the manu-
facturer’s instructions.

Ciliary activity

The ciliary activity of tracheal explants was examined
after sampling at 5 or 8 days after inoculation. For
each trachea,� ve transverse sections of 0.5–2 mm,
divided equally over the total length of the trachea,
were cut using a scalpel. The transverse sections of
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the trachea were placed into MEM-H medium on a
24-well plate and examined under the microscope
(40–100×). The activity of the cilia in each tracheal
section was scored as described previously (Cook
et al., 1999; De Wit et al., 2013). In short, score 0
was given when all of the cilia showed movement,
score 1 for 75–99% movement, score 2 for 50–75%,
score 3 for 26–50% and score 4 if 25% or fewer of
the cilia showed movement.

Immunohistochemistry (IHC)

The scores for individual organ sections were recorded
of part of the birds of Adult-1 and Adult-2 and of all
birds of experiment Young-2. The presence of positive
stained cells was assessed using a light microscope
(40–400×). The IHC was performed as described by
De Wit et al.(2011).

In vitro temperature sensitivity

Strains D2860 and M41 were both incubated at 37°C
and at 41°C to determine if their replication rate was
comparable at these temperatures. Both viruses were
diluted tenfold and transferred in 16-fold to wells of
microtitre plates which contained monolayers of pri-
mary chicken embryo kidney cells. The plates were
placed in a CO2 incubator at 37°C or at 41°C for
72 h. The virus titres (TCID50) were expressed as the
reciprocal of the highest dilution of virus that caused
cytopathic e�ects using the method of Reed and
Muench (1938).

Ethical statement

All experiments were conducted with the formal
approval (GD-273) of the local animal welfare com-
mittee and registered according to Dutch legislation.

Results

Whole genome sequencing

Illumina sequencing andde novoassembly resulted in
a full genome sequence with very high coverage
(20,717×). The full genome sequence of strain D2860
has been deposited in GenBank (acc.no. OR791595).
The assembled genome was 27,760 nucleotides (nt)
in length and contained 13 open reading frames
(ORF) according to the NCBI ORFFinder software.
The genetic makeup was as follows: 5�UTR-1ab-1a-
S-3a-3b-E-M-4b-4c-5a-5b-N-6b-3�UTR. The 13
ORFs, their genomic positions, genes and proteins
they encode are shown inTable 2.

Maximum likelihood analysis of the full S1 of strain
D2860 with known IBV genotypes whose full S1
sequences are available demonstrated the highest

sequence identity (98.6%) between strain D2860 and
CK/DE/IB80/2016 (GVIII) (Figure 2).

BLAST search of the full genome sequence of strain
D2860 also demonstrated the highest overall sequence
identity (95%) with strain CK/DE/IB80/2016. Pairwise
sequence alignment of strain D2860 and strain CK/
DE/IB80/2016 revealed gene-to-gene variations in
the alignment scores ranging from only 77.6%
sequence identity for the E gene to 99.1% sequence
identity for the 6b gene (Table 2).

Clinical signs and post-mortem results

There were no clinical signs or abnormalitiespost-
mortemrelated to the inoculations of D2860 in exper-
iments Adult-1, Adult-2, Young-1 and Young-2 nor
was any drop in egg production noted in the exper-
iments with adult hens.

In experiment Young-3, where D2860 or mock was
inoculated on day of hatch, no signs of disease were
noted during the experiment. At 28 dpi no macroscopic
abnormalities of the oviduct or any other organ were
found in any of the examined chickens of the D2860
challenge group or the negative control group. In the
D388-inoculated birds of experiment Young-3, three
chickens were found dead at 5 dpi, one additional
chicken was lethargic and was euthanized at 7 dpi. At
28 dpi, nine out of 15 hens (60%) had either local cystic
dilations or segmental aplasia of the oviduct.

Table 2.Genomic information for strain gCoV/ck/Netherlands/
D2860/2019 and percentage nucleotide identity with GVIII
type strain CK/DE/IB80/2016.

Gene Protein Start1 Stop1
Length
nt/aa2

% identity to
strain CK/DE/

IB80/2016

5�UTR 1 482 482/–
ORF1ab Polyprotein

1ab
483 20,371 19,875/

6625
94.3%

ORF1ab Polyprotein 1a 483 12,338 11,856/
3952

94.9%

S Spike 20,322 23,807 3486/
1161

98.5%

ORF3a Non-structural
protein 3a

23,807 23,980 174/57 98.9%

ORF3b Non-structural
protein 3b

23,980 24,174 195/64 97.9%

E Envelope 24,158 24,487 330/109 77.6%
M Membrane 24,360 25,136 777/258 95.9%
ORF4b Accessory

protein 4b
25,137 25,421 285/94 96.5%

ORF4c Accessory
protein 4c

25,342 25,512 171/56 91.8%

ORF5a Accessory
protein 5a

25,496 25,693 198/65 89.9%

ORF5b Accessory
protein 5b

25,690 25,938 249/82 93.6%

N Nucleocapsid 25,881 27,110 1230/
409

97.2%

ORF6b Accessory
protein 6b

27,119 27,343 225/74 99.1%

3�UTR 27,344 27,616 273/–
1ORF start and stop.
2Number of nucleotides and amino acids.
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Ciliostasis

The results of the ciliostasis test for the four experiments
Adult-1, Adult-2, Young-1 and Young-2 are listed in
Table 1. In all four experiments, the average level of
ciliostasis at 5 or 8 dpi varied between 0 and 7%. Most
birds showed no ciliostasis and none of the birds had a
percentage of ciliostasis higher than 30%. The low level
of ciliostasis observed in the D2860 inoculated young
birds was comparable to the mock-inoculated birds.

Immunohistochemistry

In the study Adult-1, immunostaining, indicative of
IBV replication, was noted in the tracheal epithelium
of three out of four birds at 5 dpi and three out of
four birds at 8 dpi (Table 1). On both days, one
out of the three birds had immunostaining in few
epithelial cells and only in one bird at 8 dpi there
was immunostaining in a high number of epithelial
cells.

Figure 2.Phylogenetic analysis of the infectious bronchitis S1 gene by Maximum Likelihood method. GenBank accession num-
bers, strain ID, country of origin and year of isolation have been indicated. Also genotype assignment and subclade de� nitions
according to Valastroet al. (2016) have been indicated. Strain CK/NL/D2860/2019 has been indicated by a� .
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In experiment Adult-2, two out of four tracheas
were mildly positive at 5 dpi and one out of four at
8 dpi with low numbers of epithelial cells displaying
positive immunostaining. In contrast, immunostain-
ing was noted in moderate to high numbers of cells in
all cut sections of the nasal passages with many
positive epithelial cells of both the sinuses and the
conchae at 5 and 8 dpi. Kidneys, oviducts and intes-
tines were always negative. No D2860 was detected at
21 dpi, either in the PCR test or in the IHC test. All
IHC tests from the negative control groups were
negative.

Immunohistochemical staining results were mark-
edly di�erent between the D2860 and the D388 inocu-
lated day-old chicks of experiment Young-3. In the
D2860 inoculated group staining was present in the
respiratory epithelium lining the conchae and the
infra-orbital sinus in all� ve (100%) chicks at 7 dpi
(Figure 3). No other organs showed any staining in
this group at either 7 or 28 dpi. In the D388 inoculated
birds 14 out of 15 kidneys (93%) were IHC-positive at
7 dpi, as well as all 5 oviducts, tracheas and conchae
(100%). At 28 dpi with D388, one out of 15 (7%) kid-
neys was IHC-positive and none of the� ve oviducts,
tracheas and conchae (0%) were IHC positive.

ELISA

In study Adult-1, all 10 SPF hens sampled at day of
inoculation were negative for antibodies against IBV.
Twenty-seven out of 28 hens (96%) had seroconverted
at 14 dpi (geometric mean titre 1101, range 263–4376,
cut-o� 396). This clear antibody response showed that
the relatively low dose of 102.8 EID50 D2860 had been
su� cient to infect the birds. In Adult-2, 57% of the
hens that were sampled at 21 dpi were ELISA positive
(geometric mean titre 460, range 130–3047). Negative
control birds remained negative in the ELISA.

Serotyping

The results of the cross-neutralization tests are listed
in Table 3. The D2860 virus was strongly neutralized
by the D2860 antiserum (titre 5793) whereas it was
hardly or not neutralized (titre� 16) by the antisera
of D181, D1466, M41, D388/QX, 793B, Arkansas, Var-
iant 2, and Q1. The D2860 antiserum, while highly
neutralizing against D2860, showed no or moderate
levels of neutralization (<16–128) against the sero-
types mentioned earlier. The levels of antigenic
relation between the D2860 and the other antigens
were determined using the formula of Archetti and
Horsfall (1950). The R-values were all� 1/50, meaning
less than 2% antigenic cross-relationship between
D2860 and D181, D1466, M41. D388/QX, 793B,
Arkansas, Variant 2, or Q1, respectively. D2860 can
therefore be considered a di� erent serotype than the
tested IBV strains. When also taking into account
the genetic distance from all known serotypes, it
seems likely that D2860 is a new serotype.

General S1 PCR and D2860-speci� c RT-PCRs

The results of the RT–PCR tests are listed inTable 1. In
study Adult-1, both at 5 and 8 dpi, only one out of four
tracheas and none of the four cloacal swabs were posi-
tive in the generic IBV S1 RT–PCR. In studies Adult-2,
Young-2 and Young-3 the more sensitive D2860 geno-
type-speci� c RT–PCR was used. This RT–PCR showed
positive results in three out of four tracheas at both 5
and 8 dpi and one positive cloacal swab at 8 dpi of
the birds of study Adult-2. In none of the four oviducts
sampled at 5 and 8 dpi and eight oviducts sampled at 21
dpi, were positive RT–PCR results obtained. In study
Young-2, 80% and 0% of tracheal swabs were positive
at 5 and 8 dpi with D2860, respectively.

In Young-3, 100%, 100%, 80% and 20% of the tra-
cheal swabs were positive at 7, 14, 21, and 28 dpi,
respectively, with D2860 (Table 1). The cloacal
swabs of the same birds showed a delay in detection
of D2860, being 0%, 20%, 80% and 60% at 7, 14, 21,
and 28 dpi, respectively. In the D388 inoculated
group all 5 hens tested positive in both the trachea
and the cloaca at 7, 14 and 21 days post inoculation,
and at 28 dpi three out of� ve trachea swabs and all
� ve cloaca swabs were positive. All PCR results from
the negative control groups were negative.

In vitro temperature sensitivity

The average virus titres of D2860 at 72 h post inocu-
lation of the monolayers of primary chicken embryo
kidney cells at 37°C or at 41°C were similar, being
41 and 38 TCID50, respectively. The average virus
titre for M41 at 72 h post-inoculation was 38
TCID50 at 37°C and 77 TCID50 at 41°C.

Figure 3.Conchae of a 7-day-old chick that was inoculated with
IBV D2860 at day-old (experiment Young-3) showing immuno-
staining (brown) against IBV in multiple epithelial cells.
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Discussion

This report shows the results of the extensive genetic
and biological characterization of the D2860 strain as
representative of emerging genotype VIII of IBV
(Domanska-Blicharzet al., 2020; Petzoldtet al.,
2022). The full sequence showed that D2860 is highly
similar with CK/DE/IB80/2016 (Petzoldtet al., 2022)
whereas the S1 sequence showed 94.4% similarity
with a known partial sequence of gCoV/ck/Poland/
516/2018 (Domanska-Blicharzet al., 2020) and
83.8% identity to the unique North American PA/
1220/98 variant (Kinghamet al., 2000; Gelb et al.,
2005) (data not shown). The PA/1220/98 strains
were already reported by Valastroet al. (2016) as a
unique variant group that was very distinct from all
known lineages of IBV; however, no genotype num-
ber was assigned to this group of strains due to the
lack of full sequences of the S1 gene. For this reason,
it remains unknown whether the European GVIII
strains gCoV/ck/Poland/516/2018, CK/DE/IB80/
2016 and D2860 are of the same lineage within
GVIII as PA/1220/98 as this would require the full
sequence of the S1 gene of PA/1220/98 (Valastro
et al., 2016).

As expected for strains with low levels of genetic
identity in the S1 gene, the level of cross-neutralization
using the antigens and serotype-speci� c antisera of
D2860, D181 (GII-2), D1466 (GII-1), M41 (GI-1),
D388/QX (GI-19), 793B (GI-13), Arkansas (GI-9),
Variant 2 (GI-23), or Q1 (GI-16) resulted in R-values
lower than 1/50. R-values below 1/50 mean less than
2% antigenic cross-relationship showing that D2860
of GVIII can be considered a di�erent serotype of
IBV. Unfortunately, PA/1220/98 was not available
for the cross-neutralization test but it would be very
interesting to see if PA/1220/98 and D2860 are of
the same serotype. Luckily for the� eld, a commercial
ELISA using only Mass antigen was able to detect the
antibody response to D2860 within 14 days as shown
in our experiments.

The lack of pathogenicity of strain D2860 was
unexpected, especially considering that a low passage
level was used. A complete absence of clinical signs,
ciliostasis and abnormalities atpost-mortem was

observed in all� ve experiments using day old chicks
(DOC), young birds and adult layers. The lack of
clear clinical signs caused by IBV strains under exper-
imental conditions is not uncommon as these clinical
signs are generally mild and di� cult to quantify and
can also be highly age-dependent (De Wit & Cook,
2014). However, the lack of any sign of ciliostasis in
DOC, young birds and adult birds despite proof of
infection by staining or RT–PCR is exceptional,
since the induction of a high level of ciliostasis around
4–7 dpi is one of the common properties of IBV
strains (De Witet al., 2013; De Wit & Cook, 2014;
Jackwood & de Wit,2020). Even live attenuated IBV
vaccines have a transient level of ciliostasis (Hodgson
et al., 2004; Tarpeyet al., 2006; Leeet al., 2010). The
only IBV strain known for its lack of causing ciliostasis
is the highly egg-adapted Beaudette strain (Hodgson
et al., 2004; Armestoet al., 2009).

The limited tropism of strain D2860 might be a
major reason for its low pathogenicity (Keepet al.,
2020). No signs of replication in the intestinal tract
or reproductive organs could be detected despite its
origin from a layer� ock showing a drop in egg pro-
duction, similar to the reports of Domanska-Blicharz
et al. (2020) and Petzoldtet al. (2022) who also
reported that the detections of GVIII strains were
almost all in layers and broiler breeders. No replica-
tion of D2860 was detected in the kidney, despite its
ability to grow without adaptation in primary kidney
cells as shown in the virus neutralization test. Using
IHC it was found that D2860 replicated more exten-
sively in the respiratory lining of the nasal conchae
and the infra-orbital sinuses than in the tracheal epi-
thelium. This apparent preference of D2860 to repli-
cate mainly in the upper respiratory tract resembles
the limited tropism of the highly attenuated Beau-R
strain of the Massachusetts serotype that was shown
to be temperature sensitive and could not be main-
tained at 41°C, the core body temperature of a chicken
(Keepet al., 2020). Thein vitro comparison of replica-
tion of D2860 at 37°C and at 41°C resulted in similar
virus titres at 72 h post-inoculation of the monolayers
of primary chicken embryo kidney cells, being 41 and
38 TCID50, respectively. For M41, average titres of the
16-fold titrations were 38 and 77 TCID50, showing

Table 3.Results of the cross-neutralization tests using antigens and antisera of IBV strains D2860, D181, D1466, M41, D388, 793B,
Arkansas, Var2 and Q1.

Virus
Serum D2860 D181 D1466 M41 D388 4/91 Arkansas Var2 Q1

D2860 5793 128 45 <16 45 45 128 23 16
D181 <16 5793 – – – – – – –
D1466 <16 – 2353 – – – – – –
M41 <16 – – 724 – – – – –
QX/D388 <16 – – – 181 – – – –
4/91 <16 – – – – 1024 – – –
Arkansas 16 – – – – – 724 – –
Var 2 <16 – – – – – – 512 –
Q1 <16 – – – – – – – 362
SPF <16 16 <16 <16 <16 <16 <16 <16 <16
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that M41 replicated 1 log2 better at 41°C compared to
37°C. Shen and Liu (2001) found that a single
mutation from lysine to glutamine for amino acid
294 (L294Q) located at the highly conserved domain
of the S1 subunit of Beaudette strain prevented e�ec-
tive replication of the virus at 40°C. Amino acid 294
of the S1 subunit of D2860 is valine (V). In summary,
the in vitro results indicate that D2860 might have a
degree of temperature sensitivity that potentially
limits its tropism to some extent to colder parts of
the respiratory tract but not at the level of Beau-R
(Keepet al., 2020) or the temperature sensitive Beaud-
ette mutants reported by Shen and Liu (2001). Further
research is needed to understand the low pathogen-
icity of strain D2860 of genotype GVIII. This should
also include testing of more GVIII strains to deter-
mine whether D2860 is an exception within GVIII.
Strains of GVIII with su� cient pathogenicity would
be needed to perform vaccination-challenge exper-
iments to be able to test the level of protection induced
by use of homologous and/or heterologous IBV vac-
cines. If other related strains should prove to be patho-
genic, the current D2860 strain might actually be a
candidate for a safe live vaccine due to its low patho-
genicity, while still inducing a clear antibody response
showing it is immunogenic despite its very low
pathogenicity.

Acknowledgements

The studies were� nancially supported by the Dutch poultry
industry (AVINED) and the pharmaceutical companies
Boehringer Ingelheim Animal Health, Ceva, Dechra, MSD,
Phibro and Vaxxinova.

Disclosure statement

No potential con�ict of interest was reported by the authors.

Funding

This work was supported by AVINED.

ORCID

Rj Molenaar http://orcid.org/0000-0003-0336-1226
R. Dijkman http://orcid.org/0000-0002-8325-879X

References

Archetti, I. & Horsfall, F.L. (1950). Persistent antigenic vari-
ation of in� uenza A viruses after incomplete neutraliz-
ation in ovo with heterologous immune serum.Journal
of Experimental Medicine, 92, 441–462.

Armesto, M., Cavanagh, D. & Britton, P. (2009). The repli-
case gene of avian coronavirus infectious bronchitis virus
is a determinant of pathogenicity.PLoS One, 4, e7384.

Cook, J.K.A., Orbell, S.J., Woods, M.A. & Huggins, M.B.
(1999). Breadth of protection of the respiratory tract

provided by di�erent live-attenuated infectious bronchi-
tis vaccines against challenge with infectious bronchitis
viruses of heterologous serotypes.Avian Pathology, 28,
477–485.

De Wit, J.J., Boelm, G.J., van Gerwe, T.J.W.M. & Swart,
W.A.J.M. (2013). The required sample size in vacci-
nation-challenge experiments with infectious bronchitis
virus, a meta-analysis.Avian Pathology, 42, 9–16.

De Wit, J.J., Cazaban, C., Dijkman, R., Ramon, G. & Gardin,
Y. (2018). Detection of di�erent genotypes of infectious
bronchitis virus and of infectious bursal disease virus in
European broilers during an epidemiological study in
2013 and the consequences for the diagnostic approach.
Avian Pathology, 47, 140–151.

De Wit, J.J. & Cook, J.K.A. (2014). Factors in� uencing the
outcome of infectious bronchitis vaccination and chal-
lenge experiments.Avian Pathology, 43, 485–497.

De Wit, J.J. & Cook, J.K.A. (2019). Spotlight on avian path-
ology: infectious bronchitis virus.Avian Pathology, 48,
393–395.

De Wit, J.J., Nieuwenhuisen-van Wilgen, J., Hoogkamer, A.,
Van de Sande, H., Zuidam, G.J. & Fabri, T.H.F. (2011).
Induction of cystic oviducts and protection against
early challenge with infectious bronchitis virus serotype
D388 (genotype QX) by maternally derived antibodies
and by early vaccination.Avian Pathology, 40, 463–471.

Domanska-Blicharz, K., Sajewicz-Krukowska, J. & Lisowska,
A. (2020). New PA/1220/98-like variant of infectious bron-
chitis virus in Poland.Avian Pathology, 49, 380–388.

Gelb, J., Weisman, Y., Ladman, B.S. & Meir, R. (2005). S1
gene characteristics and e� cacy of vaccination against
infectious bronchitis virus� eld isolates from the United
States and Israel (1996 to 2000).Avian Pathology, 34,
194–203.

Hodgson,T., Casais, R., Dove, B., Britton, P. & Cavanagh, D.
(2004). Recombinant infectious bronchitis coronavirus
Beaudette with the spike protein gene of the pathogenic
M41 strain remains attenuated but induces protective
immunity. Journal of Virology, 78, 13804–13811.

Jackwood, M. & de Wit, J.J. (2020). Infectious bronchitis. In
D.E. Swayne, L.R. McDougald, V. Nair & D.L. Suarez
(Eds.), Diseases of poultry(14th ed., Vol. I, pp. 167–
188). Hoboken, NJ, USA: Wiley-Blackwell.

Keep, S., Stevenson-Leggett, P., Steyn, A., Oade, M.S., Webb,
I., Stuart, J., Vervelde, L., Britton, P., Maier, H.J. &
Bickerton, E. (2020). Temperature sensitivity: a potential
method for the generation of vaccines against the avian
coronavirus infectious bronchitis virus.Viruses, 12, 754.

Kingham, B.F., Keeler, C.L., Nix, W.A., Ladman, B.S. &
Gelb, J. (2000). Identi� cation of avian infectious bronchi-
tis virus by direct automated cycle sequencing of the S-1
gene.Avian Diseases, 44, 325–335.

Kint, J., Maier, H.J. & Jagt, E. (2015). Quanti� cation of
infectious bronchitis coronavirus by titrationin vitro
and in ovo. Methods in Molecular Biology, 1282, 89–98.

Kusters, J.G., Jager, E.J., Niesters, H.G. & van der Zeijst, B.A.
(1990). Sequence evidence for RNA recombination in
� eld isolates of avian coronavirus infectious bronchitis
virus. Vaccine, 8, 605–608.

Lee, H.J., Youn, H.N., Kwon, J.S., Lee, Y.J., Kim, J.H., Lee,
J.B., Park, S.Y., Choi, I.S. & Song, C.S. (2010).
Characterization of a novel live attenuated infectious
bronchitis virus vaccine candidate derived from a
Korean nephropathogenic strain.Vaccine, 28, 2887–2894.

Ma, T., Xu, L., Ren, M., Shen, J., Han, Z., Sun, J., Zhao, Y. &
Liu, S. (2019). Novel genotype of infectious bronchitis virus
isolated in China.Veterinary Microbiology, 230, 178–186.

388 R. J. MOLENAAR ET AL.



Molenaar, R.J., Dijkman, R. & de Wit, J.J. (2020).
Characterization of infectious bronchitis virus D181, a
new serotype (GII-2).Avian Pathology, 49, 1–8.

Petzoldt, D., Vogel, N., Bielenberg, W., Haneke, J., Bischo�,
H., Liman, M., Ronchen, S., Behr, K.P. & Menke, T.
(2022). IB80-A novel infectious bronchitis virus genotype
(GVIII). Avian Diseases, 66, 1–8.

Reed, L.J. & Muench, H. (1938). A simple method of esti-
mating � fty percent end-points.Journal of Hygiene, 27,
493–497.

Shen, S. & Liu, D.X. (2001). Characterization of tempera-
ture-sensitive (ts) mutants of coronavirus infectious
bronchitis virus (IBV). Advances in Experimental
Medicine and Biology, 494, 557–562.

Tarpey, I., Orbell, S.J., Britton, P., Casais, R., Hodgson, T.,
Lin, F., Hogan, E. & Cavanagh, D. (2006). Safety and
e� cacy of an infectious bronchitis virus used for chicken
embryo vaccination.Vaccine, 24, 6830–6838.

Valastro, V., Holmes, E.C., Britton, P., Fusaroa, A.,
Jackwood, M.W., Cattoli, G. & Monne, I. (2016). S1
gene-based phylogeny of infectious bronchitis virus: an
attempt to harmonize virus classi� cation. Infection,
Genetics and Evolution, 39, 349–364.

Vermeulen, C.J., Dijkman, R., de Wit, J.J.S., Bosch, B.J.,
Heesterbeek, J. & van Schaik, G. (2023). Genetic analysis
of infectious bronchitis virus (IBV) in vaccinated poultry
populations over a period of 10 years.Avian Pathology,
52, 157–167.

AVIAN PATHOLOGY 389


	Abstract
	Introduction

