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Abstract — Infectious bronchitis virus (IBV), the coronavirus of the chicken (Gallus gallus), is one
of the foremost causes of economic loss within the poultry industry, affecting the performance of
both meat-type and egg-laying birds. The virus replicates not only in the epithelium of upper and
lower respiratory tract tissues, but also in many tissues along the alimentary tract and elsewhere
e.g. kidney, oviduct and testes. It can be detected in both respiratory and faecal material. There is
increasing evidence that IBV can infect species of bird other than the chicken. Interestingly breeds
of chicken vary with respect to the severity of infection with IBV, which may be related to the
immune response. Probably the major reason for the high profile of IBV is the existence of a very
large number of serotypes. Both live and inactivated IB vaccines are used extensively, the latter
requiring priming by the former. Their effectiveness is diminished by poor cross-protection. The
nature of the protective immune response to IBV is poorly understood. What is known is that the
surface spike protein, indeed the amino-terminal S1 half, is sufficient to induce good protective
immunity. There is increasing evidence that only a few amino acid differences amongst S proteins
are sufficient to have a detrimental impact on cross-protection. Experimental vector IB vaccines and
genetically manipulated IBVs — with heterologous spike protein genes — have produced promising
results, including in the context of in ovo vaccination.
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1. INTRODUCTION

Infectious bronchitis virus (IBV) is, by
definition, the coronavirus of the domes-
tic fowl (Gallus gallus; more commonly
known as the chicken). Although it does
indeed cause respiratory disease it also
replicates at many non-respiratory epithe-
lial surface, where it may cause pathology
e.g. kidney, gonads [5] (reviewed in [20,
23]). Strains of the virus vary in the extent
to which they cause pathology in non-
respiratory organs. Replication at enteric
surfaces is considered to not normally re-
sult in clinical disease, although it does
result in faecal excretion of the virus.
A genetically closely related coronavirus
causes enteric disease in turkeys [22]. Tis-
sue tropism is an aspect of IBV that has
been neglected at the molecular level. An
interesting facet of IBV that has received
relatively little attention is the variation
in IB disease severity amongst different
breeds of domestic fowl.

Collectively the adverse effects make
IBV the biggest single cause of infectious
disease-related economic loss in the United
Kingdom, and probably in other countries
that have a similar disease spectrum and
control measures as in the UK. Its distri-
bution is virtually global. First described
in the 1930s in the USA, IB research has
been dominated by the extensive genetic
variation exhibited by the surface spike (S)
protein gene, recognised half a century ago
as antigenic variation. Specifically, virus
neutralisation tests revealed the existence
of serotypes (currently numbering dozens),
which are poorly cross-protective [9, 17,
21, 29, 31, 34, 36, 37, 40, 49, 61, 63, 82].

Consequently live and killed vaccines of
various serotypes are in use, though never
based on a sufficient number of serotypes,
for economic reasons, to control the dis-
ease as well as one would like [4, 6, 21,
42]. Serological studies were followed by
monoclonal antibody and sequencing ap-
proaches, to take us towards understanding
the molecular basis of the antigenic varia-
tion [15, 39, 50, 56, 57]. This leaves us far
short of understanding the molecular ba-
sis of cross-protection — or lack of it —
as cellular immune responses play a role
in protection, and these are poorly under-
stood. We do know that the S protein alone
is sufficient to induce good protective im-
munity [12,20,46,51,53,93,96]. There is
increasing evidence that only a few amino
acid differences amongst S proteins are
sufficient to have a detrimental impact on
cross-protection.

Live IB vaccines are at the heart of IB
control. The development of reverse ge-
netic (‘infectious clone’) systems for IBV
has opened up the possibility of precisely
modifying the IBV genome for vaccine de-
velopment as well as for defining the roles
of the virus proteins in pathogenicity — two
interrelated areas of research [7, 10, 11,46,
47,104].

Coronaviruses, genetically similar to
IBV, are being increasingly detected in
avian species. Evidence is increasing that
IBV has a wider host range than was previ-
ously thought — and not only in galliform
(chicken-like) birds e.g. the peafowl but
also in non-galliform birds e.g. the teal,
which is a duck [66]. Indeed, some of
the long-known mammalian coronaviruses
have a wider host range than their name



Coronavirus avian infectious bronchitis virus 283

would suggest, and SARS-CoV is a case
in point. Moreover, host range can be de-
termined by the surface spike glycoprotein
(S). For example, a genetically manipu-
lated murine coronavirus with the S protein
of feline coronavirus replicates in feline
cells [44].

Recombination is undoubtedly a fea-
ture of the replication and evolution of
IBV [19, 58, 61] and other coronaviruses.
However, to my mind this is a property
that was given too much prominence when
SARS-CoV emerged in humans. The cir-
cumstantial evidence for recombination,
derived from gene sequence comparisons,
is probably telling us of events that oc-
curred a very long time ago. That said,
the conditions for recombination amongst
IBV strains in the field are there: extremely
large numbers of chickens (a global popu-
lation of some 40 billion per annum), most
kept at high density; ease of spread of the
virus; cocirculation of serotypes [9], in-
cluding proof of co-infection with more
than one serotype in a given flock [18].

2. BRIEF MOLECULAR
BIOLOGICAL ASPECTS OF
CORONAVIRUSES

Coronaviruses are enveloped, pleiomor-
phic, with a mean diameter of approxi-
mately 120 nm, and have large (20 nm),
club-shaped surface projections — the heav-
ily glycosylated spike glycoprotein, S. The
composition of coronavirus particles has
been reviewed [23, 62, 101]. Virions form
by budding at internal cell membranes, not
at the cell surface.

The S protein is a dimer or trimer. It has
two known functions: to attach the virus
to receptor molecules on host cells, and
to activate fusion of the virion membrane
with host cell membranes, to release the
viral genome into the cell. IBV and other,
though not all, coronaviruses, have the S
protein in a cleaved form, as two subunits,

amino-terminal S1 and carboxy-terminal
S2. For IBV these comprise a little over
500 and 600 amino acids, respectively. The
bulbous head of the S protein is believed to
be formed largely by the S1 subunit. The S
protein is anchored in the membrane by the
carboxyterminal portion of S2.

The cleavage site is usually associated
with one or more pairs of basic amino
acids. For example, Arg-Arg-Ser-Arg-Arg
is a common S1-S2 connecting peptide of
IBV [15]. Whether cleaved or not, it is
the S1 part that is responsible for attach-
ment of the virus to cells [10], whilst S2
is responsible for membrane fusion. The
location of the receptor binding domain
(RBD) within S1 is not known for IBV, and
varies amongst other coronaviruses (re-
viewed by [23, 101]).

Apart from the S protein, all coron-
aviruses have a large copy number of a
smaller, integral membrane glycoprotein
(M; approximately 230 amino acids) and
low amounts of a very small, membrane-
associated, non-glycoslyated protein, E
(approximately 100 amino acids). Both of
these proteins are required for virus parti-
cle formation. The S protein interacts with
the transmembrane region of M. Closely
associated with the RNA genome (to form
a ribonucleoprotein, RNP) is the nucle-
ocapsid protein (N; approximately 420
amino acids).

The coronavirus genome is a single-
stranded, positive-sense RNA of 27 000 to
32 000 nucleotides (27.6 kb in the case
of IBV). They all have the same general
genome organisation [23, 62, 101].

5’UTR - polymerase gene — structural
protein genes (S-E-M-N) — UTR 3’ where
the UTR are untranslated regions (each
~ 500 nucleotides in IBV).

Gene 1 encodes 15 (IBV) or 16 non-
structural proteins (nsp), which are as-
sociated with RNA replication and tran-
scription. In addition to these ns proteins
there are, interspersed amongst the struc-
tural protein genes, one or more genes that
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encode small non-structural proteins. IBV
has two of these genes, called genes 3 and
5. Gene 3 has three open reading frames
(ORFs), encoding proteins 3a, 3b and 3c,
where 3c is the E protein. Gene 5 encodes
two proteins, 5a and 5b. These genes are
located thus:

-S-3a,b,c(E)-M-5a,b-N-

Coronaviruses have been assigned to
three groups, IBV being in Group 3. The
groups were initially devised on the basis
of a lack of antigenic relationships between
the species of different groups (reviewed
by [20,41]). Sequencing has largely con-
firmed these groupings [41]. The location
of the non-gene 1 ns protein genes has also
been used as a property said to be group-
specific. However, as more coronaviruses
are discovered and analysed, this criterion
gets decreasingly valid. For example, un-
til SARS-CoV was discovered, IBV and
closely related viruses were unique in hav-
ing an ns protein gene between the M
and N genes. Indeed, SARS-CoV has more
ns protein genes interspersed amongst the
structural protein genes than any other
coronavirus (reviewed by [100]). Currently
Group 3 members are exclusively from
avian species (Tab. I).

Coronaviruses undergo recombination;
if a cell is infected by two strains of a given
species of coronavirus, then progeny with
sequence(s) derived from both parents may
result. This has been demonstrated exper-
imentally for IBV [58] whilst sequencing
of many field strains has provided convinc-
ing evidence that many, possibly all, IBV
strains are recombinants between different
IBV strains [16,24,52,98,99].

3. PATHOGENESIS OF IBV

IBV initially infects the upper respira-
tory tract, where it is restricted to the cil-
iated and mucus-secreting cells (reviewed
by [35]). Titres of live virus are maxi-
mal in the nose and trachea within three

days and remain so for two to five days
further [1, 48]; reviewed by [20]. Similar
virus titres occur in the lungs and airsacs.
Small areas of pneumonia may be observed
in the lungs, although IBV is not con-
sidered to cause pneumonia [35]. Decili-
ation of the ciliated epithelia of the nose
and trachea follows infection. Infection is
commonly followed by secondary bacterial
infections, which can be the main cause
of the most debilitating disease, including
mortality [97].

In addition to replicating in many res-
piratory tissues (including nose, trachea,
lungs and airsacs, causing respiratory dis-
ease), IBV grows at many other epithelial
surfaces, including in kidney (associated
with minor or major nephritis), oviduct,
testes, and many parts of the alimentary
tract — oesophagus, proventriculus, duode-
num, jejunum, bursa of Fabricius, caecal
tonsils (near the distal end of the tract),
rectum and cloaca (the common open-
ing for release of eggs and faeces) (re-
viewed by [20, 35]) (Fig. 1). Infection of
enteric tissues usually does not manifest
itself clinically. Nephritis is not uncom-
mon in a proportion of naturally IBV-
infected meat-type birds. Some IBV strains
are intrinsically nephropathogenic i.e. they
reproducibly cause nephritis when inocu-
lated experimentally into specific pathogen
free chickens, causing mortality [30, 63,
64, 81]. IBV infects mainly the lower
nephron down to the collecting duct epithe-
lial cells [25,26]. An ultrastructural inves-
tigation revealed that the virus replicated in
all segments of tubules and ducts, but more
frequently in the epithelial cells of the
collecting ducts, collecting tubules, distal
convoluted tubules and Henle’s loops [25].
Modest to high titres of IBV in the kidney
do not necessarily correlate with overt kid-
ney disease. For example, the Moroccan G
strain replicated to similar titres in kidney
as in trachea (Fig. 1), though no gross kid-
ney changes were observed [1].
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Table I. Species from which Group 3 coronaviruses have been isolated® or detected” (by RT-PCR).

Host species

Virus name

Domestic fowl (chicken)®
Turkey®

Pheasant®

Guinea fowl®

Peafowl®

Partridge®

Blue-winged teal (a duck)
Pigeon

Mallard duck

Greylag goose

Gallus gallus
Meleagris gallopavo
Phasianus colchicus
Numida meleagris
Pavo cristatus
Alectoris sp.

Anas sp.

Columbia livia
Anas platyrhynchos

Anser anser

Infectious bronchitis virus®
Turkey coronavirus®

Pheasant coronavirus®
ad

ad

ad

ad

b Pigeon coronavirus
¢ Duck coronavirus

¢ Goose coronavirus

2 These viruses have been isolated and propagated in embryonated domestic fowl eggs following inocu-
lation into the allantoic cavity.

b Isolates were not recovered following inoculation into the allantoic cavity of embryonated domestic
fowl eggs [54].

¢ Members of the order Galliformes (chicken-like).

4 The genome organisation, gene sequences and biological properties of these isolates were such that it
is possible that they were actually IBVs; domestic fowl were kept nearby. The peafowl isolate of Liu
et al. [66] had > 99% genome sequence identity with the IB vaccine strain H120. The teal duck isolate
caused disease when experimentally inoculated into chickens [66].

¢ These viruses had nucleocapsid (N) gene and 3’ UTR sequences similar to those of the other coron-
aviruses in Table I, indicating that they were Group 3 coronaviruses. They also had one or two additional
ORFs between the N gene and the 3> UTR [54].

' A coronavirus has been isolated from a parrot. On the basis of very limited sequence data, it is not clear
in which, if any, of the three coronavirus groups that this virus would be placed [43].

(]
'Z Trachea
S Kidney
o
‘é: Duodenum
- BEE Rectum

T T T T T T LI

1357 10 14
Days after

Figure 1. Replication of the Moroccan G strain of IBV in chickens following inoculation by eye-
drop and in the nose. Infectious virus was titrated in chick embryo tracheal organ cultures. Titres
are shown to the nearest whole log10 number. From [1], reviewed in [20].



286 D. Cavanagh

Infection of the oviduct is believed
to contribute to diminished egg produc-
tion. The virus can also replicate in the
testes [5]. Birds have a small lymphoid or-
gan, the Harderian gland, in the eye-socket
which is a major contributor to locally pro-
duced antibody for protecting oculonasal
mucosae [35]. IBV replicates in this or-
gan, and also in another lymphoid organ,
the bursa of Fabricius [1, 87].

Interestingly, IBV can establish persis-
tent infections in chickens. In experiments
involving the inoculation of chicks, virus
was no longer detectibly excreted after the
initial period of replication. However, ex-
cretion re-started at around the time that
egg production started (~ 19 weeks of
age) [55]. It is suspected that the stressor
of the start of egg production caused the
release of the virus.

4. DETERMINANTS OF
PATHOGENICITY

Virtually nothing is known about the de-
terminants of pathogenicity for IBV.

4.1. Coronavirus spike protein
as a determinant of pathogenicity

It has been shown for some coron-
aviruses that the S protein is a determi-
nant of tissue tropism [60]. Rottier and
colleagues exchanged the S protein gene
of murine hepatitis virus (MHV) with
that of feline coronavirus (FCoV). Unlike
the wild-type MHYV, the ‘felinized” MHV
was able to replicate in feline cells, pre-
sumably by virtue of recognising recep-
tor molecules on the surface of the feline
cells [44]. Differences in the S protein,
sometimes as few as one or two amino
acids, of porcine transmissible gastroen-
teritis (TGEV) determine whether the virus
is enteropathogenic or essentially non-
pathogenic in pigs [3,59]. Genetically ma-
nipulated MHVs, with different tropisms

with regard to disease in the liver and nerve
tissue, have tropisms reflective of the strain
from the S gene was derived [75,76]. We
have shown that the S protein is an impor-
tant factor with regard to the host cell range
of IBV, at least in vitro. Replacement of
the S protein gene of the Beaudette strain
(able to replicate in chick embryo fibrob-
last, CEF, cells, and in mammalian Vero
and BHK cells) with that from the M41
strain (poor growth in CEFs and no pro-
ductive replication in Vero and BHK cells)
resulted in virus with the inferior host cell
range of the S protein donor, M41 [10].
Whether the S protein is a determinant of
IBV pathogenicity is an open question. The
spike-swapped recombinant just referred to
was non-pathogenic in chickens. Thus hav-
ing the S protein of a pathogenic strain is
not sufficient for pathogenicity to be ex-
pressed.

Studies with TGEV have led Enjuanes
and colleagues [59, 85] to suggest that two
domains on the S protein might be in-
volved in attaching to enteric cells, one
for binding to porcine aminopeptidase N.
This receptor is present in lung tissue as
well as in enteric tissue; binding to this
does not account for the different tropisms.
The other domain might be involved in
the binding to a coreceptor, not defined,
essential for the enteric tropism; differ-
ences in this domain affected the tropism of
TGEV. A further complication is involved.
Binding of TGEV to neuraminic acid in-
creases the efficiency of binding to cultured
cells, though it is not an absolute require-
ment [85]. That said mutants that were
unable to bind to neuraminic acid were no
longer enteropathogenic [59, 86].

The ability of IBV to replicate at many
respiratory, enteric and other epithelial
surfaces may be related in part to the
fact that attachment of IBV to host cells
is dependent on N-acetylneuraminic acid
(sialic acid) at the cell surface. Studies
of haemagglutination by IBV had demon-
strated the role of neuraminic acid in
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the attachment process. Moreover, IBV
attached preferentially when the linkage
of the neuraminic acid to the body of
the oligosaccharide was 2,3 [84]. More
recent studies have confirmed that o2,3-
linked N-acetylneuraminic acid is also
preferentially used by IBV for attach-
ment to host cells in which the virus
replicates [102]. Firstly, the number of
cells infected was greatly reduced by prior
treatment with neuraminidase from Vibrio
cholerae. Secondly, it was demonstrated
that the cell types that were susceptible
to IBV strain Beaudette, including Vero
cells, had a2,3-linked N-acetylneuraminic
acid. In contrast, the Vero E6 subline was
not susceptible to IBV — and did not
express a2,3-linked N-acetylneuraminic
acid. Whilst the affinity for a2,3-linked
N-acetylneuraminic acid helps to explain
the pan-tropic nature of IBV within the
chicken, it cannot be the only determi-
nant of susceptibility; such neuraminic
acid is present on cells that are not in-
fected by IBV. It may be that binding to
neuraminic acid is a primary step, effi-
cient infection requiring further contacts to
be made, involving a more specific, less
generally distributed, secondary receptor.
Moreover, there may be more than one
secondary receptor. This notion might ex-
plain why although the Beaudette and M41
strains, and a chimaera of Beaudette with
the spike gene of M41, replicate equally
well in chick kidney cells in vitro, only
the Beaudette strain replicates in Vero and
BHK cells [10]; the Beaudette S protein,
but not that of M41, probably recognizes a
receptor on Vero and BHK cells.

4.2. Role of other coronavirus proteins
in pathogenicity

The pathogenic nature of coronaviruses
is not determined solely by the S pro-
tein; other ‘background’ genes can play a
role [76]; reviewed by [101]. For example,

the A59 and JHM strains are hepatotropic
and non-hepatotropic, respectively. When
the S gene of JHM was replaced with that
of A59, the recombinant virus caused min-
imal infection of the liver and induced
hepatitis very poorly [76].

As mentioned above, coronaviruses
have one or more genes, interspersed
amongst the structural protein genes, that
encode relatively small proteins. With the
exception of one of these proteins of SARS
coronavirus, these small genes encode non-
structural proteins whose function is un-
known. What we do know is that they are
not required for replication per se. For ex-
ample, genetically manipulated IBVs that
were unable to produce proteins 3a and
3b [47] or 5a and 5b [11] reached normal
titres in vitro and in ovo. They did like-
wise in tracheal organ cultures (ex vivo),
although mutants unable to produce some
of these non-structural proteins declined in
titre earlier than wild-type virus. It is con-
ceivable that the organ cultures mounted
more effective innate immune responses
than in cell culture and in ovo. If that
is the case, then it would suggest that
the function of one or more of the small
non-structural proteins would be to combat
innate immunity. This is pure conjecture
at the moment. Others have suggested the
same in respect of non-structural protein
genes of other coronaviruses, though there
is no evidence yet to support this hypothe-
sis. Shen et al. [89] and Youn et al. [104]
have also demonstrated that proteins 3b
and Sa, respectively, are not required for
replication in vitro. Deletion of all the
non-gene 1 non-structural protein genes
of MHV produced virus that replicated in
mice but which, unlike the wild-type virus,
was non-lethal [33].

Inactivation (whether by deletion or
other modification) of individual non-
structural protein genes does not nec-
essarily result in reduced pathogenicity.
FCoV unable to make the ORF 7b protein
was still lethal for cats [45]. Removal of
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gene 3 of TGEV did not diminish its en-
teropathogenicity [92].

The non-gene 1-encoded accessory pro-
teins are probably not the only nsp that
have an influence on pathogenicity. Thus
single amino acid substitutions in nspl4
encoded by gene 1 of MHV attenuated
pathogenicity for mice [94].

5. VARIATION IN HOST
SUSCEPTIBILITY TO IBV

Experiments have shown that the out-
come of infection with IBV depends on
the breed of chicken. Although IBV repli-
cates to similar levels in the trachea in
all the breeds [78], supported by experi-
ments involving tracheal explants, the ex-
tent of mortality varies greatly. This has
been studied using IBV alone, and also in
conjunction with Escherichia coli [28,91].
The virus predisposed the birds to infection
with the bacterium, resulting in increased
mortality. Bumstead et al. [8] continued
with this IBV/E. coli infection, showing
marked variation in mortality amongst sev-
eral inbred lines of White Leghorn chick-
ens. Otsuki et al. [79] studied two lines
in more detail, finding that virus titres de-
clined much more slowly in the susceptible
line. It is suspected that the underlying
cause of the difference is immunological.
There is evidence for the MHC haplotype
of chickens influencing genetic resistance
to IBV [2].

The extent to which infection by a
nephropathogenic strain caused mortal-
ity was also dependent on the breed of
chicken [81].

6. NATURE OF IMMUNE
RESPONSES TO IBV

It is the humoral immune response to
IBV vaccination that has been studied
the most, by measurement of antibody

levels in serum, using ELISA, VN or
haemagglutination-inhibition (HAI) tests
(reviewed by [20, 34]), and also in lachry-
mal secretions (tears; [38]). However, there
have also been a few studies of IBV an-
tibodies in nose and trachea. The basis of
immunity to IBV is not well understood.
Serum antibody levels do not correlate
with protection, though local antibody is
believed to play a role in protection of the
respiratory tract [51,83].

The profile of the serum antibody re-
sponse depends on the method used to
detect it. Following infection of chickens
with a virulent strain of IBV, specific anti-
body was first detected by ELISA (plates
coated with IBV), and later by VN and HI
tests [28,70-72].

Following infection with a live IBV vac-
cinal strain there was a good primary IgM
response [68,73]. As expected, the primary
IgM response peaked, and declined, before
that of the IgG response [68]. The sec-
ondary IgM response i.e. in response to
a second (challenge) infection, peaked at
the same time as that of IgG, but declined
faster.

Collisson and colleagues [80, 87] have
shown that cytotoxic T-cell (CTL) re-
sponses in chickens to IBV infection cor-
related with initial decreases in infection
and clinical signs. CTL activity was ma-
jor histocompatibility complex restricted,
and lysis was mediated by CD8+ CD4-
cells. Adoptive transfer of IBV-infection-
induced alphabeta T cells bearing CD8
antigen protected chicks from challenge in-
fection [88]; reviewed in [27]. Earlier work
has been reviewed in [35].

Following infection of chickens by IBV,
interferon was detected in trachea and
lung, and at lower levels in plasma, kidney,
liver and spleen [78]. Chicken interferon
type I reduced replication of IBV in chick
kidney cell cultures, and in tracheal or-
gan cultures [80]. Moreover, intravenous
or oral application of type I interferon
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delayed the onset of disease in chickens
and its severity.

Very much more remains to be done
with regard to elucidating the innate and
adaptive immune responses to IBV [35].

7. EPIDEMIOLOGY AND CLINICAL
SIGNS

IB is virtually a global disease [24, 39,
40, 65, 67,89, 90]. The virus is highly in-
fectious, presumed to spread by aerosol
as well as by mechanical means. Several
serotypes can co-circulate in a region [9].
As serotypes cross-protect poorly, chick-
ens can be productively infected several
times including more than once within
the short, six-week life of a meat-type
chicken [18]. Chickens, especially young
ones, exhibit nasal discharge, snicking
(similar to sneezing), rales (a vibration em-
anating from lower in the respiratory tract
watery), watery eyes and lethargy [21,35].
Young chicks may die directly from IBV
infection but a greater number die fol-
lowing secondary bacterial infection [21].
Juvenile and mature birds suffer less from
IBV infection although the economic con-
sequences can be high. Infection of meat-
type birds results in growth retardation. In
layers, there is a drop in egg production,
which might never return to normal, and in
quality of eggs.

8. ANTIGENIC DIVERSITY

IBV exists as scores, maybe hundreds,
of serotypes. Most differ from each other
by 20 to 25% of S1 amino acids [19, 24,
29,31,37,40,50,65,70]. The S2 polypep-
tides differ by less than half that amount, to
an extent similar to that found in the other
structural proteins (10 to 15%; (reviewed
by [23])). However, some serotypes dif-
fer by approximately 50% of S1 amino
acids [17, 39, 60]. The differences between

the S1 proteins undoubtedly have a se-
lective advantage; generally speaking, the
immunity induced by inoculation with one
serotype protects poorly against infection
with heterologous serotypes (reviewed by
Cavanagh [20]), as it is the S protein that
is the major inducer of virus neutralizing
(VN) antibody and protection [13, 14, 51,
56,57,96].

Strikingly, differences of as few as 2 to
3% of S1 amino acid residues (10 to 15
residues) can result in a change in serotype,
defined as lack of cross-neutralization us-
ing convalescent sera [15, 56, 57]. These
few differences may contribute to dimin-
ished cross-protection in challenge exper-
iments in chickens [17]. Monoclonal an-
tibody analysis has revealed that many of
the amino acids involved in the formation
of VN epitopes are located within the first
and third quarters of the linear S1 polypep-
tide [34, 56, 57], which is where closely
related strains (> 95% amino acid iden-
tity in S1) also differ [4, 37]. Thus these
parts of S1 are very tolerant of amino acid
changes, changes that probably confer a se-
lective advantage.

9. PREVENTION

The extent to which infection is an eco-
nomic problem will depend on many fac-
tors, including the strain of virus, age of
chicken at infection, nutrition, and the en-
vironment both within the poultry house
e.g. ammonia levels, and outside e.g. tem-
perature [21, 28, 63, 65, 81, 97]. In areas
where there are many poultry farms, it is
virtually impossible to keep chickens free
of IBV. Biosecurity is likely to be insuffi-
cient, as the virus is spread readily. Con-
sequently vaccination is commonly prac-
tised. Whilst the humoral response to 1B
vaccination has been measured for many
years, very little is known about the cel-
lular immunity induced by IB vaccines or
field strains.
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10. CONTROL BY VACCINATION
10.1. Live vaccines

Vaccination to control IB has been prac-
ticed for over a half a century [4, 20,
21]. Field strains are universally attenuated
by passage in embryonated domestic fowl
eggs.

Live vaccines are usually applied to
meat-type chickens at one day of age,
in the hatchery. In experimental situa-
tions this can result in sterile immunity
when challenged by virulent homologous
virus within three weeks of vaccination.
Sometimes, even in closely controlled ex-
perimental situations, 10% of vaccinated
chicks do not respond with a protective
immune response against challenge with
the homologous strain [17,29, 49, 77, 82,
103]. These results show that chickens
(out-bred, though with restricted sets of
parental breeding stocks) are not uniform
in their response to IBV vaccination. This
is a factor to be kept in mind not only with
respect to vaccination of domestic animals
but also if vaccines against coronaviruses
in humans, e.g. SARS-CoV, are to be con-
templated.

In this context there is another aspect
of IB vaccination to be kept in mind;
protection is short-lived, the start of the
decline being apparent nine weeks after
vaccination [32, 42]. Consequently com-
mercial egg layers, which are kept for a
year or more, are vaccinated several times
with live vaccine, perhaps with more than
one serotype. Even broilers, which are pro-
cessed at only six or so weeks of age, may
be revaccinated if IB is very problematic
in an area. Revaccination may be with a
different serotype, as this approach some-
times gives protection against a broader
range of serotypes [29].

The efficacy of vaccination with live
vaccine varies amongst inbred lines of
chickens i.e. genetic differences between
individuals affects the efficacy of the im-
mune response [28,79,81,91].

Vaccines have not been developed
commercially with nephropathogenic IBV
strains in mind. However, this has been
studied experimentally. Vaccination, by
coarse spray, with the homologous atten-
uated strain completely protected against
mortality upon challenge four weeks
later with the wild-type nephropathogenic
virus [80]. Challenge virus in the kidney
was assessed by immunofluorescence. By
this criterion the number of chicks with de-
tectable IBV in the kidney was reduced by
84% by vaccination with the homologous
vaccine, and not at all by the heterologous
vaccines.

10.2. Inactivated
vaccines

virus and subunit

Inactivated oil-emulsion IBV vaccines
were developed during the 1960s and
1970s. The objective was to make a vac-
cine that would give long-lasting immunity
to the hen bird, to protect against drops
in egg production. Single applications of
inactivated virus induced little or no pro-
tection against egg loss [6,69,74], and no
protection against loss of ciliary activity in
the trachea [68].

Other studies, using purified, inactivated
IBYV, have been successful in getting a de-
gree of protection against respiratory tract
protection, though usually at a rate of
< 59% [12,51,93]; reviewed in more de-
tail by [20]. Rather better protection with
inactivated IBV has been achieved against
losses in egg production [69]. Notwith-
standing, common practice is to vaccinate
egg layers with live vaccine at two or
three weeks of age, followed by more live
vaccinations until shortly before the birds
start laying eggs they are given killed vac-
cine [21].

Induction of immunity by the S1 spike
subunit has been studied with S1 prepared
from purified virus [12, 51] and expres-
sion using baculovirus [93]. Although pro-
tective immune responses were induced,
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multiple inoculations of subviral material
were required and the percentage of pro-
tected chickens was too low (< 50%) for
commercial application.

10.3. Vector vaccines

S1 has also been expressed in birds
using fowl pox virus [99] and fowl ade-
novirus vectors [53]. Remarkably, expres-
sion of S1 in birds using a nonpathogenic
fowl adenovirus vector induced protection
in 90% and 100% of chickens in two ex-
periments. This was the case after only a
single application of the vector. Success
may have been related to the fact that the
vector replicated well in the respiratory
tract of the birds.

10.4. Small differences amongst S1
proteins may reduce
cross-protection

As might be expected, cross-protection
tends to diminish as the degree of amino
acid identity between the S1 proteins of
two IBV strains decreases [17,40]. Some
recent findings have relevance not only to
the control of IB but also for control of
coronavirus diseases in other domestic an-
imals and humans. It has been mentioned
above that 10% of chickens, such as out-
bred Rhode Island Red, may not develop
a protective immune response after care-
ful vaccination [17]. Another finding is that
small differences between S proteins of
vaccinating and challenge virus may re-
duce the efficacy of the former. We have
known for some time that differences in
Slof 2 to 3% (10 to 15 amino acids)
can change serotype, suggesting that a
small number of epitopes are immunodom-
inant with respect to neutralising antibody.
The experiments of Cavanagh et al. [17]
suggested that such differences could ad-
versely affect cross-protection, though the
results were not statistically significant.

As described above, we have made a
chimaera comprising the genome of the
non-pathogenic Beaudette strain of IBV
except that it had the S gene of the
pathogenic M41 strain [10]. Both strains
are of the Massachusetts serotype, with
95.0% S1 amino acid identity. When
chickens were inoculated with Beaudette,
M41 or spike-swapped recombinant IBV
and challenged with M41, Beaudette in-
duced almost no tracheal protection when
assessed by tracheal ciliary activity and
poor protection when assessed by snick-
ing. In contrast, the recombinant IBV in-
duced protection almost as well as the
M41 strain. This was not due to an in-
creased virulence of the receiver strain,
as the spike-swapped recombinant was as
non-pathogenic as the Beaudette strain,
and both replicated poorly. As Beaudette
and recombinant virus had identical pro-
teins except for the spike protein, it would
appear that the poor immunity induced by
Beaudette against the donor strain was due
to some of the 5.0% of amino acid differ-
ences (27 different residues) in S1. This
supported the suggestions of earlier work
that small differences in S1 can contribute
to poor cross-protection [17,77].

These results are interesting in the con-
text of identifying the protection-inducing
epitopes of the S protein and of explain-
ing poor vaccine performance in the field.
They indicate that a vaccine might perform
suboptimally even against challenge with
virus of the same serotype, if critical amino
acids differ. This is something that should
be kept in mind if development of vaccines
against other coronaviruses is being con-
templated. It would be as well to acquire
knowledge of the diversity of the S protein
as rapidly as possible.

10.5. Conclusions: prospects for IB
vaccine development

The existence of infectious clone/re-
verse genetic systems for IBV and other
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coronaviruses has the potential for the de-
velopment of a new generation of live
vaccines. As described above, these have
already been used to identify genes that
are not required for replication per se and
which are believed to aid virus survival
in vivo; these genes are targets for elim-
ination or modification — for rational, as
opposed to the current empirical, attenua-
tion of pathogenicity.

An objective specific to the poultry in-
dustry is the production of vaccines that
can be administered in ovo i.e. to em-
bryos of 18 days of age, three days prior
to hatch. The technology exists to apply
vaccines very precisely in this way, more
efficiently than vaccinating hatched birds
by spray or drinking water. To date this ob-
jective has been achieved only in respect
of Marek’s disease virus. Vaccine strains
of other viruses, including IBV, adversely
affect hatchability. Our molecularly cloned
IBV is remarkably benign when given to
18-day-old embryos; hatchability is unaf-
fected. Furthermore, preliminary experi-
ments have shown that our spike-swapped
chimaeras induce protective immunity fol-
lowing in ovo vaccination [95].

The existence of scores of IBV
serotypes will remain, meaning that the
occasional production of new vaccines
with appropriate S protein genes is likely
to be continued for a long time. Since our
reverse genetic system enables us to swap
S protein genes [7, 10, 47], the prospects
for a new era of IB vaccines are good.

REFERENCES

[1] Ambali A.G., Jones R.C., Early pathogen-
esis in chicks of infection with an en-
terotropic strain of infectious bronchitis
virus, Avian Dis. (1990) 34:809-817.

[2] Bacon L.D., Hunter D.B., Zhang H.M.,
Brand K., Etches R., Retrospective evi-
dence that the MHC (B haplotype) of chick-
ens influences genetic resistance to atten-
uated infectious bronchitis vaccine strains

D. Cavanagh

(3]

(8]

[9]

[10]

(11]

[12]

in chickens, Avian Pathol. (2004) 33:605—
609.

Ballesteros M.L., Sanchez C.M., Enjuanes
L., Two amino acid changes at the N-
terminus of transmissible gastroenteritis
coronavirus spike protein result in the
loss of enteric tropism, Virology (1997)
227:378-388.

Bijlenga G., Cook J.K.A., Gelb J., de Wit
J.J., Development and use of the H strain of
avian infectious bronchitis virus from The
Netherlands as a vaccine: a review, Avian
Pathol. (2004) 33:550-557.

Boltz D.A., Nakai M., Bahra J.M., Avian
infectious bronchitis virus: a possible cause
of reduced fertility in the rooster, Avian Dis.
(2004) 48:909-915.

Box P.G., Beresford A.W., Roberts B.,
Protection of laying hens against infectious
bronchitis with inactivated emulsion vac-
cines, Vet. Rec. (1980) 106:264-268.

Britton P, Evans S., Dove B., Davies
M., Casais R., Cavanagh D., Generation
of a recombinant avian coronavirus infec-
tious bronchitis virus using transient dom-
inant selection, J. Virol. Methods (2005)
123:203-211.

Bumstead N., Huggins M.B., Cook J.K.A.,
Genetic differences in susceptibility to a
mixture of avian infectious bronchitis virus
and Escherichia coli, Br. Poult. Sci. (1989)
30:39-48.

Capua 1., Minta Z., Karpinska E., Mawditt
K., Britton P, Cavanagh D., Gough R.E.,
Cocirculation of four types of infec-
tious bronchitis virus (793/B 624/1 B1648
and Massachusetts), Avian Pathol. (1999)
28:587-592.

Casais R., Dove B., Cavanagh D., Britton
P., Recombinant avian infectious bronchitis
virus expressing a heterologous spike gene
demonstrates that the spike protein is a de-
terminant of cell tropism, J. Virol. (2003)
77:9084-9089.

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

Cavanagh D., Davis P.J., Darbyshire J.H.,
Peters R.W., Coronavirus IBV: virus retain-
ing spike glycopolypeptide S2 but not S1
is unable to induce virus-neutralizing or
haemagglutination-inhibiting antibody or
induce chicken tracheal protection, J. Gen.
Virol. (1986) 67:1435-1442.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

Coronavirus avian infectious bronchitis virus

Cavanagh D., Davis P.J., Coronavirus IBV:
removal of spike glycopolypeptide S1 by
urea abolishes infectivity and haemaggluti-
nation but not attachment to cells, J. Gen.
Virol. (1986) 67:1443—-1448.

Cavanagh D., Davis PJ., Mockett A.P.,
Amino acids within hypervariable region 1
of avian coronavirus IBV (Massachusetts
serotype) spike glycoprotein are associated
with neutralization epitopes, Virus Res.
(1988) 11:141-150.

Cavanagh D., Davis P.J., Cook J.K.A., Li
D., Kant A., Koch G., Location of the
amino-acid differences in the S1 spike
glycoprotein subunit of closely related
serotypes of infectious-bronchitis virus,
Avian Pathol. (1992) 21:33-43.

Cavanagh D., Davis PJ., Cook J.K.A.,
Infectious bronchitis virus: evidence for
recombination within the Massachusetts
serotype, Avian Pathol. (1992) 21:401-408.

Cavanagh D., Ellis M.M., Cook J.K.A.,
Relationship between sequence variation in
the S1 spike protein of infectious bronchi-
tis virus and the extent of cross-protection
in vivo, Avian Pathol. (1997) 26:63-74.

Cavanagh D., Mawditt K., Britton P,
Naylor C.J., Longitudinal field studies of
infectious bronchitis virus and avian pneu-
movirus in broilers using type-specific
polymerase chain reactions, Avian Pathol.
(1999) 28:593-605.

Cavanagh D., A nomenclature for avian
coronavirus isolates and the question
of species status, Avian Pathol. (2001)
30:109-115.

Cavanagh D., Severe acute respiratory syn-
drome vaccine development: experiences of
vaccination against avian infectious bron-
chitis coronavirus, Avian Pathol. (2003)
32:567-582.

Cavanagh D., Nagqi S., Infectious bronchi-
tis, in: Saif Y.M., Barnes H.J., Glisson J.R.,
Fadly A.M., McDougald L.R., Swayne
D.E. (Eds.), Diseases of poultry, Iowa, 11th
edition, Ames, Iowa State University Press,
2003, pp. 101-119.

Cavanagh D., Coronaviruses in poultry and
other birds, Avian Pathol. (2005) 34:439—
448.

Cavanagh D., Coronaviridae: a review of
coronaviruses and toroviruses, in: Schmidt
A., Wolff M.H. (Eds.), Coronaviruses with
special emphasis on first insights concern-
ing SARS, Basel, Birkhéuser, 2005, pp.
1-54.

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

293

Cavanagh D., Picault J.P.,, Gough R., Hess
M., Mawditt K., Britton P., Variation in the
spike protein of the 793/B type of infectious
bronchitis virus in the field and during alter-
nate passage in chickens and embryonated
eggs, Avian Pathol. (2005) 34:20-25.

Chen B.Y., Itakura C., Cytopathology of
chick renal epithelial cells experimentally
infected with avian infectious bronchitis
virus, Avian Pathol. (1996) 25:675-690.

Chen B.Y., Hosi S., Nunoya T., Itakura C.,
Histopathology and immunohistochemistry
of renal lesions due to infectious bronchi-
tis virus in chicks, Avian Pathol. (1996)
25:269-283.

Collisson E.W., Pei J., Dzielawa J., Seo
S.H., Cytotoxic T lymphocytes are critical
in the control of infectious bronchitis virus
in poultry, Dev. Comp. Immunol. (2000)
24:187-200.

Cook J.K., Smith H-W., Huggins M.B.,
Infectious bronchitis immunity: its study
in chickens experimentally infected with
mixtures of infectious bronchitis virus and
Escherichia coli, J. Gen. Virol. (1986)
67:1427-1434.

Cook J.K.A., Orbell S.J., Woods M.A.,
Huggins M.B., Breadth of protection of the
respiratory tract provided by different live-
attenuated infectious bronchitis vaccines
against challenge with infectious bronchitis
viruses of heterologous types, Avian Pathol.
(1999) 28:471-479.

Cook J.K., Chesher J., Baxendale W.,
Greenwood N., Huggins M.B., Orbell S.J.,
Protection of chickens against renal dam-
age caused by a nephropathogenic infec-
tious bronchitis virus, Avian Pathol. (2001)
30:423-426.

Darbyshire J.H., Rowell J.G., Cook J.K.A.,
Peters R.W., Taxonomic studies on strains
of avian infectious bronchitis virus using
neutralisation tests in tracheal organ cul-
tures, Arch. Virol. (1979) 61:227-238.

Darbyshire J.H., Peters R.W., Sequential
development of humoral immunity and as-
sessment of protection in chickens follow-
ing vaccination and challenge with avian
infectious bronchitis virus, Res. Vet. Sci.
(1984) 37:77-86.

De Haan C.A., Masters P.S., Shen X., Weiss
S., Rottier PJ., The group-specific murine
coronavirus genes are not essential but their
deletion by reverse genetics is attenuat-
ing in the natural host, Virology (2002)
296:177-89.



294

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

D. Cavanagh

De Wit J.J., Detection of infectious bron-
chitis virus, Avian Pathol. (2000) 29:71-93.

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

El Houadfi M., Jones R.C., Cook J.K.A.,
Ambali A.G., The isolation and character-
isation of six avian infectious bronchitis
viruses isolated in Morocco, Avian Pathol.
(1986) 15:93-105.

Farsang A., Ros C., Renstrom L.H.M.,
Baule C., Soés T., Belak S., Molecular
epizootiology of infectious bronchitis virus
in Sweden indicating the involvement of
a vaccine strain, Avian Pathol. (2002)
31:229-236.

Ganapathy K., Cargill PW., Jones R.C., A
comparison of methods of inducing lachry-
mation and tear collection in chickens for
detection of virus-specific immuoglobulins
after infection with infectious bronchitis
virus, Avian Pathol. (2005) 34:248-251.

Gelb J.,, Keeler C.L., Nix WA,
Rosenberger J.K., Cloud S.S., Antigenic
and S-1 genomic characterization of
the Delaware variant serotype of infec-
tious bronchitis virus, Avian Dis. (1997)
41:661-669.

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

Gonzilez J.M., Gomez-Puertas P,
Cavanagh D., Gorbalenya A.E., Enjuanes
L., A comparative sequence analysis to
revise the current taxonomy of the fam-
ily Coronaviridae, Arch. Virol. (2003)
148:2207-2235.

Gough R.E., Alexander D.J., Comparison
of duration of immunity in chickens in-
fected with a live infectious bronchitis vac-
cine by three different routes, Res. Vet. Sci.
(1979) 26:329-332.

Gough R.E., Drury S.E., Culver F., Britton
P, Cavanagh D., Isolation of a coron-
avirus from a green-cheeked Amazon par-
rot (Amazona viridigenalis Cassin), Avian
Pathol. (2006) 35:122-126.

Haijema B.J., Volders H., Rottier P.J.M.,
Switching species tropism: an effective
way to manipulate the feline coronavirus
genome, J. Virol. (2003) 77:4528-4538.

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Haijema B.J., Volders H., Rottier P.J.M.,
Live attenuated coronavirus vaccines
through the directed deletion of group-
specific genes provide protection against
feline infectious peritonitis, J. Virol. (2004)
78:3863-3871.

Hodgson T., Casais R., Dove B., Britton
P., Cavanagh D., Recombinant infectious
bronchitis coronavirus Beaudette with the
spike protein gene of the pathogenic
M41 strain remains attenuated but in-
duces protective immunity, J. Virol. (2004)
78:13804-13811.

Hodgson T., Britton P.,, Cavanagh D.,
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. (2006) 80:296-305.

Hofstad M.S., Yoder H.W. Jr., Avian infec-
tious bronchitis — virus distribution in tis-
sues of chicks, Avian Dis. (1966) 10:230—
239.

Hofstad M.S., Cross-immunity in chick-
ens using seven isolates of avian infectious
bronchitis virus, Avian Dis. (1981) 25:650—
654.

Ignjatovic J., McWaters P.G., Monoclonal
antibodies to 3 structural proteins of avian
infectious-bronchitis virus — characteriza-
tion of epitopes and antigenic differenti-
ation of Australian strains, J. Gen. Virol.
(1991) 72:2915-2922.

Ignjatovic J., Galli L., The S1 glycoprotein
but not the N or M proteins of avian in-
fectious bronchitis virus induces protection
in vaccinated chickens, Arch. Virol. (1994)
138:117-134.

Jia W., Karaca K., Parrish C.R., Naqi S.A.,
A novel variant of avian infectious bron-
chitis virus resulting from recombination
among three different strains, Arch. Virol.
(1995) 140:259-271.

Johnson M.A., Pooley C., Ignjatovic J.,
Tyack S.G., A recombinant fowl adenovirus
expressing the S1 gene of infectious bron-
chitis virus protects against challenge with
infectious bronchitis virus, Vaccine (2003)
21:2730-2736.

Jonassen C.M., Kofstad T., Larsen LL.,
Lovland A., Handeland K., Follestad
A.Lillehang A., Molecular identification
and characterization of novel coronaviruses
infecting greylag geese (Anser anser),
feral pigeons (Columba livia) and mallards
(Anas platyrhynchos), J. Gen. Virol. (2005)
86:1597-1607.



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Coronavirus avian infectious bronchitis virus

Jones R.C., Ambali A.G., Re-excretion of
an enterotropic infectious bronchitis virus
by hens at point of lay after experimen-
tal infection at day old, Vet. Rec. (1987)
120:617-620.

Kant A., Koch G., van Roozelaar D.J.,
Kusters J.G., Poelwijk F.A.J., van der Zeijst
B.AM., Location of antigenic sites de-
fined by neutralising monoclonal antibod-
ies on the Sl avian infectious bronchi-
tis virus glycopolypeptide, J. Gen. Virol.
(1992) 73:591-596.

Koch G., Hartog L., Kant A., van Roozelaar
D.J., Antigenic domains of the peplomer
protein of avian infectious bronchitis virus:
correlation with biological function, J. Gen.
Virol. (1990) 71:1929-1935.

Kottier S.A., Cavanagh D., Britton P,
Experimental evidence of recombination
in coronavirus infectious bronchitis virus,
Virology (1995) 213:569-580.

Krempl C., Ballesteros M., Zimmer
G., Enjuanes L., Klenk H., Herrler G.,
Characterization of the sialic acid
binding activity of transmissible gas-
troenteritis coronavirus by analysis of
haemagglutination-deficient mutants, J.
Gen. Virol. (2000) 81:489-496.

Kuo L., Godeke G.J., Raamsman M.J.,
Masters P.S., Rottier PJ., Retargeting
of coronavirus by substitution of the
spike glycoprotein ectodomain: crossing
the host cell species barrier, J. Virol. (2000)
74:1393-1406.

Ladman B.S., Loupos A.B., Gelb J. Jr,
Infectious bronchitis virus S1 gene se-
quence comparison is a better predictor of
challenge of immunity in chickens than
serotyping by virus neutralization, Avian
Pathol. (2006) 35:127-133.

Lai M.M., Cavanagh D., The molecular bi-
ology of coronaviruses, Adv. Virus Res.
(1997) 48:1-100.

Lambrechts C., Pensaert M., Ducatelle R.,
Challenge experiments to evaluate cross-
protection induced at the trachea and kid-
ney level by vaccine strains and Belgian
nephropathogenic isolates of avian infec-
tious bronchitis virus, Avian Pathol. (1993)
22:577-590.

Li H., Yang H.C., Sequence analysis
of nephropathogenic infectious bronchitis
virus strains of the Massachusetts genotype
in Beijing, Avian Pathol. (2001) 30:535-
541.

Liu S., Kong X., A new genotype of
nephropathogenic  infectious  bronchitis

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

295

virus circulating in vaccinated and non-
vaccinated flocks in China, Avian Pathol.
(2004) 33:321-327.

Liu S., Chen J., Kong X., Shao Y., Han Z.,
Feng L., Cai X., Gu S., Liu M., Isolation
of avian infectious bronchitis coronavirus
from domestic peafowl (Pavo cristatus) and
teal (Anas), J. Gen. Virol. (2005) 86:719—
725.

Mardani K., Noormohammadi A.H.,
Ignjatovic J., Browning G.F, Typing
infectious bronchitis virus strains using
reverse transcriptase-polymerase  chain
reaction and restriction fragment length
polymorphism analysis to compare the 3’
7.5 kb of their genomes, Avian Pathol.
(2006) 35:63-69.

Martins N.R., Mockett A.P., Barrett A.D.,
Cook J.K., IgM responses in chicken serum
to live and inactivated infectious bronchitis
virus vaccines, Avian Dis. (1991) 35:470—
475.

McDougall J.S., Avian infectious bronchitis
virus: the protection afforded by an in-
activated virus vaccine, Vet. Rec. (1969)
85:378-381.

Meulemans G., Boschmans M.,
Decaesstecker M., van den Berg T.P,
Denis P, Cavanagh D., Epidemiology
of infectious bronchitis virus in Belgian
broilers: a retrospective study 1986 to
1995, Avian Pathol. (2001) 30:411-421.

Mockett A.P.A., Darbyshire J.H., Compa-
rative studies with an enzyme-linked im-
munosorbent assay (ELISA) for antibodies
to avian infectious bronchitis virus, Avian
Pathol. (1981) 10:1-10.

Mockett A.P.A., Envelope proteins of avian
infectious bronchitis virus: purification and
biological properties, J. Virol. Methods
(1985) 12:271-278.

Mockett A.P.A., Cook J.K.A., The detec-
tion of specific IgM to infectious bronchitis
virus in chicken serum using an ELISA,
Avian Pathol. (1986) 15:437-446.

Muneer M.A., Newman J.A., Halvorson
D.A., Sivanandan V., Coon C.N., Effects of
avian infectious bronchitis virus (Arkansas
strain) on vaccinated laying chickens,
Avian Dis. (1987) 31:820-828.

Navas S., Seo S.H., Chua M.M., Sarma
J.D., Lavi E., Hingley S.T., Weiss S.R.,
Murine coronavirus spike protein deter-
mines the ability of the virus to replicate in
the liver and cause hepatitis, J. Virol. (2001)
75:2452-2457.



296

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

D. Cavanagh

Navas S., Weiss S.R., Murine coronavirus-
induced hepatitis: JHM genetic background
eliminates A59 spike-determined hepa-
totropism, J. Virol. (2003) 77:4972-4978.

Nix W.A., Troeber D.S., Kingham B.F,
Keeler C.L. Jr., Gelb J. Jr., Emergence of
subtype strains of the Arkansas serotype
of infectious bronchitis virus in Delmarva
broiler chickens, Avian Dis. (2000) 44:568—
581.

Otsuki K., Nakamura T., Kubota N.,
Kawaoka Y., Tsubokura M., Comparison
of two strains of avian infectious bron-
chitis virus for their interferon induction
viral growth and development of virus-
neutralising antibody in experimentally-
infected chickens, Vet. Microbiol. (1987)
15:31-40.

Otsuki K., Huggins M.B., Cook J.K.A.,
Comparison of the susceptibility to in-
fectious bronchitis virus infection of two
inbred lines of White Leghorn chickens,
Avian Pathol. (1990) 19:467-475.

Pei J., Sekellick M.J., Marcus PI., Choi
1.S., Collisson E.W., Chicken interferon
type I inhibits infectious bronchitis virus
replication and associated respiratory ill-
ness, J. Interferon Cytokine Res. (2001)
21:1071-1077.

Pensaert M., Lambrechts C., Vaccination
of  chickens against a  Belgian
nephropathogenic  strain of infectious
bronchitis virus B1648 using attenuated
homologous and heterologous strains,
Avian Pathol. (1994) 23:631-641.

Picault J.P., Drouin P., Guittet M.,
Bennejean G., Protais J., L"Hospitalier
R., Gillet J.P.,, Lamande J., Le Bachelier
A., Isolation characterisation and prelim-
inary cross-protection studies with a new
pathogenic avian infectious bronchitis virus
(strain PL-84084), Avian Pathol. (1986)
15:367-383.

Raggi L.G., Lee G.G., Lack of correlation
between infectivity serological response
and challenge results in immunization with
an avian infectious bronchitis vaccine, J.
Immunol. (1965) 94:538-543.

Schultze B., Cavanagh D., Herrler G.,
Neuraminidase treatment of avian in-
fectious bronchitis coronavirus reveals a
hemagglutinating activity that is dependent
on sialic acid-containing receptors on ery-
throcytes, Virology (1992) 189:792-794.

Schwegmann-Wessels C., Zimmer G.,
Laude H., Enjuanes L., Herrler G., Binding

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

of transmissible gastroenteritis coronavirus
to cell surface sialoglycoproteins, J. Virol.
(2002) 77:6037-6043.

Schwegmann-Wessels C., Zimmer G.,
Schroder B., Breves G., Herrler G.,
Binding of transmissible gastroenteritis
coronavirus to brush border membrane
sialoglycoproteins, ~J.  Virol.  (2003)
77:11846-11848.

Seo S.H., Collisson E.W., Specific cyto-
toxic T lymphocytes are involved in in vivo
clearance of infectious bronchitis virus, J.
Virol. (1997) 71:5173-5177.

Seo S.H., Pei J., Briles W.E., Dzielawa
J., Collisson E.W., Adoptive transfer of
infectious bronchitis virus primed alpha-
beta T cells bearing CD8 antigen pro-
tects chicks from acute infection, Virology
(2000) 269:183-189.

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

Liu S.W., Kong X.G., A new genotype
of nephropathogenic infectious bronchitis
virus circulating in vaccinated and non-
vaccinated flocks in China, Avian Pathol.
(2004) 33:321-327.

Smith H.W., Cook J.K., Parsell Z.E., The
experimental infection of chickens with
mixtures of infectious bronchitis virus and
Escherichia coli, J. Gen. Virol. (1985)
66:777-786.

Sola I., Alonso S., Zuniga S., Balasch M.,
Plana-Duran J., Enjuanes L., Engineering
the transmissible gastroenteritis virus
genome as an expression vector inducing
lactogenic immunity, J. Virol. (2003)
77:4357-43609.

Song C.S., Lee Y.J., Lee C.W., Sung H.W.,
Kim J.H., Mo L.P,, Izumiya Y., Jang H.K,
Mikami T., Induction of protective im-
munity in chickens vaccinated with infec-
tious bronchitis virus S1 glycoprotein ex-
pressed by a recombinant baculovirus, J.
Gen. Virol. (1998) 79:719-723.

Sperry S., Kazi L., Graham R., Baric
B., Weiss S., Denison M., Single amino
acid substitutions in non-structural ORF1B-
NSP14 and ORF2a 30 kDa proteins of the
murine coronavirus MHV-AS9 are attenuat-
ing in mice, J. Virol. (2005) 79:3391-3400.

Tarpey 1., Orbell S.J., Casais R., Hodgson
T., Lin F, Hogan E., Cavanagh D., Safety



[96]

[97]

(98]

[99]

[100]

Coronavirus avian infectious bronchitis virus

and efficacy of an infectious bronchitis
virus used for chicken embryo vaccination,
Vaccine (2006) 24:6830-6838.

Tomley EM., Mockett A.P., Boursnell
M.E., Binns M.M., Cook J.K.A., Brown
T.D.K., Smith G.L., Expression of the in-
fectious bronchitis virus spike protein by
recombinant vaccinia virus and induction of
neutralizing antibodies in vaccinated mice,
J. Gen. Virol. (1987) 68:2291-2298.

Vandekerchove D., De Herdt P., Laevens
H., Butaye P., Meulemans G., Pasmans
F, Significance of interactions be-
tween Escherichia coli and respiratory
pathogens in layer hen flocks suffering
from colibacillosis-associated mortality,
Avian Pathol. (2004) 33:298-302.

Wang L., Junker D., Collisson E.W.,
Evidence of natural recombination within
the S1 gene of infectious bronchitis virus,
Virology (1993) 192:710-716.

Wang L., Junker D., Hock L., Ebiary E.,
Collisson E.W., Evolutionary implications
of genetic variations in the S1 gene of in-
fectious bronchitis virus, Virus Res. (1994)
34:327-338.

Wang X.Q., Schnitzlein W.M., Tripathy
D.N., Girshick T., Khan M.I., Construction

[101]

[102]

[103]

[104]

297

and immunogenicity studies of recombi-
nant fowl poxvirus containing the S1 gene
of Massachusetts 41 strain of infectious
bronchitis virus, Avian Dis. (2002) 46:831—
838.

Weiss S.R., Navas-Martin S., Coronavirus
pathogenesis and the emerging pathogen
severe acute respiratory syndrome coron-
avirus, Microbiol. Mol. Biol. Rev. (2005)
69:635-664.

Winter C., Schwegmann-Wessels C.,
Cavanagh D., Neuman U., Herrler G.,
Sialic acid is a receptor determinant for
infection of cells by avian infectious
bronchitis virus, J. Gen. Virol. (2006)
87:1209-1216.

Winterfield R.W., Fadly A.M., Hoerr EJ.,
Immunity to infectious bronchitis virus
from spray vaccination with derivatives
of a Holland strain, Avian Dis. (1976)
20:42-48.

Youn S., Leibowitz J.L., Collisson E-W.,
In vitro assembled recombinant infectious
bronchitis viruses demonstrate that the 5a
open reading frame is not essential for repli-
cation, Virology (2005) 332:206-215.

To access this journal online:
www.edpsciences.org/vetres






