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ABSTRACT 

Infectious laryngotracheitis virus (ILTV; Gallid alphaherpesvirus-1) is an alphaherpesvirus that 

causes respiratory disease in chickens, resulting in significant production losses in poultry 

industries worldwide. Recombination between different ILTV strains has recently been identified. 

Recombination in alphaherpesviruses was first described more than sixty years ago and since 

then, different techniques have been used to detect recombination in both natural (field) and 

experimental settings. In the past, natural recombination events between ILTV strains has 

resulted in the emergence of virulent recombinant viruses that have caused severe disease 

outbreaks in Australia. 

 

In this work, a single nucleotide polymorphism (SNP) genotyping assay was developed to study 

ILTV recombination in vivo. This assay was used to study recombination in a large number of 

viruses retrieved from chickens co-inoculated with two Australian ILTV field strains. Further 

application of this SNP genotyping assay helped unveil other aspects of ILTV recombination 

such as viral diversity over time and dominant recombination patterns in the recombinant 

progeny. Whole genome sequencing (WGS) of dominant viruses was performed in order to 

analyse their recombination breakpoint locations. This latter analysis revealed the presence of 

recombination hot-spots. The location of these hotspots were consistent with those found after 

the analysis of publicly available whole genome sequences of ILTV from different geographical 

regions, such as Australia and the United States (US).  

 

Additionally, the recombination output was determined in chickens after vaccination with three 

commercially available Australian ILTV vaccines (SA2, A20 and Serva), or two vaccines from 
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the US (CEO-Tachivax and HVT-LT). For this later analysis a second SNP genotyping assay 

was develop to detect recombination between the USA field strains of ILTV used in that study. 

Results from these analyses indicated that vaccination can limit the number and diversity of 

recombinant progeny viruses and introduced new research questions about the role of the 

immune system in limiting recombination. 

 

The studies reported in this thesis have provided new insights into recombination in 

alphaherpesviruses that will be useful for future studies regarding vaccine development and use 

in both Australia and elsewhere. 
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CHAPTER 1 

1. Literature review 

 

1.1 Introduction 

 

 1.1.1 History and overview of infectious laryngotracheitis  

Infectious laryngotracheitis (ILT) was first reported in 1925 by May and Tittsler in the United 

States of America (USA) with the name tracheolaryngotracheitis (1). However, since 1920, ILT 

has been given several different names including avian diphtheria, trachea-laryngitis, infectious 

bronchitis and infectious tracheitis (2). The name laryngotracheitis was first used in the early 1930s 

and in 1931 the terms infectious laryngotracheitis or laryngotracheitis (LT) were established by 

the special committee on poultry diseases of the American Veterinary Medical Association (2).  

Infectious laryngotracheitis is an acute, highly contagious and economically significant viral 

respiratory disease of chickens, occurring worldwide (3) and caused by infectious laryngotracheitis 

virus (ILTV; Gallid alphaherpesvirus-1; GaHV-1), a member of the Alphaherpesvirinae sub-

family in the genus Iltovirus. Infectious laryngotracheitis virus is transmitted horizontally, shed in 

respiratory secretions and easily spread by inhalation or mechanically carried by fomites, 

personnel in contact with infected chickens and latently infected chickens shedding ILTV when 

stressed (4). Hughes et al. (1989) tested different stress factors to trigger reactivation and found 

that the onset of lay and the mixing of unfamiliar birds significantly increases the amount of virus 

shed into the trachea (5). This helped to explain how spontaneous outbreaks can naturally occur in 

the field and also how important is to consider latently infected birds in the epidemiology of the 

disease.  
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 1.1.2 ILT infection and diagnosis 

Naturally infected chickens undergo an incubation period that ranges from 6 - 12 days after entry 

of ILTV through the ocular or respiratory routes. An incubation period of 2 - 4 days has been 

reported after experimental intra-tracheal inoculation. Then, ILTV undergoes an acute phase of 

replication in the conjunctiva and tracheal mucosa (6, 7) causing clinical signs of disease (2). In 

the 1930s, severe epizootic forms of disease were most commonly diagnosed, however ILT is 

currently characterised as a mild enzootic disease in areas of intensive production such as those in 

Europe, Australia, New Zealand and the USA (2, 8-11), with morbidity rates of 90 - 100% and 

mortality rates of 0 - 70% (12). Since mild enzootic forms of ILT can cause similar clinical signs 

and lesions to other pathogens of poultry, such as infectious bronchitis virus (IBV) or Newcastle 

Disease Virus (NDV), the assessment of gross and microscopic pathological changes in the 

affected tissues, as well as laboratory analyses, are usually required for a precise confirmatory 

diagnosis of ILT. The detection of intra-nuclear inclusion bodies in tissue sections stained with 

haematoxylin and eosin, virus isolation in cultured cells or embryonated hen eggs, detection of 

specific viral antigens or DNA, and the detection of specific antibodies in serum have been used 

to confirm ILT diagnosis (12). 

 1.1.3 Characteristics of infectious laryngotracheitis virus and other herpesviruses 

Over 90 herpesvirus species have been identified to date (13). The Herpesvirales order 

encompasses three families: Herpesviridae, Alloherpesviridae and Malacoherpesviridae, and it 

has been hypothesised that they are likely to have descended from a common ancestor (14). 

However, little genomic similarity exists between them (15). While viruses within the 

Alloherpesviridae and Malacoherpesviridae families infect bony fishes and amphibians, or 



  CHAPTER 1 

  3 

invertebrates such as molluscs, respectively, those classified in the Herpesviridae family comprise 

all characterised herpesviruses that infect mammalian, avian and reptilian (amniotes) hosts. The 

viruses in the Herpesviridae family have been further classified into three sub-families based on 

biological and genetic criteria, which are Alpha-, Beta - and Gammaherpesvirinae (13). All the 

avian herpesviruses currently known are within the genera Mardivirus and Iltovirus within the 

Alphaherpesvirinae subfamily. The genus Mardivirus includes Meleagrid alphaherpesvirus 1 

(HVT), Gallid alphaherpesvirus 2 (GaHV-2) and Gallid alphaherpesvirus 3 (GaHV-3). The genus 

Iltovirus comprises ILTV and Psittacid alphaherpesvirus 1 (PsHV-1), which are phylogenetically 

closely related (16). Infectious laryngotracheitis is limited to galliform birds (1), and PsHV-1 only 

infects psittacine birds (17). This host-specificity is explained by the hypothesis that herpesviruses 

have co-evolved with their host over millions of years (15). Phylogenetic analyses incorporating 

genetic sequences from PsHV-1 and ILTV have suggested that they were separated from 

mammalian alphaherpesvirus ancestors around 200 million years ago and have been co-evolving 

with their respective hosts since then (15, 16). 

Herpesviruses are enveloped viruses with an icosahedral nucleocapsid and linear double-stranded 

DNA genomes ranging between 125 and 290 kilo base pairs (kbp) in length. The sequence 

structure of their genomes are classified into types A – F, based on the location and arrangement 

of the their inverted and directly repetitive sequences (18). ILTV has a genome of approximately 

155 kbp with a typical type D genome consisting of unique long (UL) and unique short (US) 

regions, the latter flanked by inverted repeat sequences (internal repeat sequence [IR] and terminal 

repeat sequence [TR]) (7). The genome arrangement of ILTV differs from other avian 

herpesviruses such as GaHV-2; GaHV-3 and HVT, because ILTV lacks the repeat regions flanking 

the UL region of the genome present in these viral species (16).  
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1.2 Classification of ILTV strains and the role of molecular methods in understanding ILT 

Molecular methods have been extensively used to classify ILTV strains based on their genotypes; 

however, strains have also been classified based on their antigenicity and pathogenicity (2).  

 1.2.1 Classification by antigenicity 

Although ILTV strains show a certain level of antigenic variation, early in the history of ILTV it 

was discovered that ILTV strains were quite homogeneous (19-21). Reports from 1958 and 1962, 

written by Cover et al and Shibley et al, respectively, were able to show antigentic homogeneity 

between ILTV field isolates and commercially available vaccines by performing cross immunity 

and serum neutralisation tests (19, 21). However, it was not until 1983, when Rusell et al compared 

the antigenic profiles of a highly virulent strain isolated from an outbreak with those of mildly 

virulent field isolates, that the close antigenic relationships, with only minor variations, were 

demonstrated using kinetics of neutralisation (20). As ILTV strains were considered highly 

antigenically homogeneous, it was not possible to differentiate strains based on their antigenicity 

alone.  

 1.2.2 Classification by pathogenicity  

Pathogenicity can vary from highly virulent with high morbidity and mortality to low virulence 

with only mild to unapparent infections (8, 11, 22). These variations in pathogenicity appear to be 

consistent between chicken types, as strains isolated from the field and then inoculated into 

specific-pathogen-free (SPF) chickens caused similar clinical signs. Sellers et al (2004) isolated 

an ILTV strain that caused only mild respiratory clinical signs under field conditions, and also 
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under experimental conditions in SPF chickens (11). Other studies have found variations in 

virulence for chicken embryos. Izuchi et al in 1982 found a direct correlation between mortality 

index for chicken embryos (MICE) and pathogenicity, which was then suggested as a viable 

biological platform to classify strains depending on their pathogenicity. ILTV strains that had a 

MICE < 0.16 were considered of low or non-pathogenic for chickens, while those with MICE > 

0.27 were considered highly pathogenic (on a scale from 0 to 1) (22).  

The MICE classification system is still used today, along with other indicators of pathogenicity, 

such as the intra-tracheal pathogenicity index (ITPI) and tracheal lesion scores, to classify field 

isolates in laboratory settings (23). The intra-tracheal pathogenicity index was first described by 

Guy et al in 1990, who adapted the term from Hanson et al who used a similar name in 1980 for 

the characterisation of the severity of NDV infections under the original name of intra-cerebral 

pathogenicity index (ICPI). This ICPI index consisted of scores based on the clinical signs over 8 

days post inoculation (24). In 1990 Guy et al used the ITPI in an effort to distinguish between field 

and vaccine ILTV strains in the USA (25), since a report from the same group one year before 

found that field strains were indistinguishable with vaccine strains using molecular approaches 

(26). Guy et al were able to determine that field strains possessed greater virulence than vaccine 

viruses based on ITPI, mortality and tracheal lesions, but yet these strains had the same molecular 

patterns as determined by restriction endonuclease analyses of viral genomes (25).  

The results from Guy et al supported previous data presented by Hilbink et al in 1987, in which 

differences in virulence between field and vaccine strains was shown using a method that 

calculated an intra-tracheal virulence value (ITV-value) (27). Reversion to virulence of a chicken-

embryo-origin (CEO) vaccine strain was demonstrated by Guy et al  (1991) through an in vivo 

experiment that showed that after seven passages of the vaccine strain in chickens, the ITPI 
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increased significantly, and that after ten passages the virulence of the CEO vaccine strains was 

comparable to that of field strains (28). 

The  MICE, ITPI and ITV-value systems of classification were useful tools that provided the first 

insights into variations in pathogenicity and virulence between vaccine and field strains, and 

helped to unveil the issue of reversion to virulence of CEO vaccines, which is still considered a 

practical problem for the use and application of vaccines in the field (2). 

 1.2.3 Classification using molecular methods. 

Molecular methods have been used since the 1980s to classify ILTV strains, discriminate among 

vaccine and non-vaccine strains, and to analyse features of the genomic sequence of ILTV (12). 

Some of the techniques used over the years have been restriction endonuclease analysis (REN) 

(26, 29-31), polymerase chain reaction (PCR) alone or in combination with restriction fragment 

length polymorphism (PCR-RFLP) analysis (29, 32-36), sequencing of coding sequences for 

different genes and subsequent whole genome assembly from partial genome sequences (16) and 

full-length genome sequencing using next generation sequencing (NGS) techniques (12, 37-42). 

All of these techniques have contributed to a deeper understanding of the biology of ILT. 

  1.2.3.1 Restriction endonuclease analysis 

Restriction endonuclease analysis has been used since around the 1970s to differentiate among 

strains of human herpesviruses (43). In 1982 Kotiw et al were able to use similar techniques to 

differentiate between ILTV field and vaccine strains from Australia, demonstrating that REN gave 

different electrophoretic patterns after digestion of ILTV genomic DNA (30). In 1986 Leib et al 

performed a similar study in Europe comparing field strains from Europe with field and vaccine 

strains from the USA (31). However, Guy et al in 1989 used REN analysis on field strains, 
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laboratory references and vaccine strains from the USA and reported that modified-live vaccines 

strains were indistinguishable from field strains (26). One year later, the same group reported that 

the same vaccines and field strains that had the same restriction endonuclease patterns were 

different in terms of pathogenicity and virulence, hypothesising that field and modified-live 

vaccines strains may be closely related to each other and that field strains may arise through 

reversion of vaccine strains to higher levels of virulence (25).  

Since results from REN seemed to differ between studies using different ILTV strains from various 

geographical locations, the protocols changed repeatedly over time in order to further investigate 

the mechanism hypothesised by Guy et al. Eventually, using different enzymes to digest the ILTV 

genomic DNA, and also a different technique for separation of viral DNA from cellular host DNA, 

Andreasen et al (1990) were able to distinguish between tissue-culture-origin (TCO) vaccines 

strains and field strains, however, most but not all CEO vaccines were identical to field strains 

(44). Similar results and conclusions were obtained by Keller et al in 1992 (45) and Keeler et al in 

1993 (46) in different locations within the USA, and later in Korea by Han et al, 2001 in a study 

comparing virulence and restriction endonuclease analysis (29). It became clear that the capacity 

to differentiate between ILTV strains using REN depended largely on which restriction enzymes 

were used, as different reports reached different conclusions when different protocols were used 

(26, 30, 31, 44).  

  1.2.3.2 Polymerase chain reaction  

Polymerase chain reaction was first described in 1986 by Mullis et al as a novel technique for in 

vitro DNA amplification (47). Thereafter, PCR rapidly became a supportive tool in the field of 

infectious diseases, helping to discover new aspects of pathogenesis, diagnosis and epidemiology 



  CHAPTER 1 

  8 

of infectious agents (48). When PCR was combined with restriction fragment length 

polymorphism (PCR-RFLP) analyses, it became a powerful technique, useful for classification 

and differentiation of ILTV strains in different countries (8, 11, 35, 49).  

The PCR technique was first described for detection of ILTV in 1990 by Shirley et al., in Australia. 

The authors showed that the PCR technique was sufficiently sensitive, specific, easy to perform 

and, most interesting, readily adaptable for detection of DNA from other pathogens relevant to 

veterinary medicine. However, in the beginning, the knowledge of the target sequence was 

considered a limiting factor (50). Therefore, older techniques such as restriction endonuclease 

enzyme cleavage and molecular cloning, which do not require detailed knowledge about the target 

sequence, were pivotal to give the first insights regarding DNA sequences of ILTV, being key for 

further use of the PCR technique in the future (31, 51, 52).  

The first attempts to amplify ILTV DNA were not performed to determine the functions of the 

peptides encoded by the amplified genes (50). However, this molecular knowledge about DNA 

sequences was rapidly used by researchers who studied the biological functions of genes involved 

in latency and virulence of ILTV, given that both aspects were a major concern in regard to 

vaccination and control of ILT (25). For instance, Keeler et al in 1991 hypothesised that a 

thymidine kinase (TK) deletion mutant may prevent reactivation in ILTV, as there was evidence 

that TK had a role in the reactivation of other herpesvirus species (53). Degenerate oligonucleotide 

primers targeting the TK gene of a virulent ILTV strain from the USA were designed and applied 

to identify, clone and sequence the ILTV TK gene in order to provide further knowledge of the 

role of this gene in the pathogenesis of ILT (54). Nowadays, molecular techniques such as 

sequencing, which are discussed further below, have helped to understand different aspects of the 

biology of ILTV, especially those related to virulence (26, 44), virus detection for diagnosis (48, 
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50, 55), epidemiology (8, 32, 34, 36, 49, 56, 57), phylogenetic relationships and recombination 

(40, 58-60).  

In the field of diagnostics, PCR has been an important tool to enhance sensitivity, specificity and 

speed of viral DNA detection (34, 50, 55, 61-64), since other techniques such as virus isolation 

may take up to 10 days (65) or may have low sensitivity (66). A variation of the PCR technique 

termed real time quantitative-PCR (q-PCR) was developed in 1993 using a video camera to 

monitor multiple PCRs reactions simultaneously in order to detect the increase of fluorescence 

from the interaction between ethidium bromide and growing concentrations of DNA in a reaction, 

thus allowing the quantitation of the amount of DNA copies after each cycle in real time (67). 

Thereafter, new techniques using more accurate fluorescence molecules and equipment allowed 

accurate quantification of amplified DNA (68-70). Now q-PCR has become one of the gold 

standard techniques for viral detection (48).  

A number of different q-PCR protocols have been developed for ILTV detection using SYBR 

green (34, 55) and TaqMan-fluorogenic q-PCR probes (71). A SYBR green q-PCR targeting the 

infected cell protein 4 (ICP4) gene was developed in 2006 by Creelan et al. and shown to be rapid 

and specific for detection of ILTV from field cases (34). However, Creelan et al. did not 

incorporate the use of a standard curve with known concentrations of the target DNA, and 

therefore, the analytical sensitivity of this q-PCR could not be determined (34). Mahmoudian et 

al. in 2011 developed a q-PCR targeting the UL15 gene, which included a range of 10-fold 

dilutions of a plasmid hosting the target sequence, which was used as a standard curve to more 

accurately quantify the DNA copy numbers in a sample. This technique was rapid, sensitive and 

specific for ILTV (55). This q-PCR developed by Mahmoudian et al. has been used to follow the 

viral replication kinetics in research studies (72) as a complement to other viral titration methods, 
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and to monitor experimental infections (72-74). 

  1.2.3.3 Polymerase chain reaction followed by restriction fragment length 

polymorphism (PCR-RFLP) 

PCR-RFLP analysis has been extensively used to differentiate among vaccine and field strains and 

for classification of ILTV (32-36, 75). PCR-RFLP is a molecular technique used to amplify 

specific sections of the genomic DNA with PCR, followed by digestion of those products with 

REN enzymes. Differences between strains in the nucleotide sequences within the region targeted 

by the PCR will result in the modification (addition or subtraction) of restriction sites resulting in 

differences in the DNA electrophoretic separation patterns of those specifically amplified and 

digested regions (33). Since the first applications of PCR-RFLP, it was reported that this technique 

was specific and sensitive for ILTV detection, and also may allow differentiation among groups 

of field strains, as well as differentiate between field and vaccine strains (33) and serve as a link 

to associate genotype differences with levels of virulence (11). 

Classification and differentiation of ILTV strains is critical for understanding the epidemiology of 

the disease and helpful to determine which strains are predominant in certain geographical areas. 

For instance, the amplification and further digestion of the ICP4 gene has been used to discriminate 

between vaccine and field strains in different countries (32, 34, 36, 56) and also has helped to 

identify the aetiological agents involved in outbreaks in Taiwan, North Ireland and Peru showing 

that vaccine-like strains were the cause of outbreaks in these countries (32, 36, 76). In addition, 

amplification of other genes such as US4 (encoding glycoprotein G, gG) and UL23 (encoding TK) 

have been shown to be efficient as a screening technique that can rapidly determine which ILTV 

strain is involved in an outbreak. However, most authors agree deeper epidemiological studies 
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should include multiple encoding regions such as UL47/gG, UL23/TK, ICP4, ICP18.5, ORF-BTK, 

in order to increase the accuracy of the inferences (49, 57).  

In Australia, Kirkpatrick et al. (2006) analysed the PCR-RFLP patterns of several genes from field 

and vaccine strains, but only four of them (US4/gG, UL23/TK, ICP4 and ICP18.5) were able to 

differentiate between vaccine and field strains. The analysis of such nucleotide sequences helped 

classify Australian ILTV vaccine and field strains into five classes (1 to 5) and determined that 

most of the outbreaks in Australia until 2006 were not caused by vaccine strains (49). Five years 

later, the same research group reported four additional classes of ILTV (classes 6 – 9) using the 

same PCR-RFLP protocols. On this occasion, most outbreaks in important poultry producing areas 

of Australia were caused by ILTV containing nucleotide sequences matching those of the newly 

described ILTV classes 8 and 9. Most interestingly, they found that those new dominant field 

strains were related to the recently introduced Nobilis ILTV vaccine (Serva strain; class 7), which 

led to the hypothesis that ILTV from classes 8 and 9 were subpopulations within the vaccine 

preparation (8). The group later showed that the new classes of ILTV arose due to recombination 

events which were confirmed by whole genome sequencing (WGS) and clustering of single 

nucleotide polymorphisms (SNPs). This recombination occurred between the co-circulating 

Australian origin vaccines (SA2 and A20) and the ILTV European-origin vaccine (Serva) (40). 

In the USA, Oldoni and García (2007) used four genome regions (ICP4, ORFB-TK, TK and 

UL47-gG) and 10 REs to analyse ILTV isolated from different regions of dense poultry production 

and backyards flocks between 1988 and 2005. This was used to classify ILTV isolates into nine 

groups (57). However, different to Kirkpatrick et al in Australia (49), but in agreement with several 

researchers in the USA (26, 44-46), they found that most of the isolates causing outbreaks were 

closely related to chicken embryo origin (CEO) vaccines, specifically those classified in groups 4 
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and 5 were considered closely related, since both had similar or identical electrophoretic patterns 

after DNA digestion of multiple genome regions (57). 

  1.2.3.4 Sequencing techniques 

Whole genome sequencing provides the most comprehensive sequence information. Even though 

the DNA double helix was discovered early in 1953 by Watson and Crick (77), it was not until 

1970 when the first DNA sequencing process was developed by Ray Wu which was limited to the 

5’-terminal sequence (78). Thereafter Sanger et al in 1977 developed the rapid and accurate 

Sanger-method for DNA sequencing from 15 to about 200 nucleotides in length by using a single 

primer extended by the DNA polymerase I (79). Later, in 1996 the pyrosequencing method was 

described and used by the first next generation sequencing (NGS) platform, which relied on the 

real time detection of the DNA polymerase activity by enzymatic lumino-metric inorganic 

pyrophosphate detection instead of labelled primers and electrophoresis used by the Sanger 

method, resulting in a more rapid and effective method for massive DNA sequencing, allowing 

the sequencing of full genomes in hours or days (80). Afterwards, NGS techniques based on 

sequencing by synthesis and ligation and two-base coding was developed (81). In the context of 

infectious diseases, NGS has been considered a true revolution, providing new perspectives for 

research and diagnosis (82).  

Sanger sequencing and NGS have served to provide deeper insights in regards to ILTV taxonomy, 

inter-strain variation, recombination and epidemiology (37-42, 59). Even though NGS techniques 

possess indubitable advantages over Sanger sequencing in terms of amount of data produced, they 

both are still considered complementary to achieve high quality data and accuracy for further 

bioinformatics analyses (83). ILTV DNA sequences have been available since the 1980s, 
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providing information to detect virus and run PCRs since the 90s (50). However, the first whole 

genome assemble of ILTV was not made until 2006 in an endeavour to understand more about the 

taxonomy of ILTV by comparing its DNA sequence with that of PsHV-1, which finally placed 

both viruses within the Iltovirus genus (16).  

As more information about ILTV genomic DNA sequence has become available, differentiation 

among strains has become highly accurate. Since 2011 a considerable number of researchers have 

described features of full-length DNA sequences of ILTV in different countries (12, 37-42, 59, 84-

87). The first report of a full-length sequence of an ILTV strain was done in 2011 by Lee et al in 

Australia, who sequenced the European CEO Serva vaccine strain (41). A few months later, the 

same group published the full length sequences of two Australian origin live attenuated CEO 

vaccines corresponding to the SA2 and A20 vaccine strains, and reported only two non-

synonymous single nucleotide polymorphisms (SNPs) within coding regions between the two 

strains. They hypothesised that those changes were related to the greater level of attenuation and 

with the reduced ability of A20 to spread from cell-to-cell (39). Similar analyses were performed 

by Spatz et al in the USA, who used NGS techniques to resolve the full length genome sequence 

of four virulent isolates strains from the USA, describing seven non-synonymous substitutions in 

genes coding for glycoproteins between the Serva strain and the four virulent isolates (42). 

Whole genome DNA sequencing revealed new aspects of ILTV recombination and epidemiology 

(12, 37-42, 59, 84-87). Using NGS Lee et al in 2012 described the full-length genome sequence 

of viruses classified in the newly described classes 8 and 9, prevalent in Australian outbreaks. The 

analyses of these sequences and those previously available determined that attenuated vaccines 

had recombined to from virulent field viruses (classes 8 and 9) (40), which added a new level of 

complexity in regard to the potential adverse effects of ILTV vaccination. Up until then, the most 
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important adverse effects related to vaccination were the capacity of vaccine strains to cause latent 

infections (88, 89) and revert to virulence after in vivo passage (26, 28).  

1.3 Pathobiology of ILT  

Pathobiology is a concept that has been in development since the beginning of the 20th century, 

emphasizing the pathogenesis and pathophysiology of a disease (90). In this section, aspects of the 

pathogenesis and pathophysiology of ILTV are discussed, including viral entry, lytic infection, 

replication, transcription and latent infection. 

 1.3.1 Virus attachment and entry 

At the tissue level, ILT is characterised by tissue damage in the respiratory tract, including the 

conjunctiva and tracheal mucosa with subsequent clinical signs such as nasal discharge, coughing 

and gasping (2). Using explants of mucosal tissue, studies have found differences among some 

alphaherpesviruses in terms of invasion and depth of penetration in target tissues, classifying them 

in three types: viruses that replicate in the epithelial cells without invasion to the basement 

membrane (BM), plaque wise spread through the BM and those that do not reach the BM, but yet 

invade deeper tissues of the respiratory tract (91-94). Using such techniques, Reddy et al. (2014) 

were able to conclude that ILTV does not invade BM as quickly as other alphaherpesviruses, 

describing that at 48 hours post infection (PI) only a 30.9% and 43.3% of the plaques observed in 

trachea and conjunctival mucosal explants reached the BM, respectively (95). These values were 

lower and occurred at later time points when compared to other alphaherpesviruses, such as Suid 

alphaherpesvirus 1 (SHV-1) and Human alphaherpesvirus 1 (HSV-1), which would normally 

cross the BM by 24 hours PI (91, 92). Nonetheless, there was prior evidence of virus detection of 

ILTV in organs other than the respiratory tract (85), therefore, it was hypothesised that an 
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alternative mechanism may be involved or that there may be strain-related differences in the 

capability of ILTV to cross the BM (95).  

At the molecular level, initial virus-host interactions are characterised by viral structural envelope 

glycoproteins and cell receptors resulting in attachment and subsequent fusion of the envelope 

with the host cell plasma membrane (96). Attachment of herpesviruses to host cell membranes 

have different stages and is regulated by more than one glycoprotein (97). In other herpesvirus 

species, glycoprotein C (UL44, gC) has been shown to mediate the initial attachment binding 

heparan sulfate receptors (98-100) as well as glycoprotein B (gB) (101, 102). However, studies in 

ILTV have revealed that there are differences in gC and gB in terms of amino acid content and 

protein charge, which has led to the hypothesis (97, 103) and later experimentally confirmed (97), 

that ILTV may have a method different than heparan sulfate receptors for attachment and cell 

fusion. Glycoprotein D (gD) has shown to play a role in a second stage of entry and attachment 

(104). Other glycoproteins such as glycoprotein E and I (gE and gI, respectively) (105) have been 

related to cell entry and cell-to-cell spread in ILTV (73) and have been related with invasion 

through the BM membrane in other alphaherpesviruses (106). Once the nucleocapsid is released 

into the cytoplasm of the host cell, it must be transported along microtubule networks by the 

dynein-dynactin motor protein complex (107). Thereafter the nucleocapsid binds nuclear pores 

(108, 109) to finally deliver the DNA into the nucleus in order to undergo the viral gene 

transcription and replication processes (110), which result in the expression of viral proteins, viral 

DNA replication, encapsidation of viral DNA, formation of mature C-capsids, tegumentation, 

primary and secondary envelopment and viral release to the extracellular space or to neighbouring 

cells and formation of syncytia. 

 1.3.2 Lytic infection 
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Lytic infection, also known as acute infection, is a process characterised by the high cytolytic 

effect of viral infection and occurs in parallel with viral replication (2). The pathological lesions 

in the target organs during lytic infection can be classified as either macroscopic or microscopic.  

Macroscopic pathology can be found in conjunctiva and tissues of the respiratory tract, especially 

the larynx and trachea. Infection may result in serous, mucous or diphtheritic exudates, however, 

they may also result in severe epithelial damage and haemorrhage (2). Subsequent to lytic infection 

are clinical signs of disease which include conjunctivitis with mucous or serous ocular discharge, 

coughing, dyspnoea and gasping, as well as more systemic signs such as decreased egg production 

and/or weight gain (2, 6). In addition to the macroscopic findings and clinical signs observed 

during the lytic infection, leukopenia due to a decrease in the number of circulating lymphocytes 

(lymphopenia) and pyrexia can also be observed (111). In some circumstances lytic infection may 

be completely asymptomatic or associated with only mild clinical signs (112).  

Microscopic pathology is characterised by oedema and inflammatory cell infiltration at the lamina 

propria of the respiratory mucosae in addition to hypertrophy and hyperplasia of goblet cells 

responsible for mucous production in the trachea (12, 113). After experimental ILTV inoculation, 

intra-nuclear inclusion bodies can be observed in epithelial cells of the infected tissues together 

with desquamation of epithelial syncytia and marked exudative inflammation (113). The 

inflammation process during lytic infection is not only considered crucial to pathogenesis and the 

control of viral replication, but also important for the course of the adaptive immune response in 

the host (6). In regards to the immune response towards ILTV there is strong evidence that 

protection is antibody independent, and that cell-mediated immunity is correlated with protection 

(114-117). Experiments in chickens have shown that they can be protected against ILTV challenge 

infection by transferring spleen cells or peripheral blood leukocytes from immune birds, 
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meanwhile passive transfer of hyper-immune serum or bursal cells failed to confer protection 

against ILTV challenge (114, 118). Furthermore, bursectomised chickens that are unable to 

synthesise specific antibodies are able to generate protective immune responses against ILTV 

infection (114, 119). 

 1.3.3 Transcription 

Transcription of ILTV DNA proceeds in a highly regulated sequentially ordered cascade-like 

manner, similar to other alphaherpesviruses (120-125). In ILTV there are at least 4 types of genes, 

according to their order of expression during infection and their dependence on prior transcription 

or DNA replication (124). An early study in 1992 by Prideaux et al. using chicken kidney cells 

(CK), metabolic inhibitors and an Australian vaccine strain (SA2) was the first to describe a 

cascade-like pattern of ILTV gene-expression, demonstrating that ILTV has a similar gene 

expression pattern to that of HSV-1 (124). In this study polypeptides were classified as alpha, beta, 

gamma 1 or  gamma 2 according to the description used for HSV-1 gene-expression (124). 

However, researchers using different molecular techniques suggested herpesvirus gene expression 

be classified into six groups, instead of four groups, in order to provide a more comprehensive 

scope regarding to gene expression (126). Although the study of transcription of genes in other 

alphaherpesviruses, such as HSV-1, has been crucial to providing some insight into transcription 

in ILTV, it is possible that more complex patterns of regulation may be involved in ILTV, in 

contrast to other herpesviruses, hence future studies are required in this area (123). A more detailed 

and extensive study performed by Mahmoudian et al. in 2012 analysed the kinetics of 74 ILTV 

genes along with inhibition of transcription and de novo protein synthesis and concluded that a 

more complex pattern of regulation should be described for ILTV, since some genes showed 

features of early and late genes at the same time, such as UL12, UL17, UL21, UL27 (gB), UL35, 
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UL37, UL41, UL46, UL50, UL51 and US8 (gE) (123).  

 1.3.4 Replication 

DNA replication is a mechanism by which new DNA molecules are produced from a DNA 

template (127). Replication is a conserved process among the family Herpesviridae, which can be 

considered a model for the study of eukaryotic DNA replication because of their functional 

analogous proteins (128). In early studies, researchers using DNA sedimentation and electron 

microscopy techniques proposed that viral DNA replication in herpesviruses occurred in two 

stages (129). In the early stage linear and circular DNA molecules are synthesised, with the 

formation of internal “eyes” through theta mode DNA replication (130).  The late replication stage 

was characterised by concatemeric forms through sigma DNA replication mode (131) to progress 

finally to cleavage and packaging, where the replicated DNA is inserted into new capsids by a 

mechanism that is considered to be conserved throughout the entire Herpesviridae family (132). 

However, new evidence has given support to a different hypothesis, in which the DNA of 

herpesviruses may be amplified in a linear DNA mode similar to bacteriophage T4, in which a 

recombination-dependent replication (RDR) is described as essential (133). Herpesviruses 

undergo homologous recombination at high frequency (134-139) and at the same time possess a 

low frequency of nucleotide substitutions due to a highly efficient proofreading exonuclease 

activity in the polymerase holoenzyme (140, 141). In the following sub-sections, the classical 

description of early and late replication processes are discussed, as well as aspects of 

recombination related to the replication process model. Additionally, in order to provide a clearer 

picture of the replication process, the components of the replication machinery are discussed 

separately. 
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  1.3.4.1 Components of the DNA replication in herpesviruses 

The components for DNA replication include the DNA sequence where the replication takes place 

(origin of DNA replication [ori]) and the proteins involved in replication (128). ILTV possesses 

three origins of DNA replication, two located in the IR and TR regions flanked by the ICP4 and 

US10 genes (oriS), and one in the UL region (oriL), flanked by UL45 and ORF-A genes (41, 142). 

In regards to the proteins, herpesviruses encode at least 7 proteins that are required for DNA 

replication. These are the DNA polymerase and its accessory protein, three subunits of helicase-

primase, the single-stranded DNA-binding protein ICP8, and the origin-binding protein (OBP) 

(143-146). Additionally, genes that are known to encode essential proteins for DNA synthesis in 

HSV, such as UL42, UL5, UL8, and UL29 (128), are highly expressed early in infection in ILT, 

and thus classified as early genes (123). However, there are three essential genes for DNA 

replication in HSV (UL9, UL30 and UL52) (128), that are classified as late genes according to 

their transcription kinetics in ILTV (123). Therefore, it could be hypothesised that either ILTV 

may possess alternative genes for DNA replication, or that there are more genes involved in the 

ILTV DNA replication process. Mahmoudian et al. (2012) suggested that a more complex pattern 

of gene regulation should apply to ILTV since there are some differences with the classical 

description of gene expression kinetics in other alphaherpesviruses (123). 

  1.3.4.2 Early stage of replication 

During the early stage of DNA replication in herpesviruses, it is suggested that replication begins 

with the circularisation of the viral genomic DNA (147). This circularisation in the host nucleus 

occurs within hours, resulting in end-joining of the viral genome (147, 148). After circularisation, 

the recognition of the DNA ori by specific binding proteins is followed by an alteration in the 
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structure of the DNA that promotes the unwinding and entry of the proteins required to initiate the 

origin-dependent amplification DNA synthesis, also known as theta replication mode (149). The 

mechanism of how the replisome machinery is recruited to further synthesise DNA molecules 

during elongation in the early replication stage can be summarised in three steps according to 

studies on HSV (128, 150, 151).  

In the first step, the DNA is distorted or destabilised before amplification from at least one of the 

three ori. Deletion of either oriL or one or even both copies of oriS has no effect on viral DNA 

replication, which suggest that one copy of an ori sequence may be sufficient for the replication of 

HSV-1 (152, 153). Thereafter, the origin binding protein-helicase (OBP-helicase) encoded by the 

UL9 gene (154) and ICP8 protein encoded by the UL29 gene (155, 156) attach to the DNA 

sequence at either side of the ori, which are A - T rich regions, and hence considered more fragile 

and prone to breakage (157). Subsequently, the DNA is unrolled in an ATP-independent process 

(156), and then secondly in a more active energy dependent operation that results in long single 

stranded stem loop structures (158, 159).  

In the second step, the OBP-helicase plays a pivotal role in the recruitment of the essential factors 

of the replisome machinery (155). The OBP-helicase, encoded by the UL9 gene, interacts with a 

subunit of the helicase-primase encoded by the UL8 gene, which is important for multiple 

protein-protein interactions (160). In HSV, the DNA helicase-primase consists of a dimeric core 

enzyme with a 5’ - 3’ DNA helicase activity encoded by the UL5 gene and a primase activity 

encoded by the UL52 gene (161).  

The third step occurs when the viral DNA polymerase is either recruited by the interaction between 

the catalytic subunit of the DNA polymerase and the helicase-primase subunit, encoded by the 
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UL30 and UL8 genes, respectively (162), or recruited by the interaction between the subunit of 

the DNA polymerase and the OBP-helicase protein encoded by the UL42 and UL9 genes, 

respectively (163). The herpesvirus DNA polymerase has a unique 3’ - 5’ proofreading 

exonuclease activity, resulting in mutations rates as low as 0.003 mutations per genome on average 

(141). The complete process whereby ILTV DNA is unwound, and the factors of the replisome 

machinery are recruited to synthesise DNA sequences, are still not fully understood. 

  1.3.4.3 Late stage of replication  

The late stage of herpesvirus replication involves the formation of concatemeric forms of viral 

DNA, which are the substrate for further cleavage and packaging into the new infectious progeny 

virus (128, 132). These concatemeric forms are high molecular weight intermediate tandem head-

to-tail linked genomes that accumulate in the nucleus of the infected cells (132, 164). Concatemeric 

forms are believed to be synthesised through the rolling circle replication model, also known as 

the sigma DNA replication model, but the process is still not completely understood, and there is 

no proof of intermediates between the theta and sigma replication modes in herpesviruses. Some 

authors have hypothesised that replication in herpesviruses may be somehow similar to the 

replication process in the lambda bacteriophage. In this model concatemeric forms are produced 

in a non-linear, perhaps branched mechanism that include cell host and viral proteins along with a 

RDR process (133, 165, 166). Since herpesvirus undergoes homologous recombination at high 

frequency (134-139), despite the fact of having a high proofreading DNA polymerase (141), it has 

been hypothesised that recombination helps to restart DNA synthesis of stalled or collapsed 

replication forks (167, 168), similar to what happens with the lambda bacteriophage (165). 

Additionally, it has been demonstrated that the protein ICP8 may mediate the recombination 

process, since it possesses single strand annealing (SSA) and helicase mediated heteroduplex 
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extension mechanisms, and hence throughout the re-annealing activity may promote the 

intermolecular pairing of homologous DNA (169). In ILTV, there is no specific knowledge of how 

the concatemeric forms are produced, nor is the role of recombination in regard to this process 

known.   

Once the concatemeric forms are produced, they must be cleaved at regular intervals and packaged 

into individual pre-formed capsids (132, 170). Studies of the concatemeric forms and viral 

genomic sequences of HSV-1 virions have shown an equivalent of four equimolar isomers due to 

the inversion of the UL and US regions (43) This may be due to the presence of the bracketed 

inverted and direct repeat regions that undergo internal recombination, hence allowing the 

inversion of the UL and US segment (171). It seems plausible for HSV-1 to have four equimolar 

isomers among its virions, since it contains a class E genome arrangement, and hence inverted and 

direct regions bracket the UL and the US genome regions (18). In other herpesviruses such as 

Equid alphaherpesvirus 1 (EHV-1), Human alphaherpesvirus 3, Bovine alphaherpesvirus-1 

(BoHV-1) and SHV-1, which have class D genome arrangements, and hence only possess inverted 

and direct sequences bracketing the US region (18), the presence of inversions of the UL region 

have been observed despite the lack of either direct or inverted repeat sequences bracketing the 

UL segment of their genomes (172-176). Nonetheless, those inversions in the UL segments, called 

isomers of the UL, and bracketed by repeated regions have been found frequently among 

concatemeric forms, but not among virions in either BoHV-1 (172) or EHV-1 (176). These 

findings suggest that cleavage and packaging are separate events (139), and also that a different 

mechanism may be part of the selection and/or correction of the UL isomers. To date, there is no 

information about presence of UL isomers during ILTV replication, nor is there evidence of the 

mechanism by which the concatemeric forms of ILTV DNA are processed in terms of cleavage 
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and packaging. 

 1.3.5 Latent infection 

Only a few virus families are capable of true latency. Herpesviruses are one of these families (177). 

Latency is defined as the state of cryptic viral infection associated with genomic persistence despite 

host immune response and highly restricted gene expression (178). During latency the disease is 

clinically silent until it reactivates periodically throughout the life of the host (5, 179). In this 

section, aspects of the latent state in regards to the epidemiology of ILT, the molecular biology of 

ILTV and the relationship between the immune system and reactivation are briefly discussed. 

The entire mechanism by which ILTV establishes latent infections and subsequent reactivation is 

not well understood. The first insights into the capability of ILTV to produce latent infections was 

described in 1986 (88, 180). Since then it has become evident that wildtype and vaccine strains of 

ILTV can produce long term latent infections (88, 89). This is epidemiologically important as there 

is the potential for reactivated vaccine strains to revert to higher levels of virulence after in vivo 

passage (28) or recombine with other vaccine strains and generate more virulent offspring (40). It 

is important to note that early studies on ILTV latency by Bagust et al. (1986) and Hughes et al. 

(1991) used only a limited number of ILTV strains, since the main focus of their studies was to 

determine whether vaccine strains can establish latent infections in comparison to wild type strains 

(88, 89, 180). Future research focusing on the different features and capability of latency should 

include a wider range of ILTV strains including laboratory and/or reference strains, vaccine and 

field strains in order to better understand how latency and vaccination impact on the epidemiology 

of ILT. 

Latency associated transcripts (LATs) also known as latency related transcripts (LRT) and micro 
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RNA (miRNA) are important molecular features of herpesvirus latency. LATs are the only 

transcripts readily detectable during latent infections with HSV (181), GaHV-1 and -2 (182), SHV-

1 (183) and BoHV-1 (184). LATs are not essential for infection, latency or reactivation, since 

deletion mutants in the regions of the gene encoding for LATs are capable of establishing, 

maintaining and reactivating in animal models (185-188). In an attempt to describe LATs in ILTV, 

Johnson et al. (1995) reported an immediate early transcript associated with the major 

transcriptional activator ICP4 after infection of primary cells, along with similarities and 

differences to sequences related to LATs described in other alphaherpesviruses (189). Ziemann et 

al. (1998) reported that the analogous ICP0 gene associated with LATs in others 

alphaherpesviruses, was abundantly expressed during the late phase of the ILTV replication, and 

that the protein products were predominantly localised in the nuclei of virus infected chicken cells, 

hypothesising that they may be related to LATs (190).   

Studies have also found a link between miRNA and the latent stage of ILTV, since it has been 

shown that two miRNA (ILTV-miR-I5 and -I6), are mapped antisense at the 3’ end of ICP4, and 

may be related with the decrease of the expression of the ICP4 coding region (191). Similar results 

were found by Rachamudugu et al. in 2009, describing the iltv-miR-I7-3p, which is a micro RNA 

mapped to the oriL (192). In vitro experiments conducted by Waidner et al. in 2011 found that 

iltv-miR-I5 was capable of decreasing ILTV ICP4 expression, supporting previous results obtained 

in 2009, hypothesising that miRNA may impact the balance between the lytic and the latent state 

of the virus in vivo (193). 

 1.3.6 Reactivation   

In vivo studies have served to determine the stress factors involved in reactivation, and also to 
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study the effect of immune suppressive drugs related on reactivation of latent alphaherpesviruses 

in several species (194-202). Natural stress factors such as rehousing and reproductive onset can 

induce FHV-1 shedding in carrier infected cats (196). In addition, stress factors such as 

transportation, parturition, respiratory and parasite infections may cause reactivation of latent 

BoHV-1 infection in cattle (197, 198, 200, 201). Experimental reactivation protocols using 

corticosteroids have been extensively and successfully used in natural host and animal models to 

further study herpesviruses reactivation (194, 195, 199, 202).  

In vitro studies, have also been used to understanding reactivation of herpesviruses from neuronal 

cell culture through the activation of secondary messenger pathways (203). In 1987 it was found 

that neurones produced small quantities of nerve growth factor (NGF) to provide trophic support 

(204), and also that NGF deprivation produced reactivation of latent HSV in in vitro experiments 

(205). Several attempts since then have been made to determine not only the molecular basis of 

NGF dependence (206, 207), but also the role of different second messenger pathways, in order to 

determine the molecular pathways that participate in the reactivation of HSV (203). These results 

have advanced our understanding of latency and reactivation since previous stimuli for herpesvirus 

reactivation were based on deprivation of cells from trophic support and damage of the target tissue 

(208-210). The role of NGF in ILTV latency and reactivation remain unknown.  

Reactivation in ILTV has been studied since 1987 using in vivo experiments in long term latently 

infected birds recovered from acute infection, providing understanding about natural stress factors 

involved in reactivation, and the capability of vaccine strains to establish latent infections and 

undergo reactivation (5, 89, 179). Hughes et al. (5) showed that 4 out of 5 experimentally infected 

birds were carriers as they intermittently shed ILTV up to 9 weeks post-infection. The only bird 

that did not shed virus after 9 weeks was also the only one that shed virus after rehousing, therefore, 
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authors hypothesised that a refractory period existed followed the episode of virus re-excretion 

(5). Furthermore, as birds did not respond in the same way as other species treated with 

corticosteroids, they hypothesised that they were in a refractory period, or alternatively, that the 

mechanism of reactivation is different in birds (5). Further studies to test the capability of 

corticosteroids to induce ILTV reactivation, including administration immediately after virus can 

no longer be detected following an acute phase of infection would help determine if corticoids can 

induce ILTV reactivation, and thus provide an insight in regards to latency and a potential 

refractory period, as this may be important in terms of the epidemiology of ILT. 

1.4 Recombination in alphaherpesviruses  

Genetic recombination in viruses is a molecular process by which new genetic material (offspring) 

is generated by shuffling two different DNA (or RNA) sequences from viruses infecting the same 

host cell at the same time (211) (212). The first study of recombination in alphaherpesvirus was 

performed in 1955 by Wildy, in Australia, demonstrating that mixed in vivo inoculations with two 

HSV-1 wild type strains with distinct levels of virulence gave rise to a third virus that displayed 

an intermediate degree of virulence compared to that of the parent strains (213). Since then, 

recombination has been studied in different alphaherpesviruses such as HSV-1 and 2 (137, 214-

218), SHV-1 (136, 219, 220), Felid alphaherpesvirus 1 (FeHV-1) (135), BoHV-1 and -5 (138, 

172, 221, 222) and Human alphaherpesvirus 3 (134) under laboratory conditions either by 

performing co-inoculations or by building deletion mutants, among other techniques. 

Although, recombination seems relatively simple to study in the laboratory, under natural 

conditions it has often been difficult to perform and measure, and authors have hypothesised that 

the importance of recombination in alphaherpesviruses may be underestimated (223). In recent 
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years, rapid advances in NGS technologies (224) have allowed for a more in depth examination of 

alphaherpesvirus recombination in field settings (natural recombination), and have increased our 

understanding of the importance of recombination in the epidemiology and biology of different 

alphaherpesviruses, including ILTV (40, 58); GaHV-2 (225) HSV-1 and -2 (226-231) and Human 

alphaherpesvirus 3 (232-234).  

 1.4.1 Types of recombination in alphaherpesviruses  

Recombination is an important evolutionary driving force by which alphaherpesviruses can persist, 

evolve and eventually become more virulent through time (40, 216, 223). Four types of 

recombination have been described based on the structure of the crossover site: (i) Site specific 

recombination occurs at significant frequencies between DNA molecules sharing little to no 

sequence homology; (ii) Transposition recombination occurs for defined DNA sequences 

(transposable elements) that are recognised by transposon encoded proteins; (iii) Non-homologous 

or illegitimate recombination, which occurs at different sites of the genetic fragments involved, 

since neither sequence homology nor specific sequences are identified and frequently originate 

aberrant structures; and (iv) homologous recombination that occurs in the same site in both 

parental strands, and makes use of DNA sequence homology to recognise recombining partners 

(235). It has been hypothesised that alphaherpesviruses undergo homologous recombination 

between strains or closely related viruses at high rates, evidenced by the high numbers of 

recombinants isolated after in vivo co-inoculation of strains of HSV-1 (137), BoHV-1 (172) and 

SHV-1 (136, 236). In vitro experiments have shown similar results after co-inoculation of BoHV-

1 (138), Human alphaherpesvirus 3 (134), FeHV-1 (135) and PRV (136).  

In contrast to intraspecific recombination, which is the recombination between viruses in the same 
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species, interspecific recombination occurs between members of different viral species (223). 

Timbury and Subak-Sharpe in 1973 were the first to indicate that this type of recombination was 

possible between strains of HSV-1 and Human alphaherpesvirus 2 (HSV-2) (237). In field 

samples, inter-species recombination has been detected between EHV-1 and Equid 

alphaherpesvirus-4 (EHV-4) (238), EHV-1 and Equid alphaherpesvirus-9 (EHV-9) (239) and also 

between HSV-2 and chimpanzee herpesvirus (ChHV) (240). There is general agreement that 

interspecific recombination is detectable between alphaherpesviruses, but is a much less efficient 

processes compared with intraspecific recombination, since recombination in alphaherpesviruses 

requires a high level of sequence homology (134-139, 236, 241). 

 1.4.2 Factors influencing recombination  

Even though herpesvirus recombination is still not fully understood, it is evident that 

recombination in alphaherpesviruses is not only coupled with viral DNA replication (242), but is 

replication-dependent, requiring both viral and host proteins (133, 166). The molecular 

components of replication are discussed in more detail earlier in this literature review (see section 

1.3.4). Recombination in alphaherpesvirus appears to share a mechanistic model with that of 

lambda-bacteriophages, in regards to the proteins involved and the DNA replication model, which 

has been useful to study essential aspects of the replication process that impacts on the genetic 

diversity in herpesviruses (165, 243). The viral factors that can influence recombination are 

virulence, invasiveness (220, 244), latency, tissue distribution (139, 245-247) and genetic 

homology (172, 221, 241). In regards to host factors that influence recombination, it is important 

to highlight that immune response after challenge or vaccination has been described as an 

important factor in limiting viral replication, and thus indirectly limit the opportunities for of 

recombination, since recombination is replication dependent (133, 165, 166). 
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1.5 ILT vaccines 

The development and use of ILT vaccines has been mainly focused on limiting clinical disease. In 

1934 ILT was the first major avian viral disease for which an effective vaccine was developed. 

This vaccine consisted of inoculation of virulent virus via the cloaca to limit clinical signs in 

chickens (248). Three different types of ILTV vaccines have been developed to control ILTV 

disease; modified-live virus vaccines, inactivated vaccines and vaccines based on recombinant 

DNA technology (2). Vaccines based on inactivated whole virus have shown to be effective at 

producing serological response in chickens (249), and inoculation with ILTV purified 

glycoproteins has also demonstrate production of neutralising antibody and delayed-type 

hypersensitivity response (250). However, the high cost of preparing inactivated vaccines on an 

industrial scale must be noted (2). Rather than inactivated vaccines, modified live attenuated 

vaccines have been widely used. These vaccines have been developed by performing serial 

passages of field strains either through tissue culture (251, 252) or chicken embryos (253). CEO 

vaccines have been associated with increased levels of virulence after serial in vivo passage (28).  

Modified-live virus vaccines have been administered through eye drop (254), orally through 

drinking water (253), orbit sinuses (21), intranasal instillation (19) and into feather follicles (255). 

Although drinking water is one of the most practical methods of administration due to its fast and 

large-scale delivery, evidence shows that a high proportion of chickens fail to develop protective 

immune responses, possibly because the vaccine strain never contacts the nasal epithelium and no 

further viral replication occurs, with a subsequent failure in protection (256). In addition to this 

failure, poor biosecurity conditions and drinking water vaccination have been associated with 
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increased virulence of modified-live ILTV vaccines allowing uncontrolled spread of vaccine 

strains to unvaccinated birds, potentially leading to sequential in vivo passage (28). Additionally, 

modified-live ILTV vaccines have been linked with insufficient attenuation and production of 

latency resulting in disease (88, 89). Currently, in Australia, only modified-live virus vaccines are 

commercially available, among those are the Australian origin SA2 (Zoetis, Australia), which is 

an attenuated ILTV field strain isolated from South Australia around 1950 (257, 258) and the A20 

vaccine strain (Zoetis, Australia), which was prepared by serial passages of the SA2 ILTV strain 

in primary chick embryo cell cultures in order to decrease virulence and make it suitable for broiler 

vaccination (259). The Serva vaccine strain (Nobilis ILT, MSD) is also a modified-live strain 

vaccine grown in embryonated eggs, and it was introduced from Europe and registered in 2006 for 

use in Australia (260). 

Genetically engineered vaccines to control ILTV have been possible as a result of the increasing 

knowledge of ILTV antigens and their interaction with the host (261, 262). Studies to generate 

genetically engineered vaccines has involved the production of sub-unit vaccines, construction of 

viral vectors expressing ILTV antigens, alteration or deletion of ILTV viral genes involved in 

virulence, or reconstructing ILTV to be a viral vector. Additionally, it has been hypothesised that 

genetically engineered vaccines may serve as a safer alternative not only to control ILT disease, 

but also for use in ILTV eradication programs to eradicate virus from production and regional sites 

(263, 264). Viral vectors expressing ILTV antigens have used either HVT or fowlpox virus (FPV) 

(264, 265) to express ILTV proteins and are commercially available in some countries.  

The FPV vectored infectious laryngotracheitis + avian encephalomyelitis (FP-LT+AE) vaccine 

(Vectormune® FP-LT+AE, Biomune Co., Lenexa, KS) carries the UL27 and UL34 ILTV genes 

encoding viral gB and membrane associated protein, respectively. After challenge of chickens 
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vaccinated with FP-LT+AE, this vaccine is generally considered capable of preventing mortality, 

reducing lesions and clinical signs of disease and improving weight gain (264). However, when 

administered in ovo only partial protection against challenge is seen, and only a small reduction of 

viral replication in tracheal mucosa after challenge occurs (266). A FPV vectored vaccine that was 

developed in China co-expressing the Newcastle disease virus fusion and hemagglutinin-

neuraminidase genes and ILTV gene encoding gB, has proven to induce an effective immune 

response and prevent clinical signs after challenge when compared to a modified live virus vaccine 

(267, 268). However, in regards to viral replication after challenge, commercial modified-live 

vaccine strains appear to provide better protection than the FVP recombinants (268, 269). Use of 

the FPV vector to expressing ILTV gB along with interleukin-18 (IL-18) seems to generate a more 

effective immune response in comparison to gB alone (270), however this vaccine is not currently 

commercially available. 

Another commercially available recombinant vaccine (HVT/LT) (Innovax®-ILT; Intervet 

International B.V., Whitehouse Station, NJ, USA) uses a HVT vector to express ILTV US6 and 

US7 genes which encode viral glycoproteins  D and I, respectively (265). This HVT-vectored 

vaccine is efficient and safe in terms of adverse effects, reversion to virulence, transmission from 

non-vaccinated to vaccinated birds. The vaccine also prevents clinical signs after challenge 

following vaccination (271). However, transcriptional profiling has shown low expression of ILTV 

glycoprotein I (gI) in some tissues (272). A comparatively lower level of protection after challenge 

has been observed compared to conventional ILTV modified-live vaccines (273). A study 

examining humoral responses showed that Vectormune® FP-LT and the more recently released 

Vectormune® HVT-LT vaccines carrying the ILTV gB were able to produce antibodies against 

gB, and this gB-specific antibody could be used to differentiate between vaccinated birds and wild 
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type infected birds (274). Even though genetically engineered vaccines are considered safe and 

HVT-LT has been shown to be more effective than FPV-LT at mitigating clinical signs 

independently of the route of administration, both show only partial protection against challenge, 

when compared to conventional live attenuated CEO vaccines. The difference is even more 

dramatic in regards to viral replication and shedding, which are pivotal elements in the control and 

epidemiology of the disease (269). More recently, Zhao et al. (2014) have shown that a Newcastle 

disease virus (NDV) strain (LaSota), which is a low virulence NDV strain can be used as a vector 

to express the ILTV UL27 gene encoding for gB. This vaccine candidate not only reduced the 

severity of clinical signs but also significantly reduced ocular and tracheal ILTV shedding (275).  

Another approach to the generation of genetically engineered vaccines is to delete viral genes 

involved in virulence. A number of deletion mutants for a range of ILTV genes have been 

constructed. Some of these deletion mutants have been proposed as vaccine candidates, especially 

those that have deletions of TK (276, 277) UL50 gene (278), glycoprotein J (gJ) (279, 280), UL0 

gene (281), UL47 gene encoding a major tegument protein (282), glycoprotein C (gC) (261), and 

gene US4 encoding gG (73, 283). In contrast to engineered vaccines using either FPV or HVT as 

viral vectors for ILTV antigens, gJ deletion mutants have been shown to induce protection by 

reducing the severity of clinical signs and preventing viral shedding after challenge (279). A TK 

(UL23 gene) deleted ILTV strain has also been shown to be protective in terms of clinical signs. 

Encouragingly re-isolation of challenge strain from vaccinated birds occurred at a very low rate 

(276). A gC deleted ILTV has also been found to be protective, but had a high degree of virulence 

and was fatal to a considerable number of animals (261). Since 2006 ILTV gG has been studied 

and shown to be a virulence factor, as its deletion causes attenuation (73). This glycoprotein has 

also been shown to influence the local inflammatory cell response at the site of infection, as well 
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as the subsequent adaptive immune response, shifting immune response from humoral (non-

protective) to a cell-mediated (protective) response (283). The gG-deleted vaccine candidate was 

shown to be equivalent to, or better than, a live-attenuated vaccine strain commercially available 

in Australia resulting in protection from clinical disease, lower mortality rates and better weight 

gain in birds, and importantly no replication and shedding of virus after ILTV challenge (284).  

ILTV deletion mutant strains seem to provide higher levels of protection, and lower levels of 

challenge viral replication and shedding compared to other commercially available viral vectored 

recombinant vaccines (FPV and HVT). It remains unknown if any of these deleted mutant vaccines 

are able to establish latency or prevent latency being established by challenge strains, which is yet 

a major and unachieved goal in the control of ILTV by vaccination. 

 

1.6 Thesis aims 

The overarching aim of this work was to better understand ILTV recombination in the natural host. 

The specific aims of this project were to;  

 

1) Develop a TaqMan SNP genotyping assay to detect recombination between two Australian 

field strains, CSW-1 and V1-99, under experimental in vivo conditions.   

 

2) Apply this assay to study recombination over a period of time in co-infected birds and to 

describe the number and diversity of recombinant progeny that were produced. 
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Determine the impact of vaccination on ILT recombination using Australian and USA vaccine 

and field strains of ILTV. 
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CHAPTER 2 

Paper 1 

Development and application of a TaqMan single nucleotide polymorphism genotyping 

assay to study infectious laryngotracheitis virus recombination in the natural host 

 

Published by: Plos One volume 12, issue 3, 2017 

 

Co-authors: Carol A Hartley, Mauricio JC Coppo, Paola K Vaz, Andrés Diaz-Méndez, Glenn F 

Browning, Sang-won Lee, Joanne M Devlin 

 

The original publication can be obtained from the following link: 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0174590 

 

 

The following material has been included with permission from the journal 
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Supplementary material Chapter 2 / paper 1 
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Supporting information 1. Primers used for confirmation of SNPs in the CSW-1 and V1-99 ILTV genomes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target region  Primer sequence (5’ - 3’) Product 
length (bp) 

Annealing 
temperature (*C) 

UL46 F:TTGCCCGAATGCTCAGACAT 600 65 
R:CCGAAATGAGCTCCCACCTA 

UL36 F:GACTTCCTTGTCCCACGTGT 796 65 
R:ACATCCAAAGCACTCGAGCA 

UL8 F:AGAAAGCGACCTCAGTGTGG 599 65 
R:TTTTCGCGGGTGTTAAGGCA 

UL0 F:TACGTCGACGAGCAGATGGA 639 60 
R:TACCGGAGACAGAAGAGGG 

ICP4 F:GCTTGATACAGATCCGGGCG 648 60 
R:TCCGAAATCAGCTTCCGTGT 

US3 F:TGCAGAAATTTTGCCGACCG 450 65 
R:GCCGCCCTTGTTCCATTTTT 
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Supporting information 2: Sequences submitted to the RealTimeDesign™ software for primer and probe design 

Targeted 
gene  

Sequence submitted 
 

SNP identity 
[CSW-1/V1-99] 

 
 
 
 
UL46 
 
 
 
 
 
 
 
 
UL36  
 
 
 
 
 
 
 
UL8  
 
 
 
 
 
 
 

>UL46 
GCACCTTTAAGTTCATTGAAGGATACGCTTATTATATGCGCCCCCCTGGGCCAGAACTCCAT
TCAACAGAAACGACCGCTCGTCTAGCAGCCCTCCTTGTATATGTGAGAAGCATGTACTGCA
AACTGGCGTCCTTATTTGACGCAATCGATGCCGCTGTGCTGCGCTCTAAATTTAATAGG[A/G
]GAGCTTCGGCTCAAGCTCTGACTGGAATTTATGGATACACGCGAAACGGGAAGGGAACTA
TAATGTCGCGGTATTCTTCGGAGGCCATGAGTGATGAAATCATGTCTGTGTGTCGCACTGGT
TCGGACACTTTGATAGAATCTTTACGCAAAGCTCTGGGGAGATTGACCTACCTTATTGCTAG
GTGGGAGCTCATTTCGGTAGAGAAG 
 
>UL36 
CTCTGCGAGAAGATTCCTCGTGAAGTTTGTGCGACCCTTTGACATATGCCGGTGTAAAATCC
TCGTCAGAACTTTCTCCTTCCGGGGGATCGACTTCCTTGTCCCACGTGTAACTGTATGTTGG
GAAGTGAGCTATATCCTCATTATCTGAGCAATGTGTCTGTTTGGCTTCCGCGGTGTCATGTTT
ATCTCTGTGGCTTGTTATGCTTTCTGGCGGG[C/T]CCTCGTGTTCGCTAGTTTTACGTGTTGTT
GCCAGGTGGCTTCGATCTTCTGGTTCCGGGTCTGTGGGATGCTCAAGGTTAGTCTCGTCTGT
AATAACTGCGAAATTATCAGACGGGTCAGAAGTTATTGACGGACTCTGAATTTTCCAATCA
CAAGTTTCTGAGA 
 
>UL8 
CGCGCCTTGACTCTGCCAGAATTTTATTCTCCTTCTATTTTTTATGTTTGCAAAGACAGTGGA
TTGATCACTAAGGTCTGCGAGGATAAATCCAAGCCACGTATGGCAACTGCATCTTACGCAG
CATTGAATGCTTCGTCTAACTTCCAAGCAA[G/A]TTATATTGAACGCAATCTGCAAGCCGGA
CATTGTTGTGAACTGAGAAATTTTGGATGGGCTCGCATACAGGCAATCTCATCTGGAAAAA
TTAATCCAAGAAGCATGACCGCGGAATGGGTGTGGGCTGGTGGAAAGTGGATTGATGGAA
GAGGAAATGAAGCATTTTC 
 
 
 
 

 
 
 

[A/G] 
 
 
 
 
 
 
 
 

 
[C/T] 

 
 
 
 
 
 

 
 

[G/A] 
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UL0 
 
 
 
 
 
 
ICP4 
 
 
 
 
 
 
US3 

>UL0 
CGTATTTTGCCCTGCGCCATCATAATTAGACGAGGGGTGGTGGGGCGAAAGCTGTGGAGGG
GAGCGTCTAGATGGCGAGGGGAGGGATGATAACCTGAGGTCTG[A/G]GGCCGTAGGAGATG
GCGCAGAAAATAAAGGGGGTATAGAGGACGGACGTGCGGGCGGTGGACTATGAGCGGGGC
TATTTTCTATTTCATGCCGCACGACCCGTCGCACCCACGACATCTCATATACATCTCGCACTT
CTGCTCTACTCGCAAGGCCATAGTTGCCTTCCCCCTCTTCTGTCTCCGGTAACATAAACGTAT
CGAATACGGT 
 
>ICP4 
GGTTGCCGCAGGTGGCTCTTTCGCTGCGGCTTCCAGCTCCCTCGTGGCACGCGCTATTCGCC
TGGCGCCAACGAGTACAGGGTGGTCCCCAGAAGCAGACGCCGCCGTAGGATCCACGGCCG
CTCC[C/T]GGAAATACAAACGGGACAAACGCTCTCCTAAGAGCCGCCAACAGGTAAGTTTTC
TGCGGGTGGTCATAGCGGCGGCACACGCGTACGAGCTCGGTAAGGTGCGGCAGAGCTAATG
ACACACGGCCATCACGCATGGCGTGCGCTACGTGCGGGAGGCACGTCGGCACCGCAGAAC
GAGACAATCCTCCCTCGG 
 
>US3 
ACAACCGAGAATCCGCTTACCTCAAAACGCGTTTGCGTATTGGATAGTTTCTCACGGACAAT
GTCATTGCGCCCCTATGCAGAAATTTTGCCGACCGCGGAAGGCGTCGAGCGCCTCGCCGAA
CTTGTTAGTGTGACAATGACAGAACGCGCGGA[G/A]CCTGTGACAGAGAATACAGCTGTAA
ACAGTATTCCCCCGGCTAACGAGAACGGGCAGAACTTTGCATCTGCAGGCGATGGGGCCTC
GGCTACTGAAAAAGTTGACGGCTCGCATACAGACTTCGATGAAGCATCGAGCGACTACGCC
GACCCTGTCCCGCTCGCGCAAACTAGATTGAAGCATTCGGATGAATTTCTTC 

 
 

[A/G] 
 
 
 
 
 
 

[C/T] 
 
 
 
 
 
 
 

[G/A] 
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CHAPTER 3 

Paper 2 

Genetic diversity of infectious laryngotracheitis virus during in vivo coinfection parallels 

viral replication and arises from recombination hot spots within the genome. 

 

Published by: Applied and Environmental Microbiology volume 83, issue 23, 2017 

 

Co-authors: Carol A Hartley, Mauricio JC Coppo, Paola K Vaz, Andrés Diaz-Méndez, Glenn F 
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The original publication can be obtained from the following link: 
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Supplementary material Chapter 3 / paper 2 
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Supplementary Figure 1. Recombination patterns, as determined using SNP genotyping, in 

progeny viruses isolated at 4 days after single inoculation of SPF chickens with 104 PFU of each 

of either CSW-1 or V1-99. Each row corresponds to a virus isolate, with the CSW-1 SNPs 

indicated by shading in grey and the V1-99 SNPs by shading in black. As shown in the figure, no 

recombination was found. 
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Supplementary Figure 2. Recombination network trees generated using SplitsTree4 from alignment of A) All genome sequences 

from Asia, including 1 from Russia B) All genome sequences from Australia D) All genome sequences from USA and E) All 6 

sequences sequenced in this study plus both parental strains (CSW-1 and V1-99). The multiple reticulate networks indicate 

recombination events between the isolates. The bar indicates the rate of evolution in sequence substitution per site. P values for the 

PHI test for detecting 

recombination, as implemented in SplitsTree4, are shown and were highly significant for the complete genome and for the unique 

short region. 
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Supplementary Table 1. Viral diversity measurements in chickens co-inoculated with 103 PFU (low dose) of CSW-1 and V1-99 

ILTV at 2 and 4 days after co-inoculation in birds F - J. 

 

a Diversity measurements: 0 = Richness, 1 = Shannon-Weaver, 2 = 1/Simpson, 0.25, 0.5, 4, 8, 16, 32, 64 = diversity measurements expressed as Hill numbers, Inf  
= 1/Berger Parker 

b 95% confidence interval obtained by statistical analysis of diversity measurements using Student’s t-test 

c Bold - P ≤ 0.05. 

 

 

 

Diversity measures - Day 2 
 Diversity measurement a Evenness 
 0 0.25 0.5 1 2 4 8 16 32 64 Inf  
Mean  5.8 5.2 4.7 3.7 2.6 2.0 1.8 1.8 1.7 1.7 1.7 0.7 
Standard 
deviation 

1.9 1.7 1.5 1.1 0.6 0.3 0.26 0.2 0.2 0.2 0.2 0.08 

Diversity measures - Day 4 
 Diversity measurement a Evenness 
 0 0.25 0.5 1 2 4 8 16 32 64 Inf  
Mean  8.6 8.3 7.9 7.2 6.1 5.0 4.2 3.9 3.8 3.7 3.6 0.92 
Standard 
deviation 

2.2 2.0 1.9 1.7 1.6 1.4 1.2 1.1 1.1 1.1 1.0 0.05 

Statistical comparison between days 
95% confidence 
intervalsb 

-4.419 
-1.181 

-4.687 
-1.385 

-4.937 
-1.563 

-5.280 
-1.779 

-
5.314 

-
1.653 

-4.602 
-1.225 

-
3.854 

-
0.963 

-
3.470 

-
0.834 

-3.299 
-0.773 

-3.220 
-0.7438 

-3.145 
-0.715 

-0.278 
-0.068 

P valuec 0.008 0.007 0.005 0.005 0.006 0.008 0.009 0.01 0.01 0.01 0.01 0.01 
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Supplementary Table 2. Viral diversity measurements in chickens co-inoculated with 103 PFU (low dose) of CSW-1 and V1-99 

ILTV at 6 and 8 days after co-inoculation in birds K, L and M. 

 

  Diversity measures - Day 6 
 Diversity measurement a Evenness 
 0 0.25 0.5 1 2 4 8 16 32 64 Inf  
Mean  8.3 8.0 7.6 6.8 5.3 3.9 3.4 3.2 3.1 3.0 3.0 0.9 
Standard 
deviation 

6.7 6.3 6.0 5.1 3.7 2.6 2.2 2.0 2.0 1.9 1.9 0.02 

Diversity measures - Day 8 
 Diversity measurement a Evenness 
 0 0.25 0.5 1 2 4 8 16 32 64 Inf  
Mean  4.3 4.0 3.6 3.2 2.6 2.2 2.1 2.0 1.9 1.9 1.9 0.7 
Standard 
deviation 

2.1 2.0 1.9 1.6 1.3 1.0 0.9 0.8 0.8 0.8 0.7 0.28 

Statistical comparison between days 
95% confidence 
intervalsb 

-
7.385 
15.38 

-6.841 
14.88 

-6.320 
14.23 

-5.210 
12.42 

-3.333 
8.590 

-
2.712 
6.101 

-2.599 
   
5.227 

-2.514 
4.859 

-2.461 
4.702 

-2.432 
4.629 

-2.403 
4.559 

-0.29 
0.456 

P valuec 0.269 0.252 0.239 0.220 0.198 0.239 0.285 0.304 0.310 0.312 0.314 0.216 
a Diversity measurements: 0 = Richness, 1 = Shannon-Weaver, 2 = 1/Simpson, 0.25, 0.5, 4, 8, 16, 32, 64 = diversity measurements expressed as Hill numbers, Inf  
= 1/Berger Parker 

b 95% confidence interval obtained by statistical analysis of diversity measurements using Student’s t-test. 
c Bold - P ≤ 0.05. 
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Supplementary Table 3. Viral diversity measurements in chickens co-inoculated with 1x104 PFU (high dose) of CSW-1 and V1-99 

ILTV at 2 and 4 days after co-infection in birds A, B, C, D and E. 

 

Diversity measures - Day 6 
 Diversity measurement a Evenness 
 0 0.25 0.5 1 2 4 8 16 32 64 Inf  
Mean  8.4 8.1 7.8 7.3 6.4 5.5 4.9 4.4 4.2 4.1 4.0 0.8 
Standard 
deviation 

1.1 1.2 1.2 1.3 1.4 1.3 1.2 1.0 0.9 0.9 0.8 0.1 

Diversity measures - Day 8 
 Diversity measurement a Evenness 
 0 0.25 0.5 1 2 4 8 16 32 64 Inf  
Mean  7.6 6.9 6.3 5.3 4.0 3.2 2.8 2.7 2.6 2.5 2.5 0.9 
Standard 
deviation 

1.9 1.8 1.8 1.6 1.4 1.2 1.1 1.0 0.9 0.9 0.9 0.02 

Statistical comparison between days 
95% confidence 
intervalsb 

-1.588 
3.188 

-1.003 
3.304 

-0.487 
3.463 

0.188 
3.860 

0.454 
4.443 

0.159 
4.531 

-0.032 
4.089 

-0.069 
3.640 

-0.065 
3.389 

-0.060 
3.270 

-0.056 
3.159 

-0.252 
0.008 

P value 0.405 0.212 0.104 0.037 0.027 0.040 0.052 0.055 0.055 0.055 0.055 0.059 
a Diversity measurements: 0 = Richness, 1 = Shannon-Weaver, 2 = 1/Simpson, 0.25, 0.5, 4, 8, 16, 32, 64 = diversity measurements expressed as Hill numbers, Inf  
= 1/Berger Parker 

b 95% confidence interval obtained by statistical analysis of diversity measurements using Student’s t-test 
c Bold - P ≤ 0.05. 
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Supplementary Table 4. Sequencing metrics for ILTV full genome sequences determined and 

analyzed in this study. 

 

Genotype 
pattern code 
(GenBank 
accession 
number) 

Day that the 
sample was 

obtained 
Bird  

Total 
reads 

(million) 

Mapped 
reads 

(million) 

Breath 
of 

coverage 
(%) 

Mean 
depth of 
coverage 
(read #) 

9A 
(MF156847) 

2 A 2.134 0.044 99.2 40.2 

6 
(MF156848) 

4 B 1.866 0.223 99.5 223 

2 
(MF156849) 

4 A 1.945 0.045 99.3 41.8 

9B 
(MF156850) 

4 E 1.660 0.065 98.4 5.6 

4 
(MF156851) 

2 B 1.923 0.039 85.1 6.5 

40 
(MF156852) 

4 C 1.863 0.313 97.9 182 
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Supplementary table 5. Summary of polymorphisms found in ILTV genomes sequenced in this study. 

Gene Codon 
change 

Amino 
acid 

change 

SNP 
type* 

CDS 
Position 

Variant 
Frequency 

Genotype pattern code or 
strain where the 

polymorphism was 
present 

ICP4 

CGT -> 
AGT R -> S Trv 3,415 28.60% V1-99 ; 40 

CGG -> 
CAG R -> Q Trs 1,451 28.60% V1-99 ; 40 

CGT -> 
CAT R -> H Trs 3,356 28.60% V1-99 ; 40 

GCG -> 
ACG A -> T Trs 3,088 28.60% V1-99 ; 40 

GCC -> 
GCA None Trv 2,412 28.60% V1-99 ; 40 

CCG -> 
CCA None Trs 1,104 57.10% 9A; 2; 9B; 4. 

Protein 
IB 

AAG -> 
AGG K -> R Trs 935 57.10% V1-99 ; 9A; 9B; 4 

UL[-1] 
CCC -> 

CTC P -> L Trs 1,409 28.60% V1-99 ; 2 

UL0 
TCA -> 

CCA S -> P Trs 1,000 28.60% V1-99 ; 2 

UL12 
CCC -> 

ACC P -> T Trv 1,054 57.10% V1-99 ; 2; 4; 40 

UL15 

ACA -> 
AAA T -> K Trv 593 85.70% V1-99 ; 9A; 6; 2; 9B; 40 

AAT -> 
GAT N -> D Trs 514 42.90% V1-99 ; 2; 40 

UL17 
GCT -> 

ACT A -> T Trs 892 71.40% V1-99 ; 9A; 2; 4; 40 

UL2 
TAT -> 

TCT Y -> S Trv 560 28.60% V1-99 ; 2 

UL22 
GGG -> 

GCG G -> A Trv 2,285 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 

UL23 
CAT -> 

TAT H -> Y Trs 928 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 

UL25 
GTC -> 

GCC V -> A Trs 845 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 

UL27 
GCA -> 

GTA A -> V Trs 704 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 

UL28 

TCA -> 
CCA S -> P Trs 1,897 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 

TTG -> 
TCG L -> S Trs 2,102 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 
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UL3.5 
GGG -> 

GGT None Trv 12 28.60% V1-99 ; 2 

UL31 
ATA -> 

ATG I -> M Trs 231 28.60% 6; 2 

UL35 
ACC -> 

AAC T -> N Trv 125 85.70% V1-99 ; 9A; 2; 9B; 4; 40 

UL36 

AGG -> 
GGG R -> G Trs 2,977 71.40% V1-99 ; 9A; 2; 9B; 40 

GGG -> 
GGA None Trs 7,551 85.70% V1-99 ; 9A; 2; 9B; 4; 40 

TTT -> 
TTC None Trs 7,074 85.70% V1-99 ; 9A; 2; 9B; 4; 40 

UL44 

ACT -> 
ATT T -> I Trs 323 71.40% V1-99 ; 9A; 9B; 4; 40 

CCG -> 
CCA None Trs 492 71.40% V1-99 ; 9A; 9B; 4; 40 

UL46 

AGA -> 
GGA R -> G Trs 808 57.10% V1-99 ; 9A; 6; 9B; 

ATT -> 
ATC None Trs 45 71.40% V1-99 ; 9A; 6;  9B; 4 

UL47 
TAA -> 

TAG None Trs 1,215 28.60% V1-99 ; 2 

UL48 

TTC -> 
ATC F -> I Trv 46 100.00% V1-99 ; 9A; 6; 2; 9B; 4; 40 

AAG -> 
AAA None Trs 252 71.40% V1-99 ; 9A; 6;  9B; 4 

UL49 
CCT -> 

CCC None Trs 213 42.90% 9A; 6; 4 

UL49.5 
GGG -> 

GGA None Trs 117 71.40% V1-99 ; 9A; 6; 9B; 4 

UL5 

GAA -> 
GAC E -> D Trv 2,127 28.60% V1-99 ; 2 

CAC -> 
CAT None Trs 837 28.60% V1-99 ; 2 

UL54 
AGC -> 

TGC S -> C Trv 64 83.30% V1-99 ; 9A; 6; 9B; 40 

UL6 
ATT -> 

GTT I -> V Trs 1,726 28.60% V1-99 ; 2 

UL8 

GTT -> 
ATT V -> I Trv 520 42.90% V1-99 ; 2; 40 

GTT -> 
TTT V -> F Trs 1,999 42.90% V1-99 ; 2; 40 

US3 

GTG -> 
ATG 

V -> 
M Trs 742 28.60% V1-99 ; 2 

CAC -> 
CGC H -> R Trs 14 28.60% V1-99 ; 2 
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GAG -> 
GAA None Trs 198 28.60% V1-99 ; 2 

US4 

AAG -> 
AGG K -> R Trs 821 28.60% V1-99 ; 2 

GAT -> 
GAG D -> E Trv 219 28.60% V1-99 ; 2 

US5 

ACT -> 
ATT T -> I Trs 221 28.60% V1-99 ; 2 

GAC -> 
GGC D -> G Trs 488 28.60% V1-99 ; 2 

US6 
AAC -> 

GAC N -> D Trs 1,093 42.90% V1-99 ; 2; 9B 

US7 

CGC -> 
CAC R -> H Trs 113 28.60% V1-99 ; 9B 

GCG -> 
GTG A -> V Trs 119 28.60% V1-99 ; 9B 

GTC -> 
GTT None Trs 921 28.60% V1-99 ; 9B 

US8 

AAC -> 
AGC N -> S Trs 1,232 28.60% V1-99 ; 9B 

CTG -> 
CCG L -> P Trs 1,220 28.60% V1-99 ; 9B 

*Trv: Transversion ; Trs: Transition 
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Supplementary table 6. Full genome sequences of ILTV up to date recombination analyses. 

Isolate (GenBank 
accession number) 

Year of 
isolation 

(Reference) 
Country Comments 

Genome 
sequence 
reference 

WG (JX458823) 1950 (84) China Virulent field strain isolated from WangGang (84) 

LJS09 (JX458822) 2009 (38, 85) China Isolated from unvaccinated chickens in Jiangsu. (38, 85) 

K317 (JX458824) 2015 (84) China Isolated from the commercialised live attenuated 
vaccine in China (84) 

Strain0 (KU128407) 2015 (Not-
available) Russia Submitted by FGBI ‘Federal Center for Animal Health’ Not-

available 
V1-99 (JX646898) 1999 (74) Australia Most common field isolate in Australia until 2008. (58) 

SERVA (HQ630064) 2011 ((8) Australia Live attenuated Serva vaccine strain (Nobilis) available 
in Australia. (39) 

SA2 (JN596962) 1950 (257, 
258) Australia Attenuated live vaccine from a field strain isolated in 

South Australia (41) 

CSW-1(JX646899) 1970 (88) Australia Isolated from layer birds currently used as standard 
laboratory strain (58) 

CL10 (KR822401) 
 2013 (86) Australia Recombinant detected in 2013 responsible of a high 

number of outbreaks in New South Wales in 2013-2014 (86) 

CL9 (JN804827) 2009 (8) Australia 
Recombinant field strain as result of recombination 

between Serva and A20. Currently the most common 
field isolate. 

(40) 

ACC78 (JN804826) 2008 (8) Australia Recombinant field strain as result of recombination 
between Serva and SA2/A20 (40) 

A20 (JN596963) 1991 (259) Australia Attenuated live vaccine from SA2 serially attenuated in 
chick embryo cell cultures (41) 

Poulvac (KP677882) 2016 (87) Italy Commercially available ILTV CEO vaccine in Italy 
obtained from Salisbury strain (87) 

Nobilis (KP677881) 2016 (87) Italy Commercially available ILTV CEO vaccine in Italy 
obtained from SERVA (87) 

193435 (KP677883) 2007 (87) Italy Field isolated from unvaccinated chicken flocks (87) 
4787/80 (KP677885) 1980 (87) Italy Field isolated from unvaccinated chicken flocks (87) 
757/11 (KP677884) 2011 (87) Italy Field isolate from unvaccinated chicken flocks (87) 

USDAref 
(JN542534)  United 

States Reference strain (Group I) (42) 

TCO-LT-IVAX 
(JN580312) 2013 (12) United 

States 
Attenuated live tissue culture origin (TCO) vaccine 

strain available in the US (12) 

TCO L-P 
(JN580315) 

(12) 
 

United 
States 

Obtained after one passage of TCO vaccine LT-Ivax® 
in CK cells. (12) 

TCO H-P 
(JN580314) 2013 (12) United 

States 
Obtained after twenty passages of TCO vaccine LT-

Ivax® in CK cells. (12) 

LT-Blen (JQ083493) (37) United 
States 

CEO vaccine strain commercially available in the US. 
Originated from the Hudson field isolate attenuated by 

over 100 serial passages in chicken embryos. 
(37) 

LaryngoVac 
(JQ083494) (37) United 

States 

CEO vaccine strain commercially available in the US. 
Originated from the Cover strain, less virulent than the 
Hudson attenuated over less than 50 serial passages in 

chicken embryos. 

(37) 

CEO Trachivax 
(JN580313) 2013 (12) United 

States 
Chicken embryo origin (CEO) Attenuated live vaccine 

available in the US. (12) 

CEO L-P 
(JN580317) 2013 (12) United 

States 
Obtained after one passage of CEO vaccine Fowl 

®Laryngotracheitis in CK cells. (12) 

CEO H-P 
(JN580316) 2013 (12) United 

States 
Obtained after twenty passages of CEO vaccine Fowl 

®Laryngotracheitis in CK cells. (12) 

BdORFC 
(KX165320) 2016 (285) United 

States 
Recombinant virus derived from the virulent USDA 

challenge strain and propagated in CK cells. (285) 
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81658 (JN542535) 2012 (42) United 
States 

Field strain (Group III) obtained from a non-vaccinated 
broiler, closely related to tissue culture origin (TCO) (42) 

63140/c/08/BR 
(JN542536) 2006 (42) United 

States 
Field strain (Group V) obtained from non-vaccinated 

broiler flock in Georgia. (42) 

1874c5 (JN542533) 2005 (42) United 
States 

Field strain (Group VI) obtained from an unvaccinated 
broiler flock in Delaware. (42) 

S2.816 (MF417807) 2002 United 
States 

Field strain (Group VII) obtained from an unvaccinated 
backyard Pea Fowl 2002 2017 

J2 
(MF417808) 2008 United 

States 
Field strain (Group VI) obtained from an unvaccinated 

game chicken 2008 2017 

3.26.90 
(MF417809) 1990 United 

States 
Vaccine strain (Group IV) from non-vaccinated 

backyard flock chicken (1990) 2017 

6.48.88 
(MF417810) 1988 United 

States 
Field strain (Group VIII) from non-vaccinated backyard 

flock chicken (1988) 2017 

14.939 
(MF417811) 2014 United 

States 
Field strain (Group V) from recombinant LT vaccinated 

broiler flock 2014 2017 
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CHAPTER 6 

General discussion 

 

In this project, two SNPs genotyping assays were developed to investigate ILTV recombination 

in the natural host (60, 286). The first SNP genotyping assay was designed to detect 

recombination between the Australian field strains CSW-1 and V1-99, originally isolated from 

Australian poultry flocks (74, 88). The second SNP genotyping assay was designed to detect 

recombination between the USA field strains 1874c5 and 63140, originally isolated from 

affected flocks in the USA (42). The SNP genotyping assays developed in this project performed 

well under laboratory settings, allowing important recombination characteristics of the strains 

originating from the two different countries to be assessed. The assays are less likely to be useful 

for detecting recombination under field conditions as their application is limited only to the 

specific Australian and USA field strains that they were designed to target (60, 286). Thus they 

are unlikely to be suitable for detecting recombination in field isolates, unless recombination 

events were restricted only to those strains. Instead, detection and characterisation of 

recombination in field isolates is best performed using full genome sequencing and analysis. 

Newer technologies such as long read sequencing might also serve in the future for sequencing field 

isolates and obtain more information about viral DNA 

 

Interestingly, when whole genomes from field isolates were examined using RDP4 and 

SplitsTree programmes a greater level of recombination was detected between ILTV strains 

originating from Australia, compared to those originating in the USA (59). This greater level of 

recombination detected in the Australian isolates, compared to USA isolates, may be influenced 
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by the number of isolates available from each country for analysis (59), and also the level of 

genetic similarity between the different isolates, as recombination is detected in isolates through 

the comparison of SNPs between sequences, using the available algorithms in RDP4 and 

SplitsTree software (287, 288). In contrast, a high level of sequence homology between co-

infecting strains has been shown to facilitate recombination (223), and thus the exact relationship 

between the level of genetic similarity and the level of recombination is unclear. Future work to 

precisely determine how the level of genetic homology influences the detection of recombination 

events using whole genome sequencing methods are needed to clarify this relationship. 

Recombination between strains of high homology would be expected to result in recombinant 

progeny viruses with only minimal changes to their genomes when compared to the parent 

viruses. Characterization of any such recombinant progeny that showed significant fitness or 

phenotypic changes may be useful for the better understanding of viral evolution through 

recombination, as well as some genomic determinants of phenotype. 

 

It is likely that the level of ILTV recombination is also dependent on other properties of the 

individual ILTV strains being studied, beyond their sequence homology properties, or other 

factors that have already been shown to influence recombination rates in other herpesviruses, 

such as replication kinetics and co-infection kinetics (289). The molecular processes involved in 

herpesvirus recombination are still not fully understood, but it is conceivable that differences in 

the viral machinery responsible for recombination may result in ILTV strains with different 

recombination capabilities. This has important practical implications, as evidence indicates that 

vaccine strains have recombined to generate virulent field strains (40). If different vaccine strains 

have different capabilities for recombination, vaccine safety could be increased by choosing 
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vaccine strains that are less likely to recombine. Future studies to examine the capacity of 

different ILTV strains to recombine in vivo are indicated and could be used to inform the best 

use of ILTV vaccines in the field. Such future studies would need to be carefully designed in 

order to separate the impact of different viral and other factors that may influence rates of 

recombination. In the future it may be possible to manipulate the ILTV genome to target the 

machinery involved in recombination and thus generate mutant viruses with an impaired capacity 

for recombination. 

 

It has been previously hypothesized that recombination is a replication dependent process (223). 

However, results presented in this thesis suggest that rather than replication only, the 

recombination process may be limited by several factors, among those, the host immune 

response (289). Previous studies have demonstrated that most vaccines reduce, but do not fully 

prevent, ILTV replication, as measured by viral titers in respiratory epithelium after challenge 

(6). This is primarily due to cell-mediated adaptive immune responses that develop in the host in 

response to vaccination. Antibody-mediated immune responses appear to be minimally effective 

against ILTV (6). Results presented in this thesis have shown that, after vaccination with Serva 

ILTV strain, the level of recombination between the co-inoculated field strains was lower than in 

the non-vaccinated group, despite viral copy numbers in tracheal swabs being comparable to 

those observed in the non-vaccinated group. This is an indication that replication may not be the 

only major contributor to rates of recombination and that aspects of the immune system such as 

the major histocompatibility complex (MHC) from the host might play a role in the recombination 

process. Future studies to better examine the immune responses in vaccinated birds, and how 

these responses may impact on recombination rates are indicated. It should be noted that the 

studies presented in this thesis only assessed viral replication using qPCR, rather than methods 
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that assess levels of infectious virus. Future studies should also include assays to assess titres of 

infectious virus, such as PFU assays (72). 

 

Future studies could also further characterise the recombinant viral progeny obtained throughout 

this research (59, 286, 289). It would be interesting to determine the fitness levels of some 

dominant recombinants isolated from both directly and in-contact birds as well as determine the co-

infection status of the birds using other methods, beyond the SNP genotyping assay. Ideally, these 

recombinants would be isolated from vaccinated and naïve groups of birds, as it is possible that 

vaccination could select for viruses with enhanced fitness characteristics (290). One approach 

would be to directly inoculate these viruses into chickens and determine their phenotype 

compared with each other and with the parental viruses. It would be useful to combine this with 

comprehensive sequence information of these viruses (full genome sequences) in an attempt to 

attribute phenotypic characteristics to genetic changes in the viral genomes, since some genes are 

known to be related to virulence (12), while other genes associated with virulence may not have 

yet been identified. Full genome sequence analyses would also help identify if any 

recombination events between the inoculated field strains and the vaccine strain occurred, as has 

been shown to have occurred in the field (40, 58, 86). Although co-inoculation with field strains 

occurred weeks after vaccination, attenuated vaccines can establish latency (5, 179) and may 

reactivate from latency by stress associated with co-inoculation. Ideally, a large number of 

viruses isolated from different chickens and groups would be examined in order to provide a 

better understanding of the progeny populations and how these populations differ between 

individual birds.  
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Although many aspects of alphaherpesvirus recombination remain incompletely understood, it is 

clear that host factors, as well as viral factors, should be considered when studying 

recombination (223, 291). Using natural host species to study alphaherpesvirus recombination is 

greatly preferred over the use of non-natural host species, as herpesviruses are well adapted to 

their natural hosts and can behave differently during infection of non-natural hosts (15). Studying 

ILTV recombination in chickens under experimental conditions has many advantages over other 

virus-host systems, as chickens are easier to manage and house when compared to larger animals 

such as cattle and horses, allowing for larger experimental group sizes. This must be balanced, 

however, against the fewer reagents that are available for studying infectious and immunological 

processes in chickens, compared with traditional laboratory host animal species, particularly 

mice. Mice have long been used to study human alphaherpesviruses biology and their 

contribution to our understanding of these viruses is undeniable (213, 216). Moving forward it is 

likely that the study of human alphaherpesviruses in mice, along with parallel studies in natural 

host systems, such as ILTV in chickens, will help us achieve a better understanding of the 

intricate processes involved in recombination. 
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