
Sede Amministrativa: Università degli Studi di Padova

Dipartimento di Medicina animale, produzioni e salute (MAPS)

CORSO DI DOTTORATO DI RICERCA IN SCIENZE VETERINARIE 

E SICUREZZA ALIMENTARE

CICLO XXXIV

Molecular epidemiology of infectious bronchitis virus: insights into the 

interplay between viral evolution, diagnosis and control

Tesi redatta con il contributo finanziario della Fondazione Cariparo

Coordinatore: Prof. Cecchinato Mattia

Supervisore: Prof. Cecchinato Mattia

Dottorando: Legnardi Matteo





Index

Introduction� 5
Etiology� 5

Evolution� 7

Classification� 8

Host range, transmission and clinical manifestations� 9

Diagnosis� 11

Control� 13

Aim of the thesis� 17
Publications� 19

Infectious bronchitis virus evolution, diagnosis and control � 19

Vaccine or field strains: the jigsaw pattern of infectious bronchitis virus 
molecular epidemiology in Poland � 39

Evolution of infectious bronchitis virus in the field after homologous 
vaccination introduction� 47

Phylodynamic analysis and evaluation of the balance between anthropic 
and environmental factors affecting ibv spreading among Italian poultry 
farms� 59

Effect of genome composition and codon bias on infectious bronchitis virus 
evolution and adaptation to target tissues� 73

Effect of assay choice, viral concentration and operator interpretation on 
infectious bronchitis virus detection and characterization� 87

Effect of changes of vaccination strategies on ibv epidemiology, diagnosis 
and control: an Italian retrospective study� 99

Infectious bronchitis hatchery vaccination: comparison between traditional 
spray administration and a newly developed gel delivery system in field 
conditions � 113

General conclusions� 127
References� 131





5

Introduction

The poultry sector plays a pivotal role in the global food industry, both from an economic and 

a social standpoint. Poultry meat production has been estimated at 337 million tonnes in 2020, 

more than any other meat type (FAO, 2021), and represents the main growth driver of the meat 

market in virtually every country, both in low- and high-income regions (OECD/FAO, 2021). 

Additionally, egg production is steadily increasing and in 2019 it amounted to more than 84 

million tonnes (http://www.fao.org/faostat), representing another key source of high-quality 

protein worldwide.

Poultry production systems are highly diverse, ranging from backyard farming to intensive 

methods featured by a high level of mechanization and vertical integration. However, infectious 

diseases represent a constant threat at every level. The proximity of many susceptible hosts, their 

high turnover rate and genetic similarity, the immunodepression caused by stressful transport 

and farming conditions are just some of the factors favoring the occurrence and increasing the 

impact of infectious disease outbreaks in poultry (Espinosa et al., 2020). In addition, the rise 

of alternative poultry production and the growing pressure to reduce the use of antimicrobials 

pose additional difficulties in the prevention and control of infectious diseases (Jeni et al., 2021).

Among the most relevant poultry pathogens is avian coronavirus, more commonly known 

as infectious bronchitis virus (IBV). According to a quantitative analysis conducted by the 

World Bank (2011), infectious bronchitis (IB) was the third animal disease to cause the highest 

livestock losses globally between 2006 and 2009, after highly pathogenic avian influenza and 

echinococcosis. Its economic burden is further confirmed by several studies conducted in 

different production systems and geographic contexts (Biggs, 1982; Colvero et al., 2015; Jones 

et al., 2018). IBV relevance is also reflected by the attention it attracts among researchers, which 

makes this virus the fifth most studied poultry pathogen (Bertran et al., 2020).

Etiology
IBV belongs to the order Nidovirales, suborder Cornidovirineae, family Coronaviridae, subfamily 

Orthocoronavirinae (https://ictv.global/taxonomy/). Four genera are currently described among 

Orthocoronavirinae: Alphacoronavirus and Betacoronavirus groups are viruses of mammals, while 

viral species from Deltacoronavirus and Gammacoronavirus infect mainly birds. The genus 
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Gammacoronavirus comprises three subgenera: Igacovirus, which includes avian coronavirus 

as well as other viruses infecting turkeys, guineafowls and other fowls; Brangacovirus, whose 

only representative is a goose coronavirus; and Cegacovirus, comprising viruses infecting marine 

mammals (Zhou et al., 2021). Based on phylogenetic comparisons, it is believed that these 

marine mammals coronaviruses originated from avian coronaviruses (Woo et al., 2014), with 

Brangacovirus probably representing a transition stage from Igacovirus to Cegacovirus (Papineau 

et al., 2019; Zhou et al., 2021).

IBV is an enveloped virus with a round or pleomorphic virion which is approximately 120 

nm in size and originates from budding at internal host cell membranes (Cavanagh et al., 2007). 

It features a single-stranded, positive-sense RNA genome whose length is approximately 28 

kb. The genome organization is 5'-untranslated region (UTR)-1a/1ab-S-3a-3b-E-M-5a-5b-N-

UTR-3' (Jackwood et al., 2007). The two UTRs at the 5' and 3' ends contain cis-acting elements 

and play a role in RNA transcription and replication by interacting with viral replicases and 

possibly other host proteins (Yang & Leibowitz, 2015). More than half of the genome is 

constituted by ORFs 1a and 1ab, largely overlapped through a -1 ribosomal frameshift, that 

encode polyproteins that are post-translationally cleaved into 15 nonstructural proteins (nsp2-

16). These nsps perform a variety of functions, including the formation of the RNA-dependent-

RNA-polymerase (RdRp). The 3a, 3b, 5a and 5b ORFs encode for other nsps, whose functions 

are mostly unknown (Jackwood et al., 2007). However, protein 5b has been proven to be involved 

in the inhibition of host protein production. This makes up for the fact that, due to a missing 

cleavage site, gammacoronaviruses do not express nsp1, which is responsible for host shutoff in 

viruses belonging to the genera Alphacoronavirus and Betacoronavirus (Kint et al., 2016).

IBV is featured by four structural proteins, namely the Spike (S), Envelope (E), Membrane 

(M) and Nucleocapsid (N) proteins. The S glycoprotein is a type I transmembrane protein 

which forms club-shaped protrusions on the virion surface, determining the peculiar crown-

like appearance of coronaviruses. It is post-translationally cleaved in two subunits, S1 and S2, 

by a furin-like protease in the Golgi complex (de Haan et al., 2004). The S1 gene forms the 

head of the spike and plays a crucial role in host receptor binding, containing many key epitopes 

inducing neutralizing antibodies. Being a major target of the host immune response, the S1 

gene is under an intense selection pressure, which results in a remarkable genetic heterogeneity. 

For these reasons, it represents by far the most studied portion of the genome. On the other 

hand, the S2 subunit, which forms the stem of the spike, is far more conserved (Belouzard et 

al., 2012). The S2 subunit is involved in the virus-cell membrane fusion process and is thought 
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to play a role in determining viral tropism (Bickerton et al., 2018), while the strict host range 

of IBV seem to be determined by an interplay between the two subunits (Promkuntod et al., 

2013). The E protein is implicated in virion budding and promoting the efficient release of IBV 

by altering the host cell secretory pathway and Golgi pH (Westerbeck & Machamer, 2019). 

Together with the M protein, which is the most abundant component of the envelope, it also 

contributes to virion assembly (Wang et al., 2009). Finally, the N protein packages the viral 

RNA into a ribonucleoprotein complex and participates in RNA replication and transcription 

(Fan et al., 2005).

Evolution
RNA viruses are known as prone to mutations, which occur at a rate several orders of magnitude 

higher than those of their DNA counterparts. This high mutation rate is mainly attributed to 

their reliance on RNA-dependent polymerases, which lack any proofreading activity and are 

therefore more error-prone than DNA polymerases. This allows for a rapid adaptation to the 

pressure elicited by the host immune response or therapy (Figlerowicz et al., 2003), making 

RNA viruses responsible for most emerging diseases (Carrasco-Hernandez et al., 2017). While 

this is true also for members of Coronaviridae, this family represents somewhat an exception. In 

fact, coronaviruses possess the largest known genomes among RNA viruses, an unsustainable 

feature if the substitution rate was on par with viruses with significantly smaller genomes 

(Holmes, 2009). It is hypothesized that coronaviruses might be able to reduce the error rate 

through some sort of repair mechanisms, possibly attributed to an ExoN domain found in 

their replicase gene, which is also twice the size of most RNA viruses. This domain, encoding 

for a 3'-to-5' exoribonuclease, is related to the DEDD superfamily of exonucleases, which are 

involved in proofreading activities (Minskaia et al., 2006). Nonetheless, there is no doubt that 

the mutation rate of coronaviruses, estimated at 10-4-10-5 substitutions/site/year in the case of 

IBV (Franzo et al., 2017), is still enough to ensure a noteworthy evolutionary potential.

In addition to mutation, recombination is another relevant source of genetic variability 

for IBV. This occurs by means of a copy-choice mechanism: coronaviruses are featured by a 

discontinuous replication process, in which the RdRp and RNA transcript regularly detach 

from the RNA template; the transcript may therefore join a different template to progress 

RNA synthesis, thus generating a chimeric RNA molecule with features inherited from both 

templates (Lai, 1996). In the case of IBV, a multitude of natural recombination events have been 

identified over the years (Cavanagh et al., 1992; Casais et al., 2003; Moreno et al., 2017; Huang 
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et al., 2021), likely favored by the frequent co-circulation of multiple IBV strains (Capua et al., 

1999; Al-Mubarak et al., 2020).

Classification
IBV marked genetic variability has led to the emergence of countless variants, which differ 

in terms of antigenicity, pathogenicity, tissue tropism and geographical distribution. Different 

classification criteria are used to characterize them based on different features, either functional 

or genomic. 

The first classification is based on serotypes and groups together strains that produce 

reciprocally neutralizing antibodies, assessed by two-way virus neutralization (VN) testing. 

Despite its usefulness, this approach suffers from some limitations: standardization between 

different laboratories is difficult, and every serotype requires a separate neutralization test with 

a dedicated antiserum, resulting in high costs (De Wit, 2000). Hemagglutination inhibition 

tests (HI) may be used as a simpler alternative, but strains need to be previously treated with 

neuraminidase and results interpretation is complicated by frequent cross-reactions (Cook et al., 

1987). For all these reasons, and due to the increasing occurrence of co-circulations, serotyping 

is becoming less and less practical, finding little use in routine diagnostic activities (World 

Organization of Animal Health, 2018).

A second functional classification is based on protectotypes, which group together strains 

capable of inducing protection against each other (Lohr, 1988; Cook et al., 1999). This method 

is of great practical value as it directly informs the planning of effective vaccination protocols. 

However, the cross-immunization tests required for a comprehensive assessment of protection 

efficacy are laborious and hard to standardize (De Wit et al., 2000). Protectotypes should be 

therefore intended more as a concept than a coherent, systematic classification.

The last classification, which is the most frequently used nowadays, is based on viral genetic 

traits. Until recently, its standardization has been hampered by a lack of consensus over the assay 

to use, the genomic portion to consider and the nomenclature, which could generate confusion 

from both research and diagnostic perspectives. Most of these issues have been solved by the 

recent proposal of a comprehensive and robust phylogenetic classification scheme, based on the 

entire sequence of the S1 gene, which identified a total of six genotypes (from GI to GVI), 

further divided into 32 lineages (GI-1, GI-2, etc.) and several unique variants (Valastro et al., 

2016). As a rule of thumb, different genotypes feature 30% and 31% distances at nucleotide and 

amino acid level, respectively; for lineages, which should include at least three strains from at 
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least two different outbreaks to be considered as such, mutual differences should be higher than 

13% at nucleotide and 14% at amino acid level. Subsequent works have further expanded this 

classification (Chen et al., 2017; Jiang et al., 2017; Ma et al., 2019; Domanska-Blicharz et al., 

2020), leading to the current recognition of 8 genotypes and 36 lineages (Figure 1).

The three described classification methods do not correlate perfectly. For instance, 

protectotypes are generally broader than serotypes. This is due to different serotypes sharing 

some common epitopes, and to the immune response not being limited to the production of 

neutralizing antibodies (De Wit et al., 2000). As for serotyping and genotyping, the two methods 

are featured by some degree of overlap, but the difference exhibited by different serotypes at S1 

amino acid sequence level may vary from 50% to as low as 2% (World Organization for Animal 

Health, 2018), resulting in significant exceptions (Mondal & Cardona, 2007; Feng et al., 2017). 

Finally, the disagreement between genotyping and protectotyping is demonstrated by several 

in vivo challenge studies, which consistently report how vaccines can elicit at least a partial 

protection against strains belonging to other lineages (Cook et al., 1999; Terregino et al., 2008; 

Awad et al., 2015, 2016; Toro et al., 2015).

Host range, transmission and clinical manifestations
IBV is highly contagious and causes disease in all types of chickens at every age, albeit the 

signs are usually more severe in young birds (Bande et al., 2016). IB is traditionally considered 

a disease of chickens, and there is no evidence it may affect other hosts. However, IBV has been 

isolated in other species, such as peafowls and teals (Liu et al., 2005); IBV-like viruses have also 

been found in many species including pheasants, quails, pigeons and wild anatids (Cavanagh, 

2005; Cavanagh et al., 2002; Hughes et al., 2009; Domanska-Blicharz et al., 2014; Torres et 

al., 2017).

IBV is transmitted either by direct or indirect contact through inhalation or ingestion of 

virus particles, which are excreted in high concentration in aerosol (Jackwood & de Wit, 2020), 

faeces and possibly uric acid (Dolz et al., 2013). Venereal transmission also seems possible 

(Gallardo et al., 2011), while the vertical route is not considered relevant, despite IBV being 

detected in viable embryos and hatched chicks from experimentally infected specific pathogen-

free (SPF) layers (Cook et al., 1971; Pereira et al., 2016).

In spite of its denomination, the fact that IBV is not responsible only of respiratory signs is 

known at least since the 1950s (Cook et al., 2012). IBV can replicate in a range of epithelial 

cells, including those of the trachea, lungs, kidney, oviducts, testes, bursa of Fabricius and 
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Figure 1. Phylogenetic relations between currently recognized lineages. A total of 101 full S1 reference sequences 
were aligned with FFT-NS-i in MAFFT online (Katoh et al., 2002), then a tree was built with Maximum 
Likelihood method (1000 bootstraps) in PhyML (Guindon et al., 2010).



11

gastrointestinal tract (Cavanagh, 2007). However, significant and well documented differences 

may be observed in tissue tropism depending on the strain involved (Dhinakar Raj & Jones, 

1997; Lee et al., 2002).

Primary infection always occurs at the respiratory level, possibly resulting in signs such as 

sneezing, rales, nasal discharge, coughing and listlessness, typically after an incubation of 24-

48 hours (Cavanagh, 2007). The infection may then spread systemically, resulting in a more 

complex symptomatology. Nephropathogenic strains cause nonspecific signs such as depression, 

wet droppings and increased water intake, which are usually observed in broilers (Bande et al., 

2016). When laying hens are affected, the involvement of the oviduct may result in a drop in 

egg production, whose severity may vary from mild to more than 70% of production losses. Egg 

production may not recover or take weeks or months to get back to pre-infection levels. Egg 

quality may also be affected, with a frequent occurrence of depigmented, misshapen, soft or 

rough shells and watery albumens (Jackwood & de Wit, 2020). Additionally, the infection of 

female chicks soon after hatch may result in the so-called “false layer syndrome”, in which the 

oviduct becomes cystic and non-patent and egg-laying is thus irreversibly impeded (De Wit et 

al., 2011b; Cook et al., 2012). IBV has also been proposed as a causative agent of proventriculitis 

(Yu et al., 2001; Pantin-Jackwood et al., 2005), but a clear causality link is yet to be established 

(de Wit et al., 2011a).

Mortality may vary greatly depending on the strain involved, the age and immune status 

of the birds and the possible presence of secondary pathogens (Jackwood & de Wit, 2020). In 

particular, interactions have been observed with pathogens such as Escherichia coli (Matthijs et 

al., 2009), Mycoplasma spp. (Ganapathy & Bradbury, 1999; Kleven et al., 1978), Ornithobacterium 

rhinotracheale (Thachil et al., 2009), avian influenza (Belkasmi et al., 2020) and Newcastle 

disease virus (Nakamura et al., 1992).

Diagnosis
IBV diagnosis relies on a range of different laboratory techniques, each with its advantages 

and limitations. The main diagnostic tests include viral isolation, serological and molecular 

assays. Clinical evaluation, necropsies and consultation of zootechnical parameters are useful to 

retrieve only supporting evidence, due to the absence of pathognomonic signs or lesions. 

Viral isolation may be performed on embryonated chicken eggs, by inoculating samples into 

the allantoic cavity between 8 and 11 days of incubation, or on tracheal organ cultures (TOCs) 

from SPF embryos (World Organization of Animal Health, 2018). Cell cultures may also be 
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used but they are considered less efficient, and strain adaptation is often required to induce a 

cytopathic effect (Darbyshire et al., 1975). Suitable samples may be collected from trachea, 

kidneys or oviduct. Isolation from cloacal samples is also possible, but the recovery rate is lower. 

For a successful incubation, it is of the utmost importance to collect samples as close as possible 

to the beginning of infection, and to keep them under ice until the arrival at the laboratory 

(Jackwood & de Wit, 2020). Infected embryos show lesions such as dwarfing, curling, urate 

deposits in the kidney and death, usually between the second and the fourth passage, while 

ciliostasis is observed in TOCs within 24-48 hours (World Organization of Animal Health, 

2018); however, these findings are indistinguishable from the ones caused by other viruses, most 

notably adenovirus (McMartin, 1993), thus requiring further serological or molecular analyses 

for confirmation. Viral isolation is still essential for vaccine production and many research 

purposes, such as to evaluate pathogenicity, assess the protection conferred by vaccines against 

challenge strains and facilitate whole genome sequencing. On the other hand, it is rarely used 

in routine diagnostics due to its slow turnaround time and stringent requirements (de Wit et 

al., 2000).

Several serological tests are available for IBV diagnosis, including VN, HI, ELISA assays 

and agar gel precipitation test (AGP). As previously mentioned, only VN and HI allow 

serotypization. VN may be performed by varying the viral dilution and keeping a constant 

serum concentration (alpha method) or vice versa (beta method); the latter tends to be more 

widely used due to higher precision (Hesselink, 1991). Despite being considered the gold 

standard because of its high sensitivity, VN adoption is limited by its cost and laboriousness. 

In comparison, HI is more prone to cross-reactions, but it still finds some use because of its 

simplicity and speed (de Wit et al., 2000). AGP is another quite inexpensive technique that also 

features a high specificity, but it lacks sensitivity and correlates poorly with other serological 

tests due to short-lived precipitating antibodies (Monreal et al., 1985). ELISA tests are by far 

the most frequently adopted thanks to the number of commercially available kits, which allow 

for a quick, standardized and cost-effective titration of antibodies. Several in-house alternatives 

have also been developed (Karaca & Syed, 1993; Chen et al., 2011; Lei et al., 2017; Yin et al., 

2021), many of which are based on serotype-specific monoclonal antibodies, but they are not 

widely accessible.

Nowadays, molecular tests are employed in most research and diagnostic activities. 

Biomolecular methods, mainly based on PCR, feature an exceptional sensitivity and a rapid 

turnaround. Suitable samples may be collected from different districts using different media, and 
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their storage and shipment usually have few requirements. A multitude of options is available 

in terms of RT-PCR assays, either commercial or in-house, traditional or real-time, generic or 

strain-specific (Cavanagh et al., 1999; Jackwood et al., 2003; Worthington et al., 2008; Jones 

et al., 2011; Tucciarone et al., 2018a). The main feature of molecular tests is the possibility 

to precisely characterize the detected strain, either through traditional Sanger sequencing, 

restriction fragment length polymorphism (RFLP) or Next Generation Sequencing (NGS). In 

addition to strain classification, these techniques serve many purposes, such as the reconstruction 

of IBV evolutionary history (Zhao et al., 2016), investigation of spreading dynamics (Franzo et 

al., 2017) and identification of viral subpopulations (Toro et al., 2012). Despite the absence of 

robust genetic markers, under certain circumstances it is also possible to differentiate vaccines 

from field strains (Mardani et al., 2006). Other molecular techniques have been described, 

including tests based on loop-mediated isothermal amplification (LAMP) (Chen et al., 2010), 

microarrays (Sultankulova et al., 2017) and padlock probes (Ciftci et al., 2019), but they are far 

less used than PCR-based ones.

Since none of the described assays can be considered fully exhaustive, the best diagnostic 

approach should rely on multiple tests and be tailored on the epidemiological context and desired 

outputs (e.g., confirmation of a suspected IB outbreak, routine monitoring, assessment of vaccine 

coverage). Other practical features to consider are the specifications and requirements of each 

test in terms of turnaround time, cost and required samples, which may need specific storage 

and shipping conditions. Another aspect of IBV diagnosis that deserves particular attention is 

the interpretation of the results. The implemented vaccination protocol is a crucial information 

to consider: when molecular tests are used, for instance, the replication of vaccine strains may 

mask the simultaneous presence of field strains (Cavanagh et al., 1999); as for serology, knowing 

the vaccination details is pivotal to know the immune response levels to expect. When available, 

data on the local epidemiological scenario and farm clinical history should also be taken into 

account, along with information on the time elapsed between the beginning of infection and 

sampling, presence of other pathogens (either suspected or confirmed), breed and productive 

type and housing conditions. 

Control
Because of its ubiquity and impact on all production types, the proper control of IBV is of 

the utmost importance in every poultry farming system. IBV control mainly relies on mass 

vaccination, along with strict biosecurity procedures and proper management, such as the 
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adoption of one-age, all-in/all-out systems, proper cleaning and disinfection protocols (de Wit 

et al., 2011a). Not only vaccination allows to reduce clinical signs, but it may also help decreasing 

viral transmission and shedding (de Wit et al., 1998). 

Several approaches are adopted, differing in terms of administered vaccine types and strains, 

administration route and vaccination timing. The broiler industry relies solely on live attenuated 

vaccines, while layers and breeders are primed with live attenuated vaccines followed by a 

boost with inactivated vaccines, or again with attenuated vaccines if the infectious pressure is 

high (Jordan et al., 2017). Despite some partial successes in the development of recombinant 

(Johnson et al., 2003; Toro et al., 2014; Tan et al., 2019) and subunit vaccines (Yang et al., 2009; 

Eldemery et al., 2017), all commercially available vaccines are produced with technologies that 

have remained substantially unchanged for over 50 years (Cook et al., 2012). 

Live vaccines have two major advantages over killed ones: they are far more effective and 

can be mass administered. Mass application is performed either by spray, considered as the 

gold standard, or drinking water, which instead is becoming deprecated (Jackwood & de Wit, 

2020); gel administration has also proved promising in experimental conditions (Tucciarone 

et al., 2018b), but it is not currently adopted. On the other hand, inactivated vaccines need to 

be injected individually, but they are inherently safer than attenuated ones, which may revert 

to virulence (Hopkins et al., 1986; Nix et al., 2000; Abozeid et al., 2017).  In addition to 

rolling-like reactions, the cocirculation of live vaccines and field strains may also facilitate the 

occurrence of recombination events (Mardani et al., 2010; Quinteros et al., 2016; Moreno et al., 

2017; Xu et al., 2019; Huang et al., 2021).

Aside from safety concerns, the main shortcoming of vaccination is related to the absent or 

partial cross-protection between many IBV subtypes. Despite the low correlation between genetic 

similarity and cross-protection, homologous vaccines are more likely to induce neutralizing 

antibodies than heterologous ones (de Wit et al., 2011a). Nonetheless, several challenge studies 

have demonstrated that protocols based on the combination of multiple heterologous vaccines 

may also be highly effective (Cook et al., 1999; Terregino et al., 2008; Awad et al., 2015, 2016). 

While the underlying immune mechanism is still not entirely known, the effectiveness of this 

strategy may depend on the high levels of cell-mediated immunity elicited at tracheal level 

(Cook et al., 1999; Smialek et al., 2017; Awad et al., 2016).

The timing of vaccination is another much debated topic, especially for broilers, with 

different schools of thought backed by partially contrasting evidence. On one hand, early 

vaccination seems to elicit a suboptimal humoral immune response, possibly due to interference 
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by maternally derived antibodies (Mondal & Naqi, 2001; Van Ginkel et al., 2015; Saiada et 

al., 2019). Similarly, when resorting to protocols based on multiple vaccines, the observation of 

a waiting period of at least two weeks between subsequent administrations induces a stronger 

humoral response (Cook et al., 1999; de Wit et al., 2010).

On the other hand, current trends at field level do not reflect these recommendations. 

Nowadays, many live IBV vaccines are marketed as suitable for day-old administration, and 

hatchery vaccination has become the norm in many production systems (Smialek et al., 2017; 

Abdul-Cader et al., 2018). Several factors contribute to this discrepancy: first, vaccine efficacy 

seems to depend more on local tracheal immunity than on humoral response (Awad et al., 

2016); secondly, hatchery vaccination is easier to standardize and control compared to farm 

administration, resulting in an earlier and more uniform coverage (Franzo et al., 2016); thirdly, 

administering multiple vaccines to day-old broilers is often enough to protect them for the 

entire cycle, thus eliminating the need for additional administrations and reducing both vaccine-

related costs and animal stress (Franzo et al., 2020). Ultimately, the protective efficacy of a given 

approach does not seem the sole deciding factor for its adoption, and its practical advantages and 

limitations should be considered equally important.





17

Aim of the thesis

This thesis collects the results of several studies exploring different aspects of IBV epidemiology. 

All included works rely on RT-PCR assays, which, as previously explained, are a staple of 

most IBV research and monitoring activities. However, their usefulness and reliability strongly 

depend on multiple factors, including a sound assay design, a rational implementation tailored 

to the epidemiological context of interest, and an attentive result interpretation based on 

complementary information. Here, the advantages and limitations of molecular methods are 

thoroughly discussed.

Another relevant topic is IBV control, and particularly vaccination. An updated perspective is 

provided on current trends in vaccination, which may vary widely between different production 

systems, and on their long-term, large-scale impact on IBV spread. Additionally, the feasibility 

of a novel mass administration method based on gel delivery is also evaluated in a field context.

Nonetheless, the main underlying subject of the reported works is probably viral evolution. 

At the very end, all reported studies deal with this topic, be it by investigating how it shapes 

genomic composition, reconstructing evolutionary dynamics at various levels, or describing how 

different strains coexist and interact.

The common thread of this work, however, is to demonstrate that addressing the topics of 

viral evolution, diagnosis and control separately is not sufficient to fully capture the complexity 

of IBV epidemiology. In particular, such an approach does not allow to take into account the 

many practical issues and managerial variables encountered in the field, which could require 

specific diagnostic or control solutions to be addressed effectively. Instead, one should focus on 

the many interconnections between these three subjects. While some are fairly well-studied, 

as the impact of genetic variability on vaccination protocols, others are less obvious and often 

overlooked. The collected field and experimental results, along with a review of the current 

literature, are used to corroborate the importance of a holistic approach towards the study of 

IBV, which, if adopted, could improve both the comprehension and control of this challenging 

and fascinating pathogen.
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Summary
Infectious bronchitis virus (IBV) is among the most impactful poultry pathogens, whose control, 

based on biosecurity and routine vaccination, is hampered by the existence of countless genetic 

variants sharing poor cross-protection. 

A retrospective study was conducted on IBV positive samples collected in Italian broiler 

farms from 2012 to 2019. In 2015, the adopted vaccination protocol shifted from a Mass and 

793B-based one to the administration of Mass and QX vaccines, allowing to study how changes 

in vaccination strategies may affect IBV epidemiology, control and diagnosis in the field.

The most frequently detected lineages were QX (70.3%), 793B (15.8%) and Mass (11.9%). 

The relative frequencies of QX and 793B detections remained stable throughout the study, 

while Mass detections significantly increased after the vaccination change. Rather than to an 

actual growth of Mass population size, this finding may be attributable to different vaccine 

interactions, with Mass strains being more frequently concealed by 793B vaccines than by 

QX ones.

Based on the obtained results, the two vaccination protocols appear to be similarly effective 

in fighting IB outbreaks, which in the last decade in Italy have been caused primarily by QX 

field strains.

These results indicate that vaccination strategies may significantly affect IBV epidemiology 

and diagnosis, and should therefore be considered when choosing and interpreting diagnostic 

assays and planning control measures.

Keywords
IBV, infectious bronchitis virus, molecular epidemiology, poultry, QX, vaccination.
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Introduction
Infectious bronchitis virus (IBV) is one of the most impactful avian pathogens affecting 

the poultry industry. Currently classified within the species Avian coronavirus, genus 

Gammacoronavirus, family Coronaviridae, order Nidovirales, it is a worldwide distributed 

ssRNA virus with a complex epidemiology. IBV causes a vast range of symptoms collectively 

referred to as infectious bronchitis (IB), whose control is usually achieved by combining routine 

vaccination and stringent biosecurity measures (Jackwood, 2012). Prone to both mutation and 

recombination events, IBV exists in an ever-increasing number of genetic variants, which differ 

in terms of pathogenicity, tropism and geographic distribution (Bande et al., 2017). Multiple 

variants frequently co-circulate within a given area and the immune response to a certain strain 

usually does not fully protect against others, complicating the attempts to control the disease 

(de Wit et al., 2011). Different vaccination strategies are adopted, either implementing an 

“homologous” vaccination based on the same lineage of the circulating field strain or combining 

multiple “heterologous” vaccines based on different lineages to broaden the protection spectrum 

(Jordan, 2017).

Despite being undisputedly effective in controlling the disease, the routine implementation 

of live vaccines also has some drawbacks: the circulation of vaccine strains could favour the 

occurrence of rolling reactions and recombination events, and their unwanted persistence and 

spread could possibly complicate the diagnostic process (Jackwood and Lee, 2017). Additionally, 

the immunological pressure exerted on field strains by vaccines has been recognized as one 

of the major driving forces of IBV evolution (Franzo et al., 2019; Jackwood et al., 2012). 

Unfortunately, all these implications are often overlooked when planning IBV control strategies 

and interpreting epidemiological results.

To fill this gap, a retrospective study was conducted on samples collected in Italian broiler 

farms over a 7 years timespan, during which a significant change in the applied vaccination 

protocol occurred, providing an interesting opportunity to better understand how vaccination 

strategies could affect the circulation of different strains, the occurrence of IB outbreaks and the 

interpretation of diagnostic results.

Materials and methods
The study was based on convenience sampling, including specimens collected for diagnostic 

purposes in Italian broiler farms between June 2012 and September 2019 from both healthy and 

diseased animals, either to confirm the presence of a field strain or for routine monitoring. In 
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the period from 2012 to 2014, the vaccination protocol adopted in the considered farms relied 

on a vaccine based on lineage GI-I (Mass) administered at 1 day of age (doa) and one based 

on lineage GI-13 (793B) applied at 14 doa until December 2013, and later at 1 doa. At the 

end of 2014, the 793B vaccine was replaced by a lineage GI-19 (QX) based one administered 

at the hatchery. The samples consisted of either tracheal swabs or renal tissues processed in 

pools, grouping together specimens collected from a single productive cycle of a single farm. 

The sampling broadly reflected the different densities of poultry farms in different regions. A 

minority of the farms were sampled more than once in different production cycles for diagnostic 

purposes and with no longitudinal consistency.

IBV presence was preliminarily screened by real time RT-PCR (Quantification of Avian 

Infectious Bronchitis Virus-IBV-kit; Genesig, Southampton, UK) assay, and then positive samples 

were amplified by RT-PCR (Cavanagh et al., 1999) and Sanger sequenced. Genotypization was 

performed by comparison to a reference database (Valastro et al., 2016) based on the third 

hypervariable region of the S1 gene. Despite the fact that the adopted classification is based on 

full S1 sequencing, the routine diagnostic process often relies on a smaller target region because 

it allows for lower costs and a greater detection efficiency (Manswr et al., 2018).

In addition to the sequencing results, information about age at sampling and presence of 

symptoms or lesions possibly ascribable to IB (i.e. respiratory or renal signs or aspecific drops in 

production) were collected when available. 

An attempt to discriminate field and vaccine sequences was made by calculating the p-distance 

from reference vaccine strains using the MEGA7 software (Kumar et al., 2016): sequences were 

considered vaccine-derived when the p-distance was less than 0.01, and field strains otherwise.

A recombination analysis was performed on the aligned sequences with the RDP, 

GENECONV, Chimaera and 3Seq methods implemented in the RDP4 software (Martin et 

al., 2015). Recombination events were considered as such only when detected by two or more 

methods with a significance level lower than 10-5 and adopting Bonferroni correction.  

Pearson’s Chi-square test with Yates’ continuity correction was applied to infer the presence 

of significant differences in the detection frequency of different lineages, possible IB-related 

symptoms before and after the vaccination change and also the number of potential IB outbreaks 

detected in presence of specific lineages. Z-tests were performed to assess the presence of 

statistically significant differences in the mean age at sampling based on the detected strain. 

Statistical analyses were conducted using R software, setting the significance level lower than 

0.05.
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Results
Five hundred and four samples proved positive to the preliminary real-time RT-PCR screening. 

Two of them were negative to the following RT-PCR, while 23 were positive but it was not 

possible to retrieve a high quality sequence. Four hundred and seventy-nine samples were 

successfully sequenced. These samples were collected at a mean age of 36.3 days in farms located 

mainly in North Italy (338 from Veneto, 62 from Lombardy, 14 from Piedmont, 6 from Friuli-

Venezia Giulia, 3 from Emilia Romagna, 1 from Trentino-Alto Adige). Additionally, 32 and 

14 samples were collected in the Campania and Molise regions, respectively. For 8 samples no 

information were available about the location of the farm.

The yearly number of detections of each lineage and symptoms and lesions possibly caused 

by IBV is listed in Table I. 

GI-I 

Mass

GI-12 

D274

GI-13 

793B

GI-16 Q1 GI-19 

QX

GII-I 

D1466

Recombinant 

QX+793B

Total

2012
Total 0 0 2 0 8 0 0 10

With 
symptoms 0 0 0 0 6 0 0 6

2013
Total 6 0 15 3 37 0 0 61

With 
symptoms 2 0 2 3 21 0 0 28

2014
Total 3 1 3 38 0 0 45

With 
symptoms 1 0 1 20 0 0 22

2015
Total 16 0 31 2 140 1 0 190

With 
symptoms 5 0 3 0 77 0 0 85

2016
Total 15 0 17 0 81 0 2 115

With 
symptoms 7 0 9 0 53 0 0 69

2017
Total 14 0 7 0 16 0 0 37

With 
symptoms 5 0 0 0 9 0 0 14

2018
Total 1 0 1 0 6 0 0 8

With 
symptoms 0 0 0 3 0 0 3

2019
Total 2 0 0 0 7 0 0 9

With 
symptoms 1 0 0 0 4 0 0 5
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Total 57 1 76 5 337 1 2 479

With 
symptoms 21 0 15 3 193 0 0 232

Table I. Yearly number of detections of each lineage and symptoms possibly ascribable to IB.

GI-19 (QX) was the most frequently detected lineage (70.3%), followed by GI-13 (793B) 

(15.8%) and GI-I (Mass) (11.9%). In addition, strains belonging to lineages GI-16 (Q1), GI-12 

(D274) and GII-1 (D1466) were sporadically detected, and two strains were labeled as the result 

of recombination events between 793B and QX strains. The presence of possibly IB-related 

symptoms was reported in 232 cases (48.4%). In the samples from diseased animals, 183 QX, 

21 Mass, 15 793B and 3 Q1 strains were detected.

Table II enlists the yearly number of QX detections divided by vaccine or field origin based 

on a p-distance threshold. All the strains belonging to other lineages were labeled as having a 

vaccine origin.

QX sequences Field origin Vaccine origin TOTAL

2012 8 0 8

2013 37 0 37

2014 38 0 38

2015 136 4 140

2016 64 17 81

2017 8 8 16

2018 2 4 6

2019 1 6 6

Table II. Yearly number of QX detections divided in vaccine and field strains. A vaccine origin was presumed 
when the p-distance from the reference vaccine strain was less than 0.01, otherwise the strains were considered 
field ones.

Discussion
From the obtained results, the predominance of the QX lineage in the Italian territory appears 

undisputed. Firstly isolated in China in 1993, this lineage is considered one of the main threats 
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in Europe and Asia and is associated with respiratory, renal and reproductive signs (Valastro 

et al., 2016). QX was the most frequently detected lineage during the entire considered period 

not only in absolute terms, but also in presence of symptoms possibly ascribable to IB (83.2%).

Despite some limitations due to the possible presence of other uninvestigated respiratory 

pathogens and to the impossibility of certainly establish the pathogenic role of an IBV strain 

solely based on a PCR positivity, this finding is consistent with previous works that reported 

QX as responsible for the majority of IB outbreaks in Italy (Franzo et al., 2016). QX strains 

were divided into vaccine and field ones based on a p-distance threshold. While no definitive 

conclusion can be drawn based only on phylogenetic analyses (Jackwood and Lee, 2017), similar 

criteria have been already proposed (Worthington et al., 2008; Legnardi et al., 2019) and may 

be useful from a practical standpoint since IBV diagnosis often relies only on molecular assays. 

The robustness of the proposed criterion is supported by the fact that QX vaccine strains were 

detected only after the introduction of the homologous vaccination in 2015. While they were 

initially a small minority, the percentage of QX strains with a vaccine origin has gradually 

increased in the following years. However, QX field strains appear to still circulate.

All Mass, 793B, D274 and D1466 strains were labeled as vaccine ones. The circulation of 

793B strains was demonstrated even after the discontinuation of the homologous vaccination. 

This finding may be ascribable to 793B vaccine strains persisting within the considered farms or 

spreading from neighboring facilities that adopts this vaccine, especially in densely populated 

poultry areas.

Two strains originated from the recombination between QX and 793B strains were also 

detected, consistently with some previously reported Italian cases (Moreno et al., 2017). These 

strains were identical to each other and were both detected in Campania in 2016, and probably 

originated from a single recombination event. The absence of further detections of similar strains 

in the same territory seems to suggest their poor viability. 

Because of the considerable variability in the number of samples taken during each year, the 

considered timespan was divided into three periods to obtain more consistent outcomes: the 

first, from 2012 to 2014, when the adopted vaccination comprised Mass and 793B vaccines; the 

second, limited to 2015, which was considered as a transitional period from a 793B to a QX-

based vaccination, since several production cycles may be needed to observe the benefits of a 

newly implemented protocol (Franzo et al., 2016); the third, from 2016 onwards, when the only 

adopted vaccines were Mass- and QX-based ones. 

As showed in Figure 1, while the frequency of QX and 793B detections was comparable 



108

throughout the three periods, a statistically significant rise was observed in Mass detections 

in the period 2016-2019. Since the use of Mass vaccines remained constant, this finding may 

not be caused by an actual increase in the Mass population size, but it could be the result of 

the different interactions of Mass-based vaccines with 793B and QX ones. When administered 

together, 793B vaccines persist at higher titers than Mass ones at a late age (Tucciarone et al., 

2018), while Mass vaccines replicate more than QX ones after approximately 35 doa when 

co-administered at 1 doa (Russo et al., 2016). Even if multiple strains are present in the same 

sample, the RT-PCR assay applied in this study allows to amplify and characterize only one of 

them, usually the predominant one or the one with more affinity for the used primers, possibly 

conditioning the probability of detecting one or the other strain. Thus, considering that the 

mean age of sampling was 36.3 days, 793B vaccines may have been detected more easily than 

Mass ones when they were co-present, while Mass strains could have been able to overcome the 

QX vaccine competition.

Based on the obtained results, it is unclear whether the introduction of QX-based vaccines 

has led to significant benefits in fighting the disease. On the one hand, the ratio between QX 

field strains and vaccine ones has progressively lowered after the introduction of homologous 

vaccines in 2016, and the number of samples conferred to our laboratory has consistently 

0%

20%

40%

60%

80%

2012-14 2015 2016-19

MASS 793B QX D274 D1466 Q1 Recombinant

Figure 1. Relative frequency of detection of different lineages throughout the three considered periods.
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decreased in the last years, possibly reflecting a similar trend in IB-related problems in the 

considered poultry farms, thus reducing the need of diagnostic confirmation. However, no 

significant differences were found between the relative number of potential IB outbreaks 

reported before and after the change in vaccination protocol. Similarly, the frequency of QX 

detections in presence of symptoms did not change regardless of the administered vaccines. In 

addition, the possible reduction of IB outbreaks may also be attributable to to the recent trend, 

in the considered poultry farms and more generally in the whole Italian productive system, 

towards the administration of multiple IBV vaccines at the hatchery, which seems to guarantee 

a more standardized administration and a better vaccine coverage (Franzo et al., 2016).

Conclusion 
The present work confirms that vaccination strategies may have significant and sometimes 

unpredictable consequences on IBV molecular epidemiology and diagnosis. In particular, the 

implemented vaccination protocol may influence the outcome of RT-PCR-based assays, leading 

to the preferential detection of a strain over the others based on the different interactions 

between vaccines. For this reason, vaccination protocols should always be taken into account 

when choosing a diagnostic assay and for a proper interpretation of the results. It appears evident 

that works aimed at assessing how different combinations of vaccines interact would be of great 

benefit for a more conscious implementation of vaccination.
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General conclusions

The outcomes of the herein reported studies demonstrate that IBV evolution, diagnosis and 

control are inextricably linked in many ways. First and foremost, IBV genetic variability is 

the main factor driving the choice of vaccination protocols. Strategies relying on homologous 

vaccines clearly depend on knowing which variant is the most relevant in the context of interest, 

but, even when resorting to broad-spectrum protocols based on the protectotype concept, it is 

essential to know whether the administered combination of heterologous vaccines is effective 

against the dominant field threats.

Genetic heterogeneity also has many repercussions on diagnostic approaches. Especially when 

using molecular assays, diagnostic choices need to be tailored on the current epidemiological 

situation, i.e., using a combination of different assays, implementing methods specific to 

the relevant field lineages, sampling suitable matrices based on the tropism of the suspected 

strain, and designing new assays to cope with emerging variants. In addition, knowing the 

epidemiological scenario also allows for a more precise interpretation of the obtained results.

While the implications of IBV evolution for diagnosis and control are the most immediate 

to understand, the interactions between these three aspects should not be interpreted as 

unidirectional, but rather as mutual (Figure 2).

The reported studies show how not only vaccination, but also biosecurity, may profoundly 

alter IBV evolution. Despite their efficacy in reducing disease occurrence and viral circulation, 

IBV vaccines are not sterilizing, allowing for a persistent circulation of field strains. The 

significant immune pressure exerted by vaccines, especially by homologous ones, could 

result in both directional and diversifying selection, thus favoring the emergence of vaccine-

escaping variants. 

Biosecurity and management procedures, on the other hand, do not have similar unwanted 

effects, at least when properly planned and executed. Nonetheless, their role in shaping IBV 

evolution should not be overlooked. It was observed that a strong integration of poultry farming 

may lead to a compartmentalization of IBV evolution and subsequent selection of distinct 

subpopulations. This is likely attributable to several factors contributing to the separation between 

poultry companies, including farm location, production chain segregation and differences in 

vaccination protocols.
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While diagnostic procedures do not directly affect IBV genetic heterogeneity, they represent 

the only gateway to its study. However, diagnostic tests will always capture only part of the 

actual epidemiological scenario. Besides the obvious importance of choosing specific tests based 

on which strains are circulating and which should be detected, novel evidence provided in this 

thesis demonstrates how, even when implementing generic molecular assays, some strains may 

be preferentially amplified over others based on the used primers. Other practical determinants 

that may affect test results include the timing of sampling activities, the type of sample and 

its shipping and storage conditions. For these reasons, attentive planning and interpretation 

of diagnostic tests are of the utmost importance in order to avoid a skewed perception of the 

epidemiological reality.

Laboratory methods are also essential to determine vaccine efficacy. Their usefulness is not 

limited to in vivo challenge studies, which are the only way to directly evaluate the protection 

conferred by vaccines against a given field strain. In fact, both molecular and serological assays 

may be used to assess the quality of vaccination and the achieved coverage. The detection and 

quantification of vaccine strains are commonly accepted as a proxy of live vaccination efficacy, 

as is the detection of high, uniform and lasting antibody titres. However, for these results to be 

considered significant, it is essential to compare them to a baseline in terms of vaccine kinetics 

and elicited immune response. 

Conversely, the implemented control measures should always be considered when deciding 

which assays to use and how significant are the obtained results. When resorting to live 

vaccines, their replication and persistence could mask the presence of field strains, and even 

of other vaccines. Possessing information on the vaccination protocol could also suggest the 

appropriate time of sampling: for instance, when early vaccination is adopted, field strains are 

more frequently detected towards the end of the cycle, while the preferable time window to 

assess vaccine replication is usually between 7 and 10 days post-vaccination. 

Other than allowing for a more precise depiction of IBV epidemiology, such a holistic approach 

may also help identifying where to act to improve our knowledge of IBV, and subsequently our 

control capabilities. Since novel vaccine types do not currently represent a viable option, the 

efforts towards a more effective IBV control should be focused on the optimization of currently 

available vaccination procedures. Besides choosing an appropriate protocol, great attention 

should be given to vaccine administration. Suboptimal and unstandardized administration 

may result in a limited coverage, allowing for a greater (and frequently undetected) circulation 

of field strains in a partially immune environment, which in turn may favor the occurrence 
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of immune-escape events. An attempt should also be made to reduce the amount of stress 

caused by vaccination procedures, which would positively impact the birds’ overall health. The 

herein reported field testing of gel vaccination at the hatchery provided promising results in this 

regard, as this administration method seems to have a lesser impact on chicks’ body temperature 

compared to spray.

Many developments may also be envisioned in diagnostics. Today, IBV diagnosis mainly 

relies on RT-PCR assays targeting a portion of the S1 gene, followed by strain characterization 

by Sanger sequencing. Although the current classification should be based on the full S1 gene, 

considering a shorter region is usually enough for a classification up to the lineage level. On 

the other hand, this practice hinders the sharing of genetic data between different laboratories 

adopting different tests, thus crippling the execution of large-scale phylogenetic studies. Aside 

from this issue, Sanger sequencing is also limited by a lower resolution compared to NGS 

methods. This may be particularly significant in the case of IBV, whose remarkable variability 

results in the coexistence of different subpopulations even in a single host or vaccine batch, 

which cannot be properly characterized through Sanger sequencing. NGS would also allow 
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Figure 2. Mutual interactions between IBV evolution, diagnostic choices and control measures.
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gathering more information on genomic regions outside of the S1 gene, which are almost always 

overlooked but are known to play a role in IBV evolution and pathogenesis. 

However useful these improved protocols and techniques may be, their mass adoption 

ultimately depends on overcoming some major practical and economical constraints. A much 

more achievable goal would be to make optimal and rational use of currently available resources. 

In the end, despite being the most obvious of all possible recommendations, ensuring a steady, 

attentive and coordinated monitoring at the largest scale possible would still represent the 

biggest advancement towards a greater knowledge of IBV epidemiology.
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