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Abstract

Infectious bronchitis virus (IBV) is one of the major avian viral
pathogens that afflict the global poultry industry. Since its first
isolation in 1931, astounding numbers of IBV variants have been
identified around the world. With the continuous emergence of
pathogenic variants and the lack of efficacious IBV vaccines that
provide a broad spectrum of protection, it is crucial to study and
understand the biology of this economically important pathogen.
In fact, using IBV as a prototype coronavirus, research over the
past few decades have unravelled some of the most fundamen-
tal concepts in the molecular cell biology and pathogenesis of
coronavirus. Also, IBV is among the few coronaviruses that
reverse genetics systems were first successfully established. In
this chapter, we first briefly revisit the history of IBV; followed by
an up-to-date review of its molecular biology and effects on the
infected cells, with a focus on the molecular mechanisms of viral
replication and the strategies exploited by this virus to regulate
and interact with critical cellular signalling pathways, such as ER
stress response, autophagy and apoptosis. We then review the
pathogenesis of IBV, and end with a discussion on the current
status of IBV epizootiology, prevention and control.

History

Infectious bronchitis virus (IBV), the first known member of
the genus Gammacoronavirus in the family Coronaviridae, came
to light in North Dakota, USA, in 1931 as the causative agent of
infectious bronchitis (IB), described as ‘an apparently new res-
piratory disease of baby chicks’ (Schalk and Hawn, 1931). IB is
an acute, contagious respiratory disease marked by gasping, nasal
discharge, coughing and tracheal rales. Following the identifica-
tion of IBV, the virus was subsequently found in various regions
around the world with an intensive poultry industry, including
Africa (Ahmed, 1954), Asia (Song et al., 1998), South America
(Hipdlito, 1957) and Europe (Dawson and Gough, 1971).
Although it was commonly thought that Massachusetts (Mass)
strain was the only IBV variant, a breakthrough study by Jungherr
and co-workers (1956) reported that the Connecticut (Conn)
isolate found in 1951 did not cross-protect against the Mass strain

isolated in the 1940s, indicating the presence of multiple IBV
variants circulating around the world. In the same year, drastic
drops in egg production and quality were also reported, reflecting
the economic impact upon farms hit by IB outbreaks (Broadfoot
etal., 1956).

Although IBV is known to primarily infect the respiratory
tract of chickens, some strains displayed a preference for the ovi-
duct, kidney and muscles of the chickens; M41 for the first two
(Jones and Jordan, 1972; Jones, 1974) and 793/B for the latter
(Gough et al., 1992). Despite initial success in controlling the
disease through commercially available IB vaccines, IB outbreaks
continue to occur in well-vaccinated flocks. Particularly, there is
an unprecedented increase in the incidence of flocks with renal
problems (Choi et al., 2009), as illustrated by the Kllb type IBV
field strain that emerged in Korea, known as Kr/Q43/06. Fol-
lowing challenge with Kr/Q43/06, specific pathogen free (SPF)
1-week-old chicks developed dyspnoea and nephropathogenic
lesions. This finding fuelled the interest in developing new vac-
cines against nephropathogenic and myopathogenic strains of
IBV.

With the advances in IB detection and diagnostic techniques,
numerous IBV variants had been identified based on serological
tests, such as virus neutralization (VN) test for classifying field
isolates in the following decades (Hofstad, 1958; Hitchner et al.,
1966; Hopkins, 1974; Cowen and Hitchner, 1975a; Johnson and
Marquardt, 1976). Reverse transcription-polymerase chain reac-
tion (RT-PCR) has proved to be an important tool for detection
and diagnosis of IB (Jackwood et al., 1992; Adzhar et al., 1996).
Using RT-PCR surveying, Jackwood and colleagues (2005) have
identified 82 different IBV variants over an 11-year period, with
some are widely distributed and of economic significance. The
most significant of these were the Ark, Conn, and Mass strains,
against which vaccines were developed in the USA, either singly
or in combination (Gelb and Cloud, 1983). While most of these
variants were only present for a brief period, some transient
variants have occasionally caused major disease outbreaks. This is
best exemplified by IBV variant B1648, which is associated with
renal problems in vaccinated flocks in the 1990s (Lambrechts et
al., 1993; Pensaert and Lambrechts, 1994). Of the IBV variants
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identified in Europe, perhaps the ones of major importance are
4/91, 793B, CR88 (Gough et al., 1992; Parsons et al., 1992).
Some IBV variants may be geographically restricted, and multi-
ple studies have employed molecular methods to identify IBV
variants unique to the region (Escorcia et al., 2000; Collison et al.,
2001; Gelb et al., 2001; Alvarado et al., 2005).

Nomenclature

IBV is an enveloped, positive sense, single-stranded RNA virus
classified under the family Coronaviridae of the order Nidovirales,
along with families Arteriviridae, Mesoniviridae, and Roniviridae
(International Committee on Taxonomy of viruses, http://www.
ictvonline.org/virustaxonomy.asp). Virus taxonomy of the family
Coronaviridae is shown in Fig. 5.1. Nidoviruses are set apart
from other RNA viruses by four distinctive characteristics: (a)
an invariant genome organization comprising a large replicase
gene occupying the S’ two-thirds of the viral genome, (b) transla-
tion of the replicase-transcriptase polyprotein is performed via

ribosomal frame-shifting, (c) the structural and accessory genes
downstream of the replicase gene are expressed via a 3™-nested
subgenomic messenger RNAs (sgRNAs) and (d) a collection
of viral enzymatic activities are encoded within the replicase-
transcriptase protein products.

The classification systems of IBV strains are divided into two
major groups, namely the functional and non-functional tests
(Table 5.1). Functional tests look into the biological functions
of the said IBV strains, and categorize IBV into various patho-
types, protectotypes and antigenic types. On the other hand, the
non-functional tests probe into the viral genome, and this usu-
ally results in grouping IBVs based on genotype (de Wit, 2000;
Valastro et al., 2016).

Sequence comparisons of the complete genome, spike (S)
protein subunits 1 and 2 (S1 and S2), envelope (E) protein, mem-
brane (M) protein and nucleocapsid (N) protein of IBV strains
from distinct geographical regions have contributed great strides
in the construction of the IBV phylogenetic tree (Fig. 5.2) (Lin
etal,2016).
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Figure 5.1 Taxonomy of the family Coronaviridae. Infectious bronchitis virus (IBV) is a Gammacoronavirus, under the family Coronaviridae

within the order Nidovirales.

Table 5.1 Classification of infectious bronchitis virus (IBV) into pathotypes, protectotypes, antigenic types and genotypes

Parameter measured

Features

Functional tests

Pros: practical in the field for vaccine strategy

Pros: provides valuable information about vaccine efficacy
Cons: laborious and expensive; requires high-level facilities
for vaccination-challenge studies

Cons: less practical when more IB variants are found in the
area as every serotype requires its own neutralization test.

Pathotypes Clinical signs, gross lesions, and virus pathogenicity;
same pathotype when both tested strains induce similar
pathological signs

Protectotypes Complete immune response against an IBV strain; same
protectotype when strains induce protection against each
other

Antigenic types Reaction between IBV strain and chicken-induced 1BV

(serotypes and serotype-specific antibodies; same serotype when

epitope type) heterologous neutralization titres differ less than 20-fold

from homologous titres
Non-functional tests

Genotypes
when sequence of tested strain matches

Genetic characterization of viral genome; same genotype

For new IB strains, an antiserum has to be raised in SPF
birds.

Pros: objective; provides useful information for
epidemiological studies

IB, infectious bronchitis; IBV, infectious bronchitis virus; SPF, specific pathogen free.
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Figure 5.2 Phylogenetic tree of infectious bronchitis virus (IBV) proteins 1a, 1b, 3a, 3b, 5a, 5b and S based on neighbour-joining method. The ~ [108]
red triangle represents IBV strains 3575/08 and 2575/98. AU, Australia; CN, China; NL, Netherlands; TW, Taiwan; UK, United Kingdom; US,

United States; WA, Western Africa. Taken from ‘Identification of an infectious bronchitis coronavirus strain exhibiting a classical genotype

but altered antigenicity, pathogenicity, and innate immunity profile’ by Lin, S.Y., Li, Y.T., Chen, Y.T., Chen T.C., Hu, C.M.J, and Chen, HW.,

licensed under CC BY. https://doi.org/10.1038/srep37725.
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Morphology

Under the electron microscope, CoV virions appear roughly
spherical and 82 nm in diameter (Becker et al., 1967), and have
distinct ‘club-like’ projections radiating from the virion surface.
The exterior projections formed by trimers of S protein render the
virus particle to resemble like a crown and based on this morpho-
logical feature these group of viruses are called ‘coronaviruses’
(the rootword ‘corona’ means crown in Latin) (Fig. 5.3). In addi-
tion to the S protein, structural M and E proteins are also found
on the membrane, while the helically symmetrical nucleocapsid
which contains the N protein and viral RNA genome (Fig. 5.3).
The genome is enclosed within the N protein core (Fig. 5.3).

Propagation

Embryonated eggs
Embryonated chicken eggs are utilized as a laboratory host system
for isolation and propagation of a variety of avian CoVs, such as
turkey CoV (TCoV) (Adams and Hofstad, 1971) and pheasant
CoVs (Gough et al., 1996). Pioneering work on IBV propagation
in embryonated chicken eggs in the 1970s established that IBV
grows well in embryonated chicken eggs, and the passage of IBV
field isolate via the allantoic route of 9-day-old embryos became
the method of choice for virus isolation (Cunningham, 1970;
Fabricant, 1998). Furthermore, embryonated chicken eggs have
been utilized for production of IBV vaccines on a commercial
scale (Britton et al., 2012). Collectively, embryonated chicken
eggs provide a potential host system for isolation and propaga-
tion of CoVs, and it may be used for studies aimed for identifying
novel CoVs.

The embryonated chicken egg comprises the developing
embryo and supporting membrane which enclose cavities or

‘sacs’ within the egg (Hawkes, 1979). The shell membrane lies
directly under the shell, a tough fibrinous membrane forming
the air sac in the region of the broader end of the egg (Fig. 5.4).
In contrast to the shell membrane, the chorioallantoic (CAM),
amniotic and yolk membranes comprised largely of epithelium,
providing potential sites for IBV replication. CAM, which lies
directly underneath the shell membrane, is a highly vascular
membrane serving as the respiratory organ of the embryo. In
addition, the CAM is the largest of all embryo membranes, and
consequently encloses the largest cavity within the egg known as
the allantoic cavity. In an embryonated chicken egg, this cavity
can hold up to 10 ml of fluid depending on the stage of embryona-
tion. The amniotic membrane encloses the embryo and forms the
amniotic cavity and may contain approximately 1 ml of fluid in an
embryonated chicken egg. The yolk sac attached to the embryo
contains nutrients for use during embryonic development and
post-hatch period.

The developing embryo and its membranes (CAM, amniotic
and yolk) provide diverse cell types necessary for successful repli-
cation of different viruses, including IBV. Virus may be inoculated
into embryonated eggs through depositing onto the CAM or
within the allantoic, amniotic and yolk sacs (Senne, 2008). For
avian CoVs, inoculation of eggs by allantoic or amniotic routes
has been shown to provide access to specific cell types which sup-
port their replication (Gough et al., 1996; Cavanagh and Nagqji,
2003; Guy, 2013). IBV is an epitheliotropic virus that replicates
in a variety of epithelial tissues in post-hatch chickens such as the
respiratory tract, gastrointestinal tract, kidney, bursa of Fabricius
and oviduct (Cavanagh, 2003), and replicates well regardless of
inoculation route in the embryonated egg. However, the allantoic
route is favoured as the virus replicates extensively in the epithe-
lium of CAM and high titres of IBV are shed into the allantoic
fluid (Jordan and Nassar, 1973).

82nm

Envelope
8-12 kDa

Spike
128-160 kDa

Membrane
25-30kDa

Nucleocapsid
43-50 kDa

Figure 5.3 Schematic of a coronavirus virion. The structural proteins of coronaviruses, the spike, membrane, nucleocapsid and envelope
proteins are shown along with the nucleocapsid encapsidated (+)sense RNA genome. The molecular weight of each structural protein
monomer is shown. The size of an infectious bronchitis virus (IBV) virion is approximately 82 nm.
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Figure 5.4 Anatomy of an embryonated egg. Taken from ‘A
Basic Laboratory Manual for the Small-Scale Production and
Testing of I-2 Newcastle Disease Vaccine’ by Sally E Grimes
(ISBN-974-7946-26-2).  http://www.fao.org/docrep/005/ac802e/
ac802e0v.htm

Tracheal organ cultures (TOCs)

TOCs are a common method used for propagation of numerous
respiratory tract pathogens (McGee and Woods, 1987). Some
of the first reports include human CoVs (HCoVs) (Tyrrell and
Bynoe, 1965), Newcastle disease virus (Cummiskey ef al., 1973)
and influenza A2 virus variant (Higgins and Ellis, 1972). TOC
have been used in studies of pathogenicity and induction of pro-
tective immunity (Hodgson et al.,, 2004). This system has been
successfully prepared for IBV using multiwell-plates (Yachida et
al., 1978) and chicken embryo TOCs on a rolling tube assembly
(Cherry and Taylor-Robinson, 1970). The latter propagation pro-
tocol appears to maintain the ciliary activity of TOCs longer than
static cultures, perhaps as a result of lower debris accumulation
within the TOCs rings, making the observation of ciliary activity
easier.

Chicken kidney cell cultures
Chicken kidney (CK) cell cultures have historically proved useful
for the isolation of IBV. The techniques for preparing monolayer
cultures from adult CK cells suitable for growth and quantifica-
tion of viruses have been available for decades. The first technique
involves the preparation of monkey kidney cultures in 1953
(Dulbecco and Vogt, 1954) and the modification of the process
came in 1954 (Youngner, 1954). In 1959, the preparation of CK
monolayer cultures from 4- to 5-day-old chicks were described
(Maassab, 1959), and its use in the study of avian viruses includ-
ing IBV were reported in 1965 using 3- to 8-week-old chickens
(Churchill, 1965).

While IBV titration in CK cells yields lower titres compared
with embryonated chicken eggs (Darbyshire et al., 1975) and
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TOCs (Cook et al.,1976), the propagation of many IBV strains
in CK cells is well proven. Following adaptation in embryonated
eggs, IBV strains Beaudette and Mass are capable of producing
characteristic cytopathic effects within two CK passages (Church-
ill, 1965), with the Beaudette strain displaying syncytium
formation 6h post infection (Alexander and Collins, 1975). The
growth curves of IBV in CK cells exhibit a lag phase of 2-4h and
maximum virus yield in 18-20h (Darbyshire et al., 1975).

The ability of CK cells to support the growth of IBV has
been utilized in numerous studies including the assessment
of pH stability of different IBV strains (Cowen and Hitchner,
1975b), identification of the presence of leader sequence on IBV
mRNA (Brown et al., 1984), identification of IBV S protein as
a determinant of cell tropism (Casais et al., 2003), induction of
innate immunity with recombinant IBV Beaudette (Hodgson et
al., 2004) to identification of novel zippered ER and associated
spherules induced by IBV (Maier et al., 2013).

Other cultured cell lines

The Beaudette strain of IBV has been adapted to replicate in
a number of animal cultured cell lines, such as African green
monkey kidney (Vero) cells (Cunningham et al., 1972; Alonso-
Caplen et al., 1984; Ng and Liu, 1998) and BHK-21 cells (Otsuki
etal., 1979). Using a Vero-adapted IBV Beaudette strain, infection
was established in another four human cell lines: H1299, HepG2,
Hep3B and Huh7 (Tay et al., 2012). An investigation into the
furin abundance of these cell lines was reported to be positively
associated with an efficient IBV infection, suggesting that IBV can
likely infect a variety of human and animal cell lines of different
tissue origin, with the relative abundance of furin as a restrictive
factor (Tay et al., 2012).

Genome structure and organization

The CoV RNA genome, as with the genomes of Ateriviruses and
Roniviruses, is characterized by four unique hallmarks which set
them apart from other RNA viruses: (1) the presence of a large
replicase gene occupying the upstream S’ two thirds of their
genome, (2) expression of the replicase gene is proceeded by
means of ribosomal frame-shifting, (3) multiple viral enzymatic
products are embedded within the replicase-transcriptase protein
products and (4) production of downstream gene products via
transcription of subgenomic mRNAs (van Vliet ef al,, 2002). The
CoV genome acts as an mRNA, a template RNA and a substrate
in the viral transcription, replication and packaging stages of the
replication cycle, respectively.

To cater for its function as a + ssRNA virus, all CoV genomes
are 5’ capped and 3’ polyadenylated to allow for immediate
translation of its genome upon entry into the cell (Fig. S5.5).
The 5’ end begins with a leader sequence and an untranslated
region (UTR) containing multiple stem loops which regulates
viral genome replication and transcription (Fig. 5.6). In addi-
tion to these regulatory features, each structural and accessory
gene is preceded by a transcriptional regulatory sequence (TRS)
required for gene expression. The 3'UTR region also contains
RNA structures required for replication and synthesis of viral
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Figure 5.5 Genome organization of infectious bronchitis virus (IBV). The IBV viral RNA genome is approximately 27.6 kilobases (kb) long and
is arranged in an invariant order of 5’-rep 1a-rep 1b-S-3a-3b-E-M-5a-5b-N-3’.
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Figure 5.6 The predicted secondary and tertiary structures of the 5’ and 3’ UTR regions of the infectious bronchitis virus (IBV) genomic
RNA. The structures shown are those characterized for IBV (SL | to lll) for the first 100 nucleotides of the 5’ UTR. The predicted secondary
structures of the rest 428 nucleotides of the 5’ UTR are not shown. The 3’ expanded region represents the 301 nucleotides of the 3’ UTR.
The elements shown are the bulged stem loop (BSL), the pseudoknot (PK), the hypervariable region (HVR), and the conserved coronavirus
octanucleotide motif (oct); the stop codon for the upstream N gene is boxed. SL, stem loop; UTR, untranslated region.

RNA. As previously mentioned, IBV contains an RNA genome
that is 27.6 kilobases (kb) long. The IBV genome is arranged as
S5'ORF1la-ORF1b-S-3-E-M-5-N-3 propagation, with various
accessory genes interspersed within the structural genes at the 3’
one-third region. While these accessory genes were reported to
be non-essential for viral replication in cell culture, they proved to
play a critical role in viral pathogenesis (Casais et al., 2005).

Structural proteins: structure and function

S protein

The S protein is the largest amongst all CoV structural proteins,
with the S monomer at 128 kDa to 160kDa. S protein is a class I
transmembrane protein with a large N-terminal ectodomain and
a small C-terminal endodomain, and is heavily N-glycosylated
(Belouzard et al., 2012; Fung and Liu, 2018). It plays a critical role
in infection by binding to the host cell receptors and mediates
the earliest steps of a viral infection (Cavanagh, 1995). During
infection, the S protein is cleaved by host cell proteases into an
N-terminal S1 subunit and a C-terminal S2 subunit, two subunits
of roughly the same size (Bosch et al., 2004). Cryo-EM studies

of the structure of IBV S protein showed that while S2 region is
structurally similar across the CoV genera, S1 region contains
unique structural features that suggest the evolutionary spectrum
of CoV § proteins to be in the order of the genera Alphacorona-
virus, Deltacoronavirus, Gammacoronavirus, and Betacoronavirus
(Shang et al., 2018).

The S1 subunit forms the receptor-binding domain (RBD) and
the S2 subunit forms the stalk of the spike molecule. The RBD of
IBV M41 S protein was mapped to the N-terminal 253 amino acid
residues, with amino acids 19-272 both required and sufficient
for binding to a-2,3-sialic acid in the respiratory tract (Prom-
kuntod et al., 2014). The critical attachment site for M41 spike
was pinpointed to four residues, namely N38, H43, P63 and T69
(Promkuntod et al., 2014). Interestingly, during a cold-adaptation
of the Beaudette strain of IBV to Vero cells, a single amino acid
mutation of Q294 to L294 in the S1 subunit was found to hamper
the processing and translocation of S protein, thus abolishing
mediation of cell-cell fusion and incorporation into virions at the
non-permissive temperature (Shen et al., 2004). A recent study
using iterative threading assembly refinement (I-TASSER), an
automated homology modelling platform, has predicted the ter-
tiary structure for IBV S1 of the vaccine strains Ma$ and ArkDPI
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(Leyson et al., 2016). The predicted structures were consistent
with existing experimental data, as residues previously shown to
be critical for receptor binding were found at the surface of the
predicted structures (Fig. 5.7). Also, the predicted S1 structures
exhibited two distinct domains, a N-terminal domain where the
minimal receptor-binding domain was previously mapped and a
C-terminal domain (Leyson et al., 2016).

The S2 subunit contains the buried fusion peptide and two
heptad repeats (HR), HR1 and HR2. Collectively, the fusion
peptide, HR1 and HR?2 are essential for viral fusion upon RBD
binding to its cognate receptor. Using a series of recombinant
IBVs expressing chimeric S glycoproteins, it was reported that S2
of the IBV Beaudette is a determinant of cellular tropism (Bick-
erton et al., 2018). Interestingly, the S1 subunit of IBV Beaudette
spike was not sufficient for binding to host tissues (Promkuntod et
al., 2013). Although the S2 subunit did not contain an independ-
ent RBD, it could contribute to the avidity of S1 subunit, thus
affecting the specificity of virus attachment and viral host range
(Promkuntod et al., 2013). In other cases, the S protein may also
be cleaved by furin or furin-like proteases during IBV exocytosis
(Tay et al., 2012), or by endosomal cathepsin proteases during
SARS-CoV entry (Huang ef al., 2006; Bosch et al., 2008). There
are two furin consensus motifs in IBV, namely RRFRR(537)/S
and RRRR(690)/S (Yamada and Liu, 2009). Furin cleavage in S
protein has been shown to promote the entry, syncytium forma-
tion and infectivity of IBV in Vero cells (Yamada and Liu, 2009).

The cytoplasmic tail of IBV S protein contains a canonical

N3g, Ha3, P63, Teo
(Critical for M41 Receptor Binding) $1/S2

\ ( RRFRR(537¢

cleavage sites
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dilysine endoplasmic reticulum (ER) retrieval signal sequence
(-KKXX-COOH), which could retain the chimeric reporter
protein (VSVG) in the ERGIC, similar to a dibasic motif
(-KXHXX-COOH) identified in alphacoronaviruses and SARS-
CoV (Lontok et al., 2004). However, later studies have shown
that overexpressed S proteins lacking this dilysine motif was still
retained intracellularly and not transported to the plasma mem-
brane (Winter ef al., 2008b). In contrast, Y1143 in the dityrosine
motif was shown to be crucial for the intracellular retention of
the S protein (Winter et al., 2008b). A similar tyrosine dependent
signal is present in the S protein of transmissible gastroenteritis
virus (TGEV), also serving as an intracellular retention signal
(Schwegmann-Wessels et al., 2004). The importance of these
trafficking signals was further validated by reverse genetics. Infec-
tious cDNA clone lacking the dilysine signal was viable, but it
had a growth defect at late stage of infection and produced larger
plaques than wild type (Youn et al., 2005b). In contrast, recom-
binant viruses lacking the tyrosine motif could not be recovered,
although transient syncytia were observed in the transfected cells
(Youn et al., 2005b).

N-linked glycosylation of IBV S protein at different positions
may differentially affect the folding, cleavage and fusogenicity of
IBV S protein, as revealed in a recent study using bioinformatics
and proteomics tools to predict and determine the N-linked gly-
cosylation sites on IBV S protein (Zheng et al., 2018). Asparagine
to aspartic acid or glutamine substitution at N212 and N276 was
reported to abolish the fusogenicity of IBV S protein and decrease
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Figure 5.7 Linear and folded representations of coronavirus spike (S) protein. The S protein comprise two subunits, S1 and S2 (demarcated
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the infectivity of the recombinant viruses, while N283 is criti-
cally involved in IBV replication and infectivity independent of
N-linked glycosylation (Zheng et al., 2018).

Interestingly, S protein can also inhibit host gene translation in
SARS-CoV and IBV through interactions with eukaryotic initia-
tion factor 3f (eIF3F), a subunit of eIF3 (Xiao et al., 2008). In cells
stably expressing a FLAG-tagged eIF3f, IBV infection induced
significantly higher protein translation of interleukin 6 (IL-6) and
IL-8, compared with the control. Therefore, S protein mediated
translational inhibition might function as a novel mechanism to
regulate viral pathogenesis.

M protein

While S protein is a key defining feature for CoVs, they are surpris-
ingly not the most abundant structural protein found in CoVs. The
most abundant structural protein is the M protein, which ranges
from 25-30kDa and accounts for = 40% of the mass of virus par-
ticles (Stern et al., 1982). M protein monomer contains a small
N-terminal ectodomain and a large C-terminal endodomain and
is thought to give CoVs their shape (Machamer and Rose, 1987)
(Fig. 5.8). While the M protein is co-translationally inserted into
the ER, most coronavirus M proteins, including IBV, contain no
signal sequences (Kapke et al., 1988; Fung and Liu, 2018). Ecto-
domain of IBV M protein is modified by N-linked glycosylation,
which is different from the O-linked glycosylation observed in
the M proteins of murine coronavirus and bovine coronavirus L9
(Cavanagh, 1983). M protein is a polytopic membrane protein
that is embedded within the envelope by three transmembrane

Ne
(Glycosylation Site)
N3
(Glycosylation Site)

domains (Armstrong et al., 1984). The cytoplasmic tail of IBV
M protein is required for its interaction with the E protein (Lim
and Liu, 2001) and, similar to other CoVs, when overexpressed
together, IBV M and E protein could support the formation of
virus-like particles (Lim and Liu, 2001; Corse and Machamer,
2003). Recent studies suggest that M protein exists as a dimer
in the virion and adopts two different conformations to promote
curvature of the virion (Neuman et al., 2011). It also helps to
regulate the virion size and virus assembly through interactions
with other structural proteins (Neuman ef al., 2011).

Coimmunoprecipitation and immunofluorescence micros-
copy also revealed interactions between M protein and beta-actin
in the assembly and budding phases of the viral life cycle (Wang,
J- et al., 2009). The A159 and K160 in the M protein were found
to be essential for binding to actin, and recombinant viruses
harbouring mutations in A159-K160 could no longer generate
infectious virions, although the genome could still be replicated
and transcribed normally (Wang, J. et al., 2009). This M protein—
actin interaction was supported by the observation that purified
IBV particles contain a certain amount of beta-actin (Kong et al.,
2010).

E protein

Contrary to the abundance of the M protein, the E protein is a
small polypeptide (8-12kDa) found in limited amounts in the
virion envelope (Liu and Inglis, 1991; Fung and Liu, 2018). Cur-
rent evidence supports the membrane topology of IBV E protein
as a transmembrane protein with an N-terminal ectodomain,
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Figure 5.8 Linear and folded representations of coronavirus membrane (M) protein. Important residues for the infectious bronchitis virus
(IBV) M protein are N, and N, (glycosylation sites) and A, ;,-K 4, (Actin-binding). TM, transmembrane domain.
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a hydrophobic domain (HD) and a C-terminal endodomain
(Fig. 5.9). The major function of the E protein is to facilitate virus
assembly and release (Liu et al., 2007; Ye and Hogue, 2007),
which is mediated by the physical interaction between E and M
(Lim and Liu, 2001). In fact, when coexpressed in cells, the E pro-
tein can relocate M to the same subcellular compartments that E
resides in (Lim and Liu, 2001). The six residues at the C-terminal
(RDKLYS) serves as the ER retention signal of E, and mutation
of the fourth lysine to glutamine resulted in the accumulation of
E in the Golgi apparatus (Lim and Liu, 2001).

As opposed to other structural proteins, deletion of the E
protein is not always lethal. In fact, recombinant viruses with
the E gene deleted have been successfully generated for MHV
and SARS-CoV, although the mutants formed severely crippled
virions with significantly reduced titres (Kuo and Masters, 2003;
DeDiego et al., 2007). However, recombinant IBV with the E
gene deleted could not be recovered, indicating that E protein
plays a critical role during IBV replication (unpublished data). In
fact, simply swapping the HD domain of IBV E protein with the
transmembrane domain of VSV-G resulted in =200-fold reduc-
tion of virion release into the supernatant (Machamer and Youn,
2006).

Biophysical and computational studies have supported amodel
that five molecules of SARS-CoV E protein form a homopenta-
meric a-helical bundle, with the hydrophobic domains embedded
in the lipid bilayer, forming a voltage-independent ion channel
(Torres et al., 2006; Verdid-Biguena et al., 2012). Ion channel
activity of SARS-CoV E protein could be readily determined in
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vitro, and its overexpression also altered membrane permeability
in both E. coli and mammalian cells (Liao et al., 2004, 2006). Two
mutations within the HD of SARS-CoV E protein, namely N1SA
and V2SF, have been shown to completely abolish the ion chan-
nel activity (Verdia-Baguena et al., 2012).

It is very likely that IBV E protein adopts similar membrane
topology and forms a homopentamer as the SARS-CoV E protein
(Fig. 5.9). Biophysical analysis has shown that IBV E protein
also exhibited ion channel activity and either of the correspond-
ing mutations in the HD domain, T16A and A26F, completely
abolishes the channel conductance (To et al., 2017). Interest-
ingly, overexpression of IBV E protein, but not the T16A mutant,
disrupted the intracellular trafficking of VSV-G protein and the
morphology of the Golgi complex (Ruch and Machamer, 2012).
Later biochemical analysis has shown that in both infected cells
and virions, the IBV E protein is present in two distinct pools: a
high molecular weight (HMW) pool and a low molecular weight
(LMW) pool (Westerbeck and Machamer, 2015). The virion-
associated IBV E was mainly in the HMW pool and formed
homo-oligomers. Interestingly, at steady state, the T16A protein
was nearly exclusively in the HMW pool, while the A26F protein
was enriched in the LMW pool (Westerbeck and 