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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 
(Hipólito, 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 
et al., 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 5′ 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 
et al., 2016).

Nidovirales

Coronaviridae

BafinivirusTorovirusAlphacoronavirus

Coronavirinae Torovirinae

Betacoronavirus Gammacoronavirus Deltacoronavirus

Infectious bronchitis virus (IBV)

Figure 1. Taxonomy of the family Coronaviridae. Infectious bronchitis virus (IBV) 
is a Gammacoronavirus, under the family Coronaviridae within the order Nidovirales.

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 
Pathotypes Clinical signs, gross lesions, and virus pathogenicity; 

same pathotype when both tested strains induce similar 
pathological signs 

Pros: practical in the field for vaccine strategy 

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

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

Antigenic types 
(serotypes and 
epitope type) 

Reaction between IBV strain and chicken-induced IBV 
serotype-specific antibodies; same serotype when 
heterologous neutralization titres differ less than 20-fold 
from homologous titres 

Cons: less practical when more IB variants are found in the 
area as every serotype requires its own neutralization test. 
For new IB strains, an antiserum has to be raised in SPF 
birds. 

Non-functional tests 
Genotypes Genetic characterization of viral genome; same genotype 

when sequence of tested strain matches 
Pros: objective; provides useful information for 
epidemiological studies 

IB, infectious bronchitis; IBV, infectious bronchitis virus; SPF, specific pathogen free.
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Figure 2. Phylogenetic tree of infectious bronchitis virus (IBV) proteins 1a, 1b, 3a, 3b, 5a, 5b and 
S based on neighbour-joining method. The 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, H.W., licensed under CC BY. 
http://dx.doi.org/10.1038/srep37725. 

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 
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, H.W., 
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 Naqi, 
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).

 

 

  

Figure 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.  

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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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 et 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 

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 6 h post infection (Alexander and Collins, 1975). The 
growth curves of IBV in CK cells exhibit a lag phase of 2–4 h and 
maximum virus yield in 18–20 h (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 
et al., 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 5′ 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 et 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. 5.5). 
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 

 

 

  

  

Figure 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    
  

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 
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RNA. As previously mentioned, IBV contains an RNA genome 
that is 27.6 kilobases (kb) long. The IBV genome is arranged as 
5′ORF1a-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 160 kDa. 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 S 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 α-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 Ma5 and ArkDPI 

 

 

  

Figure 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 I to III) 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. UTR, untranslated region; SL, stem loop.  

    

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 I to III) 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.

 

 

  

  

  

  

  

  

  

  

  

  

  

  

Figure 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’.  

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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(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 HR2 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 et 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 

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 et 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 

 

 

  

  

Figure 7. Linear and folded representations of coronavirus spike (S) protein. The S protein comprise two subunits, S1 and S2 (demarcated by the S1/S2 
cleavage site in red triangle). Critical receptor binding sites for infectious bronchitis virus (IBV) M41 (N38, H43, P63 and T69) lies within amino acids 19-272 of 
the receptor binding domain. A second furin cleavage site (S2’) is located downstream of S1/S2 cleavage site. Important residues of the S protein are Q294 
(processing and translocation), Y1143 (intracellular retention) and K1159-K1160 (ER retrieval signal). SP, signal peptide; FP, fusion peptide; HR, heptad repeat; 
TM, transmembrane domain.  

Figure 5.7 Linear and folded representations of coronavirus spike (S) protein. The S protein comprise two subunits, S1 and S2 (demarcated 
by the S1/S2 cleavage site in red triangle). Critical receptor binding sites for infectious bronchitis virus (IBV) M41 (N38, H43, P63 and T69) lies 
within amino acids 19–272 of the receptor binding domain. A second furin cleavage site (S2’) is located downstream of S1/S2 cleavage site. 
Important residues of the S protein are Q294 (processing and translocation), Y1143 (intracellular retention) and K1159-K1160 (ER retrieval signal). 
FP, fusion peptide; HR, heptad repeat; SP, signal peptide; TM, transmembrane domain.
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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 25–30 kDa 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 

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 et 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 (8–12 kDa) 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,  

 

  

Figure 8. Linear and folded representations of coronavirus membrane (M) protein. Important residues for the infectious bronchitis virus (IBV) M protein 
are N3 and N6 (glycosylation sites) and A159-K160 (Actin-binding). TM, transmembrane domain.  

Figure 5.8 Linear and folded representations of coronavirus membrane (M) protein. Important residues for the infectious bronchitis virus 
(IBV) M protein are N3 and N6 (glycosylation sites) and A159-K160 (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 a model 
that five molecules of SARS-CoV E protein form a homopenta-
meric α-helical bundle, with the hydrophobic domains embedded 
in the lipid bilayer, forming a voltage-independent ion channel 
(Torres et al., 2006; Verdiá-Báguena et al., 2012). Ion channel 
activity of SARS-CoV E protein could be readily determined in 

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 N15A 
and V25F, have been shown to completely abolish the ion chan-
nel activity (Verdiá-Báguena 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 Machamer, 
2015). Consistently, the T16A mutant could support the produc-
tion of virus like particles (VLPs) similar to the wild type IBV E 
protein, whereas the A26F mutant did not support VLP produc-
tion (Westerbeck and Machamer, 2015).

To better understand the importance of the ion channel activ-
ity of E protein during IBV replication, a recombinant IBV with 

 

 

  

Figure 9. Linear and folded representations of coronavirus envelop (E) protein. Top Important residues for the infectious bronchitis virus (IBV) E protein 
are T16 and A26 (ion channel activity). The C-terminal RDKLYS contains an endoplasmic reticulum (ER) retention signal. Below The positions of T16 and A26 

are shown (boxed). TM, transmembrane domain.  

Figure 5.9 Linear and folded representations of coronavirus envelop (E) protein. Top Important residues for the infectious bronchitis virus 
(IBV) E protein are T16 and A26 (ion channel activity). The C-terminal RDKLYS contains an endoplasmic reticulum (ER) retention signal. Below 
The positions of T16 and A26 are shown (boxed). TM, transmembrane domain.
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either T16A or A26F mutation was generated (To et al., 2017). 
Both mutant rIBVs could be recovered, although A26F formed 
smaller plaques compared with wild type. The two ion channel 
mutants were very similar to wild type IBV in terms of genome 
replication and transcription, structural protein synthesis and 
virion assembly. However, the release of mature virion to the 
culture supernatant was significantly reduced in the mutants, 
indicating that ion channel activity is required for efficient release 
of infectious virus particles (To et al., 2017).

N protein
Residing within the virion interior, N protein is the sole protein 
constituent of the helical nucleocapsid (Fung and Liu, 2018). 
Monomers of this 43–50 kDa protein bind the RNA genome 
in a ‘beads on a string’ configuration. Crystal structures of IBV 
N protein revealed a protein core composed of antiparallel beta 
sheets, hairpin extension and a hydrophobic platform which may 
be implicated in RNA binding (Fan et al., 2005). The N monomer 
is composed of two domains: N-terminal domain (NTD) and the 
C-terminal domain (CTD), each with a different binding mecha-
nism (Fig. 5.10). Within the NTD of the N protein, site-directed 
mutagenesis has revealed Arg76 and Tyr94 to be critical for its 
RNA-binding activity (Tan et al., 2006). While both domains 
are capable of binding to the viral RNA genome in vitro, binding 
contributions from both domains are required to achieve optimal 
RNA binding (Chang et al., 2006; Hurst et al., 2009).

Additionally, the N protein is a phosphoprotein, modified at a 
limited number of serine and threonine residues. Ser190, Ser192, 
Thr378, and Ser379 have been revealed as the phosphorylation 
sites in IBV (Chen et al., 2005), and a cellular kinase is responsi-
ble for the phosphorylation in the N protein (Fang et al., 2013). 
This heavy phosphorylation is thought to play a role in increasing 
the N protein affinity to bind viral versus non-viral RNA (Spencer 
et al., 2008). The most conspicuous function of the N protein is 
to bind viral RNA. While two RNA substrates were identified 
for the N protein before 2000, namely the TRS (Stohlman et al., 
1988) and the genomic packaging signal (Molenkamp and Spaan, 
1997), the N protein is also known to bind to non-structural 
protein 3 (nsp3) and M protein to help tether the viral genome 
into the replicase-transcriptase complex (RTC) and packaged the 
genome into virion particles (Sturman et al., 1980; Hurst et al., 
2013).

Using stable isotope labelling with amino acid in cell culture 
(SILAC), Emmott and colleagues have identified numerous cellu-
lar proteins as potentially binding to the IBV N protein (Emmott 
et al., 2013). Among the identified proteins, siRNA-mediated 
knockdown of nucleolin, RPL19 and GSK3 has been shown to 
significantly inhibit IBV replication in cell culture, suggesting the 
important functions of these host proteins during IBV infection 
(Emmott et al., 2013).

Previous studies have shown that the N protein of TGEV is 
cleaved at the late stage of infection, presumably by the activated  

 

  

Figure 10. Linear and folded representations of coronavirus nucleocapsid (N) protein. Important residues for the infectious bronchitis virus (IBV) N protein 
are S190, S192, T378, S379 (phosphorylation sites). NLS, nuclear localization signal; NTD, N-terminal domain; SR, Serine-Arginine rich region; CTD, C-terminal 
domain.    
Figure 5.10 Linear and folded representations of coronavirus nucleocapsid (N) protein. Important residues for the infectious bronchitis virus 
(IBV) N protein are S190, S192, T378, S379 (phosphorylation sites). CTD, C-terminal domain; NLS, nuclear localization signal; NTD, N-terminal 
domain; SR, serine–arginine-rich region.
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caspase-6 and -7 during TGEV-induced apoptosis (Eléouët 
et al., 2000). Similarly, the N protein of SARS-CoV has been 
shown to be cleaved by caspases during lytic infection in Vero 
E6 and A549 cells, but not cleaved during persistent infection 
in Caco-2 and N2a cells (Diemer et al., 2008). Cleavage of the 
SARS-CoV N protein is mediated by caspase-6 and/or caspase-3 
and is dependent on the nuclear localization of the N protein 
(Diemer et al., 2008). Interestingly, a recent study has shown 
that the N protein of porcine epidemic diarrhoea virus (PEDV) 
interacts with the nucleolar protein nucleophosmin (NPM1), 
thus protecting it from capspase-3-mediated cleavage and pro-
moting cell survival during PEDV infection (Shi et al., 2017). 
The cleavage of IBV N protein in IBV-induced apoptosis was 
also observed, suggesting that caspase-dependent cleavage of 
the N protein may be a common phenomenon in CoV-infected 
cells. It is likely that by acting itself as a caspase substrate, the 
N protein can protect host proteins from cleavage by activated 
caspase, thus promote cell survival and prolong the duration of 
virion release.

Host proteins recruited to mature virions
Apart from the viral structural proteins, recent studies have also 
identified host proteins recruited to the mature IBV particles. 
In a study by Kong and colleagues (2010), 10-day-old SPF 
embryonated chicken eggs were infected with IBV strain H52, 
and IBV particles were purified from allantoic fluid by sucrose 
gradient ultracentrifugation. The proteins in purified IBV parti-
cles were resolved by 2-dimensional gel electrophoresis (2-DE) 
and protein spots were in-gel digested with trypsin before 
subjected to matrix-assisted laser desorption/ionization time 
of flight (MALDI-TOF) mass spectrometry analysis. The IBV 
S and N protein, as well as 60 host proteins were identified. 
Using Western blot analysis and immunogold labelling of the 
bromelain protease treated IBV particles, the presence of heat 
shock protein 90 kDa beta member 1 (HSP90B1, also known as 
glucose-regulated protein 94 kDa, or GRP94) and Annexin A2 
were validated (Kong et al., 2010).

In another study by Dent and co-workers, IBV strain Beau-R 
was cultured in the same way and purified using polyethyl-
ene glycol (PEG) precipitation followed by ultracentrifugation 
(Dent et al., 2015). Three IBV structural proteins, S, M and N, 
as well as 35 host proteins were identified. Interestingly, another 
member of the HSP90 family, HSP90AA1 and Annexin A2 
were again found to be associated with IBV virion (Dent et al., 
2015). Both HSP90B1 (located inside the ER) and HSP90AA1 
(located in the cytoplasm) are molecular chaperones that 
may facilitate the folding of structural and/or non-structural 
proteins during IBV replication. On the other hand, Annexin 
A2 belongs to the annexin family proteins, and is a calcium-
regulated membrane-binding protein that has been implicated 
in exocytosis and cross-linking plasma membrane phospholip-
ids with actin. Further functional studies are required to unravel 
the involvement of these host factors in the replication cycle of 
IBV and other CoVs.

Non-structural and accessory proteins: 
structure and function

Accessory genes
In general, accessory genes are numbered according to the sub-
genomic RNA in whose unique region they appear. As such, 
identically numbered genes in two different viruses, such as 3a 
in SARS-CoV and IBV, do not necessarily share any sequence 
homology. While it is often speculated that CoV accessory genes 
were horizontally acquired from cellular or heterologous viral 
sources, most ORFs of accessory genes have no obvious homol-
ogy to any other viral or cellular sequence in public databases. 
Therefore, it is conceivable that many of them evolved in indi-
vidual CoV by scavenging ORFs from the viral genome through 
duplication and subsequent mutations, as proposed for several 
accessory proteins of SARS-CoV (Inberg and Linial, 2004). It 
also needs to be considered that, although there is evidence that 
some accessory genes encode ‘luxury’ functions for their respec-
tive viruses, other accessory genes may be genetic junk. This is 
evident in isolates of IBV, in which many contain an extremely 
divergent segment of ≈ 200 nucleotides between the N gene and 
the 3′ UTR (Sapats et al., 1996). This region was long considered 
to be an HVR of the 3′UTR, although it has been demonstrated 
to be dispensable for RNA synthesis.

The IBV genome (Fig. 5.5) contains two accessory genes, 3 
and 5, that each encode two (3a and 3b, 5a and 5b) gene products 
(Liu et al., 1991; Liu and Inglis, 1992; Cook et al., 2012). Acces-
sory gene 3 proteins are translated from subgenomic mRNA 3, 
a functionally polycistronic mRNA via leaky ribosome scanning 
(Liu et al., 1991; Liu and Inglis, 1992). The E protein (previ-
ously known as 3c) is also translated from the same mRNA by an 
internal ribosome entry site (Liu and Inglis, 1991). IBV 3a and 
3b polypeptide sequences are well-conserved within the gamma-
coronaviruses, with the similarities among different field isolates 
to be as high as 82.2% and 95%, respectively ( Jia and Naqi, 1997).

There is growing interest in the field pertaining to the func-
tional characterization of IBV gene 3 and 5 proteins. A previous 
study demonstrated the emergence of a truncated form of 
Beaudette-IBV 3b in Vero cells, indicating that IBV 3b may 
not be essential for virus replication, but may be a virulence 
determinant (Shen et al., 2003). This is the same case for gene 
5 of IBV, which has been demonstrated to be non-essential for 
replication using reverse genetics (Casais et al., 2005; Armesto 
et al., 2009). On the other hand, IBV 3a protein appears to be 
cytoplasmic and tightly associated with membranes, suggesting 
a potentially novel function for this protein (Pendleton and 
Machamer, 2005). Individual deletion of 3a, 3b, 5a, and 5b 
and recovery of their resultant rIBVs have shown that 5b is 
involved in delaying the activation of interferon response and 
induces an attenuated phenotype in vitro and in vivo (Laconi et 
al., 2018). In another study, a recombinant live attenuated vac-
cine containing deletions in 3ab and 5ab has been reported to 
show protection against IBV infection in chickens (van Beurden 
et al., 2018).
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Non-structural proteins
CoV non-structural proteins (nsps) are derived from the repli-
case polyproteins and constitute the viral replication complex 
(Table 5.2). To maximize the production of viral proteins, CoVs 
have evolved strategies to interfere with the host cell machinery at 
various levels (Walsh and Mohr, 2011). To date, functional stud-
ies of most of these nsps were conducted with other members 
of the family Coronaviridae, and the demonstrated functions of 
these proteins are discussed as follows.

To inhibit host protein translation, many alpha- and betac-
oronaviruses encode nsp1, which works to selectively induce 
host RNA degradation and acts as an interferon antagonist 
(Kamitani et al., 2006; Lokugamage et al., 2012). Interestingly, 
gamma- and deltacoronaviruses do not encode nsp1, but there 
is early evidence in IBV suggesting that these CoVs can continue 
to induce host shutoff via accessory proteins by antagonizing the 
host innate immune response (Kint et al., 2016).

Downstream of nsp1 is nsp2, a 65 kDa protein in its mature 
form (Denison et al., 1995). The counterpart in IBV is an 87 kDa 
protein, which is the N-terminal cleavage product of polyproteins 
1a and 1ab (Liu et al., 1994). Deletion of nsp2 in MHV and 
SARS-CoV through reverse genetics have found this protein to be 
dispensable in viral replication, as infectious mutants have been 
recovered with intact polyprotein processing, albeit with defects 

in RNA synthesis and growth kinetics (Graham et al., 2005). 
However, IBV nsp2 has been known to act as a protein kinase R 
(PKR) antagonist (Wang, X. et al., 2009), and may play a role in 
inhibiting the dsRNA-triggered RNase L system.

MHV nsp3 is a multi-domain protein, containing two 
papain-like protease (PLP) domains, PLP1 and PLP2, as well 
as a transmembrane domain (Kanjanahaluethai et al., 2007). 
This transmembrane domain has been demonstrated to play a 
significant role in tethering PLP2 during processing at cleavage 
site 3, as well as mediating the ER membrane association of cyto-
solic proteins (Kanjanahaluethai et al., 2007). Besides acting as 
a protease in polyprotein processing, nsp3 can also function as 
a deubiquitinating enzyme to degrade polyubiquitin-associated 
proteins in the host antiviral signalling pathway (Yu et al., 2017), 
as well as an interferon antagonist (Yang et al., 2014).

Nsp4 was reported to be localized at the ER and engages in 
homotypic and heterotypic interactions with nsp3 and nsp6, 
respectively (Hagemeijer et al., 2011). It assembles in the mem-
brane as a tetraspanning transmembrane protein with a Nendo/
Cendo topology and appears to play a role in the early secretory 
pathway in replication (Oostra et al., 2007). IBV nsp4 is post-
translationally modified by glycosylation (Lim and Liu, 1998a,b).

Nsp5 encodes a 3C-like protease (3CLpro), or also known as 
the main protease (Mpro). It is responsible for all downstream 

Table 5.2 Functions and structures of coronavirus non-structural proteins. With the exception of nsp11, the enzymatic functions of each 
coronavirus nsp have been confirmed. Structures for nsp2, nsp12, and nsp13 has not yet been solved. Nsp11 is not known to produce 
protein, and therefore do not have a structure
Non-structural 
protein Function PDB ID Method Coronavirus References 

1 IFN antagonist 2HSX NMR SARS-CoV Almeida et al. 
(2007) 

2 IFN antagonist 
3 Papain-like protease (PLpro) for polyprotein processing, 

deubiquitinas, IFN antagonist 
2FE8 X-ray 

diffraction 
SARS-CoV Ratia et al. 

(2006) 
4 Transmembrane scaffold 
5 Main protease (Mpro, 3CLpro) for polyprotein processing, IFN 

antagonist 
2BX3 X-ray 

diffraction 
SARS-CoV Tan et al. 

(2005) 
6 Transmembrane scaffold 
7 Hexadecameric complex 2KYS NMR SARS-CoV Johnson et al. 

(2010) 
8 Hexadecameric complex; primase 2AHM X-ray 

diffraction 
SARS-CoV Zhai et al. 

(2005) 
9 RNA-binding protein 2J97 X-ray 

diffraction 
HCoV-229E Ponnusamy et 

al. (2008) 
10 Zinc-binding domain (ZBD), 2′-O-methyltransferase 

(2′-O-MTase) cofactor 
2FYG X-ray 

diffraction 
SARS-CoV Joseph et al. 

(2006) 
11 Unknown 
12 RNA-dependent RNA polymerase (RdRP) 
13 ZBD, RNA 5′triphosphatase, RNA helicase 
14 3′–5′ exoribonuclease (ExoN), 7-methyltransferase 5C8U X-ray 

diffraction 
SARS-CoV Ma et al. 

(2015) 
15 Endoribonuclease (NendoU) 2H85 X-ray 

diffraction 
SARS-CoV Ricagno et al. 

(2006) 
16 2′-O-MTase 2XYR X-ray 

diffraction 
SARS-CoV Decroly et al. 

(2011) 
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cleavage events beyond nsp4. Nsp5 exists as a three-domain 
structure containing a chymotrypsin-like fold formed by domains 
1 and 2. Domain 3 appears to be crucial for nsp5 dimerization, 
although the function of this domain remains to be investigated 
(Anand et al., 2002). Since Mpro is only active as a homodimer, 
the crystal structure analysis revealed that Arg298 is a key residue 
in maintaining dimerization (Shi et al., 2008). Mutations in nsp3 
and nsp10 have been known to adversely affect nsp5-mediated 
polyprotein processing (Donaldson et al., 2007; Stokes et al., 
2010).

Nsp6 produces two products of approximately 23 and 
25 kDa, and analysis into its transmembrane topology revealed 
six-membrane-spanning segments and a conserved hydropho-
bic domain at the C-terminus on the cytosolic side (Baliji et al., 
2009). In SARS-CoV, nsp3, nsp 4 and nsp 6 are required to induce 
double-membrane vesicles (DMVs) in virus infected cells (Ange-
lini et al., 2013). Mutations in MHV nsp3 has been reported to 
impair DMV-formation (Stokes et al., 2010). IBV nsp6 has been 
shown to generate autophagosomes from the ER, indicating that 
it can induce autophagy in cells when expressed (Cottam et al., 
2011).

Nsp7 forms the hexadecameric complex with nsp8. Alone, 
nsp7 consists of an antiparallel three-helix bundle with an α-helix 
at the C-terminus. The C-terminal portion of nsp7 is flexible and 
can associate with nsp8. This interaction between nsp7 and nsp8 
within the hexadecameric complex is stabilized by the aliphatic 
side-chains on the N-terminus of the three-helix bundle of nsp7 
and the hydrophobic interactions involving the C-terminal helix 
of nsp7 and the C-terminus of nsp 8 (Zhai et al., 2005).

Many positive-sense RNA viruses utilize the Vpg (viral 
protein genome-linked) oligonucleotides as a primer for the 
RNA-dependent RNA polymerase (RdRP) (Pettersson et al., 
1978; Steil et al., 2010). Since the CoV RNA synthesis is primer-
dependent (Cheng et al., 2005), and the CoV genome does not 
encode a Vpg, nsp8 serves as a primase by synthesizing short 
primers for the RdRP and a second RdRP in SARS-CoV (Imbert 
et al., 2006). In synthesizing primers in a manganese-dependent 
reaction, nsp8 selectively synthesizes primers specific to the 
5′-(G/U)CC-3′ sites on the template RNA. By observing the 3D 
structure of nsp8, the inner diameter within the hexadecameric 
complex is approximately 30Å, and can accommodate double-
stranded RNA, suggesting that the hexadecameric complex may 
act as a processivity factor for RdRP (Zhai et al., 2005). Alongside 
Nsp7, Nsp8 is also known to form a stable complex with NSP12, 
independent of the UTRs of viral RNA and other viral proteins 
(Tan et al., 2018).

Nsp9 plays an essential role in viral replication by forming a 
homodimer which binds ssRNA (Egloff et al., 2004). Structur-
ally, nsp9 comprises a single beta-barrel with an OB-fold and a 
C-terminal extension related to the subdomains of the Mpro 
of SARS-CoV (Sutton et al., 2004). Crystal structure solved 
for SARS-CoV nsp9 suggests that this protein may be dimeric 
(Sutton et al., 2004), and this has been recently confirmed by 
Hu and colleagues (2017) on IBV nsp9. Indeed, IBV nsp9 forms 
a homodimer via interactions across the hydrophobic surface 
containing two parallel alpha helices near the C-terminal of nsp9. 

Moreover, dimeric nsp9 resembles SARS-CoV nsp9, indicating 
that the dimerization may be conserved among all CoVs. Although 
the function of nsp9 remains elusive other than a ssRNA-binding 
protein, it is presumed to be involved in viral RNA synthesis, 
since yeast-2-hybrid and coimmunoprecipitation have found 
nsp9 to be associated with nsp7, nsp8 and nsp10 (von Brunn et 
al., 2007). Furthermore, there is evidence supporting the role of 
nsp9 in reducing the disorder of nsp8 N-terminus in an analytical 
ultracentrifugation experiment (Sutton et al., 2004).

Nsp10 is among the most well conserved nsps among differ-
ent CoVs. It contains two zinc fingers acting as a zinc binding 
domain and acts as a co-factor for nsp14 and nsp16 to elicit 
3′–5′ exoribonuclease and 2′-O-methyltransferase (2′-O-MTase) 
activities, respectively. Moreover, nsp9 and nsp10 was found to be 
membrane-associated in the replicase complex by immunofluo-
rescence (van der Meer et al., 1998). Using the mouse hepatitis 
virus strain A59 (MHV-A59), a single amino-acid mutation in 
nsp10 (Q65E) was found to be defective in negative-strand syn-
thesis of viral RNA and activation of Mpro (Donaldson et al., 
2007). The structure of both monomeric and dodecameric forms 
of nsp10 has been solved for SARS-CoV by X-ray crystallography 
(Su et al., 2006). The monomeric nsp10 contains a helical-hairpin 
at the N-terminus, followed by an irregular β-sheet surrounded 
by additional helices, and finally a C-terminal subdomain loop. 
The first zinc-finger module of nsp10 is CCHC-type with a 
C-(X)2-C-(X)5-H-(X)6-C sequence motif, while the second 
zinc-binding site is a CCCC-type with a C-(X)2-C-(X)7-C-(X)-
C sequence motif (Su et al., 2006). Recently, the key residues on 
nsp10 surface responsible for its interactions with nsp14 have 
been identified (Bouvet et al., 2014). Interestingly, the same 
nsp10 surface interacting with nsp14 has been demonstrated to 
overlap with nsp10-mediated activation of nsp16 2′-O-MTase, 
indicating that nsp10 is a major regulator of CoV replicase func-
tion (Bouvet et al., 2014).

Nsp11 forms the C-terminus of pp1a. This 13-residue oligo-
peptide in SARS-CoV sits at the ribosomal frame-shifting site 
and is produced when no ribosomal frame-shifting occurs at the 
slippery sequence. So far, nsp11 protein has not been detected in 
infected cells. Nsp11 shares its N-terminus with nsp12, the RdRP. 
Obviously, since most of nsp11 coding sequence overlaps with 
the RNA frame-shifting sequence and nsp12 coding sequence, no 
functional role for nsp11 has been assigned.

Nsp12 is arguably the most conserved nsp of the CoV replicase 
transcriptase. The RdRP activity of nsp12 was confirmed in 2005 
when a bacterially expressed nsp12 could extend an oligouri-
dylate (U) primer hybridized to a poly(A) template (Cheng et al., 
2005). Phylogenetic clustering studies have found CoV nsp12 to 
be closely related to RdRPs of other positive-sense RNA viruses 
whose genome RNAs have 5′-end covalently linked to viral protein 
genome-linked (VPg) (Koonin, 1991). RdRPs of VPg-containing 
viruses share a conserved sequence motif G implicated in the 
recognition of primer-template RNA complex (Barrette-Ng et al., 
2002; Thompson and Peersen, 2004); this same motif was also 
conserved in CoVs, implying that nsp12 contains VPg-like activi-
ties (Gorbalenya et al., 2002). Nsp12 contains 932 residues and 
conserved RdRP motifs which function as the catalytic domain 
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at the C-terminus (Gorbalenya et al., 1989; Koonin, 1991). A 
3D-homology model proposed by Xu and colleagues (2003) 
for SARS-CoV nsp12 showed a cupped right-hand palm-finger-
thumb structure surrounding a nucleic acid-binding tunnel. It is 
important to note that the expression of nsp12 requires ribosomal 
frame-shifting, implying that nsp12–16 are therefore produced at 
a much lower level than pp1a-encoded products.

SARS-CoV nsp13 contains 601 residues and comprises of 
multiple domains. Interestingly, this nsp is trifunctional, working 
as a zinc-binding domain (ZBD), a 5′RNA triphosphatase and a 
RNA helicase. The N-terminus contains a ZBD and the helicase 
domain is located on the C-terminus (Gorbalenya et al., 1989). 
The ZBD comprises of 12 conserved cysteine and histidine resi-
dues and is conserved in all Nidoviruses for its helicase activity 
(Seybert et al., 2005), unwinding RNA and DNA duplexes in the 
5′ to 3′ direction according to the ssRNA they bind to initially 
(Ivanov and Ziebhur, 2004; Ivanov et al., 2004a). Apart from 
RNA helicase activity, nsp13 was also proposed to mediate the 
catalysis of the first step of 5′capping of viral mRNAs (Ivanov 
and Ziebhur, 2004; Ivanov et al., 2004a). Moreover, nsp13 can 
also interact with p125 subunit of DNA polymerase delta (δ) to 
induce DNA replication stress following IBV infection (Xu et al., 
2011).

The N-terminus of nsp14 contains a 3′–5′ exoribonuclease 
(ExoN) domain which is related to the DEDD superfamily of 
exonucleases (Moser et al., 1997; Snijder et al., 2003). The ExoN 
activity in SARS-CoV was demonstrated in vitro and is reported 
to be specific to ss- and ds-RNA (Minskaia et al., 2006). Genetic 
inactivation of nsp14 in MHV has been found to accumulate 
15-fold more mutations than the wild-type virus, significantly 
reducing the replication fidelity (Eckerle et al., 2007). However, 
the requirement of metal ions for enzymatic activity was revealed 
by isothermal titration calorimetry, in which nsp14 binds to two 
magnesium ions per molecule (Chen et al., 2007). This suggests 
that nsp14 activity occurs via two metal ion mechanism, similar 
to those used by cellular enzymes catalysing phosphoryl-transfer 
reactions (Beese and Steitz, 1991). Cellular RNA helicase DDX1 
has been demonstrated to interact with nsp14 to enhance IBV 
replication (Xu et al., 2010).

For redundancy, CoVs encode a second conserved ribonucle-
ase, NendoU (Nidoviral endoribonuclease, U-specific) located 
in nsp15 (Snijder et al., 2003). Because NendoU homologues 
could not be found in other RNA viruses, NendoU became the 
genetic marker for nidoviruses (Ivanov et al., 2004b). SARS-CoV 
nsp15 preferentially cleaves at 3’uridylates, generating 2′–3′ cyclic 
phosphate ends (Ivanov et al., 2004b). Although manganese ions 
have been demonstrated to increase the RNA-binding activity 
of NendoU (Bhardwaj et al., 2006), current crystal structures of 
nsp15 does not reveal the presence of Mn2+ ion-binding sites in 
any CoVs studied (Ricagno et al., 2006). Additionally, NendoUs 
form hexamers comprising dimers of trimers in crystals and solu-
tions (Bhardwaj et al., 2006; Ricagno et al., 2006). Mutational 
analyses on key hexamerization residues have been reported to 
impair the nucleolytic activity and RNA affinity of SARS-CoV 
NendoU, implying that hexamerization is crucial for its activity 
(Guarino et al., 2005).

Located at the C-terminus of pp1ab, nsp16 is proposed to 
be a 2′-O-MTase related to the RrmJ/FtsJ family (Snijder et 
al., 2003). Nsp16 MTase activity was only recently confirmed 
in feline coronavirus (FCoV), methylating 7MeGpppACn at the 
ribose-2′-O moiety of adenosine, converting a cap-0 to cap-1 
structure (Decroly et al., 2008). Moreover, nsp16 serves as a 
molecular signature to distinguish between foreign and cellular 
mRNA through RNA sensor Mda5 (Züst et al., 2011). Deletion 
or ablation of nsp16 expression has led to abolishment of RNA 
synthesis in SARS-CoV, implying its critical role in CoV replica-
tion (Almazán et al., 2006).

Stages of viral replication

Attachment and entry
CoV infections are initiated by the binding of the S protein to 
its cognate receptor (Fig. 5.11). The S protein/host receptor 
interaction forms a major factor in determining the host range, 
pathogenicity and tissue tropism of the virus. The RBD sites 
within the S1 subunit of each CoV may vary depending on the 
virus, with the MHV having the RBD at the N-terminus while 
SARS-CoV has their RBD at the C-terminus (Kubo et al., 1994; 
Wong et al., 2004). For IBV M41, RBD is located at the N-terminal 
253 residues (Promkuntod et al., 2014). However, it is unclear 
if all IBV variants share the same RBD sites. Even though the 
putative host receptor for IBV has not yet been fully determined, 
there is increasing evidence supporting sialic acid as a receptor 
determinant for infection (Winter et al., 2006, 2008a; Abd El 
Rahman et al., 2009). These reports also suggest that successful 
infection may require a co-receptor to reinforce the attachment 
process/trigger the fusion event between the viral and cellular 
membranes. Recently, lipid rafts have also been revealed to play 
an important role in the attachment and entry of IBV and SARS 
CoV (Lu et al., 2008; Guo et al., 2017).

Upon receptor binding, the virus must gain access to the 
cytoplasm through proteolytic cleavage of the S protein, into S1 
and S2 subunits. Mutations in the S protein can affect the cell–
cell fusion of IBV in cultured cells and consequently affect its 
infectivity during virus propagation (Yamada et al., 2009). The S 
protein cleavage proceeds in two sequential steps at distinct sites 
within the S2 subunit – the first cleavage for separating the RBD 
and fusion domains and the second for fusion peptide exposure 
(Belouzard et al., 2009). The insertion of the fusion peptide into 
the membrane is proceeded by the joining of two heptad repeats 
in S2 to form an antiparallel six-helix bundle (Bosch et al., 2003). 
This conformation is crucial as it permits the mixing of both the 
viral and cellular membranes, resulting in fusion and release of the 
viral genome into the cytoplasm. For HCoVs, this process is gen-
erally accomplished by endosomal cysteine protease cathepsins 
and other host proteases, such as transmembrane protease serine 
2 (TMPRSS2) (Shirato et al., 2013) and airway trypsin-like 
protease TMRPSS11D (Zumla et al., 2016). S protein cleavage 
in IBV usually occurs at a furin consensus motif RRFRR(537)/S 
in virus-infected cell (Cavanagh et al., 1986). Recently, a second 
furin site at RRRR(690)/S was found to be essential for the 
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infectivity of IBV in cultured cells (Yamada and Liu, 2009). A 
previous study on the susceptibility of different cell lines to IBV 
infection has revealed that cellular furin content is a cellular 
restriction factor for susceptibility. If a cell line contains higher 
furin abundance, it would be exhibiting a more efficient infection 
(Tay et al., 2012). Following fusion of the viral and cellular mem-
branes, the virus enters the cell via endocytosis. Here, IBV fusion 
occurs at a pH-dependent manner, with a half-maximal fusion 
rate occurring at pH 5.5, indicating that endosomal pH acidifica-
tion may be a fusion trigger for IBV as well as other CoVs (Chu et 
al., 2006a). Several entry routes have been described for CoVs fol-
lowing infection, such as clathrin- and caveolae-independent and 
caveolae-dependent pathways (Nomura et al., 2004; van Hamme 
et al., 2008). Inhibitors of clathrin-dependent pathway such as 
chlorpromazine have been shown to abolish IBV infection (Chu 
et al., 2006b). More recent studies suggest that the cellular sites of 
the uncoating events may be at the late endosomes (White and 
Whittaker, 2016; Wong et al., 2015).

Replicase translation and processing
Following the release of the viral genomic RNA (gRNA) into the 
cytoplasm, the next step in the CoV replication cycle is to translate 
the replicase genes, rep1a and rep1b, into polyproteins pp1a and 
pp1ab (Fig. 5.12). Translation of the rep1b gene does not follow 
the usual rules of translation. It is instead, translated via an alter-
nate mechanism of translation known as ribosomal frame-shifting, 
in which the translating ribosome shifts, with a fixed probability, 
in the –1 direction, from rep1a reading frame into rep1b reading 
frame. Two RNA elements are essential for ribosome reposition-
ing: (1) a slippery sequence (5′-UUUAAAC-3′) and (2) an 
RNA pseudoknot. Usually, the ribosome works by unwinding 
the pseudoknot and carrying on with translation in rep 1a until 
it encounters the stop codon. When that occurs, the pseudoknot 
could sometimes prevent the translating ribosome from further 

elongation. Under this circumstance, the ribosome would pause 
on the slippery sequence and shifts the reading frame by –1 posi-
tion before the ribosome can overcome the pseudoknot structure 
and resume translation on the CDS of rep1b (Brierley et al., 1987, 
1989). Currently, the incidence of ribosomal frameshifting is still 
under debate, with a range from 15% to as high as 60% depending 
on the in vitro studies performed (Baranov et al., 2005; Plant et al., 
2005; Su et al., 2005). It is also not known exactly the rationale 
behind the adoption of ribosomal frameshifting in CoVs. Two 
schools of thought have been proposed: one which holds that by 
adopting this translation mechanism, the ratio of pp1a and pp1ab 
could be regulated, while the other believes that the expression 
of rep1b products could be delayed until a suitable cellular envi-
ronment has been created for RNA replication by the products of 
rep1a (Liu et al., 1994; Fehr and Perlman, 2015).

Next, pp1a and pp1ab are further processed to form 15 nsps 
(Fig. 5.12) (Liu et al., 1994, 1997). The size (amino acids) 
and cleavage sites of these 15 final products are summarized in 
Table 5.3. All CoVs would encode at least two proteases required 
for this cleavage. These are the papain-like proteases (PLpro) 
encoded by nsp3 and the main protease (Mpro) encoded by nsp5. 
With the exception of the gammacoronaviruses, SARS-CoV and 
MERS-CoV, most CoVs would encode two PLpros in nsp3 (Woo 
et al., 2010). These PLpros would cleave nsps 1–4 at the nsp 1/2, 
2/3, 3/4 boundaries, while Mpro is involved in the downstream 
cleavage events. Prediction and comparative analyses of Mpro 
cleavage sites in seven CoVs revealed that the substrate specific-
ity of Mpro is exclusively occupied by glutamine (Gln) at the P1 
position, and this is essential for efficient cleavage (Ziebuhr et 
al., 2000). Amino acid substitutions of Gln in the P1 position at 
different cleavage sites display variable degrees of growth defects 
in IBV, with some sites being well-tolerated while others impede 
virus recovery (Fang et al., 2008, 2010). Collectively, the nsps 
generated would assemble to form a larger complex known as the 

 

 

  

  

Figure 11. Infectious bronchitis virus (IBV) life cycle.    
Figure 5.11 Infectious bronchitis virus (IBV) life cycle.
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replication-transcription complex (RTC), responsible for RNA 
replication and subgenomic RNA transcription.

Replication and transcription
Viral RNA synthesis quickly ensues following the formation 
of the RTC. In CoVs, viral RNA synthesis produces two types 
of RNAs, the genome-sized gRNAs and subgenome-sized 
RNAs (sgRNAs), both generated through negative-strand 

intermediates. These negative-strand intermediates are only ≈ 1% 
as abundant as their positive-stranded counterparts, and they also 
contain anti-leader and poly-U sequences (Sethna et al., 1991). 
The sgRNAs serve as mRNAs for various structural and accessory 
genes residing 3′ downstream of the replicase gene.

Replication of viral RNAs are not without the cis-acting 
sequences. Within the 5′ UTR of the CoV genome, there are 
many stem–loop structures which extend into rep1a while the 3′ 

Table 5.3 Cleavage site and size (amino acid number) of IBV (strain Beaudette) non-structural proteins
IBV strain Beaudette 
non-structural Protein Size (amino acids) Start (nucleotide) Stop (nucleotide) References 
2 673 529 2547 Liu et al. (1995a,b,c);  

Lim and Liu (1998a)
3 1592 2548 7323 Lim et al. (2000) 
4 514 7324 8865 Lim et al. (2000) 
5 307 8866 9786 Liu et al. (1994);  

Ng and Liu (2000) 
6 293 9787 10665 Ng and Liu (2000) 
7 83 10666 10914 Ng and Liu (2000) 
8 210 10915 11544 Ng and Liu (1998) 
9 111 11545 11877 Liu et al. (1997) 
10 145 11878 12312 Ng and Liu (2002) 
11 13 12313 12351 Fang et al. (2007) 
12 932 12313 15131 Liu et al. (1994) 
13 601 15132 16931 Liu et al. (1998a,b,c) 
14 521 16932 18494 Liu et al. (1998a,b,c) 
15 338 18495 19508 Liu et al. (1998a,b,c)
16 302 19509 20414 Liu et al. (1998a,b,c) 

 

 

  

  

Figure 12 Infectious bronchitis virus (IBV) replicase gene and processing scheme of replicase protein products. Translation of the replicase gene would 
begin once the viral genome is released into the host cytoplasm. Replicase 1a and 1b are the only gene to be translated at this step of the virus life cycle, forming 
polyprotein (pp) 1a and 1ab via ribosomal frameshifting. Pp1a and pp1ab will then be autoproteolytically cleaved at cleavage sites by papain-like protease 
(PLpro) (in red triangles) and main protease (Mpro) (in brown triangles) into 15 non-structural proteins.  
  

Figure 5.12 Infectious bronchitis virus (IBV) replicase gene and processing scheme of replicase protein products. Translation of the 
replicase gene would begin once the viral genome is released into the host cytoplasm. Replicase 1a and 1b are the only gene to be 
translated at this step of the virus life cycle, forming polyprotein (pp) 1a and 1ab via ribosomal frameshifting. Pp1a and pp1ab will then be 
autoproteolytically cleaved at cleavage sites by papain-like protease (PLpro) (in red triangles) and main protease (Mpro) (in brown triangles) 
into 15 non-structural proteins.
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UTR also contains varied cis-acting elements from stem–loops, 
pseudoknots and HVRs (Raman et al., 2003; Brown et al., 2007). 
While exactly how each of these different structures works in the 
regulation of RNA synthesis remains to be deeply investigated, 
host factors such as zinc finger CCHC-type and RNA-binding 
motif 1 (MADP1) is revealed to interact with the 5′ UTR of IBV 
RNA and enhance viral replication and transcription (Tan et al., 
2012).

On the other hand, during RNA transcription, perhaps the 
most intriguing issue involves the leader and body TRS fusion 
during sgRNA production (Fig. 5.13). Each subgenomic mRNA 
transcript contains a 5′ leader sequence corresponding to the 5′ 
end of the genome. This 5′ leader is joined to an mRNA ‘body’, 
which contains sequences from the 3′-poly(A) to a position 
upstream of each genomic ORF, coding for either a structural or 
niche-specific (accessory) protein. At the junction of the leader 
and body elements in each sgRNA, a characteristic short, AU-rich 
motif can be found, and is known as TRS.

Although this phenomenon was once thought to occur 
during positive-stranded RNA synthesis, it became clear that 
CoV follows a discontinuous transcription model during 
negative-strand RNA extension (Sawicki and Sawicki, 1995) 
(Fig. 5.14). In this model, it was proposed that when RdRP 
transcribes the genome and encounters a TRS body (TRS-B), 
it is able to pause; following that the RdRP either continues the 
elongation to the next TRS-B, or switch to the leader sequence 
located at the 5′ end of the genome by binding complementa-
rily to the leader TRS (TRS-L), leading to the synthesis of a 
nested set of sgRNAs characteristic to the Nidovirales. Recently, 
a novel sgRNA localized between the M gene and accessory 
gene 5a was identified in IBV and other gammacoronaviruses, 
expanding the total sgRNA transcribed to six (Bentley et al., 
2013). Nsp9, which functions as an RNA-binding protein, also 
plays a crucial role in supporting sgRNA transcription. Muta-
tions of a conserved glycine (G98) residue in the C-terminal 
α-helical domain of nsp9 can abolish sgRNA transcription in 
Vero cells (Chen et al., 2009).

Assembly and release
With the replication of the gRNA and the transcription of the 
sgRNAs, the viral proteins can now be translated using the host 
translation machinery. Following translation, the S, E and M pro-
teins are co-translationally inserted into the ER. Moving along the 
secretory pathway, these proteins will gather at the assembly point 
known as the ER-Golgi intermediate compartment (ERGIC). 
In the ERGIC, viral genomes encapsidated by the N protein are 
incorporated and mature virions are formed by budding (de Haan 
and Rottier, 2005).

In the assembly stage of the life cycle, the M protein plays a sig-
nificant role in directing most of the protein–protein interactions 
in CoVs. Despite this, M protein is found to be insufficient for 
virion formation, as virus-like particle (VLPs) cannot be formed 
by M protein expression alone (Bos et al., 1996; Vennema et al., 
1996). Through radioimmunoprecipitation and immunofluores-
cence studies, IBV E and M proteins were revealed to physically 
interact with each other via a putative peripheral domain (Lim 
and Liu, 2001); this interaction is crucial for the formation of the 
CoV envelope and VLP formation (Lim et al., 2001; Corse and 
Machamer, 2003).

Further work by other groups has also identified the N protein 
as an enhancer of VLP (Siu et al., 2008). However, given the con-
trasting abundance of the M and E proteins, it remains unknown 
how the E protein aids in virion assembly. Work in this area is 
rarely explored, with some suggesting the role of E protein in 
averting M protein aggregation, while others citing the E protein 
in promoting viral egress through secretory pathway manipula-
tion (Ye and Hogue, 2007; Boscarino et al., 2008). Recently, the 
ion channel activity of E protein appears to play a role in this 
process. SARS-CoV equivalent mutations in T16A and A26F of 
IBV can result in much reduced virion release in cells infected 
with the two mutants (To et al., 2017). Surprisingly, the S protein, 
although inserted to the ER during assembly, is not essential for 
assembly. However, the ability of the S protein to interact with the 
M protein is crucial to ensure it is incorporated into the progeny 
virions.

 

 

  

  

Figure 13. Infectious bronchitis virus (IBV) RNA synthesis. Viral RNA synthesis of coronaviruses produces two types of RNAs, the genomic and subgenomic 
RNAs (sgRNAs). To produce these nested set of sgRNAs requires the leader-to-body fusion of transcriptional regulatory sequences (TRS). The consensus TRS 
for IBV is 5’-CUUAACAA-3’. TRS-L, transcriptional regulatory sequences leader; TRS-B, transcriptional regulatory sequence body. 

Figure 5.13 Infectious bronchitis virus (IBV) RNA synthesis. Viral RNA synthesis of coronaviruses produces two types of RNAs, the genomic 
and subgenomic RNAs (sgRNAs). To produce these nested set of sgRNAs requires the leader-to-body fusion of transcriptional regulatory 
sequences (TRS). The consensus TRS for IBV is 5′-CUUAACAA-3’. TRS-B, transcriptional regulatory sequence body; TRS-L, transcriptional 
regulatory sequences leader.
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Upon the completion of virion assembly, the virions are 
transported in vesicles and released by exocytosis. However, 
it remains to be clearly defined whether the virions exit using 
the traditional exocytosis pathway, or if specialized pathway is 
used for their exit. This is exemplified in some CoVs, where 

a proportion of S protein which has not yet been assembled 
into the virions would transit to the plasma membrane to 
mediate fusion with neighbouring uninfected cells (Godeke 
et al., 2000). This permits the formation of large multinucle-
ate syncytia, which poses attractive advantages to increase the 

 

 

  

Figure 14. Discontinuous transcriptional model of RNA synthesis. A, B. Subgenomic RNA 
(sgRNA) synthesis begins at the 3’ end of the positive sense genomic RNA template. C. To monitor the 
base-pair complementarity of the negative-strand RNA with the TRS-L by a component of the replicase-
transcriptase complex, the genomic template loops out for this purpose. D. As transcription proceeds 
towards the 5’ of the genomic RNA, it encounters a TRS-B and pauses. E. At this point, the nascent 
negative strand may choose to bypass the TRS-B and resume elongation. Alternatively, it may switch 
templates by binding to TRS-L. F. If elongation is resumed, this would result in the complete synthesis 
of the antileader containing negative-strand sgRNA.  G. These genome and negative-strand sgRNA can 
then act as templates for the synthesis of positive-sense sgRNA. 

Figure 5.14 Discontinuous transcriptional model of RNA synthesis.  (A, B) Subgenomic RNA  (sgRNA) synthesis begins at  the 3′ end of 
the positive sense genomic RNA template. (C) To monitor the base-pair complementarity of the negative-strand RNA with the TRS-L by a 
component of the replicase-transcriptase complex, the genomic template loops out for this purpose. (D) As transcription proceeds towards 
the 5′ of the genomic RNA, it encounters a TRS-B and pauses. (E) At this point, the nascent negative strand may choose to bypass the 
TRS-B and resume elongation. Alternatively, it may switch templates by binding to TRS-L. (F) If elongation is resumed, this would result in 
the complete synthesis of the antileader containing negative-strand sgRNA. (G) These genome and negative-strand sgRNA can then act as 
templates for the synthesis of positive-sense sgRNA.
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spread of infection and averting any virus-specific antibody 
neutralization.

Effects on the host cell
During a viral infection, various cellular signalling pathways may 
be activated to elicit an antiviral response against the invading 
pathogen. In this section, some of the well-studied signalling 
pathways activated during IBV infection will be discussed.

ER stress and unfolded protein response
In eukaryotic cells, the ER plays a pivotal role in the synthesis 
and folding of secretory or transmembrane proteins to mediate 
a range of post-translational modifications (Schröder, 2008). As 
such, the ER maintains a homeostasis suitable to regulate the 
processing and prevent the aggregation of these proteins. Pertur-
bations in the ER homeostasis due to accumulation of nascent, 
unfolded polypeptides, can result in ER stress and activates the 
unfolded protein response (UPR) when the protein load exceeds 
the ER folding and processing capacity (Welihinda et al., 1999).

UPR signalling activates three branches of downstream 
signalling pathways – PKR-like ER kinase (PER-K), activating 
transcription factor 6 (ATF6) and inositol-requiring protein 1 
(IRE1). UPR works to restore the function of the ER by enhancing 
protein folding, attenuating protein translation and up-regulating 
genes related to protein folding, chaperoning and ER-assisted 
degradation (ERAD). It can also initiate apoptosis if the ER stress 
levels remain unchanged. ER stress response is induced in CoV 
infection, allowing the cell to mount UPR as a response (Versteeg 
et al., 2007; Bechill et al., 2008; Minakshi et al., 2009; Fung et al., 
2014a).

PERK signalling pathway
PERK activation is initiated by the dissociation of binding immu-
noglobulin protein (BiP, GRP78) from the ER chaperone, leading 
to the oligomerization and autophosphorylation of PERK. An 
activated PERK can phosphorylate the α-subunit of eukaryotic 
initiation factor 2 (eIF2α) on Ser51 to attenuate protein transla-
tion (Dever et al., 1998).

Activation of PERK is known to play a pro-survival role in 
cells, as demonstrated using PERK–/– mouse embryonic fibro-
blasts, which exhibited higher cell mortality when treated with an 
ER stress-inducing agent cycloheximide (Harding et al., 2000a). 
While phosphorylated eIF2α can trigger a shutdown of global 
protein synthesis, it can also enhance the translation of activating 
transcription factor 4 (ATF4) (Harding et al., 2000b; Lewerenz 
and Maher, 2009). ATF4 stimulates target gene expression such 
as GADD153 (growth arrest/DNA damage inducible protein 
153, also known as CHOP or C/EBP-homologous protein) to 
enhance the transcription of pro-apoptotic genes. Furthermore, 
eIF2α may also be phosphorylated by other kinases, such as 
protein kinase RNA-activated (PKR), haem-regulated inhibitor 
kinase (HRI) and general control non-depressible-2 (GCN2) 
(Ron and Walter, 2007), which together form the integrated 
stress response when activated (Teske et al., 2011; Fung et al., 
2014b).

IBV infection was found to activate the eIF2α-ATF4-GADD153 
pathway (Liao et al., 2013). Activation of this pathway modulates 
stress-induced apoptosis, in which GADD153 plays a critical role 
in IBV-induced apoptosis (Liao et al., 2013). At late stages of IBV 
infection, it was also demonstrated that eIF2α phosphorylation 
was suppressed in both human and animal cells (Wang, X. et al., 
2009). At similar time points, phosphorylated PKR levels were 
greatly reduced in IBV-infected cells and nsp2 may be a weak 
antagonist against PKR (Wang, X. et al., 2009).

GADD34, a component of protein phosphatase 1 (PP1) com-
plex which dephosphorylated eIF2α, was significantly induced 
in IBV-infected cells. Supporting evidence from the inhibition 
of PP1 and overexpression of wild-type and mutant GADD34, 
eIF2α and PKR have suggested that these virus-modulated 
pathways play a synergistic role in enhancing IBV replication. It 
was also postulated that IBV may employ a combination of two 
mechanisms, i.e. blocking PKR activation and inducing GADD34 
expression, to maintain de novo protein synthesis in infected cells 
to enhance viral replication (Wang, X. et al., 2009).

Activating transcription factor 6
ATF6 is a member of the basic-leucine zipper family of tran-
scription factors. Residing in the ER, ATF6 is a transmembrane 
protein that detects the presence of misfolded/unfolded proteins. 
Under ER stress, ATF6 is translocated to the Golgi and cleaved 
by Site-1 (S1P) and Site-2 proteases (S2P) (Ye et al., 2000). This 
cleavage event releases the cytosolic basic leucine zipper (bZIP) 
domain, which translocates into the nucleus to activate genes har-
bouring the ER stress response element (ERSE) (Yoshida et al., 
1998; Kokame et al., 2001). These ATF6 targeted genes include 
the ER chaperones (such as GRP78 and GRP94), PDI and 
UPR transcription factors GADD153 and XBP1 (Okada et al., 
2002). While ATF6 pathway was previously reported as mainly 
pro-survival, recent studies have demonstrated otherwise. Under 
certain circumstances, the ATF-6-mediated signals may also 
contribute to ER-stress-induced apoptosis, possibly via CHOP 
activation and/or myeloid cell leukaemia sequence 1 suppression 
(Morishima et al., 2011).

Activation of ATF6 pathway in CoVs has not been deeply 
investigated, although several studies have demonstrated that 
ATF6 activation can enhance virus replication and persistent 
infection and pathogenesis in vivo. In MHV-infected cells, ATF6 
cleavage has been observed as early as 7 hours post infection 
(Bechill et al., 2008). However, both full-length and cleaved 
ATF6 proteins would diminish at later time points during infec-
tion. Furthermore, activation of ATF6 target genes were not 
detected at the mRNA level determined by luciferase reporter 
constructs under the control of ERSE promoters (Bechill et al., 
2008). As such, it is unlikely that MHV infection suppresses 
downstream signalling of the ATF6 pathway as the reporter 
induction by overexpressed ATF6 was not inhibited by MHV 
infection. It was thus concluded that the global translation shut-
down via eIF2α phosphorylation prevents the accumulation of 
ATF6 and activation of ATF6 target genes. The involvement of 
ATF6 in IBV has not been characterized.



UNCORRECTED PROOF Date: 13:25 Thursday 25 April 2019
File: Avian Virology 1P

Liu et al.148 |

IRE1
In response to unfolded proteins, IRE1 undergoes oligomerization 
(Korennykh et al., 2009), resulting in trans-autophosphorylation 
of the kinase domain and activation of the RNase domain. So far, 
the only known substrate for IRE1 RNase activity is mRNA of 
the X box binding protein 1 (XBP1) (Yoshida et al., 2001). IRE1 
cuts the XBP1 mRNA twice to remove a 26-nt intron, forming a 
frame-shifted transcript known as spliced XBP1 (XBP1S), oppo-
site from the unspliced XBP1 (XBP1U), which exhibits UPR 
inhibitory activities. XBP1S encodes a potent transcriptional acti-
vator which translocates to the nucleus to enhance the expression 
of various UPR genes, such as molecular chaperones and protein 
contributing to ER-associated degradation (Lee et al., 2003).

Other than the XBP1 pathway, activated IRE1 may also recruit 
TNF receptor-associated factor 2 (TRAF2) and induce apoptosis 
by activating JNK (Tabas and Ron, 2011). While IRE1-JNK path-
way is distinct from the RNase activity of IRE1, the kinase domain 
of IRE1 is still required, in addition to TRAF2-dependent activa-
tion of caspase-12 (Yoneda et al., 2001). Moreover, one study has 
demonstrated that IRE1-JNK pathway is required for autophagy 
activation after pharmacological induction of ER stress. It was 
found that the kinase domain of IRE1 was required, and treatment 
with a JNK inhibitor (SP600125) abolished autophagosome for-
mation following ER stress (Ogata et al., 2006). Collectively, the 
IRE1 branch of UPR is closely associated with the JNK pathway 
and is involved in JNK-mediated apoptosis and autophagy signal-
ling.

IRE1-XBP1 is activated in IBV-infected cells. In IBV-infected 
Vero cells, significant splicing of XBP1 mRNA was detected from 
12 to 16 hours post infection (Fung et al., 2014a). Moreover, 
the mRNA levels of XBP1 effector genes (EDEM1, ERDj4 and 
p58IPK) were up-regulated. The activation of IRE1-XBP1 pathway 
was also detectable in other cell lines such as H1299 and Huh7 
cells. IRE1 inhibitor treatment effectively blocked IBV-induced 
XBP1 mRNA splicing and up-regulation of effector genes in a 
dosage-dependent manner. Consistently, IRE1 knockdown has 
effectively inhibited IBV-induced XBP1 mRNA splicing, whereas 
overexpression of wild-type IRE1 has enhanced IBV-induced 
XBP1 mRNA splicing. Interestingly, the hyper-phosphorylation 
of pro-apoptotic kinase ( JNK) and hypo-phosphorylation of pro-
survival kinase RAC-alpha serine/threonine-protein kinase (Akt) 
have been associated with earlier onset and more aggressive apop-
tosis induction in IRE1-knockdown cells upon IBV-infection. As 
such, IRE1 may modulate IBV-induced apoptosis and act as a 
survival factor during IBV infection.

Apoptosis
Programmed cell death, or apoptosis, is a highly regulated process 
in cells characterized by cell shrinkage, blebbing and nuclear pyk-
nosis, DNA fragmentation and asymmetrical distribution of the 
plasma membrane (Deschesnes et al., 2001). The mechanisms 
of apoptosis are complex and highly sophisticated, and it usually 
involves an energy-dependent cascade of events (Elmore, 2007). 
There are two main apoptotic pathways: the extrinsic or death 
receptor pathway and the intrinsic or mitochondrial pathway. 
However, there is now evidence that these two pathways are 

connected and the molecules in one pathway can influence the 
other (Igney and Krammer, 2002). Additionally, there is an addi-
tional pathway which involves T-cell mediated cytotoxicity and 
perforin-granzyme-dependent killing of the cell. This perforin/
granzyme B pathway can induce apoptosis via granzyme A or B, 
each with different downstream events. Granzyme A pathway, 
upon activation, can result in a parallel, caspase-independent cell 
death pathway via single-stranded DNA damage (Martinvalet 
et al., 2005). Conversely, the extrinsic, intrinsic and granzyme 
B pathways converge on the same execution pathway. This 
pathway is initiated by the cleavage of caspase-3 and results in 
DNA fragmentation, degradation of cytoskeletal and nuclear 
proteins, cross-linking of proteins, formation of apoptotic bodies, 
expression of ligands for phagocytic cell receptor and uptake by 
phagocytic cells (Elmore, 2007).

During viral infections, apoptosis is often induced as a form of 
antiviral response towards virus replication and production. To 
combat this antiviral response, many viruses have evolved vari-
ous strategies to subvert apoptosis by interfering with apoptotic 
signalling at multiple control points of the apoptotic pathway 
(Benedict et al., 2002; Kvansakul and Hinds, 2013). These viral 
interferences can include inhibiting death receptor activation 
(Wilson et al., 2009), mimicking prosurvival Bcl-2 family action 
(Tait and Green, 2010), directly inhibiting caspase (Stennicke et 
al., 2002) and encoding Bcl-2 family protein homologues (Kvan-
sakul and Hinds, 2013). Besides acting directly on the apoptotic 
pathways, viruses may also inhibit apoptosis through other 
signalling pathways, such as nuclear factor kappa-beta (NF-κB) 
(Tamura et al., 2011).

IBV infection is known to induce caspase-dependent apoptosis 
in culture cells (Liu et al., 2001). In this study, it was demon-
strated that both necrosis and apoptosis may have contributed to 
cell death of the infected cells in lytic IBV infection. In a follow 
up study, it was found that IBV-induced apoptosis during the late 
stages of the infection cycle is p53-independent (Li et al., 2007). 
Global gene expression profiles via microarray have also revealed 
pro-apoptotic genes (Bak and Fas) and anti-apoptotic genes 
(myeloid cell leukaemia-1 (Mcl-1), clusterin and microphthalmia 
associated transcription factor) to be up-regulated following 
IBV infection, which has implications in apoptosis modulation 
and viral replication (Zhong et al., 2012; Cong et al., 2013). As 
mentioned above, IBV infection-induced ER stress responses 
can also regulate apoptosis (Liao et al., 2013; Fung et al., 2014a). 
Recently, there has been evidence illustrating the positive correla-
tion between IBV pathogenicity to apoptosis and innate immune 
responses. Following the infection of chick embryo kidney cells 
and TOCs with the M41, 885 and QX strains, it was shown that 
IBV induction is cell-type dependent. 885 and QX displays a 
greater induction of TLR3, MDA5 and interferon (IFN)-β and 
apoptosis in chick embryo kidney cells, while M41 can only gen-
erate a greater induction in TOCs (Chhabra et al., 2016).

Autophagy
Autophagy, literally meaning self (auto-) eating (-phagy), is a 
highly conserved cellular process, in which cytoplasmic contents 
are sequestered within double membrane vesicles (known as 
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autophagosomes) and targeted for degradation by the lysosomes 
(Yang and Klionsky, 2010). Under normal circumstances, basal 
level of autophagy allows cells to break down mis-folded proteins 
and damaged organelles (such as mitochondria). Cells can also 
activate autophagy when starved or deprived of growth factors, 
so that amino acids and fatty acids can be recycled to maintain 
metabolism for survival. Autophagy is also activated by a variety 
of internal and external stimuli, such as hypoxia, oxidative stress, 
DNA damage, protein aggregation, or infection with intracellu-
lar pathogens (Kroemer et al., 2010). In most cases, autophagy 
facilitates stress adaptation and promotes cell survival. However, 
autophagy has also been associated with a special type of pro-
grammed cell death (PCD) known as autophagic PCD (Maiuri 
et al., 2007).

The whole process of autophagy, regulated by the highly 
conserved Atg (autophagy-related gene) proteins, is subdi-
vided into four stages: initiation, nucleation, elongation and 
lysosomal fusion (Mizushima et al., 2008). Initiation involves 
the inactivation of mammalian target of rapamycin (mTOR) and 
hypo-phosphorylation of Unc-51-like kinase (ULK), leading to 
the formation of the ULK complex and its translocation to the ER 
where autophagy is initiated (Hosokawa et al., 2009). Next, the 
ULK complex recruits a class III phosphotidylinositol-3 kinase 
(PI3K) complex, generating phosphotidylinositol-3-phosphate 
(PI3P) at the site of membrane nucleation. PI3P then recruits 
effector proteins that transform the ER into Ω-shape isolated 
membrane structures (Levine and Deretic, 2007). In the elon-
gation stage, two ubiquitin-like conjugating systems induce 
elongation of the isolated membranes and their detachment 
from the ER to form autophagosomes. During this process, a 
small protein called microtubule-associated proteins 1A/1B light 
chain 3 (LC3) is conjugated to a phosphatidylethanolamine. This 
lipidated form of LC3, known as LC3-II, is stably associated with 
the inner and outer membrane of autophagosomes, making it a 
classical marker of autophagy induction (Klionsky et al., 2016). 
In the final stage of autophagy, lysosomes or late endosomes fuse 
with autophagosomes to form autolysosomes, and the cytoplas-
mic cargoes are degraded by lysosomal enzymes, releasing amino 
acid and lipid molecules for recycle in the cytoplasm (Mehrpour 
et al., 2010).

Numerous DNA and RNA viruses from different families have 
been shown to induce autophagy during replication (Chiramel et 
al., 2013). Since coronavirus-induced DMVs are morphologically 
similar to autophagosomes, early studies with MHV and SARS-
CoV observed colocalization of replicase protein with LC3 and 
proposed autophagosomes as the sites of genome replication/
transcription (Prentice et al., 2004a,b). However, similar colo-
calization was not observed in later studies (Snijder et al., 2006), 
and the host ATG5 gene was shown to be dispensable for replica-
tion of MHV (Zhao et al., 2007) and IBV (Cottam et al., 2011). 
Subsequent studies using electron microscopy have confirmed 
that coronavirus-induced DMVs and spherules are derived from 
modified ER membrane networks (Knoops et al., 2008; Maier 
et al., 2013). Importantly, Reggiori et al. (2010) have demon-
strated that MHV-induced DMVs are coated with non-lipidated 
form of LC3, and that knockdown of LC3 significantly reduces 

MHV replication in cells, which can be completely restored by 
transfection of non-lipidable form of LC3. Therefore, although 
coronavirus replication is not dependent on host cell autophagy, 
the autophagy-independent role for non-lipidated LC3 is essen-
tial for DMV formation.

Interestingly, overexpressing nsp6 of IBV, MHV or SARS-CoV 
could induce formation of autophagosomes in the transfected 
cells (Cottam et al., 2011). Nsp6 contains multiple transmem-
brane domains, and coexpression of SARS-CoV nsp3, nsp4 
and nsp6 has been shown to induce DMV formation in the 
transfected cells (Angelini et al., 2013). However, inhibition of 
mTOR kinase activity, up-regulation of CHOP mRNA or splic-
ing of XBP1 mRNA could not be observed in cells overexpressing 
nsp6, suggesting that nsp6-induced autophagosome formation is 
independent of the mTOR or the ER stress pathways (Cottam et 
al., 2011).

Our unpublished studies have also shown that IBV induces 
complete autophagy in the infected cells, as determined by the 
tandem fluorescence LC3 reporter as developed by Kimura et al. 
(2007) and the autophagic flux study using lysosomal inhibitor 
chloroquine as reported by Klionaky et al. (2016). Moreover, 
using RNA interference, IBV-induced autophagy was found to 
be independent of Beclin1, a subunit of the class III PI3K com-
plex, indicating that autophagosome formation in IBV-infected 
cells might utilize alternative signalling cascades distinct from 
the canonical autophagic pathway. Furthermore, inhibition 
of autophagy was found to be associated with enhanced IBV-
induced apoptosis in the infected cells, suggesting a prosurvival 
role of autophagy during infection (unpublished data).

Mitogen-activated protein kinase (MAPK) 
pathway
MAPKs are a group of evolutionarily conserved serine/threonine 
kinases which have been shown to play a key role in cell prolif-
eration, programmed cell death, transcription regulation, mRNA 
stability, protein translation and production of pro-inflammatory 
cytokines (Dhillon et al., 2007). In mammalian cells, three 
MAPK pathways are characterized, namely, the ERK, JNK and 
p38 kinases. Unlike the ERK pathway which is activated by mito-
genic and proliferative stimuli, the JNK and p38 MAPK pathways 
are activated by environmental stress.

MAP kinases lie within protein kinase cascades. In each pro-
tein cascade, there are at least three enzymes which are activated 
in a series: a MAPK kinase kinase (MAPKKK), a MAPK kinase 
(MAPKK) and a MAP kinase (MAPK). Once activated, MAPK 
pathways can relay, amplify, and integrate signals from a diverse 
range of stimuli to elicit an appropriate response in regulating cell 
proliferation, survival, motility, and apoptosis (Keshet and Seger, 
2010). Among them, MKK7 has been reported to be responsible 
for IBV-induced JNK activation, with JNK serving as a pro-
apoptotic protein during IBV infection through modulation of 
anti-apoptotic protein B-cell lymphoma 2 (Bcl2) (Fung and Liu, 
2017).

MAPKs are negatively regulated through dephosphorylating 
events on both phospho-threonine and phospho-tyrosine resi-
dues on the activated MAPKs via dual-specificity phosphatases 
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(DUSPs). DUSPs constitute a structurally distinct family of 11 
proteins, with DUSP1 being the archetype of the family (Lang 
et al., 2006). DUSP1 can be activated by pro-inflammatory stress 
stimuli such as ultraviolet (UV) irradiation, IL-1 and lipopoly-
saccharide (LPS) (Abraham and Clark, 2006; Liu et al., 2007). 
Studies which involve DUSP1-deficient macrophages reported a 
prolonged activation of p38 MAPK, indicating that p38 MAPK 
is a target of DUSP1 (Franklin and Kraft, 1997). Furthermore, 
the increase in pro-inflammatory cytokines TNFα and IL-6 and 
anti-inflammatory cytokine IL-10 was reported in DUSP1–/– 
macrophages following LPS stimulation (Hammer et al., 2006; 
Salojin et al., 2006; Zhao et al., 2006). Conversely, the up-
regulation of DUSP1 in virus infection was reported (Abraham 
and Clark, 2006), indicating the physiological regulatory role of 
DUSP1 in innate immunity.

Activation of p38 MAPK was reported in IBV-infected 
cells, which may be involved in induction of pro-inflammatory 
cytokines IL-6 and IL-8 expression (Liao et al., 2011). To coun-
teract this induction, one strategy developed by IBV is to induce 
the expression of DUSP1 to limit the production of IL-6 and IL-8 
in cells, which may help modulate the pathogenesis of IBV.

Evolution
As shown in Fig. 5.2, sequence comparisons of the genome, S, E, 
M, N proteins of IBV strains have been used to construct the IBV 
phylogenetic tree. As a rule, isolates with less than 89% similarity 
belong to different serotypes, except for Conn46 and Fla18288, 
which are 96% similar but are different serotypes, indicating that 
only minor changes in the S1 are required to change the serotype 
(Cavanagh et al., 2005; Ammayappan and Vakharia, 2009). Often, 
the evolution of these IBV serotypes distributed worldwide is 
facilitated by genomic substitutions, deletion, insertion and/or 
RNA recombination of the S1 gene (Gelb et al., 1991; Lee and 
Jackwood, 2000; Alvarado et al., 2005). This wide diversity of IBV 
serotypes, on top of its rapid evolution rate, is a major contributing 
factor to the failure or partially efficacious commercial vaccines 
and continual IB outbreaks in regions around the globe, making 
this virus extremely difficult to diagnose and control (Cavanagh, 
2003; Marandino et al., 2015).

Rapid evolution in IBV is facilitated by strong selection, large 
population sizes and high genetic diversity within hosts and 
transmission bottlenecks between hosts. Genetic diversity within 
hosts arises primarily from mutations, which include substitu-
tions, insertions and deletions. Substitutions are caused by both 
the high error rate and limited proofreading capability of the viral 
RdRP, and by recombination, which generates new haplotype 
diversity from existing variants. On the other hand, insertions and 
deletions are caused by recombination events or by RdRP stut-
tering or slippage. These genetic variations occur continuously in 
nature and lead to the emergence of multiple phenotypes in terms 
of pathotypes and immuno-types (Cavanagh, 2007). So far, VN 
tests performed by many groups have reported several serotypes 
which are poorly cross-protective (Cavanagh, 2007; Marandino 
et al., 2015). Furthermore, the high error rate of IBV genomic 
transcription can generate a population of quasispecies which 

is significant for the IBV evolution and persistence (Montassier, 
2010; Jackwood et al., 2012). New dominant strains can emerge 
by selection from and recombination among minor variants 
(Fang et al., 2005).

Broad genetic diversity facilitates survival of the virus in a 
constantly changing environment ( Jackwood et al., 2012; Maran-
dino et al., 2015). While the evolutionary progression of IBV is 
quite complex and poorly understood, investigations carried 
out to date have highlighted the role of three factors: (1) lack of 
RNA polymerase proof reading, leading to replication in RNA 
genomes with the mutation rate that ranges approximately from 
10–2 to 10–6 substitutions/site/year (Holmes, 2009; Umar et al., 
2016); (2) interference of continuous use of live and often mul-
tiple attenuated vaccines formulated with different IBV strains; 
and (3) immune pressure exerted on circulating viruses by the 
constant presence of partially immune bird populations. In many 
cases, new IBV variants have emerged due to spontaneous muta-
tions and recombination during virus replication, followed by 
replication of those phenotypes which are favoured by selection 
(Liu et al., 2013; Awad et al., 2014). Despite the mutation efforts 
made by the virus to persist in the environment, only a few vari-
ants are able to persist for an extended period of time and spread 
in new territories to become evolutionary and economic signifi-
cance.

Recombination commonly occurs between two or more 
viruses infecting the same cell. It is believed that a high rate of 
recombination events occurs in the genomes of non-segmented 
RNA viruses such as IBV ( Jackwood et al., 2012). Recombina-
tion can reduce mutational load, create genetic variants that 
may be very different from the parental strains, and result in the 
emergence of new strains (Holmes, 2009; Sumi et al., 2012). 
Recombination has been reported in many IBVs (Cavanagh et 
al., 1992; Thor et al., 2011). Recombination hot spots, or regions 
of the viral genome with higher incidences of recombination 
breakpoints, have been reported in IBV (Lee and Jackwood, 
2000). These hot spots tend to lie immediately upstream of the S 
glycoprotein gene, as well as in nsp 2, 3 and 16 (Thor et al., 2011; 
Jackwood et al., 2012). Recombination in the non-structural pro-
teins associated with RdRP can alter the replication efficiency of 
IBV, which can in turn affect viral pathogenicity.

Mutations and selective pressure in genes, especially in hyper-
variable regions (HVRs), enable viruses to cross the species 
barrier and adapt to new host species, hence contribute to viral 
evolution (Lim et al., 2011). The average rate of synonymous 
mutation in all CoVs, including IBV is approximately 1.2 × 10–3 
substitutions/site/year (Holmes, 2009; Jackwood et al., 2012). 
For other RNA viruses with smaller genomes, the mutation rate 
can be as high as 1 × 10–1 substitutions/site/year. The difference 
is presumably due to the presence of a 3′ to 5′ exoribonuclease 
(ExoN) domain in nsp 14, which contains similarities to host 
proteins involved in proofreading and repair (Snijder et al., 2003). 
A study which involves SARS-CoV nsp 14-ExoN mutant revealed 
impaired growth and a 21-fold increase in mutation rates for the 
mutant virus compared with wild type (Eckerle et al., 2010). This 
study and previous work with an MHV ExoN mutant (Eckerle 
et al., 2007), confirmed that ExoN, which is conserved in all 
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CoVs, contributes to the fidelity of the viral RdRP. Relatively high 
fidelity of polymerase results in a greater ‘error threshold’ and 
may permit the virus to maintain a large genome size (Holmes, 
2009; Jackwood et al., 2012). The emergence of new IBV strains 
and serotypes is largely due to the accumulation of mutations in 
the S gene over time as opposed to recombination events. This is 
thought to be the primary method of cross-species transmission 
and was shown to lead to the emergence of SARS-CoV (Hon et 
al., 2008).

Different environmental determinants within the host, i.e. 
immune responses, affinity for cell receptors, physical and bio-
chemical conditions are implicated in the selection process (Toro 
et al., 2012). Amino acid changes within the three S1 glycoprotein 
HVRs, described in the first 395 amino acid region of the S1 sub-
unit, determine the most relevant phenotypic changes, resulting 
in new serotypes and the induction of non-cross protecting VN 
antibodies. Thus, it is assumed that due to widespread vaccina-
tion, the immune selection pressure involving the S1 subunit of 
the S gene and the high mutation rate of the viral genome alto-
gether can result in the emergence of many serotypes and variants 
(Abro et al., 2012). Variants may attain increased virulence, effi-
cient receptor binding, rapid transmission and persistence in host 
system causing significant disease in vaccinated flocks of all ages. 
Many variant viruses have been reported in China, Italy, Brazil, 
and Africa in the recent years (Fraga et al., 2013; Franzo et al., 
2015; Khataby et al., 2016; Xu et al., 2016).

Genetics and reverse genetics
Classical CoV genetic studies were mainly performed using two 
types of mutants, namely the naturally arising viral variants and 
temperature sensitive (ts) mutant isolates from MHV following 
chemical mutagenesis (Sawicki et al., 2005). The naturally aris-
ing viral variants, especially the deletion mutants, can offer clues 
to the genetic changes accounting for the different pathogenic 
traits, as exemplified in the emergence of porcine respiratory 
coronavirus (PRCoV) from TGEV (Wesley et al., 1991). On the 
other hand, ts mutants were classified into at least seven com-
plementation groups, of which five cannot synthesize RNA at 
non-permissive temperature (Leibowitz et al., 1982; Schaad et al., 
1990). Some of the ts mutants have proved to be useful in analy-
ses of the functions of the structural proteins (Luytjes et al., 1997; 
Narayanan, et al., 2000; Shen and Liu, 2001; Shen et al., 2004). 
However, usage of ts mutants was thwarted by caveats pertaining 
to the large replicase gene, which led to conditionally lethal, RNA-
negative phenotypes in randomly generated mutants (Fischer et 
al., 1998). Complementation analyses of these mutants have only 
yielded early insights into the multiplicity of functions entailed 
by the CoV RNA synthesis (Sawicki et al., 2005). More recently, 
there has been a resurgence of interest in classical replicase ts 
mutants as they can now be fully examined by the tools of reverse 
genetics (Sawicki et al., 2005).

The development of CoV reverse genetics proceeds in two 
phases (Deming and Baris, 2008). CoVs have a ss(+)RNA 
genome, the first phase requires the generation of a comple-
mentary DNA (cDNA) which can function as a template for the 

generation of an infectious RNA. This involves the conversion of 
the RNA genome into a manipulable cDNA using standard DNA 
technologies or homologous recombination. The final phase of 
the process is the generation of an infectious RNA from the modi-
fied cDNA using a DNA-dependent RNA polymerase. Having a 
ss(+)RNA genome, like the CoVs, provides the advantage that 
the infectious RNA derived from a cDNA copy, is similar to the 
genomic RNA that can be recognized by the host cell’s transcrip-
tional machinery as an mRNA. This can lead to the translation of 
the mRNA into proteins required for the replication of the RNA 
genome, which involves 15 proteins in IBV.

The reverse genetics system for IBV was first developed in 
2001 using a vaccinia virus (VV) system (Casais et al., 2001). 
In this study, a complete cDNA copy of the IBV Beaudette 
genome was generated and systematically ligated together in 
vitro before direct cloning into the VV vNotI/tk, via a NotI 
site introduced into the thymidine kinase (TK) gene of vNotI/
tk (Merchlinksy and Moss, 1992). This resulted in a full-length 
cDNA under the control of a T7 promoter with a hepatitis 
δ ribozyme (HδR) sequence downstream of the IBV poly(A) 
tail followed by a T7 termination sequence. Infectious RNA 
can be generated in vitro from VV templates using T7 RNA 
polymerase and transfected into permissive cells for the recov-
ery of the virus (Thiel et al., 2001). Alternatively, infectious 
RNA generation can be performed in situ in which VV DNA 
is transfected into cells infected with a recombinant fowlpox 
virus, rFPV-T7 expressing T7 RNA polymerase (Britton et al., 
1996). The second approach was adapted from an in vitro liga-
tion method originally developed by Yount et al. (2000) for 
TGEV and subsequently used for IBV (Youn et al., 2005a; Fang 
et al., 2007). This system relied on the in vitro assembly of a set 
of cloned cDNAs. Generally, the in vitro ligation method works 
by amplifying fragments of a viral genome through RT-PCR fol-
lowed by amplicon ligation through unique restriction sites for 
the assembly of the entire genome. Later on, this strategy was 
further improved to construct an infectious cDNA clone with a 
‘seamless’ feature, whereby restriction endonucleases sequences 
were eliminated prior to in vitro ligation (Yount et al., 2002).

While N protein is an absolute requirement for IBV recov-
ery in chick kidney cells, it is not an absolute requirement for 
recovery of other CoVs; although the recovery of CoVs can be 
significantly enhanced by the presence of N protein (Yount et 
al., 2003; Almazán et al., 2004; Coley et al., 2005; Schelle et al., 
2006). A possible explanation for this observed enhancement 
comes from recent studies in which an interaction between MHV 
nsp 3 replicase protein and the N protein was found to be critical 
for replication (Hurst et al., 2010).

Reverse genetics systems for several CoVs in all three genera 
have been developed and successfully used to recover infectious 
viruses (Table 5.4). The use of VV vector for a full-length CoV 
cDNA offers a highly stable system for producing and maintain-
ing a cDNA, dispensing the need for repetitive cloning of cDNA 
fragments. Another major advantage of the VV-system is that 
homologous recombination can be used to modify or replace 
portions of the CoV cDNA, followed by transient dominant 
selection (TDS) system (Britton et al., 2005). With the exception 
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of the modification introduced, the resultant rIBVs are isogenic as 
they are derived from the same cDNA sequence.

Collectively, reverse genetics have been used to study the 
molecular biology of CoV interactions and functions of the rep-
licase, structural and accessory proteins, providing a powerful 
means to unravel the complexities of the CoV genome.

Pathogenesis and clinical features
Domestic chickens have usually been regarded as the exclusive 
host of IBV, but respiratory disease and decreased egg production 
have also been reported in other avian species including pheas-
ants, pigeons, peacock, partridge and mallard, indicating that the 
host range of IBV extends beyond chickens (Wickramasinghe et 
al., 2015).

Virulence factors influencing pathogenesis

Host and environment factors
Age, breed, nutrition and environment may affect the pathogenesis 
of IBV. All ages are susceptible to IBV, but clinical manifestations 
are pronounced in young chicks, and can often lead to perma-
nent damages to the organs involved (Crinion and Hofstad, 
1972; Smith et al., 1985). Chicks will become more resistant to 
IBV-induced clinical signs such as oviduct lesions, nephropathic 
effects and mortality as they grow older (Albassam et al., 1986; 
Crinion and Hofstad, 1972). Mortality rates induced by IBV 
vary among different inbred lines (Otsuki et al., 1990; Ignjatovic 

et al., 2003). Genetic difference in IBV susceptibility was noted, 
with the light breeds more susceptible than the heavy breeds 
(Cumming and Chubb, 1988; Jones, 2008). Nephropathogenic 
IBV (NIBV) has also been shown to induce a higher mortality in 
broilers than layers (Ignjatovic, 1988; Lambrechts et al., 1993), 
and male chicks were shown to be twice as susceptible as females 
to nephritis (Cumming, 1969). Nutrition and environment also 
appear to affect host susceptibility to IBV infection. Chickens on 
high protein diets, such as meat meals and poultry by-product 
meat-based diets are more prone to IBV-induced nephrosis 
and mortality (Cumming, 1969; Cumming and Chubb, 1988). 
Low temperature appears to have a significant impact on NIBV-
induced mortality (Cumming, 1969) and IBV-induced tracheal 
lesions (Ratanasethakul and Cumming, 1983a). The associated 
mortality rate also increased to up to 50%. This has important 
implications for assessing vaccine protection, since cold exposure 
can be used to increase the severity of challenge imposed (Klieve 
and Cumming, 1990).

Viral virulence factors
IBV virulence is a crucial frontier of IB pathogenesis, as deter-
mined by successful entry, replication, and final release of the 
mature virion. S protein plays an essential role in the attach-
ment and entry of host cells and therefore, contributes to virus 
infection. Amino acid substitutions in the S1 subunit of IBV 
can significantly alter the virulence and virus escape from host 
defences (Lee and Jackwood, 2001). In the cytoplasmic tail of 
IBV S protein, there exists a dilysine ER retrieval signal and a 

Table 5.4 Reverse genetics system for recovery of infectious coronaviruses
System Description Developed for 

BAC Clone full-length genomic cDNA into a BAC vector and 
transfect into cells. Initiate infection by transcribing infectious 
gRNA from CMV promoter 

Alphacoronavirus
TGEV (Almázan et al., 2000)
Betacoronavirus
HCoV-OC43 (St-Jean et al., 2006); SARS-CoV (Almázan et al., 
2006); MERS-CoV (Almázan et al., 2015) 

In vitro ligation Clone smaller parts of the genomic cDNA as a set of smaller 
stable clones; assemble full length cDNA by directed in vitro 
ligation 

Alphacoronavirus
PEDV (Beall et al., 2016); TGEV (Yount et al., 2000); 
HCoV-NL63 (Donaldson et al., 2008)
Betacoronavirus
MHV (Yount et al., 2002); SARS-CoV (Yount et al., 2003); 
MERS-CoV (Scobey et al., 2013); Bat-CoV (Becker et al., 
2008)
Gammacoronavirus
IBV (Youn et al., 2005a; Fang et al., 2007) 

Targeted 
recombination 

Synthetic donor RNA bearing mutations of interest introduced 
into cells infected by the recipient parent virus possessing 
characteristics which can be selected against 

Alphacoronavirus
mFIPV (Haijema et al., 2003)
Betacoronavirus
MHV (Koetzner et al., 1992); fMHV (Kuo et al., 2000) 

Vaccinia virus Clone full-length genomic cDNA into Vaccinia virus genome; 
transcribe infectious gRNA and transfect into cells 

Alphacoronavirus
HCoV-229E (Thiel et al., 2001); FCoV (Tekes et al., 2008)
Betacoronavirus
MHV (Coley et al., 2005)
Gammacoronavirus
IBV (Casais et al., 2001) 

BAC, Bacterial artificial chromosome; Bat-SCoV, severe acute respiratory syndrome-like coronavirus; fMHV, feline Mouse hepatitis virus; 
HCoV-229E, Human coronavirus 229E; HCoV-NL63, Human coronavirus Netherlands 63; HCoV-OC43, Human coronavirus organ culture 43; 
MERS-CoV, Middle East respiratory syndrome coronavirus; mFIPV, mutant Feline infectious peritonitis virus; MHV, Mouse hepatitis virus; PEDV, 
Porcine epidemic diarrhoea virus; SARS-CoV, Severe acute respiratory syndrome coronavirus; TGEV, Transmissible gastroenteritis coronavirus.
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tyrosine-based endocytosis signal which mediates virus infection 
(Lontok et al., 2004). Mutations in these endocytosis signals of 
IBV S has shown to be essential for productive IBV infection, as 
mutant S protein can traffic through the secretory pathway faster 
than the wild-type S protein (Youn et al., 2005b).

3a, 3b, 5a and 5b proteins of IBV are also thought to contribute 
to virus virulence (Shen et al., 2003; Casais et al., 2005). Accessory 
proteins 3a and 3b in IBV may modulate host immune response 
at transcriptional and translational levels (Kint et al., 2015). 
Functional studies on the 5a-ns segment of IBV have established 
a possible link between ns-protein and virus virulence (Youn et 
al., 2005a). Nsp1 is known to be a potential virulence factor due 
to increasing evidence supporting its role in the down-regulation 
of host innate immune response following infection (Narayanan 
et al., 2015). Although IBV does not encode nsp1, it is suggested 
that IBV accessory proteins can perform the same function as 
nsp1 (Kint et al., 2016). Several CoV proteins also encode func-
tions related to IFN antagonist, such as nsp2 (Wang et al., 2009), 
nsp3 (Yang et al., 2014), nsp5 (Zhu et al., 2017) and N protein 
(Ye et al., 2007).

Tissue tropism and associated clinical features

Respiratory system
IBV replication in the respiratory tissues can cause clinical signs 
such as gasping, coughing, tracheal rales and nasal discharge 
in birds (Bande et al., 2016). Puffy, swollen eyes and inflamed 
eyes can sometimes be seen (Parsons et al., 1992). In addition, 
infected chickens may appear depressed, resulting in a significant 
reduction in weight and feed intake within three days following 
infection (Otsuki et al., 1990; Grgiæ et al., 2008). Despite the 
symptoms presented in infected chicks, mortality rate is usually 
low in uncomplicated cases and these are usually triggered by 
asphyxiation due to bronchoconstriction by mucus plugs.

The main site of IBV replication is at the upper respiratory 
tract, following which a viraemia occurs and the virus gets dis-
seminated to other tissues (Crinion and Hofstad, 1972; Dhinakar 
and Jones, 1997). Virus replication selectively occurs in epithelial 
and mucus-secreting cells (Nakamura et al., 1991; Ferreira et 
al., 2003; Shamsaddini-Bafti et al., 2014). Apart from the upper 
respiratory tract, IBV can also replicate in the epithelial cells of 
lungs and air sacs (Otsuki et al., 1990; Bezuidenhout et al., 2011). 
Under these circumstances, infected chickens exhibit mucosal 
thickening in the nasal passages, trachea and sinuses. Areas of 
pneumonia may be observed in the lungs, and the air sac may 
appear cloudy or contain a yellow caseous exudate in histological 
tests (Feng et al., 2012).

Reproductive system
IBV infection in young chicks less than 2 weeks of age can result 
in permanent damage of the oviduct, leading to the generation of 
‘false layers’ that do not lay normally at sexual maturity (Crinion 
and Hofstad, 1972). In laying hens, IBV infection can cause a 
sharp decline in egg production, as well as a decrease in the exter-
nal and internal quality of eggs (Bisgaard, 1976; Muhammad et 
al., 2000), dependent on the virulence of the virus and the period 

of lay. While the effects of IBV on the male reproductive tract 
are rarely explored, two studies do not rule out the possibility of 
reduced fertility in the rooster following IBV infection (Boltz et 
al., 2004; Villarreal et al., 2007).

Among the IBV variants, strain YN has been demonstrated to 
cause damages to the reproductive organs of laying hens with a 
mortality rate of 40.5% upon infection (Zhong et al., 2016). Stud-
ies of the differences in the virulence of QX-like, M41 and 793/B 
strains for the oviducts in day-old SPF chicks showed character-
istic dilatation of the oviduct in all QX-like-infected chicks, while 
no changes were observed in M41- or 793/B-infected chicks 
(Benyeda et al., 2009).

Renal system
Although most IBV strains target primarily the respiratory tract, 
some IBV strains are known to be nephropathogenic and may 
cause kidney damage, or nephritis (Winterfield and Albassam, 
1984). The first report of IBV virulence for the kidneys came 
from Australia, followed by the reports of NIBV worldwide (Meir 
et al., 2004; Bayry et al., 2005). Some examples of NIBV strains 
include BJ1, BJ2, BJ3, M41, Holte, Grey, Italian and Australian T 
strain (Albassam et al., 1986; Li and Yang, 2001).

During the initial stages of NIBV infection, typical respira-
tory symptoms are observed in infected birds, followed by signs 
of kidney damage, including wet droppings and increased water 
consumption (Reddy et al., 2016). The first mortality usually 
occurs 6 days post infection, and mortality rates will increase 
rapidly around ten days post infection.

IBV replication has been demonstrated to occur in the proxi-
mal convoluted tubules (Goryo et al., 1984), distal convoluted 
and collecting tubes (Chen and Itakura, 1996) and collecting 
ducts (Chen and Itakura, 1996; Tsukamoto et al., 1996). Because 
of viral infection to these parts of the kidneys, acute renal failure 
may occur as a result of impaired fluid and electrolyte transport. 
Urinary water losses in infected birds appear to be associated with 
low urine osmolality and high electrolyte excretion (Afanador 
and Roberts, 1994). In a study which compared the nephropath-
ogenicity of four NIBV, the Australian T strain proved to be the 
most pathogenic, followed by the Grey, Italian and Holte strains, 
but the younger birds are more susceptible to the nephritogenic 
effects following infection (Albassam et al., 1986).

Post-mortem examinations reported swollen and pale-looking 
kidneys, with distended tubules and ureters (Feng et al., 2012). 
The relative kidney weight and kidney asymmetry are also 
increased in infected birds (Afanador and Roberts, 1994). IBV 
can also cause granular degeneration, vacuolation and desqua-
mation of the tubular epithelium, signs similar to ductotubular 
interstitial nephritis (Bayry et al., 2005; Feng et al., 2012).

Gastrointestinal system
IBV has been known to replicate well in the alimentary tract. Sev-
eral gut tissues, including the oesophagus, duodenum, jejunum, 
bursa of Fabricius, caecal tonsils, rectum and cloaca, can support 
the growth of IBV (Cavanagh, 2003). The site of virus multiplica-
tion in these tissues was not confirmed, but it was postulated to be 
in the epithelial cells. In the lower gut, IBV replication has been 

[96]
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reported in the lymphoid and histocytes-resembling cells in the 
caecal tonsils (Gross, 1990), and in apical epithelial cells of the 
villi of the intestines as demonstrated by IF (Ambali and Jones, 
1990).

Despite the enterotropic nature of some IBV strains, histo-
logical changes reported following IBV infection were limited. 
Recently, an IBV-like CoV isolated from the intestines of broiler 
chicks displayed clinical signs of runting stunting syndrome 
(Hauck et al., 2016). This new IBV strain, which may have 
merged from the California 99 and Arkansas strains, causes pale 
and distended small intestines on post-mortem examination. 
Histopathology revealed changes on the epithelial surface of the 
intestines, including increased cellularity of the lamina propria, 
blunting of villi, and cystic changes in the crypts.

Muscular system
The presence of pectoral myopathy in birds has been associ-
ated with an IBV strain known as 793/B. It was first reported in 
England in the early 1990s, where affected chickens kept in the 
slaughterhouse were presented with both superficial and deep 
bilateral pectoral myopathy. The pectoral lesions are also marked 
by atrophy, occasional fascial haemorrhages and oedema over 
its surface (Gough et al., 1992), but did not cause severe clini-
cal issues in chickens (Bijanzad et al., 2013). Several studies have 
been conducted to examine the relationship between this group 
of IBV with myopathy in chickens, but the findings have not 
been conclusive (Brentano et al., 2005; Gomes and Brito, 2007; 
Trevisol et al., 2009). It appears that the virus is involved in the 
formation and deposition of immune complexes in the capillary 
walls of the muscle, which may have contributed to the develop-
ment of this strange lesion (Dhinakar and Jones, 1997).

Immune responses

Innate immunity
The innate and adaptive immunity to viral infections in chickens 
are interconnected, with the innate immunity response being 
more rapid. The innate immunity comprises of an assortment of 
factors which aim to protect the body against foreign pathogens. 
It includes physical barriers provided by the skin and mucous 
membranes, soluble factors such as lysozymes and complement 
proteins and immune cells such as phagocytic leucocytes, den-
dritic cells and natural killer (NK) cells. These immune cells, 
as well as cells on the mucosal surface, detect evolutionarily 
conserved structures on pathogens, termed pathogen associated 
molecular patterns (PAMPs). PAMPs are recognized upon bind-
ing to membrane associated or intra-cellular Toll-like receptors 
(TLRs) (Akira, 2001).

In chickens, TLR3 and TLR7 are most extensively 
studied in viral infection. TLR3 serves two roles in viral infec-
tion: first, to recognize and bind to double-stranded RNA 
(dsRNA) produced during viral replication (Alexopoulou et 
al., 2001), and secondly, to activate TIR-domain-containing 
adapter-inducing-interferon-β (TRIF) adaptor protein-mediated 
pathway (Kawai and Akira, 2010). TLR7, on the other hand, 

responds to single-stranded RNA and activates the myeloid 
differentiation primary response gene 88 (MyD88) mediated-
pathway (Watters et al., 2007). In a study which compared the 
immune response genes in the tracheal samples following chal-
lenge with Brazilian field isolates, a suppressive effect on the 
activation of TLR7 was observed (Okino et al., 2017). It may 
result in insufficient pro-inflammatory response and increased 
severity of renal lesions in chicken observed. Collectively, 
through the actions of the dual signalling pathways activated 
by TLR3 and TLR7, this would lead to the production of type 
I IFN-α and -β and pro-inflammatory cytokines (Guillot et al., 
2005). Among them, IL-1β plays an important role in chemo-
taxis to recruit immune cells, such as macrophages, to the site 
of infection (Babcock et al., 2008; Amarasinghe et al., 2018).

Besides TLRs, retinoic acid-inducible gene I (RIG-I) and 
melanoma differentiation-associated gene 5 (MDA5) are also 
pattern-recognition receptors (PRRs) that function as viral detec-
tors in non-immune cells and contribute to type I IFN production 
(Barber, 2011). MDA5 is a functional compensate for RIG-I in 
chickens (Barber et al., 2010). It is a cytoplasmic DExD/H-box 
helicase. Upon binding of dsRNA to the helicase domain, the sig-
nalling cascades in MDA5 are then initiated through homotypic 
caspase activation and recruitment domain (CARD) interactions 
with interferon promoter-stimulating factor 1 (IPS-1) adaptor 
proteins to activate downstream interferon-regulatory factors 
(IRFs) (Kawai et al., 2005; Potter et al., 2008). MDA5 can recog-
nize CoV RNA products in virus-infected cells to induce IFN-α 
and -β signalling (Yoneyama and Fujita, 2007; Züst et al., 2011). 
This process can be regulated by nsp16 methyltransferase (Yoney-
ama and Fujita, 2007; Züst et al., 2011). MDA5-mediated innate 
immune responses are implicated in several CoV infections, 
including MHV (Zalinger et al., 2015) and SARS-CoV (Yoshi-
kawa et al., 2010). In cells infected with IBV, MDA5 expression is 
up-regulated, as demonstrated in a number of studies (Cong et al., 
2013; Kint et al., 2015; He et al., 2016).

Macrophages and DCs are important cells of the immune 
system, facilitating the presentation of antigens to develop 
antigen-specific innate and adaptive immune response through 
PRRs (Akira et al., 2006; Trinchieri and Sher, 2007). While 
IBV can infect the blood-derived monocytes/macrophages and 
induce apoptosis (Zhang and Whittaker, 2016), no studies have 
reported that IBV infection could impair the bactericidal or 
phagocytic activity of macrophages. NK cells are rapidly activated 
upon M41 infection (Vervelde et al., 2013). On the other hand, 
CD59 is also reported to be down-regulated in IBV-infected cells 
and is found to be associated with IBV virions, protecting IBV 
from complement-mediated lysis (Wei et al., 2017).

Adaptive immunity
Adaptive immunity involves the activation of antigen-specific 
B-cells (humoral), T-cells (cellular), macrophages and memory 
cells (Chaplin, 2010). The cross-neutralization test developed by 
Fabricant (1951) has enabled the detection and quantification 
of humoral antibodies following IBV infection. Chickens were 
reported to develop a good humoral response to IBV infections 
as measured by enzyme-linked immunosorbent assay (ELISA), 
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haemagglutination inhibition (HI) and VN tests (Gough and 
Alexander, 1977; Mockett and Darbyshire, 1981; Chhabra et al., 
2015). Upon receiving proper stimuli, B-cells differentiate into 
plasma cells to secrete antibodies, in either the presence or absence 
of T helper (Th cells). Most HI and ELISA tests are developed 
to detect Immunoglobulin G (IgG), the most widely circulating 
antibody in the body (Mockett and Darbyshire, 1981). Generally, 
anti-IBV IgG can be detected as early as four days post infection 
and peaks around 21 days (Mockett and Darbyshire, 1981). On 
the other hand, IgM is only transiently present after infection and 
peaks around 8 days post infection, before it declines (Mockett 
and Cook, 1986). Antibody-capture ELISA for IBV-specific IgM 
has been developed to facilitate IB diagnosis (De Wit et al., 1998).

The importance of B-cells in IBV infections was demonstrated 
by depletion experiments using hormone testosterone propion-
ate (Chubb, 1974), chemical cyclophosphamide (Chubb, 1974) 
and surgical bursectomy (Cook et al., 1991). Cyclophosphamide-
treated chickens exhibited an increased clinical signs and 
more severe histopathological kidney lesions (Chandra, 1988) 
attributed to IBV persistence. IBV infection of a surgically bursec-
tomised resistant chicken line also showed an increased severity 
and duration of clinical infection, albeit without mortality (Cook 
et al., 1991). Humoral antibodies appeared to protect the tracheal 
epithelium following secondary challenge. This is evident in the 
positive correlation between high titres of humoral antibodies 
with no virus recovery in the organs studied, as well as protec-
tion against low egg production (Gough and Alexander, 1977; 
Box et al., 1988; Mondal and Naqi, 2001). This may be partially 
explained by low viraemia induced by IBV-specific antibodies 
from the trachea to other susceptible organs. Nevertheless, there 
is no correlation between titres of circulating antibodies to IBV 
resistance (Raggi and Lee, 1965; Gough and Alexander, 1979; 
Gelb et al., 1998). This suggests that while humoral antibodies 
may play a role in IBV infection recovery, other immunological 
mechanisms are involved.

Maternally derived antibodies can serve to provide some 
protection to progeny chicks from IBV, but these are often short-
lived, with a half-life estimate of maternal IBV antibody titres of 
3.8 days (Gharaibeh and Mahmoud, 2013). There is no report 
that these antibodies induce any adverse effect on the efficacy of 
IBV vaccines administered to day-old chicks (Davelaar and Kou-
wenhoven, 1977).

Local immunity
Local immunity in the respiratory tract of chicks is of fundamen-
tal importance in IBV protection, and can be aided by vaccines 
(Awad et al., 2015; Chhabra et al., 2015). This has been exempli-
fied in the in vitro model using TOC of immunized chicken for 
cross-protection studies (Lohr et al., 1991). IBV-specific IgA and 
IgG have been demonstrated in tracheal washes of infected chicks 
and antibody-secreting cells were shown in tracheal sections 
(Hawkes et al., 1983; Nakamura et al., 1991).

Local immunity in the oviduct has also been demonstrated 
in the oviduct washes of infected hens (Raj and Jones, 1996a). 
Additional to the local production of antibodies, antibodies were 
also transuded from the serum in the later course of infection. In 

young chicks, local antibodies in the oviduct do not appear to be 
more protective compared with those in the trachea using an in 
vitro challenge of TOC prepared from vaccinated chickens (Dhi-
nakar Raj and Jones, 1996).

While IBV has been shown to multiply in the gut, no antibod-
ies were detected following gut washings of vaccinated day-old 
chicks with H120 and H52 vaccines (Lutticken et al., 1988). On 
the other hand, local antibody production was found in the duo-
denum and caecal tonsils of older hens infected with strain G of 
IBV (Dhinakar and Jones, 1997). The role of the antibodies in the 
gut limiting virus replication warrants further investigation.

Chicken Harderian gland is the primary source of immuno-
globulins in the lachrymal fluid and plays important role in the 
development of vaccinal immunity as these vaccines are usually 
given by spray or eye-drop (Survashe et al., 1979; Davelaar et al., 
1982; Raj and Jones, 1996a). Removal of the Harderian gland can 
result in decreased IBV protection (Davelaar and Kouwenhoven, 
1980).

The source of IBV-specific antibodies is also different. While 
IgA is found in the lachrymal fluid and synthesized in the Harde-
rian gland (Davelaar et al., 1982; Toro et al., 1997), IgG is mainly 
serum-derived (Davelaar et al., 1982; Mockett et al., 1987). IgA 
levels in tears were found to be better correlated with resisting IBV 
re-infection than serum antibodies (Toro and Fernandez, 1994), 
and this has since been recommended for antibody profiling of 
chicken flocks. The tear induction method used does not affect 
the levels of virus-specific IgG and IgA detected in SPF chickens 
(Ganapathy et al., 2005).

Cell-mediated immunity
T-cells mediate cell-mediated immunity in the trachea following 
infection. CD4+ and CD8+ cells were demonstrated in tracheal 
sections (Kotani et al., 2000). Despite the presence of T-cells, 
there is a debate on the prevalence of each of these cells, due to 
the different virus strain used in the study ( Janse et al., 1994; Raj 
and Jones, 1996b). Furthermore, T-cell suppression with cyclo-
sporine resulted in higher virus titres in the kidneys compared 
with untreated birds, suggesting T-cells may play a role in kidney 
protection (Raj and Jones, 1997).

Memory T-cells can be detected in blood for no more than 
10 weeks after infection, while virus-specific CD8+ memory cells 
can protect syngeneic chicks from acute IBV infection (Pei et al., 
2003). In vitro stimulation of chicks with IBV antigen illustrated 
that B-cells can be activated to secrete antibody up to three weeks 
post infection (Pei and Collisson, 2005). Gene transcription pro-
file of tracheal epithelial cells from three days post infection of 
chickens with an attenuated IBV Mass strain also confirmed that 
a diversity of innate immunity and helper type 1-T-cell-biased 
adaptive immunity are activated, which are responsible for the 
rapid virus clearance from local infection (Wang et al., 2006).

In chickens experimentally challenged with IBV, the develop-
ment of cell-meditated immune response has been correlated with 
effective virus clearance, reduction of clinical signs and resolution 
of lesions (Raggi and Lee, 1965; Collisson et al., 2000). The CD8+ 
cytotoxic T lymphocytes (CTLs) represent a good correlation 
for decreasing infection and correspond to a reduction of clinical 
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signs (Pei et al., 2001). This was further illustrated by the transfer 
of CTLs obtained from the spleens of IBV-infected chickens to 
naive chicks, which protests chicks against a subsequent IBV 
challenge (Collisson et al., 2000; Seo et al., 2000). The clearance 
of IBV from the tracheal mucosa occurred at an early phase of 
infections and CTLs are thought to be involved in this clearance 
(Kotani et al., 2000). To date, there are no reports pertaining to 
the tracheal mucosal leucocytes following live IBV vaccination. 
Nonetheless, analysis of tracheal samples of vaccinated and 
further challenged birds showed up-regulation of CTL genes in 
full-dose vaccinated birds at 24 hours post infection, indicating 
the development of cell-mediated immunity (Okino et al., 2013). 
The cytotoxic mechanisms of these CTLs in cell-mediated immu-
nity await further investigation.

Cytokines
Cytokines are secreted in response to T-cell mitogens such as 
concanavalin A (ConA) or specific antigens. Several studies have 
investigated the role of cytokines in IBV infections through altera-
tion of cytokine profiles. Following in ovo administration of a 
potent TLR9 agonist CpG oligodeoxynucleotides (CpG ODN), 
significant differential up-regulation of IFN-γ, IL-8 and mac-
rophage inflammatory protein (MIP)-1β genes and suppression 
of IL-6 expression were observed (Dar et al., 2009). Furthermore, 
IBV can induce IFN-γ through polyclonal stimulation of chicken 
leucocytes (Ariaans et al., 2009). A study on IBV T-strain infec-
tion of susceptible S-line and resistant HWL line showed that 
while IL-6 mRNA level was elevated in both lines at 4 hours post 

infection, it was 20 times higher in the S-line chickens than in the 
HWL-line (Asif et al., 2007). Up-regulation of IL-6 and IL-8 was 
also observed in IBV-infected cells (Liao et al., 2011).

Epizootiology

IBV on economic significance
Flock management and IBV variants involved play a major role 
in the economical outcome of the disease. In general, economical 
losses derived mainly from production efficiencies, such as poor 
feed conversion and reduced weight gain in broilers and sub-
optimal egg production from layers and breeders. IBV can also 
exacerbate airsacculitis, leading to condemnation at processing 
plant (Martin et al., 2007). For chicks which are infected by IBV 
at a young age, the infection can cause permanent damage to the 
oviduct (Crinion and Hofstad, 1972; Cavanagh and Naqi, 2003). 
While these future layers would mature like any other uninfected 
layers, they do not produce eggs. These ‘false layers’ may have 
consumed their full share in the food and housing without any 
return to the poultry grower.

Geographical distribution of IBV variants
The global distribution of IBV variants as of 2016 are grouped 
based on the continents to which they were discovered (Fig. 5.15). 
It is important to note that the incidence and distribution of IBV 
variants are complex and unpredictable. While some viruses, such 
as the Mass strain, are distributed worldwide, other IBV variants 

Figure 5.15 Global distribution of circulating infectious bronchitis virus (IBV) variants across continents.
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are restricted to certain regions of the country (Arkansas) or 
unique to a continent (D274, Europe only). While many IBV 
variants have come and gone over the past four decades, some 
variants which have persisted for a long time still haunt the poul-
try industry, such as the Arkansas, California (cousin of Arkansas 
virus) and Delaware viruses ( Jackwood, 2012).

Sources of infection, principal routes and 
duration of excretion
IBV is distributed worldwide, particularly in countries which 
have an intensive poultry industry. Being a highly infectious 
virus, the virus has a short incubation period of 36 hours and can 
spread rapidly in unvaccinated chickens within one to two days 
(Ignjatovic and Sapats, 2000). The major sources of IBV were 
from contaminated feed and drinking water, tracheal-bronchial 
exudate and faeces of chickens (ignjatovic and Sapats, 2000). 
Direct contact with these bodily fluids from infected chickens is 
the most likely source of infection. IBV can also spread horizon-
tally via aerosol or ingestion.

While vertical transmission of the virus has been suspected in 
one study (McFerran et al., 1971), it was recently demonstrated 
in two studies where viral RNA was detected in the allantoic fluid 
of viable embryos and infected eggs through natural infection and 
experimental inoculation, respectively (Cook, 1971; Pereira et al., 
2016). IBV was recovered from the semen of cockerels, and IBV 
RNA was detected in the trachea of hens artificially inseminated 
with semen of IBV infected roosters, providing experimental 
evidence for venereal transmission (Cook, 1971; Gallardo et al., 
2011).

For the respiratory forms of IBV, the virus is copiously shed 
from the respiratory tract of the birds and into the environment 
through coughing (Ignjatovic and Sapats, 2000). Thus, high titres 
of IBV can be recovered from the trachea and lungs of infected 
chickens from 1 to 7 days post infection. IBV can also be recov-
ered from cloacal contents within 1 month post infection.

Methods of spread
Airborne transmission is the most common form of virus spread 
among chickens, houses and farms. Airborne transmission via 
aerosols can occur readily among birds kept within 1.5 m radius. 
Movement of live birds is another source of virus transmission, as 
it may introduce IBV to a different flock. Experimental evidence 
has also revealed IBV persistence and re-excretion as a potential 
risk factor for IB (Alexander and Gough, 1977).

Species susceptible to IBV infection
Apart from avian species, no other species are susceptible to natu-
ral IBV infection. However, IBV can be propagated in suckling 
mice, rabbits and guinea pigs when inoculated via the intracer-
ebral route (McIntosh et al., 1967). Even so, such virus passage 
only appears to result in the selection of a non-pathogenic strain 
for chicks (Yachida et al., 1979).

Virus stability to environmental inactivation
IBV is temperature sensitive; most strains can be inactivated at 
temperatures of 56°C for a minimum 15 minutes to 45°C for 90 

minutes (Cavanagh and Gelb, 2009). The virus will survive for 
only a few days at room temperature, at which their viral infectiv-
ity will exhibit a gradual decrease over time. On the other hand, 
virus residing in litter containing faeces can survive for a consider-
able amount of time (Animas et al., 1994; de Wit et al., 2010a). 
However, lyophilized virus can retain its infectivity for at least 21 
months when stored at 4°C (Hofstad and Yoder, 1963). Com-
mercially available common disinfectants can easily inactivate the 
virus (Bengtong et al., 2013).

Risk and consequences of importing disease 
through poultry and associated products
IBV is listed as one of the avian diseases notifiable under the OIE 
list (World Organization for Animal Health, http://www.oie.
int/en/animal-health-in-the-world/oie-listed-diseases-2017/), 
which implies that countries importing poultry should perform 
tests to minimize the risk of importing IBV into the country. 
While IBV is globally distributed, the introduction of an exotic 
strain can increase the genetic pool of viruses that circulate on site 
(Ignjatovic and Sapats, 2000; Toro et al., 2015). This increases the 
likelihood of generating more and newer variants through spon-
taneous recombination (Toro et al., 2015).

Diagnosis
Several laboratory tests are available to confirm diagnosis, and 
they can be divided into two broad categories – agent identifica-
tion and detection of immune response.

Virus isolation and identification through antigen 
detection
Confirmation of IB is often based on serology-assisted virus 
isolation, and this is usually performed on 9- to 10-day-old 
embryonated SPF chicken eggs. Typical IBV clinical signs include 
lesions such as curling and dwarfing of the embryos, clubbing of 
the down or urate deposits in the kidneys 5 to 7 days post inocula-
tion (Momayez et al., 2002). Conversely, IBV can also be isolated 
from TOCs within 48 to 72 hours post inoculation, through the 
visualization of ciliostasis and damage to the tracheal epithelium 
under microscopy (Nicholas et al., 1983). Immunofluorescence 
test containing fluorescein-conjugated antibodies that bind to 
IBV in tracheal smears is an alternative method of isolating the 
virus through detection of fluorescent signals (Yagyu and Ohta, 
1990; Ahmed et al., 2007).

Virus isolation and identification through 
genome detection
CAMs from infected eggs are first homogenized and subjected 
to tests such as immunodiffusion, immuno-histochemistry or 
RT-PCR (Hironao et al., 1970; Jackwood et al., 1992; Abdel-
Moneim et al., 2009). In addition to these methods, genetic based 
tests such as RT-PCR and RT-RFLP (reverse transcription restric-
tion fragment length polymorphism) are commonly used to 
identify IBV isolates (Song et al., 1998; Chousalkar et al., 2009). 
Cells present in the allantoic fluid of infected eggs may also be 
tested for IBV using fluorescent antibody tests, RT-PCR and dot 
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hybridization assays (Clarke et al., 1972; Jackwood et al., 1992). 
For direct visualization of IBV in allantoic fluid or TOC fluid, 
direct negative-contrast electron microscopy and immunofluo-
rescence staining can also be used to observe any viral particles 
displaying typical CoV morphology (Bhattacharjee et al., 1994; 
Liu et al., 2006).

Serotype identification and serological tests
Traditionally, serotyping of IBV field isolates were performed by 
HI and VN tests in embryonated chicks, TOCs and cell cultures 
(King and Hopkins, 1984; Villarreal, 2010). Using monoclonal 
antibodies (mABs) in ELISA has also been proven valuable in dif-
ferentiating and grouping IBV strains (Koch et al., 1990; Karaca 
et al., 1992). The drawbacks in the adoption of mAbs for serotype 
definition are the availability of mAbs or hybridomas and the 
constant need to produce specific mAbs to keep pace with the 
ever-growing emergence of new IBV serotypes (Karaca et al., 
1992).

There are four serological tests available to test for IBV, that is, 
VN, HI, ELISA and agar gel immunodiffusion (AGID). Harvest-
ing serum samples from blood at specific intervals, for instance 
one at the onset of disease and another weeks later provides the 
basis for serological diagnosis (De Wit, 2010b). Each serological 
test has its own merits and demerits in terms of practicality, speci-
ficity, sensitivity and cost (de Wit, 2000).

Virus neutralization
VN is the serological method of choice for differentiating dif-
ferent IBV serotypes as well as identifying new serotypes due 
to its high accuracy and sensitivity (de Wit, 2000). To perform 
VN, a culture of each IBV of interest and its corresponding 
monospecific antiserum are required, especially if accurate 
differentiation of serotypes is desired. The VN test begins by 
inoculating intranasally to a group of SPF chickens with one of 
the IBV serotypes of interest and the chicken blood is collected 
approximately three to four weeks later. The serum from the 
blood would contain the serotype specific antibodies to the IB 
serotypes inoculated.

Two methods, by either testing one dilution of each antiserum 
against varying dilutions of virus or testing one dilution of virus 
against varying dilutions of antiserum, have been adopted to 
estimate neutralizing antibodies (Hesselink, 1991). The second 
one is more widely used neutralization test for chicken embryos 
and TOCs. By estimating the titre of each IBV against the serum 
of the homologous and heterologous IBV serotype, it is possible 
to designate a field isolate to be a new variant or it is related to a 
known IBV serotype since the higher the titre indicates greater 
relationship between the IBVs (Hesselink, 1991).

Haemagglutination inhibition
The HI test is a much simpler and quicker alternative to the VN 
test, and strong correlation between VN and HI tests has been 
demonstrated in vaccinated SPF chickens following M41 chal-
lenge (Park et al., 2016). A standard protocol for HI test for IBV 
has been described (Villarreal, 2010). As IBV does not spontane-
ously agglutinate chicken red blood cells (RBCs), it needs to be 

pre-treated with neuraminidase prior to the HI test. The antigen 
for the HI test is prepared mainly from IBV-laden allantoic fluids 
(Ruano et al., 2000).

Enzyme-linked immunosorbent assay
ELISA is a more sensitive serological diagnostic method in com-
parison to other tests, attributing to its fast reaction time and 
high antibody titres (Monreal et al., 1985; Thayer et al., 1987). 
Although this assay lacks serotype or strain specificity, it is valu-
able as a flock test for monitoring vaccination responses under 
field conditions, or to give an indication of a recent or recurrent 
IB infection. Many commercial ELISA kits are available based on 
different detection strategies of IBV antibodies. In ELISA, virus 
antigens are attached to the bottom of a 96-well plate, specific 
antibodies in serum from suspected chickens are then applied 
over the surface to allow it to bind to the antigen. Since the 
antibody is often linked to an enzyme, a detectable signal can be 
measured following addition of an enzyme substrate.

Agar gel immunodiffusion
For this test, two holes are punched in an agar gel and incubated 
with known IBV antigen and sera from suspected chickens. 
Should the antigen react with the IBV-specific antibodies, antigen 
precipitation will occur as they migrate through the gel, display-
ing a visible line in the gel. While this test is quick and easy to 
perform, it is not serotype specific and appears to lack sensitivity 
since the presence and duration required for detection of precipi-
tating antibodies may vary between individual chickens (de Wit, 
2000).

Genotype identification
IBV molecular typing is now routinely conducted by RT-PCR, 
followed by sequence analysis of the S glycoprotein or the S1 
subunit of the S glycoprotein, where the HVRs that correlate with 
the IBV serotype can be found. Basic Local Alignment Search 
Tool, or BLAST, can be utilized to search for similar sequence 
in GenBank (http://www.ncbi.nlm.nih.gov/) and phylogenetic 
trees of the virus can be constructed to see how closely the IBV 
strains are related to each other (Valastro et al., 2016).

An alternative to multiple IBV genotype identification is the 
S1 genotype-specific RT-PCR. S1 gene primers specific for sev-
eral genotypes such as Mass, Ark, Conn, De and JMK have been 
developed and described (Meir et al., 2010; Maier et al., 2013; 
Roh et al., 2014) and may be used in conjunction with a universal 
primer that amplifies all IBV genotypes (Adzhar et al., 1996). 
Other primer sets may be used, depending on the circulating IBV 
serotypes in the region. By far, nucleotide sequencing of the S1 
gene is the most useful technique in differentiating IBV strains 
and is routinely utilized in many laboratories. Through RT-PCR 
product cycle sequencing of the

S1 HVR, recognized field isolates and variants can now be 
identified and referenced to previously unknown field isolates 
and variants in establishing potential relatedness (Kingham et al., 
2000). Sequencing of a conserved region of the 3′UTR of the IBV 
genome revealed that CoVs isolated from turkey and pheasants 
are 90% genetically similar to IBV (Cavanagh et al., 2001, 2002).
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Prevention and control

Exclusion and eradication
Given the highly infectious nature of the virus, basic manage-
ment practices such as ensuring personal hygiene, limited site 
access and separate footwear and equipment for each site/
house can all minimize IBV and disease spread. However, it is 
important to note even with the strictest preventative measures 
in place, it is impossible to fully eradicate IB in countries which 
have an intensive poultry industry. Flock management also plays 
a major role in preventing IBV from being passed on from the 
older flocks to the younger replacements. With an ‘all-in/all-
out’ system, poultry grower can clean and disinfect sites/houses 
between batches and limit the level of infection to a minimum. 
This system also provides at least two economic benefits, which 
include an increase in egg production and simplification of vac-
cination schedule, since each batch of chickens are of the same 
age and can be on the same vaccination schedule (Dhama et 
al., 2014).

Breeding to increase resistance
It is possible to protect chickens against IBV by ‘controlled expo-
sure’ – exposing chickens to attenuated IBV and letting it spread 
naturally though the rest of the flock (Cook et al., 2012). Albeit 
a crude method, breeding to increase resistance to IBV is effec-
tive as it provides maternal antibodies to progeny chicks (Cook et 
al., 2012). However, the outcome of infection may differ among 
different lines, and therefore it is not practised in the poultry 
industry.

Vaccination
IBV vaccines are produced by virus passage in embryonated 
eggs, and they come in two types, namely the live-attenuated 
and inactivated vaccines. Each has an intended use for broil-
ers (live attenuated) and layers and breeders (inactivated), 
respectively (Ladman et al., 2002; Jackwood et al., 2009). More 
recently, molecular vaccines are emerging as the third type of 
IBV vaccines.

Live-attenuated vaccines
Live vaccines have been widely used against IBV from as early as 
the 1970s, with the live attenuated M41 most widely used world-
wide (Gelb et al., 1991; Cook et al., 1999). Live vaccines work by 
reducing the virulence through passage in chicken embryonated 
eggs. They are administered in masses either through coarse spray, 
aerosol or drinking water, depending on the live vaccine used 
(Gough and Alexander, 1979; Ratanasethakul and Cumming, 
1983b; Martin et al., 2007), although the oculonasal route is 
deemed to be the ideal route of vaccination (De Wit, 2010b). To 
boost the immunity of chicks through live vaccines, vaccination 
programs at the site/house usually comprises of two vaccinations, 
the first dose with a low-virulence, or mild vaccine in day-old 
chicks, followed by a more virulent vaccine approximately seven 
to ten days after as a booster dose given in drinking water (Ign-
jatovic and Sapats, 2000).

Inactivated vaccines
Inactivated vaccines, unlike live vaccines, can deliver high and 
uniform doses of antibody in pullets that persists for an extended 
period, resulting in long-lasting immunity (Dhama et al., 2014). 
To harness the full potential of inactivated vaccines, the only 
prerequisite is that layers and breeders between 13 and 18 weeks 
of age must be previously primed properly with live vaccines. In 
addition, the interval between the live and inactivated vaccines 
should be between four to six weeks to obtain the highest titre of 
antibodies.

The benefit of inactivated vaccines lies particularly in the 
absence of vaccinal reactions and the ability in providing protec-
tion for the internal organs by preventing virus spread. Practically, 
they could also provide protection against egg reduction which 
might not always be afforded by the live vaccines (Box et al., 
1980). The only disadvantage of inactivated vaccines is the cost 
and the need to administer each fowl individually via subcutane-
ous route.

Molecular vaccines
In recent years, biotechnology research aimed at developing 
new IBV vaccines has produced a new class of vaccine, known as 
molecular vaccines (Kapczynski et al., 2003; Cook et al., 2012). 
Including subunit- and DNA-vaccines, virus-like particles and 
recombinant vaccine vectors, these molecular vaccines have each 
been tested for its efficacy against IBV and had displayed remark-
able potential for their use in the future (Cook et al., 2012). In 
one case, a recombinant vaccine developed by replacing the 
ectodomain of the S1 gene of IBV Beaudette provided 80% of 
immune protection against M41 challenge in young chicks (Wei 
et al., 2014).

Perspectives
Despite major breakthroughs in IBV research, many fundamental 
problems remain to be resolved by future studies. One critical 
question would be to understand the viral determinants that 
control virulence and immunogenicity of IBV. More systematic 
comparison and swapping of sequences between IBV Beaudette 
strain and a virulent strain using the available reverse genetics 
tools would be a useful approach to address this issue. However, 
this effort has been partially hampered by the lack of a robust cell 
culture system for most IBV isolates. The second issue would 
be then to establish a reliable cell culture system for IBV field 
isolates. While most laboratory-based molecular biology stud-
ies are conducted in cells or chicken embryos infected with the 
Beaudette strain, this chicken embryo- and cultured cell-adapted 
IBV is highly attenuated in terms of both pathogenicity and 
immunogenicity and has lost infectivity to young chicks. It would 
be ideal if comparative studies would be readily carried out with 
a virulent strain in parallel experiments in cells and in embryo-
nated eggs. Such a cell culture system would be used to replace 
or complement the current practice of relying on embryonated 
eggs for vaccine production, a technology that has been used 
for over half a century. A third area of importance would lie in 
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the development of vaccines against emerging IBV variants. 
Rapid development of a specific, reliable, tailored vaccine against 
each new variant of importance would be achievable with the 
advances of molecular genetics approaches over the past decades 
and further identification and characterization of viral virulence 
and antigenicity determinants. Another question is concerned 
with the evolution and geographical distribution of IBV vari-
ants: how do some IBV variants have a worldwide distribution, 
while others are localized? Are there wild bird reservoirs which 
could enable the virus to transmit over a long distance? Finally, 
there is no standardized nomenclature in naming new IBV vari-
ants, which has caused confusion within the community. As an 
effort to define and develop a standardized nomenclature and 
classification of avian coronaviruses (AvCoV), the European 
Union COST Action FA1207 has recommended the following 
nomenclature for AvCoV specimens and isolates: CoV/Genus/
AvCoV/host/country/specimen id/year (Ducatez and European 
Union COST Action FA1207, 2016).

In the past 30 or so years, we have witnessed the emergence 
and extensive use of molecular cell biology tools to study the 
mechanisms behind the replication and pathogenesis of IBV, 
IBV–host interactions and host cell responses to IBV infection. 
Future research on IBV remains crucial to decipher many aspects 
of viral replication mechanisms and pathogenesis. Currently, 
many nsps and accessory proteins encoded by IBV remain 
uncharacterized. Solving the crystal structures of these proteins 
could aid in defining their functional roles in viral replication, 
which may lead to the identification of novel therapeutic targets. 
Knowledge derived from such studies will be important for future 
understanding and control of the disease caused by existing and 
emerging IBV variants.
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