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A number of novel infectious bronchitis viruses (IBVs) were previously identified in commercial poultry in
Australia, where they caused significant economic losses. Since there has been only limited characterization of
these viruses, we investigated the genomic and phenotypic differences between these novel IBVs and other,
classical IBVs. The 3’ 7.5 kb of the genomes of 17 Australian IBV strains were sequenced, and growth
properties of 6 of the strains were compared. Comparison of sequences of the genes coding for structural and
nonstructural proteins revealed the existence of two IBV genotypes: classical and novel. The genomic organi-
zation of the classical IBVs was typical of those of other group III coronaviruses: 5'-Pol-S-3a-3b-E-M-5a-5b-
N-untranslated region (UTR)-3'. However, the novel IBV genotype lacked either all or most of the genes coding
for nonstructural proteins at the 3’ end of the genome and had a unique open reading frame, X1. The gene
order was either 5'-Pol-S-X1-E-M-N-UTR-3’ or 5’-Pol-S-X1-E-M-5b-N-UTR-3’. Phenotypically, novel and
classical IBVs also differed; novel IBVs grew at a slower rate and reached lower titers in vitro and in vivo and
were markedly less immunogenic in chicks. Although the novel IBVs induced histopathological lesions in the
tracheas of infected chicks that were comparable to those induced by classical strains, they did not induce
lesions in the kidneys. This study has demonstrated for the first time the existence of a naturally occurring IBV
genotype devoid of some of the genes coding for nonstructural proteins and has also indicated that all of the
accessory genes are dispensable for the growth of IBV and that such viruses are able to cause clinical disease
and economic loss. The phylogenic differences between these novel IBVs and other avian coronaviruses suggest

a reservoir host distinct from domestic poultry.

Infectious bronchitis virus (IBV) is a pathogen of domestic
chickens that causes acute, highly contagious respiratory dis-
ease (8). IBV is a member of the genus Coronavirus (order
Nidovirales, family Coronaviridae). Coronaviruses have been
divided into three groups based on antigenic cross-reactivity
and nucleotide sequence analysis. Group 1 and group 2 coro-
naviruses contain the mammalian coronaviruses, while group 3
contains coronaviruses from birds and includes IBV (18). IBV
replicates in ciliated epithelial cells of the respiratory tract
(and the oviduct), causing deciliation, edema, desquamation,
hyperplasia, and mononuclear cell infiltration of the submu-
cosa between 3 and 9 days after infection. In the kidney, cyto-
pathic changes occur in the tubular epithelium, with degrada-
tion, necrosis, and an interstitial inflammatory response (4, 9,
13).

All coronaviruses maintain a set of essential genes, including
those that encode the polymerase (Pol), spike (S), small mem-
brane (E), membrane (M), and nucleocapsid (N) proteins, in
the invariable order 5'-Pol-S-E-M-N-3’ (24). In addition to
these essential genes, the genomes of all coronaviruses contain
group-specific, or accessory, genes, which encode small pro-
teins of unknown function (24, 35). The 27.6-kb IBV genome
contains nine functional genes, four of which encode structural
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proteins. The polymerase gene, gene 1, occupying approxi-
mately two-thirds of the genome at the 5’ end, encodes two
partially overlapping open reading frames (ORFs), 1a and 1b.
Gene 2 consists of one ORF that encodes the spike glycopro-
tein (S), which is posttranslationally cleaved into the amino-
terminal S1 (92-kDa) and the carboxyl-terminal S2 (84-kDa)
subunits (24). In the mature virion, S2 associates with S1,
anchoring the S1 protein to the membrane to form the multi-
meric coiled-coil S protein (3). The S1 subunit is involved in
virus entry and also contains epitopes for virus-neutralizing
and hemagglutination-inhibiting antibodies (5, 22, 29). The S1
sequences from different strains vary significantly, usually by
between 2 and 25% at the amino level, whereas the S2 subunit
is conserved (24).

Gene 3 contains three ORFs, 3a (174 nucleotides), 3b (195
nucleotides), and 3c (321 nucleotides). ORF 3c encodes the E
protein, which is a structural protein required for virion assem-
bly, while 3a and 3b encode nonstructural proteins of unknown
function (24). ORFs 3a and 3b have been found in all IBV
isolates discovered thus far (26) and also in other group 3
coronaviruses (turkey and pheasant coronaviruses) (6, 7). Re-
cently, it was shown using reverse genetics that neither the 3a
nor the 3b protein is essential for IBV replication in vitro and
that these proteins can thus be considered to be accessory
proteins (17). In a study using plasmid expression, Liu and
Inglis (27) suggested that the translation of ORF 3c, which
encodes the E protein, is dependent on the upstream sequence
elements (3a and 3b), which together may serve as an internal
ribosomal entry site. However, the suggestion that these genes
were essential for initiating the translation of the E protein has
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now been challenged by the generation of mutant IBVs lacking
3a and 3b genes (17). Gene 4 contains one ORF encoding the
M glycoprotein, which is essential for the production of coro-
navirus-like particles (12, 24). IBV is unique among members
of genus Coronavirus in that it has two ORFs in gene 5 (5a and
5b). Gene 5 is present in all group 3 coronaviruses character-
ized to date, but it was shown to be dispensable for replication
in vitro using reverse genetics (1). Gene 6 has one OREF,
encoding the N protein, which, together with the genomic
RNA, forms the helical nucleocapsid (12, 24). This protein is
highly conserved, differing between different IBV isolates by
only 2 to 6% at the amino acid level (37, 38). There is an
untranslated region (UTR) located immediately downstream
of gene 6, which is thought to be important for the initiation of
negative-strand RNA synthesis. This region has been found to
be highly conserved among different strains of the same coro-
navirus (10, 36). In porcine, canine, and feline coronaviruses,
the 3’ UTR contains at least one ORF, but functional ORFs
have not been detected in the 3" UTR of IBV (30).

Coronaviruses replicate via the synthesis of a 5’-coterminal
nested set of subgenomic mRNAs. Preceding the coding se-
quence of each subgenomic mRNA are transcription regula-
tion sequences (TRSs) that lie 5" of the first ORF. The TRSs
are conserved in each coronavirus group, and the distance
between the TRS and the first ORF is different in each sub-
genomic mRNA of different coronaviruses.

Antigenic analyses of S, N, and M proteins (20) and se-
quence analyses of S1 and N genes (30, 31) of Australian IBV
strains have identified two genotypically and antigenically dis-
tinct groups, tentatively classified as “classical” and “novel”
strains. The classical group shared 80.7 to 98.3% identity in the
deduced amino acid sequences of their S1 regions, whereas
novel strains shared only 53.8 to 61.7% identity with classical
strains at the amino acid level in this region (31). Analysis of
the N gene confirmed the observations made with S1, that
classical and novel strains belonged to phylogenetically distinct
groups of viruses. The 3" UTR immediately downstream from
the N gene was also distinct, with extensive deletions apparent
in the novel strains (30). A longitudinal study of IBV strains in
commercial poultry in Australia indicated that these novel IBV
strains emerged suddenly at three geographically distant com-
mercial sites. The novel strains persisted at the sites at which
they were initially isolated for a period of 3 to 4 years, causing
respiratory disease and mortalities and necessitating the intro-
duction of vaccines to control the problem (21).

In this study, the 3" 7.5 kb of the genomes of 17 different
Australian IBV strains, including four novel strains, was se-
quenced and analyzed to compare the genes encoding their
structural (S, E, M, and N) and nonstructural (3a, 3b, 5a, and
5b) proteins in order to better understand the evolution of IBV
in its natural host. Some phenotypic characteristics of the novel
and classical strains were also compared in embryos and in
chickens.

MATERIALS AND METHODS

IBV strains. The IBV vaccine strains Vic S, S, and Armidale were obtained
from the manufacturers (Fort Dodge Australia Pty. Ltd., Intervet Australia Pty.
Ltd., and Fort Dodge Australia Pty. Ltd., respectively). Strains Vic S and S
belong to the same serotype (serotype B) by virus neutralization and also to the
same antigenic type as determined by monoclonal antibody typing. The Armidale

J. VIROL.

strain belongs to a different serotype (serotype C) (20). The 11 other strains used
in this study, N1/62, V1/71, V2/71, Q1/73, N2/75, Q1/76, N1/88, Q3/88, V5/90,
V18/91, and V6/92, were described previously (20). In addition, three recently
discovered field isolates, Q1/99, V2/02, and V3/02, were used. All viruses were
isolated from either tracheal or kidney tissue collected from field cases and
propagated in specific-pathogen-free (SPF) embryonated chicken eggs for three
to five passages.

Isolation of IBV from field samples and propagation in embryonated eggs.
Samples of kidney and trachea were pooled, and 10% (wt/vol) tissue suspensions
were made in 0.1% phosphate-buffered saline (PBS) containing 100 U penicillin
and 100 pg streptomycin/ml. After 12 h of incubation at 4°C, 200 pl of super-
natant was inoculated into the allantoic cavity of 9- to 11-day-old embryos of SPF
chickens (SPAFAS; Woodend, Victoria, Australia). Five eggs were used for each
sample. The inoculated eggs were incubated at 37°C and candled daily. After
72 h of incubation, the eggs were chilled at 4°C, and allantoic fluids were
harvested, pooled, clarified by centrifugation at 3,000 X g, and stored at —70°C.

Virus titration and virus neutralization tests. Virus titers were determined in
tracheal organ cultures (TOCs) made from SPF chicken embryos at 19 days of
incubation and expressed in median ciliostatic doses (CDs). For each dilution,
five rings with 100% of the cilia beating were used. Complete deciliation at 5 days
after inoculation in at least three rings indicated that virus replication had taken
place. Virus neutralization tests were performed with 100 CDs, of virus and
twofold dilution series of sera (starting dilution, 1:20).

Growth of IBV in ovo. Approximately 100 CDs, of IBV strains Q1/76, N1/62,
N1/88, Q3/88, V18/91, and V6/92 as allantoic fluid at egg passage level 4 or 5
were inoculated into the allantoic cavities of five 10- to 11-day-old SPF chicken
embryos. After incubation for 48 or 72 h at 37°C, eggs were chilled overnight at
4°C, and allantoic fluid was collected, pooled, centrifuged at 3,000 X g for 30 min,
and stored at —70°C.

Assessment of IBV growth in TOCs. Medium was removed from five TOCs
with 100% ciliary activity, 100 wl allantoic fluid, diluted with PBS to contain 10
CDs, of virus, was added, and the TOCs were incubated at room temperature to
allow virus adsorption. After 1 h, 1 ml of PBS was added, the TOCs were
incubated for 5 min, the inoculum was removed, and 1 ml of incubation medium
was added (medium 199, containing 100 IU penicillin/ml, 100 pg streptomycin/
ml, and 20 mM a-methyl-p-glycoside). After 3 and 5 days of incubation, medium
from the five rings was collected and pooled, fetal calf serum was added to a
concentration of 10%, and the medium was stored at —70°C. The titer of virus
in the medium was subsequently determined in TOCs as described above.

Assessment of growth and immunogenicity of IBV strains in chickens. SPF
chicks (n = 20) housed in positive-pressure isolation units were inoculated
intraocularly at 2 weeks of age with approximately 10*> CDs, of each strain of
IBV. At 3, 5, and 7 days postinoculation (p.i.), four chicks were euthanized, and
their tracheas were collected aseptically. Tracheal scrapings were collected in 2
ml of medium 199 supplemented with 5% fetal calf serum, penicillin (100 IU/ml),
streptomycin (100 pg/ml), and neomycin (50 pg/ml) and stored at —70°C until
testing. Viral titers were determined for individual tracheal scrapings using TOCs
as described above. At 6 weeks of age, serum was collected from the remaining
chicks (n = 8), the chicks were then reinoculated intraocularly with 2 X 10° CDs,
of the same virus, and serum was collected when the chicks were 10 weeks of age.

Assessment of pathogenicity of IBV strains. For each IBV strain, groups of 20
2-week-old chicks were inoculated intraocularly with approximately 10° CDs, of
virus. At 3, 5, 7, and 10 days p.i., four chicks were euthanized, and their tracheas
and the cranial right kidney lobes were removed, placed into 10% buffered
formalin, sectioned, stained with hematoxylin and eosin, and examined histolog-
ically for lesions. The tracheal lesions scored included cellular infiltration, loss of
cilia, squamous metaplasia of surface epithelium, and loss of glands. Renal
lesions scored included cellular infiltration, edema, epithelial degeneration, and
tubular dysplasia. Lesions were scored as follows: 0 for no lesions, 1+ for mild
lesions, 2+ for moderate lesions, 3+ for severe lesions, and 4+ for extensive
lesions.

Extraction of RNA. After 72 h of incubation, the eggs were chilled at 4°C, and
allantoic fluids were harvested and tested for the presence of IBV using reverse
transcription-PCR. Allantoic fluids containing IBV were clarified by centrifuga-
tion at 1,100 X g at 4°C for 10 min, and virus was pelleted by centrifugation at
34,000 X g at 4°C for 1 h. The virus pellet was resuspended in sterile PBS at a
1:100 dilution of its original volume and stored at —72°C. Kidney and lung tissues
from diseased birds were prepared as 10% to 15% suspensions in Tris-buffered
saline by repeated passage through a three-way tap or by grinding with a mortar
and pestle. Tracheas were scraped with a scalpel blade, and the tracheal mucosa
was then homogenized by passage through a three-way tap in Tris-buffered
saline. Purification of RNA was performed using RNeasy kits (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Approximately 50 wl of
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virus from allantoic fluid or 100 pl of homogenized tissue was used for each
extraction, and RNA was eluted in 30 pl of buffer. The extracted RNA was used
as a template in a reverse transcription reaction using a method described
previously (28).

Synthesis of cDNA. For the synthesis of cDNA, 5 ul of extracted RNA was
denatured at 100°C for 1 min, cooled by placing it on ice for 5 min, and then
mixed with 20 pl of premix containing 10 pl diethyl-pyrocarbonate-treated water,
0.5 uM oligo(dT), 0.65 U RNAguard, 50 pM each of dATP, dTTP, dGTP, and
dCTP, 5 pl of 5X reaction buffer, and 50 U of Moloney murine leukemia virus
reverse transcriptase. The reaction mixture was incubated at 42°C for 1 h and
subsequently incubated at 100°C for 5 min to inactivate the reverse transcriptase.
The resultant cDNA was immediately used for PCR or stored at —70°C for later
use.

PCR. For the amplification reaction, two primers, POLY-F1 (5'-GATTGTG
CATGGTGGACAATG-3') and UTR-R1 (5'-CTGTACCCTCGATCGTACT
C-3'), binding to the 3" end of the polymerase gene (nucleotides 20,070 to 20,090,
Beaudette strain; GenBank accession number NC_001451) and the 3" UTR
(nucleotides 27,489 to 27,508; Beaudette strain) of the IBV genome, respectively,
were used to amplify a 7.5-kb fragment of the IBV genome that contains all the
genes for the structural and nonstructural proteins. The PCRs were carried out
in 50-pl volumes containing 50 wM each of dATP, dTTP, dGTP, and dCTP, 0.5
M of each primer, 5 pl of 10X High Fidelity PCR buffer, 2 mM magnesium
sulfate, 1.5 U platinum 7Tagq high-fidelity DNA polymerase, and 5 pl cDNA as a
template. Amplification was performed using 35 cycles of incubation at 94°C for
30's, 57°C for 30 s, and 68°C for 8 min, with a final extension step at 68°C for 10
min. The resultant PCR products were separated in a 0.8% agarose gel.

Purification of PCR products. PCR products were purified using a PCR
purification kit (Ultra Clean PCR Clean-Up; Mo Bio Laboratories) according to
the manufacturer’s instructions.

DNA sequencing. The 3’ 7.5-kb PCR products from all the Australian IBV
strains and field isolates were cloned in pGEM-T using the pGEM-T vector
system cloning kit (Promega, Madison, WI). Different primers (13 to 15 in total)
were designed and used for sequencing of the 3’ 7.5 kb of the genome of the IBV
strains. The cloned PCR products were sequenced using the Big Dye Terminator
v3.1 cycle sequencing kit (Applied Biosystems), and the reaction products were
sent to the Australian Genomic Research Facility, Walter and Eliza Hall Insti-
tute of Medical Research, Melbourne, Australia, for analysis on an ABI Prism
3100 genetic analyzer.

Sequence analysis. The sequences of the different genes of the IBV strains
were aligned using ClustalW (34). The nucleotide and amino acid sequence
identities were calculated using the OldDistance program in the GCG package.
Phylogenic trees were inferred from nucleotide sequences using the DNAmI
program in the PHYLIP package (14). To obtain the most accurate phylogenetic
analysis, different transition/transversion rates were assessed, and the transition/
transversion rate (1.35) that gave the tree with the greatest maximum likelihood
was then used for inferences of all subsequent trees.

Molecular evolutionary genetic analysis. The relative abundances of synony-
mous and nonsynonymous substitutions in individual genes were determined
using the Molecular Evolutionary Genetics Analysis (MEGA) program (23).

Nucleotide seq e accessi bers. GenBank accession numbers for the
sequences obtained in this study are as follows: DQ490205 for Armidale,
DQ490206 for N1/62, DQ490207 for N1/88, DQ490208 for N2/75, DQ490209 for
Q1/73, DQ490210 for Q1/76, DQ490211 for Q1/99, DQ490212 for Q3/88,
DQ490213 for S, DQ490214 for V1/71, DQ490215 for V2/02, DQ490216 for
V2/71, DQ490217 for V3/02, DQ490218 for V5/90, DQ490219 for V6/92,
DQ490220 for V18/91, and DQ490221 for Vic S.

RESULTS

Nucleotide and amino acid sequences of the 3’ 7.5 kb of the
genomes of classical and novel IBVs. (i) Structural genes. The
overall nucleotide and amino acid sequence identities of individ-
ual genes within the classical (Armidale, V2/02, N1/62, V3/02, S,
Vic S, Q1/76, V5/90, Q1/99, Q1/73, N2/75, V1/71, and V2/71) and
novel (V18/91, V6/92, N1/88, and Q3/88) strains are summarized
in Table 1. Comparison of the sequences of the structural genes
of the 13 classical strains and the four novel IBV strains revealed
that the S1 genes had the lowest nucleotide identities among all
the structural genes in both the classical (80.1 to 96.8%) and the
novel (77.3 to 96.4%) groups. The highest nucleotide identities
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Armidale
N1/62
v1/71
Vic S
Q1/73
N2/75
Beaudette
V6/92
v18/91
N1/88
Q03/88

Armidale
N1/62
v1/71
Vic S
Q1/73
N2/75
Beaudette
V6/92
v18/91
N1/88
Q03/88

Armidale
N1/62
v1/71
Vic s
Q1/73
N2/75
Beaudette
V6/92
v18/91
N1/88
Q3/88

Armidale
N1/62
v1/71
Vic s
01/73
N2/75
Beaudette
V6/92
v18/91
N1/88
Q3/88

Armidale
N1/62
v1/71
Vic s
Q1/73
N2/75
Beaudette
V6/92
v18/91
N1/88
Q03/88

Armidale
N1/62
v1/71
Vic S
Q1/73
N2/75
Beaudette
v6/92
v18/91
N1/88
Q3/88

Armidale
N1/62
v1/71
Vic s
Q1/73
N2/75
Beaudette
V6/92
v18/91
N1/88
Q03/88

AAGTGTGGTA
AAGTGTGGTA
AAGTGTGGTA
AAGTGTGGTA

AAAAGTCTTC
AAAAGTCTTC
AAAAGTCTTC
AAAAGTCTTC

ATATTATACC
ATATTATACC
ATATTACACC
ATATTACACC

ACTTTTGAAG
ACTTTTGAAG
ACTTTTGATG
ACTTTTGATG

ATGATGTAGT
ATGATGTAGT
ATGATGTAGT
ATGATGTAGT

ACQGTGTACA
GGTGTACA.
AGGTGTACARA
AGGTGTACA

ATCAAACCTA
ATCAAACCTA
ATCAAACCTA
ATCAAACCTA

ARAAAGAACGT
AAAAGAACGT
AAAAGAATGT
AAAAGAATGT

TTGAGTTGCA
TTGAGTTGCA
TTGATTAGCA
TTGATTAGCA

165
—AAGTGTAGT
—-AAGTGTAGT
—AAGTGTAGT
—AAGTGTAGT
—-AAGTGTAGT
—-AAGTGTAGT
-AAGTGTGGT
ATAGATTAAT
ATAGATTAAT
ATAGATTAAT
ATAGAGTAGT

245
GTCTGT-TTA
GTCTGT-TTA
GTCTGT-TTA
GTCTGT-TTA
GTCTGT-TTA
GTCTGT-TTA
GTCTGT-TTG
ATCTTTCTTA
ATCTTTCTTA
ATCTTTCTTA
ATCTTTCTTA

325

AGGTAAGCGC
AGGTAAGCGC
AGGTAAACGC
AGGTAAACGC

TCGTGGTGTT
TCGTGGTGTT
TGGAGGTGTT

TTTTGAAGTT
TTTTGAAGTT
TTTTGAAGTT
TTTTGAAGTT

CACTATATGT
CACTATATGT
CACTACATGT
CGCTAAATGT

175
AA--GAAGTC
AA--GAAGTC
AA--GAAGTC
AA--GAAGTC
AA--GAAGTC
AA--GAAGTC
AA--GAAATC
AATAGAGGAC
AATAGAGGAC
AATTGAAGAC
AATTGAAGAC

255

ATGCTTCARA
ATGCTTCARA
ATGATTCARA
ATGATTCARA
ATGATTCARA
ATGATTCAAA
ATGATCCAAA
CTTTTTCCCC
CHTTTHECEE
CTTTTTCACC
EITFACIE

335
—~TATTAGAGA
—TATTAGAGA
—~TATTAAAGA
—TATTAAAGA
—TATTAAAGA
—~TATTAGAGA
—-TTTTAGAGA
ATTTTTGAAT
ATTTTTGAAT
ATTTTTGAAG
ATTTTTGAAG

415
TTACAATCTA
TTACAATCTA
TTACAATCTA
TTACAATCTA
TTACAATCTA
TTACAATCTA
TTACAGTCTA
TGGCAATATA
TGGCAATATA
TGGAAATATA
—————— T--A

GTAAGTGTAA
GTAAGTGTAA
GTAAGTGTAA
GTAAGTGTAA

185
TTCTTATTAC
TTCTTATTAC
TTCTTATTAC
TTCTTATTAC
TTCTTATTAC
TTCTTATTAC
TTCTTATTAC
GATTTTTGCA
GATTTTTGCA
GACCTTTGCA
GACTTTTGCA

265
CTCCAACATC
CTCCAACATC
ACCCTACATC
ACCCTACATC
ACCCTACATC
ACCCTACATC
GTCCCACGTC
GAAAGTTTTG
GAAAGTTTTG
GAAAGTTTTG
GAAAGTTTTG

345
GTGTGTTATA
GTGTGTTATA
GTGCGTTATA
GTGCGTTATA
GTGCGTTATA
GTGTGTTATA
GTTTATTATA
CTGGAATTTT
CTGGAATTTT
CTGGAGTTTT
CTGGAATCTT

425
GACTGATCCT
GACTGATCCT
GACTGATTCT
GACTGATCCT
GACTGATCCT
GACTGATCCT
GACTGACCCT
ARATA--CCA
ARATA--CCA
AAATA--CTT
AAATA--CTT

505

TTAGCGAACT
TTAGCGAACT
TTAGTGAACT
TTAGTGAACT

ATTATATTTA
ATTATATTTA
ATTATATTTA
ATTATATTTA

195
ACAACTTTTG
ACAACTTTTG
ACGACATTTG
ACGACATTTG
ACGACATTTG
ACGACATTTG
ACGACTTTTG
GTAGCTTCTG
GTAGCTTCTG
GTAGTTTCTG
GTAGTTTTTG

275
TTTCCTAATA
TTTTCTAATA
CTTTCTAGTA
TTTTCTAGTA
TTTTCTAGTA
TTTTCTAGTA
CTTCCTAATA
GTTGTAAATA
GTTGTAAATA
GTTGTAAATA
GTTGTAAATA

355
GCGCTCCATC
GCGCTCCATC
GCGCTCCATC
GCGCTCCATC
GCGCTCCATC
GCGCTCCATC
GCGCTCCAAC
TAAGTCC-TA

ACTAAATTGT
ACTAAATTGT
ACTAAATTGT
ACTAAATTGT

205
ATA---ATGA
ATA---ATGA
ATA---ATGA
ATA---ATGA
ATA---ATGA

ATA---ACGA
CTTTGCATTA
CTTTGCATTA
CTTTGCATTG
TTTTGCATTG

285
GTATTAATTC
GTATTAATTC
GTATTAATTC
GTATTAATTC
GTATTAATTC
GTATTAACTC
GTATTAATTC
ATATAGAATT
ATATAGAATT
ATATAGAATT
ATATAGAATT

365
AACTAATACA
AACTAACACA
AACTAATACA
AACTAATACA
AACTAATACA
AACTAATACA
AACTAATACA
GATTCAAACG

TAAGTCC-TA

GATTCAAACG

TAAGTCC-TA AATTCAAACG
TAGATCC-TA AATTTAAACG

435
TTGGCACAGT
TTGGCACAGT
TTGGCACAGT
TTGGTACAGT
TTGGTACGGT
TTGGCACAGT
TTGGCACAGT
AACAAAACGG
AACAAAACGG
AACAAAACGG
AACAAAACGG

515

ACTACAAAAC
ACTACAAAAC
ACTACAAAAC
ACTACAAAAC

445
CTAGACT.
CTAGACT
CTAGACT.
CTAGACT.

CTAGACT.
CTAGACT.
CTAGACT
CGACTCAAGT
CGACTCAAGT
CTACTCAAGT
CGACTCAAGT

525

CTCAGCAATC
CTCAGCAATC
CTCAGCAATT
CTCAGCAATC

TTCTACAGAC
TTCTACAGAC
TTTTAAACAC
TTTTAGACAC

215
TGTGGTA.
TGTGGT
TGTGGTA.
TGTGGT
TGTGGT
TGTGGT
TGTGGTAACT
TCGCTCCAAG
TCGCTCCAAG
TCTCTTCAAG
TCTCTTCAAG

295

TACCCAAGAG
TACCCAAGAG
TACTCAAGAG
TACCCAAGAG

375
AGTTTTACTA
AGTTTTACTA
GGTTTTACTC
AGTCTTACTC
AGTCTTACTC
AGTTGTACTA
AGTTTTACTC
TGTGCTTAAC
TGTGCTTAAC
TGTGTTTAAT
TGTGTTTAAT

455

AATTAAAGTT
AATTAAAGTT
AGTTAAAGTT
AGTTAGAGTT

535

TAGGTAATTT
TAGGTAATTT
TAGGCAATTT
TAGGCAATTT

TAGTGTCTAT
TAGTGTCTAT
CAGTGTTTAT
GAGTGTTTAT

225

AACTTATACA
AACTTATACA
AATTTATACA
AACTTATACA

305
—--TGGTGTAA
—-—-TGGTGTAA

—-—TGGTGTAA
--TGGTGTAA
GAGGGTTTTA
GAGGGTTTTA
AGTGGTTTTA
GAGGGTTTTA

385
CAAATTATTA
CAAATTATTA
CAAATTATTA
CAAATTATTA
CAAATTATTA
CAAATTGTTA
CAAATTATCA
CTTAATACAA
CTTAATACAA
CATAGTGTAA
TGTAATTTTA

465

TCAAATTTAA
TCAAATTTAA
TCAGGTTTAA
AGTGTTCTAC

545

TCAAATTTAT
TCAAATTTAT
TCAAATTTAT
TCAAATTTAT

AAACACTACA
AAACACTACA
AAGCAATACG
AAGCAATACG

235
GACCTAAARAA
GACCTAAAAA
GACCTAAARAA
GACCTAAAAA
GACCTAAAAA
GACCTAAAAA
GACCTAAAAA
AACTAACCAA
AACTAACCAA
AACTAACCAA
AACTAACCAA

315
ACTAGTATTA
ACTAGTATTA
ACTAGCATTA
ACTATTATTA
ACTATTATTA
ACTAGTATTA
ACTTGTACTA
TTAAATATAA
TTAAATATAA
TTAAACACAA
TTAAGCATAA

395
ATAACAAC--
ATAACAAC--
ATAACAAC--
ATAACAAC--
ATAACAAC--
ATAACAAC--
ATAGTAAC--
TTATAAAATA
TTATAAAATA
TTATAAAAGA
TTATTAA---

475

TTGAGAGGGG
TTGAGAGGGG
TTGAGAGGGG
TTGAGAGAGG

555

GATCCACTTG
GATCCACTTG
GATCCACTTG
GATCCACTTG

J. VIROL.

FIG. 1. Comparison of the nucleotide sequence of the region coding for gene 3 (3a, 3b, and E) of classical and novel IBV strains with that of the reference
strain Beaudette (GenBank accession number AJ311317). Underlined bases are the putative start and stop codons. The putative TRSs, which are located
upstream of the start codon, are boxed. Missing bases or deletions are indicated with dashes (—). Unshaded sequences upstream and downstream of ORF X1

in the novel IBVs are the 3’ end of the S gene and noncoding region, respectively. ], ORF X1; B, 3a genc; B, 3b gene;
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FIG. 1—Continued.

were found between the S2 genes of the classical strains (91.8 to
99.6%) and the M genes of the novel strains (96.5 to 99.9%). With
the exception of the S2 gene, the nucleotide sequences of all of
the structural genes of the novel strains differed markedly from
those of the classical strains (60.0 to 66.0% identity). However,
within each of the groups of viruses, both the structural and
nonstructural genes shared greater degrees of identity. Nucleo-
tide identities between the classical viruses were between 80.1 and
100%, and those between the novel viruses were between 76.2
and 99.9%.

(ii) Nonstructural genes. Comparison of the entire gene 3
and gene 5 nucleotide sequences revealed major differences in
these genes, both in length and in the number of ORFs, be-
tween the classical and novel strains.

(a) Gene 3. Gene 3 of the classical strains encoded three
ORFs, 3a, 3b, and 3c, of 174, 195, and 321 nucleotides, respec-

tively. The gene 3 region of the novel strains encoded only two
OREFs (Fig. 1). The first ORF was 264 nucleotides in length
and was present in all four novel strains. No significant simi-
larity between this ORF and other coronavirus accessory genes
or any other protein in the GenBank database was found.
Therefore, this ORF in the novel IBVs was named X1 because
the significance of the putative gene product was uncertain.
The second ORF in the novel strains was similar to the 3c (E
gene) ORFs of classical IBVs, although it differed in length
between the novel strains: 318 nucleotides in N1/88 and Q3/88
and 312 nucleotides in V18/91 and V6/92 (Fig. 1). In the novel
IBVs, there was a region between ORFs X1 and 3c (nucleo-
tides 362 to 623) that corresponded in position to ORF 3b of
classical strains but did not contain an ORF. No similarity
between this region and any sequence in the GenBank data-
base was found.
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5 15 25 35 45 55 65
Armidale  TAA--AAGAT TAAAGTAATT AGACCACCTA CAACACTAGT TTCCAATAAA GGTGTTTGGG CTTACAAGAA
N1/62 TAAGAAAGAT TAAATTAATT AGACCACCTA CAACACTAGT TTCCAATAAA GGCGTTTGGA CTTACAAGCG
v1/71 TAAGAAAGAT TAAATTAATT AGACCACCTA CAACAATATG TTTTAATAAA GGCGTTTGGA CTTACAAGCG
Vic s TAAGAAATAT TAAATTAATT AGACCACCTA CAACACTAGT TTCTAATAAA GGCGTTTGGA CTTACAAGCG
01/73 TAAGAAAGAT TAAAGTAATT AGACCACCTA CAACACTAGT TTCTAATAAA GGCGTTTGGA CTTACAAGCG
N2/75 TAAGAAAGAT TAAAGTAATT AAACCACCTA CAACACTAAT TTCTAACAAA GGCGTTTGGA ATTACAAGCG
Beaudette TAAGAAAGA- --—--ATAATT GAACCACCTA CTACACTTAT TTTTATAAGA GGTGTTTTAC TTAACAAAAA
v6/92
v18/91
N1/88
Q3/88
85 95 105 115 125 135 145 155

Armidale  ACAGACGATG AARATGGCTGA CTAGTTTTGG AAGGGCATTC ATCTCCTGTT ATAAATCCCT ATTATTAGCT CAACTTAGAG
N1/62 ACAGACGATG ARATGGCTGA CTAGTTTTGG AAGAGCATTC ATCTCTTGTT ATAAAGCCCT ACTATTATCT CAACTTAGAG
v1/71 ACAGACGATG AAGTGGCTGA CTAGTTTTGG AAGAGCAGTC ATCTCTTGTT ATAAGTTCCT ATTACTAGCT CAACTTAGAG
vic s ACAGACGATG AGATGGCTGA CTAGTTTTGG AGGAGCAGTC GTCTCTTGTT ATAAAGCCCT ACTATTAACT CAACTTAGAG
Q1/73 ACGGACGATG AAATGGCTGA CTAGTCTTGG AAGGGCATTC ATCTCATGTT ATAAATCCCT ACTATTAACT CAACTTAGAG
N2/75 ACAGACGATG AAATGGCTGA CTAGTTTTGG AAGAGCATTC ATCTCCTGTT ATAAATTCCT ATTACTAGCT CAACTTAGAG
Beaudette ACGGACGATG ARATGGCTGA CTAGTTTTGG AAGAGCAGTT ATTTCTTGTT ATAAATCCCT ACTATTAACT CAACTTAGAG
v6/92
v18/91
N1/88
Q3/88

165 175 185 195 205 215 225 235
Armidale  TTTTAGATAG GCTAATTTTA GATCACGGAC CAATTGGCAC TTTAACGTGT GCTAGGCGTG TGCTTTTAGT TCAATTAGAT
N1/62 TTTTAGATAG GTTAATTCTA GACCACGGAC CAAGTCGCAC TTTAACGTGT GCTAGGCGAG TGCTTTTACT TCAATTAGAT
v1/71 TTTTAGATAG GCTAATTTTA GATCACGGGC CAAGTCGCAC CTTAACGTGT GCTAGGCGAG TGCTTTTGTT ACAATTAGAT
Vic s TATTAGATAG GTTAAATTTA GATCACGGAC CAAGCCGCAC TTTAACGTGT GCAAGGCGAG TGCTTCTATT TCAACTAGAT
Q1/73 TTTTAGATAG GCTAATTTTA GATCACGGAC CAAGTCGCAC TTTAACGTGT GCAAGGCGAG TGCTTCTATT TCAACTAGAT
N2/75 TTTTAGATAG GCTAATTTTA GAACACGGCT CAAGTCGCAC CTTAACGTGT GCTAGGCGAG TGCTTTTACT TCAATTAGAT
Beaudette TGTTAGATAG GTTAATTTTA GATCACGGAC TACTACGCGT TTTAACGTGT AGTAGGCGCG TGCTTTTAGT TCAATTAGAT
v6/92 CAAGARACAA TTCGCGACTT TCATCTTCGT TAAAGAGTCC ATTGACTCTG GCGATCTTGA AACAGTAGCG ACATCTGGAG
v18/91 CAAGAAACAA TTCGCGACTT TCATTTTCGT TAAAGAGTCC ATTGACTCTG GCGATCTTGA AACAGTAGCG ACATCTGGAG
N1/88 T TTCGCGACTT TCATCTTCGT TAAAGAGTCC ATTGATTCTG GCGATCTTGA GACAGTAGCG ACATCTGGTG
03/88 CAAGAAACAA| TTCGCGACTT TCATCTTCGT TAAAGAATCC ATTGATTCTG GCGATCTTGA GACAGTAGCG ACATCTGGTG

245 255 265 275 285 295 305 315
Armidale  TTTGTTTATA GGTTGGCATA CACGCCCACC CAATC-GCTG
N1/62 TTATTTTATA GGTTGGCATA TACGCCCACC CAATC-GCTG
v1/71 TTTGTTTATA GGTTGGCATA TACGCCTACC CAATT-GCTG
Vic s TTTGTTTATA GGTTGGCATA TACGCCCACC CAATC-GCTG
Q1/73 TTTGTTTATA GGTTGGCATA TACGCCCACC CAATC-GCTG
N2/75 TTATTTTATA GGTTGGCGTA TACACCCACC CAATC-GCTG
Beaudette TTAGTTTATA GGTTGGCGTA TACGCCCACC CAATC-GCTG GCATG
v6/92 ATAGTTTGTA TGCCTAAATA AAGGCATTTA CAATTTAGTT TATGAGT AACCCCTTTG CATCCTGTGG
v18/91 ATAGTTTGTA TGCCTAAATA AAGGCATTTA CAATTTAGTT TTGTG----- —-- TATGAGT AACCCCTTTG CATCCTGTGG
N1/88 ACAGTTTGTA CGCCTAAATA TTGGCGTTTT TACTTTATTT TTGTAAATAG CTA
Q3/88 CTAATTTGTA CGCCTAAATA TTGGCGTTTT TACTTTAGTT TTGTAAATAG CTA
Armidale
N1/62
v1/71
Vic s
Q1/73
N2/75
Beaudette
v6/92
v18/91 TGCACGTAAA GTACGTTTCC GCTTGAAGCC CAGTGAAAAA AAATTACATT CAATTTGTGA ACTCAGACGG TACAATTGAT
N1/88
03/88
Armidale
N1/62
v1/71
Vic s
Q1/73
N2/75
Beaudette
v6/92 TATTGTAAGA AGTGTGCCGT CTTAGCTTTT AGAAGGGAAC TTTGTCCTAA ACACCAATTT AACAACTTCA TACAATCATG
v18/91 TATTGTAAGA AGTGTGCCGT CTTAGCTTTT AGAAGGGAAC TTTGTCCTAA ACACCAATTT AACAACTTCA TACAATCATG
N1/88
03/88
Armidale
N1/62
v1/71
Vic s
Q1/73
N2/75
Beaudette TAG(
V6/92 TCTGCCGGAA AATCAAAATC TGACTCCCCG GCCCCCATTC TTAAGTTATC AAAGAATACA GGATCAACAC CACCCAAAGT
v18/91 TCTGCCGGAA AATTAAAATT TGACTCCCCG GCCCCCATCC TTAAGTTATC AAAGAATACA GGATCAACAC CACCCAAAGT
N1/88 GACCAGCAC CACCTAAAGT
03/88 GACCAGCAC CACCCAAAGT

FIG. 2. Comparison of the nucleotide sequence of the region coding for gene 5 (5a and 5b) of classical and novel IBV strains with that of the
reference strain Beaudette (GenBank accession number AJ311317). Underlined bases are the putative start and stop codons. The TRSs, which are
located upstream from the start codons, are boxed. Missing bases or deletions are indicated with dashes (<). © 7, 5a gene; B8, 5b gene.
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FIG. 3. (A) Phylogenic tree inferred from the 3’ 7.5-kb nucleotide sequences of 17 Australian IBV strains and the Beaudette strain using the
DNAml program in the PHYLIP package. (B) Comparison of the structures of the 3’ 7.5 kb of the genome of the “classical” and “novel” Australian

IBVs strains.

Sequence analysis of the 5’ terminal end of the S2 gene and
of the intergenic region between the S2 gene and the putative
gene 3 regions of the classical and novel IBVs revealed that the
X1 gene was preceded by a TRS, which was located 36 nucle-
otides upstream of its predicted initiation codon. The 3a TRS
in the classical strains was 23 bp upstream of the translational
initiation codon. The X1 TRS sequence was GTGTACAA,
whereas the TRS for the 3a gene in the classical strains was
CT(T/G)AACAA. The X1 ORF was predicted to code for a
protein of 88 amino acids, and the amino acid sequence iden-
tity between novel IBV strains in ORF X1 was 89 to 100%.

The 3a and 3b genes were absent from the novel IBVs (Fig.
1). Sequence analysis of gene 3 (Fig. 1) in the novel IBVs
revealed a potential TRS for the 3c gene upstream of its
initiation codon. This putative TRS sequence was GTGA
ACAA in N1/88 and Q3/88 and GTGAGCAG in V18/91 and
V6/92 and was located about 124 nucleotides upstream from
the start codon (Fig. 1).

(b) Gene 5. The nucleotide and deduced amino acid se-
quences of gene 5 from 17 Australian IBV strains and the
Beaudette strain were compared (Fig. 2). In the classical
strains and the Beaudette strain, this gene encoded two ORFs,
Sa and 5b, of 198 and 249 nucleotides, respectively. However,
the sequences in the gene 5 region in V18/91 and V6/92 (nu-

cleotides 280 to 545) (Fig. 2) did not contain an ORF of any
significant length. The novel strains N1/88 and Q3/88, on the
other hand, had a single ORF of 246 nucleotides in this region.
This ORF was similar, but not identical, to ORF 5b in the
classical IBV strains. Thus, the novel strains N1/88 and Q3/88
lacked ORF 5a but had ORF 5b. The predicted TRS for the 5b
gene in N1/88 and Q3/88 was AGAAACAA and was located
within the M gene sequence 124 nucleotides upstream from
the start codon for the 5b protein (Fig. 2), the same distance
between the predicted TRS for gene 3c in the novel IBVs and
its start codon.

Genomic organization of the 3’ 7.5 kb of Australian IBV
strains. All the classical strains had the predicted gene or-
der of 5'-Pol-S-3a-3b-E-M-5a-5b-N-UTR-3’ (Fig. 3B). This
contrasted with the genomic organization of the novel IBVs:
strains N1/88 and Q3/88 lacked the nonstructural genes 3a, 3b,
and 5a and had an additional gene in the gene 3 region,
resulting in the genomic organization 5'-Pol-S-X1-E-M-5b-N-
UTR-3’, while strains V18/91 and V6/92 had the gene order
5'-Pol-S-X1-E-M-N-UTR-3'.

Comparison of the 3’ 7.5 kb of Australian IBVs. The clas-
sical strains shared 86.5 to 94.9% nucleotide sequence identity
with each other but only 58.9 to 60.1% nucleotide sequence
identity with strains in the novel group. The novel strains had
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TABLE 2. Nucleotide and amino acid sequence identities of the 3’ 7.5 kb of the genomes of 17 Australian IBV strains and strain Beaudette®

% Identity with:

Strain

Armidale V2/02 NI1/62 V3/02 S VicS QI/76 V5/90 Q1/99 Q1/73 N2/75 V1/71 V2/71 Beaudette V18/91 V6/92 N1/88 Q3/88
Armidale 100.0 98.3 97.0 97.0 926 927 927 92.9 92.5 92.8 92.0 91.6 92.1 90.2 72.5 72.6 70.7 71.6
V2/02 94.1 100.0 97.0 975 935 936 937 937 934 934 920 920 920 90.4 72.8 73.0 71.0 718
N1/62 93.3 931 1000 961 930 931 931 932 930 929 923 916 918 90.3 72.6 726 709 717
V3/02 92.6 93.5 91.6 100.0 948 949 948 950 946 940 926 924 925 90.1 72.6 728 709 717
S 86.9 88.5 871 90.0 100.0 991 99.0 992 992 948 939 928 925 90.2 72.4 72,6 705 711
Vic S 86.9 88.5 871 899 949 1000 992 994 989 950 940 929 927 90.1 72.6 728 706 714
Q1/76 86.6 882 868 89.6 94.6 946 100.0 994 988 949 941 928 927 90.1 725 727 706 713
V5/90 86.9 88.4 87.1 89.9 949 949 94.6 100.0 99.0 95.1 94.2 93.0 92.8 90.2 72.5 72.7 70.6 71.4
Q1/99 86.7 882 869 89.7 948 946 943 946 100.0 946 939 928 925 90.1 72.4 725 704 712
Q1/73 87.9 89.1 88.0 892 90.6 906 902 905 903 1000 929 91.7 915 90.2 72.5 727 705 714
N2/75 87.2 872 874 879 89.0 889 886 889 887 893 1000 91.1 918 88.8 721 724 705 718
V1/71 86.5 86.9 87.0 875 88.0 879 87.6 87.9 87.8 87.5 86.9 100.0 94.4 88.5 71.6 71.7 69.9 70.5
V2/71 87.7 877 877 882 879 879 876 879 877 877 875 893 100.0 88.5 71.4 715 69.8  70.6
Beaudette 82.7 82.6 828 829 8.5 825 822 8.6 84 828 824 823 828 100.0 722 722 703 703
V18/91 594 59.6 59.6 59.6 59.5 595 59.4 59.5 59.4 59.1 59.2 59.5 59.9 58.6 100.0 99.5 94.6 89.0
V6/92 59.2 59.4 59.4 594 593 593 59.2 59.3 59.2 58.9 58.9 59.3 59.7 58.4 88.3  100.0 95.0 89.4
N1/88 59.8 599 599 60.0 59.7 597 596 597 596 593 594 595  60.1 58.8 82.9 82.6 100.0  90.0
Q3/88 59.9 60.0 60.1 60.0 59.6 596 595 596 595 594 597 595  60.1 58.9 715 772 79.5 100.0

“ Boldface type indicates nucleotide identity, whereas lightface type indicates amino acid identity.

77.2 to 88.3% nucleotide sequence similarity with each other
(Table 2). Amino acid sequences of all structural and nonstruc-
tural proteins were aligned and compared with each other. The
classical strains shared more than 91.0% amino acid identity
with each other, and five strains, Vic S, S, Q1/76, V5/90, and
Q1/99, shared more than 98.5% amino acid sequence identity
with each other. The novel strains shared 69.8 to 73.0% amino
acid sequence identity with the classical strains and 89.0 to
99.5% amino acid sequence identity with each other (Table 2).
The genomes of the novel strains, excluding the polymerase
gene, which was assumed to be the same size in all strains, were
468 to 509 bases shorter than the genomes of classical IBV
strains. These missing bases in the novel IBVs corresponded
mostly to the 3a, 3b, 5a, and 5b genes and the 3’ UTR regions.
Overall, the genomes of the classical strains were predicted to
range between 27,608 and 27,674 bases, and those of the novel
strains were predicted to range between 27,140 and 27,165
bases.

Phylogenetic analysis. Phylogenetic analysis of the 3’ 7.5 kb
of the genome divided IBV strains into two distinct groups,
classical and novel strains. In the classical group, there were
three subclusters, with Vic S, S, V5/90, Q1/99, and Q1/76
grouped with Q1/73 and N2/75 into one subcluster; N1/62,
Armidale, V2/02, and V3/02 grouped into a second subcluster;
and V1/71 and V2/71 grouped into a third subcluster. The
Beaudette strain clustered separately from all Australian IBV
strains, between the classical and novel IBV clusters but closer
to the classical strain cluster (Fig. 3A). Phylogenetic analysis of
each individual gene revealed similar phylogenetic clusterings
(results not shown).

Molecular evolutionary genetic analysis. To investigate evo-
lutionary pressures on different IBV genes, tests for neutral
evolution, positive selection, and purifying selection were per-
formed. Purifying selection results in selection against nonsyn-
onymous substitutions at the DNA level, while positive selec-
tion results in selection in favor of mnonsynonymous
substitutions. For all tests, the null hypothesis was that synon-
ymous substitution rates (dg) were equal to nonsynonymous
substitution rates (dy), while the alternative hypotheses were
as follows: dg # dy (for neutral evolution), dy > dg (for

positive selection), and d,, < dg (for purifying selection). Ta-
bles 3 and 4 show the P values for these tests for all the
structural genes for five classical and four novel IBVs. The five
classical strains that clustered together phylogenetically were
chosen for comparison. This group of strains included two of
the three most commonly used vaccine strains in Australia and
three field isolates. The tests were not performed for the small
nonstructural genes because the sequences of these genes were
very similar.

The analysis indicated that there had been either neutral
evolution or positive selection of the S1 gene within the clas-
sical strains, suggesting that the S1 gene may have been under
immune pressure. No clear evidence for selection was detected
in the S2, M, or N genes (Table 3). In contrast, positive selec-
tion was not detected in any of the genes of the novel strains,
but there was evidence for neutral evolution or purifying se-
lection within genes of the novel strains (Table 4).

Comparisons of growth in embryos and growth and immu-
nogenicity in chicks. As strains N1/88 and Q3/88 were found to
lack the 3a, 3b, and 5a genes and strainsV18/91 and V6/92 were
found to lack these genes as well as gene Sb, we assessed the
growth rates of these strains in embryos and in chickens. The
classical strains Q1/76 and N1/62, which possess all four of
these genes, were included for comparison. In embryonated
eggs, TOCs, and infected chicks, all four novel strains had
slower growth rates and produced less virus than the two clas-
sical strains (Table 5). The novel strains were also poorly
immunogenic (Table 5). The virus-neutralizing antibody titers
against homologous virus after a single inoculation and after a
second inoculation were markedly lower in chicks infected with
N1/88, Q3/88, V18/91, or V6/92 (titers of 80 to 160 after the
second inoculation) than in chicks inoculated with Q1/76 or
N1/62 (titers of 2,560 after the second inoculation).

Pathogenicity of novel IBVs. As the novel strains all grew to
much lower titers in the tracheas of infected chicks than did
Q1/76 (Table 5), we compared the histopathological lesions
induced by these strains in the tracheas and kidneys of infected
chicks (Table 6). All the IBV strains induced histopathological
changes in the trachea, and there were no marked differences
in the severities of the lesions: levels of cellular infiltration in
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TABLE 3. P values for tests of neutral evolution, positive selection, and purifying selection in genes of vaccine strains and
closely related field isolates”
P value for:

Gene

and Neutral evolution Positive selection Purifying selection

trai

s N Q1/76 Q1/99 V5/90 S Q1/76 Q1/99 V5/90 S Q1/76 Q1/99 V5/90
S1

Q1/76 <0.01 <0.01 1.00

Q1/99 0.94 0.82 0.47 0.41 1.00 1.00

V5/90 <0.01 <0.01 0.81 <0.01 <0.01 0.41 1.00 1.00 1.00

Vic S 0.26 0.24 0.71 0.19 0.11 0.11 1.00 0.08 1.00 1.00 0.34 1.00
S2

Q1/76 0.92 1.00 0.46

Q1/99 0.12 0.23 1.00 1.00 0.06 0.12

V5/90 0.13 0.48 0.31 0.06 1.00 1.00 1.00 0.25 0.16

Vic S 0.06 0.70 0.36 0.27 0.03 1.00 1.00 0.14 1.00 0.35 0.19 1.00
M

Q1/76 0.32 1.00 0.17

Q1/99 <0.01 0.32 <0.01 1.00 <0.01 0.17

V5/90 0.32 <0.01 0.32 1.00 <0.01 1.00 0.17 <0.01 0.17

Vic S 0.50 0.31 0.50 0.31 1.00 0.17 1.00 0.17 0.26 1.00 0.26 1.00
N

Q1/76 0.95 0.47 1.00

Q1/99 0.14 0.74 0.07 1.00 1.00 0.37

V5/90 0.43 0.28 0.26 1.00 1.00 1.00 0.21 0.31 0.12

Vic S 0.86 0.62 0.70 0.25 0.43 1.00 1.00 1.00 1.00 0.31 0.34 0.11

“ Boldface type indicates that the alternative hypothesis has been accepted.

the tracheal epithelium were similar, with a modal lesion score
of 2+. Although a loss of the cilia was less apparent, or absent,
at day 3 p.i. in chicks infected with the novel strains, at day
7 p.i., the degrees of deciliation were similar in all groups.
There were no obvious differences in levels of squamous meta-
plasia, although the loss of glands was more prominent and
persistent in the tracheas of chicks infected with the classical

TABLE 4. P values for tests of neutral evolution, positive selection,
and purifying selection in genes of novel IBV strains®

P value for:
Gene
and Neutral evolution Positive selection Purifying selection
strain
N1/88 Q3/88 V6/92 NI1/88 Q3/83 V6/92 N1/88 Q3/88 V6/92

S1

Q3/88 <0.01 1.00 <0.01

V6/92  <0.01 <0.01 1.00  1.00 <0.01 <0.01

V1891  0.01 <0.01 <0.01 1.00 1.00 1.00 <0.01 <0.01 0.14
S2

Q3/88  <0.01 1.00 <0.01

V6/92  <0.01 <0.01 1.00  1.00 <0.01 <0.01

V18/91 <0.01 <0.01 <0.01 1.00 1.00 <0.01 <0.01 <0.01 <0.01
M

Q3/88 <0.01 1.00 <0.01

V6/92  <0.01 <0.01 1.00  1.00 <0.01 <0.01

V1891 <0.01 <0.01 <0.01 1.00 1.00 1.00 <0.01 <0.01 0.16
N

Q3/88 <0.01 1.00 <0.01

V6/92  <0.01 <0.01 1.00  1.00 <0.01 <0.01

V18/91 <0.01 <0.01 030 1.00 1.00 1.00 <0.01 <0.01 0.15

“ Boldface type indicates that the alternative hypothesis has been accepted.

TABLE 5. Growth rates of different IBV strains in ovo, in vitro, in
tracheal explants, and in the trachea of infected chickens and
their immunogenicities in chickens

Neutralizing
Virus titer in®: antibody
titer in
chickens®
IBV Allantoic fluid® Tracl}eal Trachea of
strain antole T OT8aN - infected chicks?
culture
48 h 72h 4wk 8wk
Day Day Day Day Day
Expt Expt Expt Expt 3 5 5 7

1 2 1 2

Q176 10°  10° 10° 10° 10° 10® 10° 10 10> 320 2,560
N1/62  10° 10° 10° 10° 10° 10® 10* 10° 10° ND 2,560
N1/88 10> 10° 10° 10 10" 10> 10 10° 10 20 80
Q3/88 10> 10> 10> 10 10" 10> 10 10> 10 40 160
vVi§/o1 10> 100 10 100 10> 107 10> 10 80 160
vV6/92 100 10°  10*  10* NT NT 10 10° 20 80

“ Virus titers determined in TOCs.

> Embryonated SPF chicken eggs (n = 5) were inoculated with 100 CDs, of an
IBV strain and incubated, and virus titers (pool of five eggs) at either 48 h or 72 h
p.i. were determined. Results from two separate experiments are given.

¢ Tracheal tissues from 19-day-old SPF chicken embryos were cut into 1-mm-
wide rings, and those with 100% ciliary activity (n = 5) were infected with 10
CDs, of IBV. Culture fluid was collected at 3 and 5 days after infection and
titrated in TOCs. Complete ciliostasis, evaluated at 5 days after infection, indi-
cated the presence of IBV.

4 SPF chicks were inoculated intraocularly with 10° CDs, of IBV, and virus
titers in the tracheas of four chicks were determined at 3, 5, and 7 days p.i. The
value given is the modal titer from four chicks.

¢ Sera were collected 4 weeks after primary and secondary inoculations of SPF
chickens with 100 CDsy, of virus, and neutralizing antibody titers against 100
CDs, of homologous virus were determined using a pool of sera (n = 10) in
TOC:. Titers are the reciprocals of the last dilution that completely neutralized
viral infectivity.

INT, not tested.
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TABLE 6. Histological lesions in tracheas and kidneys of SPF
chickens infected with different IBV strains

Histological lesion score in inoculated chicks®

1BV Day Trachea )
strain p.i. Kidney
Cellular ~ Loss of  Squamous  Loss of  nephrosis®
infiltration cillia metaplasia®  glands
Q1/76 3 + +++ + ++ -
5 + ++ + * ++
7 ++ ++ - * *
N1/88 3 + * - -
5 + ++ + + -
7 + + - - -
Q3/88 3 + + + - -
5 ++ ++ + - -
7 ++ ++ - - -
V18/91 3 + + * * -
5 +++ ++ + ++ +
7 ++ * - - -
V6/92 3 * - - - -
5 ++ ++ * ++ -
7 ++ ++ - - -

“ SPF chickens were inoculated at 2 weeks of age with 10° CDs, of virus. At 3,
5, and 7 days p.i., four chicks from each group were euthanized, tracheas and
kidneys were collected, and histopathological lesions were scored in formalin-
fixed tissue following staining. Lesions were scored as follows: —, no lesions; +,
mild lesions; 2+ +, moderate lesions; 3+, severe lesions; 4+, extensive lesions.
The value given is the modal score from four chicks. * indicates that two chicks
had a score of + and that two had a score of —.

> Squamous metaplasia of surface epithelium.

¢ Edema and epithelial degeneration.

strain. Prominent renal lesions typical of IBV were observed
only in chicks inoculated with strain Q1/76.

DISCUSSION

The 3’ 7.5-kb regions of the genomes of 17 Australian IBV
strains were analyzed and compared to each other and to that
of Beaudette, a reference strain for which the complete ge-
nome sequence is known. Growth properties, pathogenicities,
and immunogenicities of six of these IBVs were also deter-
mined. This comparison revealed a number of aspects of IBV
biology that had not previously been known: IBV strains with
different genomic organizations can occur naturally in poultry;
in addition to the more usual gene order of 5'-Pol-S-3a-3b-E-
M-5a-5b-N-UTR-3’, IBV strains that have lost all, or most, of
the accessory genes, with a gene order of either 5'-Pol-S-X1-
E-M-5b-N-UTR-3’ or 5'-Pol-S-X1-E-M-N-UTR-3’, also exist;
such IBVs have an additional ORF, designated X1, which has
no homology with any other IBV gene; a loss of these accessory
genes does not abolish virus replication or their pathogenicity
for the tracheas of infected chicks; the lack of accessory genes
may be responsible for slower growth in embryos and in in-
fected chicks and poorer immunogenicity in chicks; and the
nucleotide sequences of all essential genes of IBV strains that
lack accessory genes differ significantly from those of their
counterparts in IBV strains with a full accessory gene comple-
ment, suggesting that these novel viruses were not derived by
mutation of or recombination with the more commonly iso-
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lated classical strains, mechanisms previously found to be in-
volved in the generation of diversity among IBVs.

Comparison of sequences of essential genes in IBV, in par-
ticular the S1 gene, has been commonly used to determine IBV
strain relatedness and for elucidation of IBV evolution. In this
study, comparisons of the entire 3’ 7.5 kb of the genome, a
region that includes all the essential and accessory genes ex-
cept that for the polymerase, demonstrated the value of this
approach for the analysis of IBV strains and revealed major
differences between IBV strains. The absence of the 3a, 3b, 5a,
and 5b accessory genes has not been reported for any other
naturally occurring IBV, and in experimentally constructed
variants of IBV, only the gene 3 or the gene 5 accessory gene
has been deleted. Thus, this study has confirmed that gene 3
(with the exception of the E gene) and gene 5 are indeed
accessory genes, as previously suggested (1, 17).

Sequence analysis of genes 3 and 5 of several IBV strains,
and also of turkey and pheasant coronaviruses, has indicated
that their nucleotide sequences, locations, and consensus TRSs
are highly conserved (6, 7, 25). This level of conservation has
led to the suggestion that the presence of genes 3 and 5 can be
taken as a distinguishing feature of group 3 coronaviruses,
reflecting the close evolutionary relationship of all members
(25). Members of coronavirus groups 1 and 2 also possess
accessory genes, the size and location of which are group spe-
cific (16, 24, 35). Recently, it was demonstrated that the loca-
tion and the number of accessory genes also differ in bat
coronaviruses (33). Although the functions of accessory gene
products have not been fully elucidated, to date no naturally
occurring coronavirus that does not have a full complement of
accessory genes has been found, although a derivative of strain
Beaudette that contains a truncated 3b gene was obtained after
at least 35 passages in embryonated chicken eggs (32). Recom-
binant IBVs that lack ORFs 3a and 3b, or in which the expres-
sion of a complete gene 5 is interrupted, have been generated
recently using reverse genetics (1, 17). These recombinants
replicated in cell culture, as did the parent virus, suggesting
that genes 3 and 5 are accessory genes. Our study confirms this
observation and extends it by showing that both genes can be
absent simultaneously and that the viruses lacking these genes
can replicate in all the substrates in which IBV grows: in
embryonated eggs, in chickens, and in tracheal explants. How-
ever, in contrast to the studies that examined recombinant
IBVs (1, 17), we found that all of the novel IBVs had a reduced
capacity to replicate compared to that of a classical IBV with
a full complement of ORFs within genes 3 and 5.

Our study has further shown that genes 3 and 5 may not be
determinants of pathogenicity, at least for the tracheal mucosa.
While the novel strains did not induce renal lesion changes, it
is difficult to attribute this to the lack of accessory genes alone,
as strains of IBV that are more similar to the classical Austra-
lian strains also fail to cause renal lesions (19). IBV tissue
tropism is determined by the S1 gene (2). Since the S1 genes of
classical and novel IBVs differ significantly (31), it is just as
likely that the difference in tissue tropism between the classical
and novel strains is a result of the absence of receptor binding
sites in S1. Using reverse genetics, Haijema et al. (16) deleted
the nonstructural genes 3a, 3b, and 3c or 7a and 7b in feline
coronavirus and showed that these deletions resulted in viruses
that grew well in cell culture and were immunogenic, inducing
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high levels of neutralizing antibodies in cats, but did not induce
any clinical signs. However, in our study, the immunogenicity
of the novel strains was markedly reduced compared with that
of the classical strains. It is not clear if this reduced immuno-
genicity was the result of less efficient replication (possibly
because of the lack of accessory genes) or the lack of tropism
for kidney tissue and the restriction of viral replication to the
tracheal mucosa. However, the phenotypic characteristics of
the novel IBVs cannot be unequivocally ascribed to the lack of
accessory proteins unless comparisons are made using isogenic
viruses.

The novel viruses had a novel ORF, designated X1, in the
gene 3 region. The size of this ORF, 264 nucleotides, was
significantly greater than the size of either ORF 3a (174 nu-
cleotides) or 3b (195 nucleotides), and it has no sequence
similarity to any other coronaviral structural or nonstructural
gene, or any other gene in the database, including the novel
ORF recently identified in bat coronaviruses. However, this
ORF was conserved in all novel IBVs and had its own TRS,
which differed from that of the 3a gene in the classical strains,
but was located almost the same distance (24 nucleotides)
upstream of the initiation codon for gene 3 as the TRS for gene
3 (23 nucleotides) in other group 3 coronaviruses (25).

It is not possible to determine whether the accessory genes
were never present in the novel strains or whether they were
deleted during their circulation in commercial poultry or some
other host. All the novel strains appeared suddenly and simul-
taneously in three different locations in Australia, suggesting
their introduction from an as-yet-unidentified source into com-
mercial poultry. If deletions occurred following their introduc-
tion into commercial poultry, it is difficult to explain how very
similar deletions occurred simultaneously in poultry reared at
distant locations. The introduction of a progenitor virus that
already lacked the genes would thus seem more likely. How-
ever, as some variants retained one of the four accessory pro-
teins, and as there was already substantial variation between
the protein sequences of some of the novel IBVs in 1988, it
could be argued that either there were three (or more) inde-
pendent introductions of the novel IBVs into commercial poul-
try in Australia or the introduction of a single variant (possibly
initially associated with another avian species) occurred well
before 1988.

Phylogenetic analysis of sequences of each of the structural
genes suggested the same phylogenetic relationships between
the classical and novel strains, indicating that all the structural
genes of the novel IBVs evolved in parallel. Therefore, it seems
that the origin of the novel strains involved neither mutation
from, nor recombination with, classical strains.

In IBV, the spike protein, and especially the S1 part, inter-
acts with host cell surface receptors and is thus a target for
protective antibody responses, with resultant selection for
amino acid changes. Therefore, this protein would be expected
to be under continuous positive selection. Molecular evolu-
tionary analysis of the structural genes of two vaccine strains
and three closely related field isolates showed that only the S1
gene of these viruses was under positive selection, as might be
expected if the field isolates were reisolates of vaccine strains
that had been subject to immune selection during circulation in
poultry flocks. In contrast, evolutionary analysis of the novel
IBVs detected evidence of purifying selection in all the struc-
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tural genes. The sudden appearance of these novel IBVs sug-
gests that these viruses were introduced into chickens from
another species and that the purifying selection observed may
have been a consequence of their subsequent adaptation to
chickens.

The origin of the novel IBVs has not yet been determined.
The most likely explanation is that they were introduced into
commercial poultry from another avian species. After their
introduction, probably in 1988, when they were first detected,
N1/88- and Q3/88-like strains circulated for a period of 4 years.
Since the introduction of two vaccines based on strains N1/88
and Q3/88, the novel strains have not been detected. The
disappearance of the novel strains in commercial poultry is not
unexpected; most IBV variants persist only transiently, partic-
ularly if they are targeted by vaccination. A factor contributing
to the disappearance of the novel strains could have been their
reduced capacity for replication in chickens. In addition, the
novel IBVs may have disappeared from the poultry scene be-
cause the deletions of the accessory genes are strongly atten-
uating, as was demonstrated in animal studies of murine hep-
atitis virus A59 and feline infectious peritonitis virus (11, 16).
Hence, these viruses may have lost the competition with the
“fitter” classical viruses.

Comparative sequence analyses of the S, E, M, and N struc-
tural proteins of three groups of coronaviruses, aimed at a
revision of the taxonomy of the Coronaviridae, found that fre-
quency distributions of the identities derived from compari-
sons of groups 1 and 2 generated two main clusters based on all
the structural proteins for each group (15). Pairwise identities
within group 3 (IBV and turkey coronavirus) were high, and
three proteins, S, E, and M, were closely clustered. However,
comparisons of N protein sequences revealed two clearly sep-
arated clusters, with the second cluster resulting from compar-
isons involving the three novel Australian IBV strains N1/88,
Q3/88, and V18/91 (15). The results from our study, which has
added the sequences of the S, M, and E proteins of N1/8§,
Q3/88, and V18/91 to the analyses, has confirmed that the
group 3 coronaviruses contain two main clusters and reinforce
suggestions for revision of Coronavirus taxonomy, possibly re-
quiring the classification of these novel IBVs as distinct types
of coronavirus.

ACKNOWLEDGMENTS

K.M. was supported by a scholarship from the University of Urmia,
Urmia, Iran.

We thank Philip Markham and Sen-Lin Tang for assistance with
methods.

REFERENCES

1. Casais, R., M. Davies, D. Cavanagh, and P. Britton. 2005. Gene 5 of the
avian coronavirus infectious bronchitis virus is not essential for replication.
J. Virol. 79:8065-8078.

2. Casais, R., B. Dove, D. Cavanagh, and P. Britton. 2003. Recombinant avian
infectious bronchitis virus expressing a heterologous spike gene demon-
strates that the spike protein is a determinant of cell tropism. J. Virol.
77:9084-9089.

3. Cavanagh, D. 2005. Coronaviridae: a review of coronaviruses and torovi-
ruses, p. 1-54. In A. Schmidt, M. H. Wolff, and O. Weber (ed.), Coronavi-
ruses with special emphasis on first insights concerning SARS. Birkhauser
Verlag, Berlin, Germany.

4. Cavanagh, D. 2003. Severe acute respiratory syndrome vaccine development:
experiences of vaccination against avian infectious bronchitis coronavirus.
Avian Pathol. 32:567-582.

5. Cavanagh, D., P. J. Davis, J. H. Darbyshire, and R. W. Peters. 1986. Coro-



2024

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

MARDANI ET AL.

navirus IBV: virus retaining spike glycopolypeptide S2 but not S1 is unable
to induce virus-neutralizing or haemagglutination-inhibiting antibody, or
induce chicken tracheal protection. J. Gen. Virol. 67:1435-1442.

. Cavanagh, D., K. Mawditt, M. Sharma, S. E. Drury, H. L. Ainsworth, P.

Britton, and R. E. Gough. 2001. Detection of a coronavirus from turkey
poults in Europe genetically related to infectious bronchitis virus of chickens.
Avian Pathol. 30:355-368.

. Cavanagh, D., K. Mawditt, B. W. Dde, P. Britton, and R. E. Gough. 2002.

Coronaviruses from pheasants (Phasianus colchicus) are genetically closely
related to coronaviruses of domestic fowl (infectious bronchitis virus) and
turkeys. Avian Pathol. 31:81-93.

. Cavanagh, D., and S. A. Nagqi. 2003. Infectious bronchitis, p. 101-119. In

Y. M. Saif, Barnes, J. R. Glisson, A. M. Fadly, L. R. McDougald, and D. E.
Swayne (ed.), Diseases of poultry, 11th ed. Towa State University Press,
Ames, TA.

. Chousalkar, K. K., and J. R. Roberts. 2007. Ultrastructural study of infec-

tious bronchitis virus infection in infundibulum and magnum of commercial
laying hens. Vet. Microbiol. 122:223-236.

Collisson, E. W., A. K. Williams, R. Vonder Haar, W. Li, and L. W. Sneed.
1990. Sequence comparisons of the 3’ end of the genomes of five strains of
avian infectious bronchitis virus. Adv. Exp. Med. Biol. 276:373-377.

de Haan, C. A., P. S. Masters, X. Shen, S. Weiss, and P. J. Rottier. 2002. The
group-specific murine coronavirus genes are not essential, but their deletion,
by reverse genetics, is attenuating in the natural host. Virology 296:177-189.
de Haan, C. A., and P. J. Rottier. 2005. Molecular interactions in the assem-
bly of coronaviruses. Adv. Virus Res. 64:165-230.

Dhinaker-Raj, G., and R. C. Jones. 1997. Infectious bronchitis virus: immu-
nopathogenesis of infection in the chicken. Avian Pathol. 26:677-706.

. Felsenstein, J. 1981. Evolutionary trees from DNA sequences: a maximum

likelihood approach. J. Mol. Evol. 17:368-376.

Gonzalez, J. M., P. Gomez-Puertas, D. Cavanagh, A. E. Gorbalenya, and L.
Enjuanes. 2003. A comparative sequence analysis to revise the current tax-
onomy of the family Coronaviridae. Arch. Virol. 148:2207-2235.

Haijema, B. J., H. Volders, and P. J. Rottier. 2004. Live, attenuated coro-
navirus vaccines through the directed deletion of group-specific genes pro-
vide protection against feline infectious peritonitis. J. Virol. 78:3863-3871.
Hodgson, T., P. Britton, and D. Cavanagh. 2006. Neither the RNA nor the
proteins of open reading frames 3a and 3b of the coronavirus infectious
bronchitis virus are essential for replication. J. Virol. 80:296-305.

Holmes, K. V., and M. M. C. Lai. 1996. Coronaviridae: the viruses and their
replication, p. 541-559. In B. N. Fields, D. M. Knipe, and P. M. Howley (ed.),
Fields virology, 3rd ed. Lippincott-Raven Publishers, Philadelphia, PA.
Ignjatovic, J., D. F. Ashton, R. Reece, P. Scott, and P. Hooper. 2002. Patho-
genicity of Australian strains of avian infectious bronchitis virus. J. Comp.
Pathol. 126:115-123.

Ignjatovic, J., and P. G. McWaters. 1991. Monoclonal antibodies to three
structural proteins of avian infectious bronchitis virus: characterization of
epitopes and antigenic differentiation of Australian strains. J. Gen. Virol.
72:2915-2922.

Ignjatovic, J., S. I. Sapats, and F. Ashton. 1997. A long term study of
Australian infectious bronchitis viruses indicates a major antigenic change in
recently isolated strains. Avian Pathol. 26:535-552.

Koch, G., L. Hartog, A. Kant, and D. J. van Roozelaar. 1990. Antigenic

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

J. VIROL.

domains on the peplomer protein of avian infectious bronchitis virus: cor-
relation with biological functions. J. Gen. Virol. 71:1929-1935.

Kumar, S., K. Tamura, and M. Nei. 2004. MEGA3: integrated software for
molecular evolutionary genetics analysis and sequence alignment. Brief.
Bioinform. 5:150-163.

Lai, M. M. C,, and D. Cavanagh. 1997. The molecular biology of coronavi-
ruses. Adv. Virus Res. 48:1-100.

Lin, T. L., C. C. Loa, and C. C. Wu. 2004. Complete sequences of 3’ end
coding region for structural protein genes of turkey coronavirus. Virus Res.
106:61-70.

Liu, D. X., D. Cavanagh, P. Green, and S. C. Inglis. 1991. A polycistronic
mRNA specified by the coronavirus infectious bronchitis virus. Virology
184:531-544.

Liu, D. X, and S. C. Inglis. 1992. Internal entry of ribosomes on a tricistronic
mRNA encoded by infectious bronchitis virus. J. Virol. 66:6143—-6154.
Mardani, K., A. H. Noormohammadi, J. Ignatovic, and G. F. Browning.
2006. Typing infectious bronchitis virus strains using reverse transcription-
polymerase chain reaction and restriction fragment length polymorphism
analysis to compare the 3’ 7.5 kb of their genomes. Avian Pathol. 35:63-69.
Niesters, H. G., N. M. Bleumink-Pluym, A. D. Osterhaus, M. C. Horzinek,
and B. A. van der Zeijst. 1987. Epitopes on the peplomer protein of infec-
tious bronchitis virus strain M41 as defined by monoclonal antibodies. Vi-
rology 161:511-519.

Sapats, S. L., F. Ashton, P. J. Wright, and J. Ignjatovic. 1996. Novel variation
in the N protein of avian infectious bronchitis virus. Virology 226:412-417.
Sapats, S. L., F. Ashton, P. J. Wright, and J. Ignjatovic. 1996. Sequence
analysis of the S1 glycoprotein of infectious bronchitis viruses: identification
of a novel genotypic group in Australia. J. Gen. Virol. 77:413-418.

Shen, S., Z. L. Wen, and D. X. Liu. 2003. Emergence of a coronavirus
infectious bronchitis virus mutant with a truncated 3b gene: functional char-
acterization of the 3b protein in pathogenesis and replication. Virology
311:16-27.

Tang, X. C., J. X. Zhang, S. Y. Zhang, P. Wang, X. H. Fan, L. F. Li, G. Li,
B. Q. Dong, W. Liu, C. L. Cheung, K. M. Xu, W. J. Song, D. Vijaykrishna,
L. L. M. Poon, J. S. M. Peiris, G. J. D. Smith, H. Chen, and Y. Guan. 2006.
Prevalence and genetic diversity of coronaviruses in bats from China. J. Vi-
rol. 80:7481-7490.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673-4680.

Weiss, S. R., and S. Navas-Martin. 2005. Coronavirus pathogenesis and the
emerging pathogen severe acute respiratory syndrome coronavirus. Micro-
biol. Mol. Biol. Rev. 69:635-664.

Williams, A. K., L. Wang, L. W. Sneed, and E. W. Collisson. 1993. Analysis
of a hypervariable region in the 3’ noncoding end of the infectious bronchitis
virus genome. Virus Res. 28:19-27.

Williams, A. K., L. Wang, L. W. Sneed, and E. W. Collisson. 1992. Compar-
ative analyses of the nucleocapsid genes of several strains of infectious
bronchitis virus and other coronaviruses. Virus Res. 25:213-222.
Zwaagstra, K. A, B. A. van der Zeijst, and J. G. Kusters. 1992. Rapid
detection and identification of avian infectious bronchitis virus. J. Clin.
Microbiol. 30:79-84.



