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ABSTRACT

This study aims to improve the ILTV genotyping assays by amplifying an expanded region
of the viral genome through multiplex PCR and adopting the MinION sequencing technology to
increase the depth of coverage on informative SNP sites to provide accurate discrimination
between ILTV strains. The Unique short (Us) region of the ILTV genome was targeted for
multiplex PCR development. Sixteen primer pairs were designed, each capable of amplifying
approximately a 1kb fragment within the Us ILTV genome region. The sequence analysis of the
Us sequences of known ILTV isolates were assigned to corresponding genotypes as characterized
by full genome analysis and multi-allelic Sanger sequencing assay. Applying the multiplex PCR
MinlON sequencing assay to clinical samples, demonstrated successful genotyping, and increased
the depth of coverage of the sequences allowed to identify four SNPs within the Us sequences not

previously identified among currently circulating genotype VI virus.
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CHAPTER 1

LITERATURE REVIEW

Infectious Laryngotracheitis Virus (ILTV)

Overview and history

The term laryngotracheitis was first used in the early 1920s in the United States to describe
the disease in chicken characterized by acute or subacute dyspnea (1). Many names were used to
describe the clinical findings of the disease as it first emerged, such as infectious bronchitis,
tracheolaryngitis, infectious tracheitis, and avian diphtheria. In 1931, a special committee on
poultry disease of American Veterinary Medical Association named the disease Infectious
Laryngotracheitis (ILT). Following the discovery of the disease, numerous countries including
Canada, Australia, Britain, Sweden, Holland, Poland, Germany, and Finland recognized cases of
ILT, which demonstrated that the disease affected the poultry industry worldwide since its birth
(2).
Epidemiology

The infectious laryngotracheitis virus (ILTV) is the causative agent of ILT. The virus has
a very restricted range of natural hosts, with chickens being its primary target. Although this virus
can infect chickens of any age, older flocks are more susceptible and likely to display more severe

clinical signs upon initial exposure (2). While there were few records of pheasants, peafowl and



turkey showing susceptibility to the disease, most of other avian species including duck, guinea
fowl and pigeon embryos were refractory (3, 4).

The high transmission capacity and ability of ILTV to remain latent are the primary factors
that challenge potential programs of disease eradication. The virus can be spread through several
means, including contaminated dust, litter, aerosols, biofilms in drinking water line and darkling
beetles, and can survive for a long time. For instance, vaccine viruses could be isolated from the
biofilms in the drinking water line 3 weeks after the drinking water application and virulent viruses
could be isolate from darkling beetles in a complex 6 weeks after the outbreak. These fomites act
as vectors, causing re-infection of newly placed flocks in a chicken house (5, 6). Viruses enter via
ocular, intranasal, oral and intratracheal routes (7). The virus incubation period can range from 4—
- 10 days before identifying any signs of the disease. However, the virus can readily establish a
latent infection characterized by the migration of viral genomes migrating to the trigeminal
ganglion (8, 9). These latently infected birds serve as potential carriers and can sporadically shed
virus when the flock faces stressful conditions such as rehousing or the onset of lay (10).

The acute form of the disease is characterized by excessive hemorrhagic and fibrinous
exudate in trachea while the mild subacute form is less fatal and featured by small amount of
adherent fibrin present in the trachea (1). During severe forms of the disease, ILTV infection can
induce high morbidity (>90%) and variable mortality between 10%-60% (11). In mild forms of
the disease, morbidity and mortality are lower (12). Because the disease is frequently observed in
densely populated poultry farming regions, it can lead to substantial production losses. These
losses include increased mortality rates, reduced egg production, delayed weight gain, and

increased susceptibility to other respiratory pathogens (13).



Disease Control

During outbreaks of the disease, preventing the spread of ILTV between successive flocks
involves thorough cleaning and an extended downtime. Just like other enveloped virus, ILTV can
be readily inactivated outside the host when exposed to high temperature or treatment with
disinfectants. All surfaces of house and equipment should be deep cleaned and potential
contaminants such as feathers, carcasses and litters should be heated in 38°C for 100 hours prior
to be disposed (14). As for the prevention of ILTV spread between nearby sites, requires
industrywide cooperation. Infected flocks should be submitted for processing as soon as possible,
and during the trip to the processing plant the route of the haul truck should minimize the number
of farms it passes by to decrease the possibility of spreading the virus to susceptible chickens (15).

Two types of live attenuated ILTV vaccines are used to effectively prevent the disease: the
chicken embryo origin (CEO) vaccine and the tissue culture origin (TCO) vaccine. The CEO
vaccine features a faster infection rate when administered via drinking water application achieving
high vaccination coverage of the flock. The CEO vaccines can induce respiratory reactions that
affects the flock performance parameters. In contrast, although the TCO vaccine is known for
having milder side effects and a slower transmission rate than the CEO vaccine (16), the eye drop
single route of application is time consuming and labor force costly (17). Both the CEO and TCO
vaccines share the potential to regain virulence after bird-to-bird passage (18). Thereby, the use of
live attenuated vaccines for controlling ILTV is only suggested in epidemic regions (14).

The new generation of ILT vaccines aim to provide sufficient protection against the disease
while minimizing the risk of virulence reversion and protecting against two economically
important disease in poultry at once. One approach involves the use of viral vector recombinant

ILTV vaccines carrying ILTV antigens. Recombinant vaccines using Fowlpox virus vectors that



carry either the viral glycoprotein B (gB) alone or in combination with the surface UL32 of ILTV
have been tested. Although the rFPV-ILTV gB vaccine was not as effective as attenuated vaccines
in preventing virus replication, it did decrease the severity of clinical signs and mortality (19).
Similar results were seen using the Herpes virus of turkey (HVT) vector vaccine expressing the
ILTV- gD and gl showed suboptimal effect in inhibiting viral replication but promising result to
ameliorate clinical signs of the disease. Other vaccination strategies commonly utilized to expand
protection is to vaccinate with recombinant vaccines subcutaneously at day of age or in ovo
followed by a booster with live attenuated vaccines (17). Other recombinant vaccines have been
developed using Newcastle disease virus (NDV) (20) and MEQ-deleted Marek’s disease virus
(BACAMEQ) as viral vectors to carry ILT antigens (21).
Taxonomy

ILTV is a member of the Herpesviridae family classified under the Alphaherpesvirinae
subfamily. The international Committee on Taxonomy of Viruses assigned ILTV to genus l/tovirus
and gave a scientific species name of //tovirus gallidalphal. Beside ILTV, three other virus species
— lIltovirus cacatuidalpha?, Iltovirus psittacidalphal and Iltovirus psittacidalphal, were also
classified under lltovirus (22). Among, Psitaccid herpesvirus 1 (PsHV-1), the former of lltovirus
psittacidalphal, was an old member which shown to have strong similarities in structural
characteristics and studied for the comparative (23). Now with two new members included in
genus [ltovirus, studies comparing between these viruses could aid in understanding the evolution
of this unique clade of herpesvirus.
Genome Structure

The architecture of ILTV genome falls within the type three arrangement. The genome is

arranged as two isoforms, inverted repeat (Ir) and terminal repeat (Tr), flanking the Unique short



(Us) region in an opposite orientation, and a Unique long region (UL) being separated from the
Unique short (Us) region by the inverted repeat (24, 25). Whereas the length of the UL and repeat
regions tend to be variable among strains, the length of the Us region remains to be conserved
among strains with approximately13kbp of size (26). The entire dSSDNA molecule is approximately
150kbp (148,687bp — 159,744 bp) long with a GC content of 48% and predicted to contain at least
80 open reading frames (27).

Compared to other alphaherpesvirus genomes, three unique features were found in the
1ltovirus genus genomes. First, the genomes contained a 48kbp internal inversion from the UL22
to UL44 genes within the Ur region. Secondly, the UL47 tegument protein encoding gene
translocated from the Ur to the Us region. Thirdly, viruses in this genus contained five unique
ORFs— ORFA, ORFB, ORFC, ORFD and ORFE (23, 28, 29). Furthermore, ILTV possessed
distinct features differentiating from Psittacid herpesvirus 1 (PsHV-1), another member of the
Iltovirus genus. Incliningly, the absence of a widely conserved capsid assembly assisting protein
ULI16 (23, 30) and the possession of ILTV specific genes — ULO (31). The ULO gene is situated
adjacent to the UL[-1] gene, and they exhibit several shared characteristics, including expression
kinetics, subcellular localization, and, most significantly, homology in their amino acid sequences.
These similarities strongly suggest that they are paralogous genes that originated from duplication
events (31). Interestingly, ULO and UL[-1] seemed to participate differently in viral replication. A
ULO deleted ILTV mutant displayed only a minor defect on replication, but the decreased
pathogenicity and the ability to elicit immunity make the mutant a potential candidate for a live
modified vaccine (32). In contrast, UL[-1] is indispensable. An UL[-1] deletion mutant was
deprived of the ability to replicate independently (33). During the search for the function of the

five unique open reading frame cluster, only one study suggested that ORFC could be a virulence



related gene that makes ORFC a potential target to study attenuated live vaccine (34). The function
of the remaining four unique open reading frames of ILTV remain unknown.
Molecular Diagnostics for Detection of ILTV genomes

Several molecular-based techniques, such as polymerase chain reaction (PCR), nested PCR,
real-time PCR, and in-situ hybridization, have been developed for diagnosing ILTV. Each of these
methods targets different parts of the genome and offers unique benefits (35). A PCR reaction
requires target templates, both forward and reverse primers and polymerase enzyme to perform
amplification. With a successful amplification and sufficient output of product, a band with a target
size should reveal under an electrophoresis examination (36). Similar but in contrast to PCR, a
nested PCR contains an additional amplification process which is targeting on the PCR product
from the first PCR. Hence, nested PCR provides higher detection sensitivity (37-39). In contrast,
areal-time PCR does not require an electrophoresis step after amplification to validate the presence
of PCR amplicons. Instead, real-time PCR detects the accumulation of amplicons passing the
threshold anytime during the amplification cycles (36, 38, 40). Hence, real-time PCR not only
exhibits high sensitivity, but it is the simplest procedure among amplification techniques. Also
real-time PCR can provide a relative quantification of nucleic acid load in the sample. These
features make real-time PCR a useful tool in facilitating the studies of virus tissue tropism and
growth kinetics as well as a tool for diagnostics (38, 40-43). Finally, in-situ hybridization
techniques utilize probes to interact with target sequence and reveals the location of ILTV nucleic
acid on histo-slides, which aid not only in diagnosis but also enable studies related to tropism or
pathogenesis as well (44).

Compared to classic virological diagnostic approaches like virus isolation,

histopathological examination, and serological methods, molecular-based techniques offer



advantages such as high sensitivity, accuracy, speed, reproducibility. One disadvantage of
molecular detection is that they are unable to distinguish between viable and non-viable virions,
where careful interpretation of the results in combination with the clinical display and history is
required to reach a diagnosis (35, 37, 40). Moreover, i’'s important to consider the specificity of
the detection assay to other genetically or clinically similar pathogens to ensure accurate diagnosis
(38, 45, 46).
ILTV Genotyping

Since there is only one serotype for ILTV (47), the methods to differentiate among ILTV
strains relies on genome nucleotide differences (48). Over the years, several genotyping techniques
such as PCR-restriction fragment length polymorphism (RFLP), PCR-Sanger sequencing, high-
resolution melting (HRM), TagMan SNPs genotyping assay and whole-genome sequence have
been employed to genotype ILTV. Each of these assays have a unique set of advantages and
disadvantages. PCR-RFLP technology is a widely used method that involves PCR amplification
of single or multiple virus alleles, followed by digestion of the amplification products with
restriction enzymes that recognize differences in restriction sites. The distinct RFLP patterns,
characterized by variable band sizes on the electrophoresis gel, enables differentiation between
genotypes (49-54). While RFLP can effectively identify the presence of co-infections (43), it is
time-consuming, requires a substantial amount of intact viral genomic DNA (55). Additionally,
the sensitivity of PCR-RFLP is limited to detect nucleotide changes within the restriction enzyme
recognition sites. Therefore, any nucleotide changes outside of the recognition pattern sites may
be missed (49, 52). Another method utilized to identify nucleotide differences without doing direct
sequencing is the high-resolution melting (HRM) analysis that detects nucleotide differences by

measuring variations in amplicon melting temperaturesl). It is cost effective, fast and contains the



potential to differentiate recombinants. The HRM assay is sensitive, economical, and fast.
However, the sensitivity of the assay comes at the cost of amplifying a short segment to precisely
detect differences in Tm. Furthermore, like the RFLP assay, the differences in HRM does not
provide information about the actual nucleotide changes (56, 57). To get the exact sequence
difference sequencing of the amplicon is necessary (51). Another assay that detects nucleotide
differences without using sequencing procedures are TagMan SNP genotyping assays, which use
probes that anneal to known single nucleotide polymorphism (SNP) sites to achieve typing.
However, it should be noted that changes on other sites of the designed probe will not be detected
and novel nucleotide changes on the SNP site will turn as a false negative result. Therefore,
interpretation should be careful, when having negative results (58).

Most genotyping systems were developed to monitor the spreading and evolution of ILTV
circulating within a specific country, differentiation between live-modified vaccines (TCO or
CEO), differences among virulent strains closely associated to vaccines, among field strains, and
among natural emerging recombinant strains (48). The Australian ILTV genotyping system
comprises 10 classes (classes 1 to 10). The Australian origin attenuated vaccine strains A20 and
SA2 belong to class 1, while the field isolates circulating in commercial flocks V1-99 is grouped
to class 2, CSW-1 to class 4 and V1-03 to class 5 respectively (52). The class 3 strains were initially
isolated from Victoria state and south Australia commercial flocks (52) which later migrated to
backyard flocks and serve as reservoirs that infect commercial poultry (49). The distinctive
Australian field isolates — Class 6 were associated with outbreaks in commercial poultry in the
State of Victoria in 2007 (49). Class 7 groups the imported European vaccine strain Serva, whereas
class 8 and 9 are strains that are closely related to class 7 (49). The origin of class 8 and 9 was

uncertain, but as these emerged after the importation and use of the Serva vaccine, it was believed



that these were revertant strains from the Serva vaccine or subpopulations pre-existing in the
vaccine that were selected by best fitness to the host (49). In support of the fitness theory,
laboratory studies have shown that class 9 strains exhibit greater pathogenicity and transmission
compared to the circulating class 2 strains (59) which may explain the rapid establishment of class
9 strains in Australia (60). The class 10 strains belong to a group of natural recombinant viruses
that exhibit significant similarity to the class 7 (Serva) and class 1 (SA2) vaccine strains, as well
as class 2 field strain viruses. Between 2009 and 2014, class 10 strains were prevalent in the state
of New South Wales; however, after 2014 detection of class 10 strains in NSW significantly
decreased (60). Targeting the gG, TK, ICP18.5, ICP4, and ORFB-TK genes through RFLP enables
the genotyping of Australian ILTV classes 1 to 9 (49, 52). By employing the HRM assay that
focuses on the ORFB, UL27, UL36, and US7 genes, it is possible to discern between classes 2, 4,
8,9, and 10 (56). The Tagman sequencing assay based on SNPs in the UL46, UL36, ULS, ULO,
ICP4 and US3 serves to detect recombinants between the class 2 and 4 strains (58). Lastly,
benefiting from whole genome sequencing using next generation sequencing technologies, a new
emerging subtype — class 7b, a natural recombinant strain with the Serva vaccine and class 8 as
the major genome contributing parents and classes 9 and 1 as the minor contributors. It is worth
mentioning that identification of the 7b class could be missed if the genotyping assay target
genome regions outside of the recombinant breakpoints (61).

The North American strains have been classified in nine genotype groups by targeting on
ORFB-TK, gM, ICP4 and UL47 genes by PCR-RFLP (54, 62, 63) or by full genome sequencing
(64). The USDA standard challenge strain is assigned to genotype I; the tissue culture origin (TCO)
attenuated vaccine is assigned to genotype II; TCO related virulent strains are included within

genotype III; chicken embryo origin (CEO) attenuated vaccines are classified as genotype 1V;



CEO related virulent strains are identified as genotype V; and virulent strains not related to vaccine
strains in commercial poultry are identified as group VI and depository strains from back-yard
flocks are identified as genotypes VII to IX (62, 64). Also, in endemic countries including Korea ,
China , Israel , Taiwan , Myanmar, Argentina and Brazil (TK, gE,gG and ICP4) variable targets,
including the TK, ICP4, ORFB, UL47, ICP18.5, gG, gE, gB, gJ and gD genes and the
homopolymer stretches at the terminal repeats, have been used to differentiate the local field strains
from the commercial vaccines (51, 63, 65-70). PCR-RFLP assays, while effective in differentiating
among circulating viral strains within a country or region, full genome sequencing will allow to
analyze the evolution of ILTV worldwide (48).
ILTV whole genome database

The very first assembled ILTV genome was obtained as a composite of 14 independently
published Sanger sequences, resulting in a genome length of 148,665 base pairs (23). Later, with
the advent of next generation sequencing (NGS) technology, a whole virus genome consensus was
built by mapping de novo assembled contigs to the previously established composite genome. As
a result, the whole genome sequence of the ILTV Serva strain (European CEO vaccine), spanning
length 137,693 bp, excluding the terminal repeat region, was released. Upon comparison with the
previous concatenated sequence, the Serva whole genome sequence exhibited the presence of four
substantial insertions in the UL29, UL36, and the inverted and terminal repeat regions respectively.
These insertions were confirmed to be authentic genomic sequences through the utilization of
Sanger sequencing (27). As the Serva strain sequence (Accession no: HQ 630064) was the first
whole genome sequence assembled de novo, subsequent viral whole genomes have been obtained
by utilizing the Serva strain genome as reference sequence to assemble contigs and to facilitate

consensus building (57, 71, 72).
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Currently, a total of 85 whole genome sequences of viruses from the United States (18
isolates) (26, 73-76), Australia (23 isolates) (27, 57, 60, 61, 71, 76-78), China (5 isolates) (46, 79),
Italy (5 isolates) (72), Russia (3 isolates) (80), Germany (1 isolate), Korea (4 isolates) (81), Peru
(1 isolate)(82) and Canada (25 isolates) (64, 73, 83, 84). Most of these sequences were generated
using second generation sequencing technology, where the genome fragmentation process during
library preparation introduces several challenges for genome assembly. Genome fragmentation
can favorably brake sequences at certain regions, such as the GC rich regions (85) increasing the
difficulty to reassemble them. Consequently, despite massive number of reads and sufficient depth
of coverage, unbridgeable gaps may persist in the more fragmented region (27). Also, short reads
may not be able to resolve structural variants. An example is ILTV strains with variant Ir/Tr
sequences where precise mapping of short reads into highly similar assembled contigs within

inverted and terminal repeats is inaccurate. Hence, sequence variants in the Ir/Tr regions
of the ILTV genome need to be confirmed by Sanger sequencing (72). During the process of
adapting the virus to grow in tissue culture or embryos, may introduce or select for variants that
improve the fitness of the virus to grow in vitro but are not characteristic of the original sequence
from the clinical sample (86). In an ideal scenario, it is to be able to do direct sequencing from
clinical samples to introduce minimal bias. However, obtaining comprehensive coverage of the
entire ILTV genome directly from clinical samples can be challenging due to the substantial
presence of host DNA in the sample composition (87).

The feasibility of obtaining whole virus genome sequences facilitated to resolve the ILTV
genome structure. When whole genomes of the US strains, the USDA, 81658, 63140 and 1874C5,
were compared to the Serva strain genome, a 1,015 bp sequence of the Serva vaccine genome was

aligned as part of UL region rather than the terminal repeat genome region. After verification by
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Sanger sequencing, Spatz et al., ( 2012) proposed that the Serva strain sequence should contain
112,915 bp in the UL region and 13,818 bp in the repeated regions to resolve the assembly error of
the truncated repeat region (26). Other sequence differences identified among ILTV genomes
included a three 855bp long repeat copies deletions detected upstream of the ICP4 gene promoters
in the LT-Ivax® p20 (passages 20) isolates as compared to LT-Ivax® p1 (passage 1) (74). A three
CCT repeat deletions detected in the low complexity regions of the UL52 genes in the Serva
vaccine strains as compared to Italian wild-type strains (72). Lastly, the major driving force of
DNA virus evolution — recombination (86). Through comparison of whole genome genomes and
using multiple recombination detection tools allowed to infer potential recombination events and
the break points in the viral genome. For instance, the Australian class 10 strain was determined
to have emerged from three recombination events in the UL region and one event spanning the Ir
and Us region (60). Sabir et al detected two recombination genomic regions in the Ut (38kbp-

undetermined ends, 61kbp-107kbp) of class 7b strain (61).

Nucleic Acid Sequencing

First generation sequencing

In the 1970s, two methods established the foundation for the development of what is
recognize today as Sanger sequencing. The first “plus and minus” method developed by Sanger
and Coulson contained two phases of polymerase synthesis reactions. In the first phase, assuming
that the template amplification process was not synchronized, random lengths of oligonucleotide
products from the initiation site of primers was generated. The resulting mixture was subsequently

subjected to two distinct treatments, referred t* as “plus® or "m”nus," during the second
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phase.“The ”plus" method incorporated only one of the four deoxyribonucleoside triphosphate (A,
T, C, or G) at a time, yielding products with single terminating residue. The “minus” method, on
the contrary, excluded only one of the four deoxyribo-triphosphates at a time, extending all the
terminates except for the one that was not included. By consolidating the information on the
polyacrylamide gel from the eight types of product mixture generated by the “plus and minus”
methods, the DNA sequence could be inferred (88). The second method, pioneered by Maxam and
Gilbert, employed a different approach by focusing on removal rather than addition (89). The core
concepts utilize chemicals with the ability to selectively remove nucleotide bases: hydrazine
eliminates pyrimidines but under high salt concentration it exclusively targets cytosine; acids
remove all purines while dimethyl sulfate specifically cleaves guanine. Similarly, the DNA
sequence could be inferred by comparing the length of cleavage fragments on polyacrylamide gel.
This method was more widely adopted than the former, which was then further considered as the
birth of first- generation sequencing (90).

After the ground-breaking Sanger sequencing technology, today Sanger sequencing
utilizes the “chain-termination” chemistry incorporating fluorescent label deoxyribonucleoside
triphosphates and the 2’,3’- dideoxy nucleotides. The inclusion’of’2',3'-dideoxy nucleotide
analogues in the DNA leads to the termination of the polymerase synthesis process, producing
DNA fragments of partial lengths. By integrating the principles of*the "plus and inus" method
mentioned earlier, one of "he’2',3'-dideoxy nucleotides (A, T, C, or G) was incorporated alongside
the remaining three types of deoxyribonucleoside triphosphates during the polymerase reaction.
This resulted in four distinct combination patterns, allowing for the generation of amplicons
terminated with four different residues at various positions. Together, these fractions of amplicons

facilitated the inference of the DNA sequence (91). Because the Sanger sequencing accuracy,
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robustness, and ease of use, it remained for two decades as the predominant sequencing technology.
The integration of further emerging techniques had brought the technology a step forward. For
instance, the ‘“shot-gun sequencing” which involved cloning and sequencing overlapping
sequences extended the previous limit in sequencing length (less than 1 kbp) and enabled the
assembly of longer continuous DNA fragments (90, 92). The introduction of the polymerase chain
reaction technique (PCR) greatly facilitated sequencing by providing high concentrations of DNA
templates necessary for sequencing (93).
Second generation sequencing

Simultaneously to the advancement of large-scale dideoxy sequencing endeavors, another
technique emerged, paving the way for the initial wave of the next generation DNA sequencers
with increased throughput. Just as Sanger sequencing, the new technology “s a "sequence-by-
synt’esis" (SBS) technique, relying on the incorporation of nucleotides into the template during
polymerization reactions to generate observable output. Since the successful incorporation of
nucleotides is detected by the concurrent release of pyrophosphate, the technique is also known as
pyrosequencing (94, 95). Pyrosequencing utilizes chemical conversion with two enzymes to detect
strand extensions: ATP sulfurylase converts the pyrophosphates into ATP, while the production
of ATP is used as a substrate of luciferase to generate visible signals (96, 97). By repeatedly
adding one of the four deoxynucleotides and enzymatically removing the unincorporated dNTP in
each sequencing cycle, the DNA sequence can be inferred by detecting signals from the correct
complementary bases incorporated (94, 95). The beneficial features of this technique included
sequencing in real-time, without the need for size selection via electrophoresis and the possibility
to sequence multiple reads in parallel (94, 95, 98). However, the weakness of this technology was

the accuracy of homopolymer sequences. Though the proportionally strong signal allowed to infer
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the presence for homopolymers (98), the nonlinear increase in signal poses challenges in
determining the exact numbers of nucleotides in a homopolymer (94). Secondly, the restriction on
read length (200-300bp) as compared to the shotgun-Sanger sequencing technology posed
algorithmic challenges for sequence assembly (99).

The 454-sequencing system (Life Science Corp) was the first commercialized next
generation sequencing technology (99). It first fragmented the genomic DNA and then ligated
these fragments to adapter sequences for adhesion to micro-scale beads followed by PCR
amplification in water-in-oil emulsion droplets (100, 101). These DNA coated beads were flushed
and fit into an array of picoliter-scale wells where the sequencing cycles took place and charge-
coupled device (CCD) attached to detect the optical signal (101). The parallel in vitro amplification
and sequencing on a micrometer scale is what came to define the second-generation sequencing
technology (99). After the achievements of 454 sequencing, the most widely applied second
generation sequencing technology is Illumina. Instead of bead-based emulsion PCR, Illumina
featured bridge PCR on a solid substrate to which forward and reverse primers for amplifications
were tethered nearby. As a result, when the fragmented DNA library, constructed with the forward
and reverse adapter sequences at both ends, was flushed through the lawn of sequencing surface,
the DNA sequence would arch over on the solid substrate and prime the two ends for a two-round
PCR amplification. While the first round performed a forward amplifying orientation, the second
round read from the alternative direction and together generated the pair-end (PE) read data which
largely improved the accuracy of sequencing (90, 99). However, the accuracy of the pair-end
approach came at the cost of sequencing length restriction of approximately 35 bp long. As a result,
such short reads relied on the existence of reference sequences to perform accurate assembly (90,

99, 102). Instead of adding one type of nucleotide at a time during the repeated sequencing cycle,
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[llumina add four types of modified nucleotides at once. The modified nucleotides, also known as
“reversible terminators”, contained a cleavable moiety at the 3’hydroxyl position which assured a
single-base incorporation in each cycle, and a fluorescent label which allowed to identify the type
of nucleotide added (90, 102). Other second-generation sequencing technology platforms
including the sequencing by oligonucleotide ligation and detection (SOLiD) and Ion Torrent which
utilizes rapid detection of proton release with microprocessor chips during polymerization (90).
Irrespective of the variations among platforms, the fundamental steps shared by short-read parallel
sequencing technologies involve DNA fragmentation, adapter ligations, DNA library surface
attachment, and in-situ amplification (103).

Third generation sequencing

Despite the enhancements in read lengths brought about by the release of I1l’mina's HiSeq
and MiSeq instruments, the maximum reads length remained at 250bp (104, 105). The short read
lengths render it unsuitable for de novo assembly, gene isoform detection, and identification of
epigenomic modifications (106). Therefore, in response to the requirements, third-generation
sequencing technology emerged, offering long-read and single molecule sequencing features. Now
there are two major third generation sequencing platforms, the single molecule real time (SMRT)
platform from Pacific Biosciences (PacBio) and nanopore sequencing technology from oxford
nanopore technology (ONT).

The PacBio was the first commercially available long-read sequencer capable of yielding
up to 300kbp long reads (103). Utilizing a sequence-by-synthesis methodology, akin to other
second-generation sequencing techniques, this process stands out with its elimination of pauses
between read steps. As a result, leading to a substantial enhancement in sequencing rate (107). The

DNA template for sequence is a circular molecule referred to as SMRTbell, which is composed of

16



a double-stranded segment containing the sequence of interest and two single-stranded hairpin
adapters ligated at both ends for primer bind. During the sequencing process, SMRTbells are
introduced into a sequencing unit known as a zero-mode waveguide (ZMW). As the strand
displacing polymerase, harbored in each ZMW, initiates the replication from hairpin loop of the
SMRTbell (108), ZMW records the continuous signals emitted from the four fluorescent-labeled
triphosphates as each nucleotide incorporation occurs. By interpreting the uninterrupted light
pulses, DNA sequence could be inferred (109). Meanwhile, kinetic variations during the process
could be analyzed and allow for detection of epigenetic modification, such as DNA methylation
(106). Because of the circular structure of SMRTbell, the replication process continues to extend
until the exhaustion of polymerase, which means the targeted template could be sequenced more
than once. The sequencing process captured within a ZMW is known as continuous long read
(CLR), and the segment consisting exclusively of the repeatedly sequenced specific template is
referred to as subreads. Subreads serve to build and improve the accuracy of sequence consensus,
as the random errors existing in each subreads should be corrected through inter-comparison. Due
to the limited lifespan of each polymerase, a trade-off must be considered between the length of
the template sequence and the depth of coverage in SMRT sequencing. The longer the targeted
template sequence is, the less subreads could be obtained to improve accuracy (103).

The concept of nanopore sequencing technology emerged early in the 1990s when
researchers detected transient changes in ionic current signals as single-stranded RNA or DNA
molecules passed through a lipid membrane via an ionic channel protein derived from
Staphylococcus. Initially, the technology solely allowed inferences on the length of polymer
molecule based on the duration of the signal changes (110). The key breakthrough was improving

the base recognition through the genetic modification of the nanopore protein, which amplified the
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signal disparities among nucleotides and substantially enhanced the power of base discrimination
(111). Another significant advancement was achieved through the incorporation of polymerase
motor proteins, or a biotin-streptavidin complex attached to the DNA template to reduce the
translocation speed of ssDNA. The immobilization and ratcheting of ssDNA through the nanopore
played a crucial role in extending the observation time for the detection of subtle changes in electric
signals (112-114). The integration of these two technologies has paved the way for nanopore DNA
strand sequencing. Nonetheless, the ongoing challenge lies in achieving comparable levels of
accuracy to those attained by short-read sequencing technologies. When the technology first
emerged commercially in 2014, the substantial error rate was up to 40% (115), but efforts in
refinements of device and kit chemistry throughout the years has substantially increased the
sequencing accuracy (over 99% in the best chemistry kit) and translocation rate (up till 450 bp/s)
(116). Moreover, ONT offers a range of scalable device options including MinION, GridION and
PromethION, catering to diverse sequencing throughput requirements ranging from low to high
(117). Among, the MinlON sequencer are becoming more and more popular in both laboratories
and field investigations due to its affordability and portability (118).
Data Analysis of nanopore sequencing

In addition to optimizing in hardware and library chemistry, bioinformatic tools continued
to make progress on enhancing accuracy as well as increasing the speed for analysis (119). Ever
since the advent of the technology, ONT has continuously introduced a series of base callers with
various models, consistently enhancing their performance. The initial base calling method
employed a hidden Markov model (HMM) to estimate the probability of subsequent k-mers
sequences using previous segmented event data, integrating all available information from the

current measurements. Second-generation models also inferred k-mers sequences, but only
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directly from raw current data. However, due to the nature of nanopore base calling with k-mers,
predicting regions with homopolymers longer than the detection unit of k-mers became more
challenging and often leads to base call errors (120). The subsequent base callers adopted a flip-
flop model utilized neural networks that allow to infer sequences to a resolution of a single base
instead of k-mers. The next generation base callers, Guppy, incorporated the flip-flop model and
customized base-calling models to allow more accurate base prediction with specific applications
(119).

Error corrections can be important analysis approach in assuring the data quality as well.
Two type of error corrections are available — the “hybrid correction” and “the self-correction”
(119). The self-correction method aligns the long reads against one another and perform
corrections based on the consensus reads. By exclusively utilizing long-read data, this approach
effectively circumvents biases that may arise from fragmentation during second-generation
sequencing (121). In contrast, “hybrid correction” approach harnesses the strength from both error
prone long-reads of third generation sequencing and accurate short-reads from second generation
sequencing (122). As the long reads are suitable to deal with large range complexity or structural
variants while the short reads sharpen the localized details, this approach were proven with higher
accuracy and longer contiguity than relying solely on one type of sequencing approach (123).
Application of MinION sequencing

With the feature of high-throughput, real-time sequencing, and portability, MinION has
been a very useful tool in infectious pathogen detection and controlling disease outbreak. For
instance, a more sensitive diagnosis of bacterial meningitis can be delivered with less than 10 hours
using nanopore sequencing, significantly outperforming the conventional diagnostic methods that

usually take up to 7 days (124). Furthermore, it has been well-documented the application of
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nanopore sequencing in on-site surveillance, enabling the monitoring of rapid spreading viral
diseases such as Ebola virus and Zika virus outbreaks (125, 126).

The long read features allow nanopore sequencing to accurately identify repetitive
genomes and complex genomic structures. For example, the ultra-long MinION read sequencing
had assisted in closing the unsolvable gaps and assembled a single contig of major
histocompatibility complex (MHC) containing long tandem repeats. Ultimately, yielded the first
MHC genome being haplotyped in full length (127). Additionally, transcriptomic data analysis
may also rely on long reads to reconstruct the complex full-length gene isoforms diversity. In a B
cell transcriptomics study, hundreds of splicing events were identified, and thousands of
transcriptions start, and end sites were newly annotated. Most of these genes were identified as
unique surface receptors distinguishing B cell forms from other immune cells, which may turn a
brand-new page in understanding the B cell diversity and the importance of these receptors to B

cell biology (128).
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ABSTRACT

This study aims to develop an upgraded ILTV genotyping assay by sequencing an
expanded viral genome region and increase the number of informative single nucleotide
polymorphism (SNPs) sites to provide more accurate genotyping of ILTV strains. Also, by
adopting the MinlON sequencing technology, we seek to obtain higher sequencing depth of
coverage on SNP sites. The Unique Short (Us) region was chosen as the target for developing a
multiplex PCR assay, utilizing overlapping primer pairs which amplifies approximately 1 kbp
fragment. The assay yielded 15 functional primer pairs, encompassing a genome sequence of
12,706 bp long and including a total of 133 SNPs which differentiate among the previously
identified nine ILTV genotypes. MinlON sequencing of the Us region provided more than 40k
reads per sample and resulted in > 200 depth of coverage on each SNP site which correctly
differentiated known ILTV strains into genotypes previously assigned by whole genome
sequencing and multiallelic PCR Sanger sequencing assays. The novel multiplex PCR MinlION
sequencing assay was applied to clinical samples collected from current outbreaks of the disease.
Clinical samples were successfully genotyped, and six additional unique SNPs were identified in
current circulating isolates. Therefore, the established multiplex PCR MinION ILTV genotyping
assay demonstrated to provide increased resolution and accuracy as compared to the multiallelic

PCR Sanger sequencing assay.
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INTRODUCTION

Infectious Laryngotracheitis (ILT) is a respiratory disease of chickens with worldwide
distribution (1). The pathogen Infectious laryngotracheitis virus (ILTV) is a double stranded DNA
virus classified under genus Iltovirus of family Herpesviridae (2), with a genome of approximately
150 kbp, which consists of two singular regions — the Unique Long (UL) region (110 kbp) and a
Unique Short (US) region (13 kbp ). The US region is flanked by two repeat regions — an inverted
repeat (IR) (13 kbp) and a terminal repeat (TR) (13kbp). The ILTV genome has a predicted coding
capacity of 76 to 80 no spliced open reading frames (ORFs) (3, 4). Since ILTV exists as a single
serotype (5), the methods to differentiate among ILTV strains relies on genome nucleotide
differences (6). ILTV strains from the United States have been classified into nine genotype groups.
The USDA standard challenge strain is assigned to genotype I; the tissue culture origin (TCO)
vaccine is assigned to genotype II; virulent strains closely related to the TCO vaccine were
included within genotype III; chicken embryo origin (CEO) vaccines and circulating CEO strains
are classified as to genotype I'V; virulent strains closely related to the CEO vaccines are identified
as genotype V; and wild-type virus circulating in poultry are assigned within genotypes VI
whereas the wild-type in backyard flocks are categorized in VII to IX (7, 8). The early typing
method by PCR amplification followed by restriction fragment length polymorphism (PCR-RFLP)
utilizes restriction enzymes that cleave DNA amplicons at specific nucleotide sequences to create
a variety of fragment lengths (9). Though effective, PCR-RFLP requires several restriction
enzymes, large quantities of viral DNA and laborious procedures to accurately reveal differences
among strains. Despite the amount of effort, the final output of RFLP is limited in displaying the
extent of genetic diversities between strains as differences in RFLP pattern could not reveal a full

extent of genetic diversities. Sites may escape the detection due to their inability to be recognized
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by restriction enzymes. Genotyping assays that involve sequencing of the amplification product
provide better resolution than RFLP since polymorphic sites detection are no longer restrained by
restriction enzymes and allow to identify all SNPs within the amplification product. Therefore, to
achieve a more accurate virus genotyping by sequencing, increasing the number of SNPs is
required. For instance, a recently developed single allele PCR-sequencing assay that amplifies the
ORFA-B genome region is capable to separate strains from the United States into five major
groups (genotype I-III, IV, V,VLVII-IX) (6, 10). This assay has a discriminatory power
comparable to a more extended previously described multi-allelic PCR-sequencing analysis (11).

An epidemiologic genotyping study in 2008 using the multi-allelic PCR-RFLP assay found
that out of 46 samples collected from outbreaks of the disease in the US, 22 samples belong to
genotype V, 15 samples to genotype VI, six to genotype IV and one to genotype III (7). In 2020,
after the advent of high throughput sequencing, full genome sequence of ILTV isolates from
Canada showed that 24 viral strains were grouped with the CEO related genotype V, three strains
were similar to the CEO vaccine strain genotype 1V, three were similar to wild type genotype VI
and two strains belong to genotypes VII to IX (10). Overall ILTV genotype data from US and
Canada showed that although CEO vaccine related strains seemed to be more prevalent, it is not
uncommon to see wild-type genotype VI virus also related to outbreaks of commercial poultry. A
constant concern is the potential emergence of natural recombinant viruses arising from genome
exchanges between CEO (Genotype IV) and TCO (Genotype III) vaccines or recombination
between Genotype V and co-circulating viruses belonging to Genotype VI. Natural recombinants
of ILTV were first reported in Australia. These emerged from the recombination events between
Australian vaccines A20 and SA2 and the Serva strain a CEO vaccine mainly used in Europe and

Australia. Full genome sequences of Australian isolates, revealed that genome exchange events
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between A20, SA2 and the Serva strains occurred more frequently in the repeat regions (IR and
TR) and some in the UL region of the ILTV genome, but not in the US region (12). These natural
recombinants in Australia continue to recombine while circulating in the field and favorable
phenotypes with higher fitness, transmissibility and pathogenicity had replace previous
predominant strains (13). In a recent report full genome sequence from Canadian isolates indicated
that strain BC-10-1122 may be a natural recombinant virus with the TCO vaccine as the major
parental strain and CEO vaccine Poulvac ILT (Zoetis, Animal Health) and Nobilis Laryngo-vac
(Merck Animal Health) as minor parental strains. Although authors did not identify the
recombination site, the major genome differences for the BC-10-1122 strain resides in nucleotide
positions 1 to 15,393 bp within the UL region which share 99.41% nucleotide identity with TCO
vaccine strain and 77.09% identity with Poulvac ILT(Zoetis). The remaining regions of the
genome share equal identity with CEO and TCO vaccine strains (8). The emergence of natural
recombinants between TCO and CEO vaccines introduces a challenge to the existing genotyping
method which is based on partial sequences of multiple genome regions. For instance, using the
single allele PCR-sequencing assay amplifying the ORFA-B genome region (21,295bp-23,676bp)
developed by Spatz et. al (6), the BC-10-1122 strain from Canada would have been cluster within
the CEO vaccine (Genotype IV) clade and none of the genetic information from the main parental
donor in the recombination event the TCO vaccine would be detected (10). Ideally, full-genome
sequencing provides the most rigorous genotyping analysis (8, 14, 15) and allows to identify novel
recombinant viruses (11). However, the quantity and quality of viral DNA from clinical samples
hinder to acquire full and accurate ILTV genome sequences by next generation sequencing
protocols. Asif et al (2022) utilized Illumina sequencing to obtain ILTV genome reads from trachea

samples of experimentally infected chickens. Although large number of quality reads were
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obtained, only a limited amount of them were successfully mapped to the ILTV genome and whole
genome assembly was not successful (16).

Because accurate full genome sequences are very difficult to obtain from clinical samples,
most laboratories still rely on separate target amplifications and PCR-sequencing analysis of those
regions. Currently in our laboratory clinical samples received from outbreaks have been genotyped
by separate amplifications of multiple alleles followed by sequencing. The alleles amplified are
the glycoprotein M (gM) open reading frame (ORF), partial sequence of the gB ORF, and a region
that encompass the ILTV specific ORF A and B genes. One limitation of this genotyping scheme
is the restricted number of SNPs within the three regions does not allow to accurately infer how
currently circulating genotypes (II/I11, IV, V, and VI) are evolving as compared to those that were
circulating between 2004 and 2008. The overall objective of this study is to upgrade the current
ILTV genotyping scheme by expanding the region targeted for sequencing and utilize MinION to
obtain deeper sequencing of informative single nucleotides. Sequences of the expanded genome
regions should maintain the capacity to differentiate among current known viral genotypes and in
addition to provide discriminatory power to identify variations within the prevalent circulating
genotypes. Also, for effective surveillance, the new method should be sensitive enough to perform

viral genotyping directly from clinical samples.
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MATERIALS AND METHODS

Single Nucleotide Polymorphism (SNP) Analysis

To identify suitable alleles, 39 representative ILTV complete genome sequences from
North America isolates including outbreak related viruses and vaccine strains were obtained from
GenBank. The genome library was composed of two genotype I, four genotype II, one genotype
111, eight genotype IV, thirteen genotype V, eight genotype VI and one genome from genotype VII,
VIII, and X (Table 1). The genotype I USDA strain genome (Accession No:MN518177) was
selected as the reference genome sequence and was compared to the remaining 38 query genomes
to perform SNP calling. The analysis pipeline for SNP calling consists of four python scripts.
(1) The first script identifies all the query genome FASTA files in the analysis folder and performs
SNP calling on each of the query genome using software Mummer3 (17). The program aligns only
the forward strands to avoid bias between forward and reverse strands of the inverted repeats. The
SNPs positions in the reference strain as well as nucleotide/gap information of the reference and
query sequences at the corresponding position is the output. Lastly, this script extracts the SNPs
information from each of the 38 query genomes excluding all the sites that contain gaps in either
the reference or query sequence and consolidates all the SNP calling information across the 38
query genomes, into two output files. The first output file contains a list of all SNP positions, while
the second output file is composed of matrices that show corresponding nucleotide/gap positions
for each query genome. (ii) The SNP matrices are categorized based on the genotype of the query
genome. The outputs are multiple files that contains SNPs matrices from each of the genotype
category (group L, I, 11, IV, V, VI and VII-IX). (iii)) SNP matrices with informative SNPs sites of
closely related genotypes (Il and III, IV and V, V and VI, VI and VII-IX) and changes within

strains that belong to the same genotype were produced. The outputs are lists of SNP positions that
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have the potential to differentiate between closely related viral genotypes or between strains within
a genotype. (iv) The last script serves to exclude potential SNP calling bias. The tool Repeat
Masker (18) was utilized to screen for low complexity regions, such as poly-purine or poly-
pyrimidine stretches and regions with high A/T and G/C content, and simple repeat regions
composed of di- to hexameric repeats on the USDA reference genome (Accession No:MN518177)
(Table 2). With this information, SNPs that are in low complexity regions which prone for
introduction of sequencing errors (19) were excluded from the SNP analysis. Lastly, because the
genome repeat regions (Ir & Tr) are variable in length, ranging between 12,811 to 17,254 bp
among strains. To address for the bias, we only included SNP sites located in the Ir and excluded
the Tr region from the SNP analysis.
Phylogenetic analysis

To identify target sequences within the ILTV genome appropriate for genotyping,
phylogenetic analysis was conducted on partitioned genome alignments. Considering the longer
the fragments the more primer pairs are required to amplify via a multiplex PCR the target region,
fragments of approximately 17kbp to 20kbp in length were analyzed for their ability to cluster
strains of the same genotype together and to separate strains of closely related genotypes. The
USDA reference genome was first annotated using Geneious Prime (v11.0.4) and then searched
for UL overlapping segments ranging from 17kbp to 20kbp, with each of the identified segment
containing intact open reading frames for the analysis. As the length of Us (13kbp) and Ir (17 kbp)
regions were close to our goal, these two regions were analyzed by itself. The partitioned Ut
segments, Us, and Ir were used to construct phylogenetic trees by the Neighbor Joining method
and Hasegawa—Kishono—Yano (HKY) substitution model using Geneious Prime (v11.0.4) to

determine the clustering ability between the nine genotypes.
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Multiplex PCR primer design for the ILTV genome Usregion amplification

A primer design software—Primal scheme (20) was utilized to design primers pairs for
overlapping amplicons that tiled up the target US region of 13,094 bp. This tool was applied to the
US sequences of 39 North America viral sequences in search for primer pairs that could anneal
with specificity to all the ILTV genotype and will not interact with each other to use the primers
in a multiplex amplification reaction. The multiplex PCR scheme was designed with a desired
amplicon length of 1,000 bp, an overlap of at least 100 bp and a narrow melting temperle (Tm)
ranging between 59°C to 62°C, as predicted by software Primer 3 (21). The primer pairs output
from Primal Scheme were validated to be free of hairpin formation through Geneious Prime
(v.11.0.4). To prevent primer pairs from yielding amplification products shorter than the
approximately desired 1,000 bp, alternate primer pairs were assigned to two primer pools for
amplification. The multiplex PCRs for either pool of primers were run at a high annealing
temperature and at a low primer concentration to reduce unspecific primer binding, and extended
annealing time to promote PCR efficiency (20).
Optimal concentration of primers for effective multiplex PCR

To maintain a maximum primer concentration of 1uM per multiplex per PCR (22),
individual primer concentration should not exceed 0.06uM. Individual primer pair concentrations
between 0.015 to 0.06 uM were tested in single PCR. Additionally, it was important to validate
the efficacy and sensitivity of these primers to amplify varying genotype sequences at moderate
amounts of viral DNA under low primer concentration. The DNA from five ILTV isolates
propagated in chicken kidney cells — TX J2 P7 (genotype VI), 1874C5 Ct P4 (genotype VI),
Laryngo vac® (Zoetis) (genotype V), LT-IVAX® (MSD Animal Health) (genotype II) and 63140

P4 (genotype V) were selected as templates and diluted to obtain working stocks with Ct values
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ranging from 28.3 to 30.6. Working primer pair concentrations of 0.015uM, 0.03uM and 0.06uM
were tested in single PCR to determine the lower concentration at which the primers were still able
to reliable amplify. Single PCRs were assembled as follow, 12.5uL. of Q5-Hotstart High-Fidelity
2X Master Mix (New England Biolabs, Ipswich, MA) (25), primer pairs at three different
concentrations 0.015uM, 0.03uM and 0.06uM and nuclease free water with a final 25 pL reaction
volume. The thermocycling conditions were programed for denaturing at 98°C for 30 seconds and
with 40 amplification cycles at 98°C for 15 seconds and 68°C for 5 minutes. The PCR products
were electrophoresed in 1% agarose gel with GelRed Nucleic Acid Stain (Millipore, MA, USA)
to visually examine a band at approximately 1,000 bp of size. Primer pairs that did not produced
amplicons under the three concentrations tested indicated that the primer pair was not suitable for
multiplex PCR and needed to be redesigned.
Redesign Primers

Primer pairs that failed to amplify the viral template at a 0.06uM concentration or yield of
MinlON sequence reads was 3% or less were redesigned. The redesigned primers should withhold
the conditions of yielding amplification product at approximately 1000 bp in size, with at least
100bp overlap with the adjacent amplicons and annealing temperatures ranging from 59°C to 62°C.
Primer were redesigned using Geneious Prime (v11.0.4) and PrimerPooler (v1.85) (23) was used
to assess the hybridization potential within or between a primer pair sets using the thermodynamic
value A G (Gibbs free energy; kcal/mol) as an estimator of primer interaction.
Clinical Samples

A total of 13 samples associated to outbreaks of the disease collected between Aug-2021
to March 2023 that were previously genotyped by PCR multi-locus and Sanger sequencing were

tested by the multiplex PCR MinlON sequencing. Total DNA was extracted from tracheal
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scrapings and swabs, using QIAamp DNA Blood Kits (QIAGEN, Hilden, Germany). Before the
multiplex PCR MinlON sequencing genotyping assays, viral genome load per DNA sample was
estimated by qPCR of the gC gene (24).
DNA Quantification

Qubit 1X dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA) was used for
DNA quantification. Two standards dilutions, Standard 1 (0 ng/puL in TE buffer) and Standard 2
(10ng/uL in TE buffer) were used to generate a linear standard curve within the core quantification
range of 0.2 -100 ng DNA prior to reading any samples. The DNA concentration for each sample
was routinely estimated by measurements of 2ul and 5ul of sample to adjust for high and low

DNA contents.

Multiplex PCR amplicon library preparation for MinION
Overview

The efficacy of each primer pairs in the multiplex PCR was evaluated by simultaneously
sequencing pools of amplicons from the multiplex reactions. Library preparation for MinION
sequencing was performed following the steps below: (i) Multiplex PCR, (ii) End prepping, (iii)
Barcode ligation, (iv) Adapter ligation and (v) flowcell priming, library loading and sequencing.
Between each step, SPRI magnetic beads washes were performed to eliminate enzymes, primers,
barcodes, and adapters. DNA quantifications are required after washes to assure appropriately
normalized amount of DNA is carried on to the next step. Washes and normalization steps are
essential to prepare a successful library for sequencing.
Unique short (Us) multiplex PCR

Two pools of eight primer pairs mix (pooll and pool2) with each prepared at a final

concentration of 10uM. The multiplex PCR was assembled with 25uL. of Q5-Hotstart High-
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Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA), 5 uL of 10uM pool 1 or pool 2
primer pairs mixes, Sul. of DNA sample template, and 15 pL nuclease free water for a final
volume of 50 pL per reaction. A two-step thermocycling program of denaturing at 98°C for 30
seconds, followed by 40 cycles of 98°C for 15 seconds and annealing and extension at 68°C for 5
minutes. The multiplex PCR product for pool 1 and pool 2 were visually confirmed in 1% agarose
gel with Gel-Red Nucleic Acid Stain (Millipore Sigma, Burlington, MA). To remove primers from
pool 1 and pool 2 PCR products washes with a 0.6:1 bead (KAPA Pure Beads; Roche Sequencing
Store) to sample ratio were performed. PCR products from pool 1 and pool 2 were quantified with
Qubit 1X dsDNA HS Assay Kit (Thermo Fisher Scientific) and normalized to adjust for DNA
yield differences.
Solid Phase Reversible Immobilization (SPRI) beads-based washes

During library preparation steps, magnetic beads washes were performed to eliminate
primers, barcodes, and adapters. Solid phase reversible immobilization (SPRI) beads are
negatively charged, resuspended in a salt and polyethylene glycol (PEG) buffer. The salt cations
serve as a bridge between the negatively charged DNA and SPRI beads, whereas the PEG serves
as a crowding reagent that squeezes out water molecules to keep the DNA attached to the bead to
achieve size selection and purification of nucleic acid (25). To select for PCR products at
approximate 1,000bp size, a 0.6:1 bead (KAPA Pure Beads; Roche Sequencing Store) to DNA
volume ratio was required after Multiplex PCR and End-prepping, whereas a 0.5:1 bead-to-DNA
volume ratio was optimal for barcode and adapter ligated PCR products and eliminating un-ligated
barcodes and adapters. The required amount of bead suspension was added to the DNA sample in
lo-bind tubes and incubated at room temperature for 15 minutes. Beads and buffer separation was

conducted on a magnetic rack (MagJET Separation Rack, Thermo Scientific, Waltham, MA) and
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washed with freshly prepared 80% ethanol twice. Once washed the tube was opened to allow the
residual ethanol to evaporate. Then the lo-bind tubes were removed from the magnetic rack and

the bead pellets were resuspended using nuclease free water and incubated at 37°C for 15 minutes.

During the resuspension process, periodically flicking the tube could assist in eluting. The tubes
were transferred back to the magnetic rack and the supernatant containing DNA was utilized in the
next step.
End prep

End prepping serves to repair the 5’ and 3’ ends and adds a single adenosine at the 3* end
of a DNA molecule. The 3’ end dA tails are meant to prevent DNA amplicons from being ligated
to one another and facilitates the ligation process of the native barcodes. End prep reaction was
performed in a 54.5 pl reaction containing 48ul of 1,000 — 2,000 fmol (equivalent of 13.75 —
27.5ng/ul) of the multiplex PCR product mix, 3.5ul of Next Ultra I End-prep reaction buffer (New
England Biolabs, Ipswich, MA), and 3pul of Next Ultra Il End-prep Enzyme Mix (New England
Biolabs, Ipswich, MA) for 5 minutes at 20°C followed with 5 minutes at 65°C. After the end
prepping reaction, products were washed with 0.6:1 beads-to-sample ratio followed by DNA
quantification.
Barcode ligation

Native barcodes are unique sequences composed of 24 nucleotides that serve to identify
each sample in the library. A total of 100-200 fmol of End-prepped DNA per sample in 22.5 pl
was barcoded in a reaction containing 25ul of Blunt TA ligase (New England Biolabs, Ipswich,
MA) and 2.5pul of assigned native barcodes (EXP NBD-104; Oxford Nanopore Technology,
Oxford, United Kingdom). The barcoding reaction was incubated at room temperature for 10 to

15 minutes, followed by washes in a 0.5x bead-to-DNA ratio. After washes, DNA was quantified
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and normalized with a total amount between 100-200 fmol per sample. Then, equal volumes of
barcoded DNA from all samples were pooled to create the library.
Adapter ligation

The end-prepped and barcoded library (65ul) was combined with 5ul of Sequencing
adaptors (AMXII; Oxford Nanopore Technology, Oxford, United Kingdom), 20ul of NEBNext
Quick Ligation Reaction buffer and 10ul of Quick T4 DNA ligase (New England Biolabs, Ipswich,
MA) as suggested by ONT protocol. Then 100ul of the adapter ligated library was wash with 50pl
of beads (0.5x ratio) resuspended in short fragment buffer (SFB; Oxford Nanopore Technology,
Oxford, United Kingdom) to eliminate non-ligated adaptors and eluted with 15ul elution buffer
(EB; Oxford Nanopore Technology, Oxford, United Kingdom).
Flowcell priming and library loading

Flow cell (FLOW-MIN106D R9.4.1; Oxford Nanopore Technology, Oxford, United
Kingdom), priming is a process of replacing the storage buffer with priming mix which consists
of flush tether (FLT) and flush buffer (FB; Oxford Nanopore Technology). Priming mix can be
loaded approximately 5 minutes apart via the priming port. The purpose for the first priming is to
replace most of the storage buffer and prepare the flowcell for sequencing whereas the second
priming process is to ensure no air bubbles present on the SpotON port prior loading DNA library.
Hence, the first priming process loads 800ul1 of priming mix with the SpotON port remained closed
while the second priming process loads 200ul of priming mix with the SpotON port lid opened to
push out any air bubbles. A total of 12l of adapter ligated library is combined with 37.5ul fuel
containing sequencing buffer (SQB, SQK-LSK109; Oxford Nanopore Technology) and 25.5ul
loading beads (LB, SQK-LSK109; Oxford Nanopore Technology) to form a 75ul library loading

mix. The library loading mix should be prepared shortly prior to loading, as the fuel immediately
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started to be catalyzed at the presence of adapters and the loading beads settle in a short time.
Immediately after the second priming and ensuring equilibrated to room temperature, the library

was loaded dropwise via SpotON port.

MinlON data analysis pipeline
Overview

The MinION sequencing device captured electrical disruptions signals when DNA passed
through the nanopore embedded on a flowcell (26). In this study, MinKNOW (v.22.08.06) from
Oxford Nanopore Technology (ONT) was selected as the connection manager that allowed the
computer to access the electrical signal from sequencing device and saved as raw data, FASTS5
files. FASTS files must undergo a serial analysis process to convert the electrical level signals into
nucleotide sequences. The term for the nucleotide converting process is named base calling. After
base calling the data is demultiplexed by barcode tags on each individual reads and sorted to
different files correspond to each sample in the library. Lastly, these sequences were mapped to
the ILTV reference genome sequence to obtain a consensus sequence for phylogenetic analysis
and genotyping. Five shell scripts were written to perform the sequential analysis mentioned in
real-time sequencing and archive the intermediate analysis products for the purpose of
backtracking.
Base-calling and demultiplexing

For real-time analysis of the data, script A_fast5 guppy.sh archived the raw data under the
“fast5” directory in chronological order and identified these directories in numerical order. Then,
the software Guppy (v6.4.6) (27) performed base-calling for each file in each directory. The output

data was saved in a FASTQ format under the corresponding archived directory number under a

50



newly generated directory “fastq” as the output path. During the base-calling process, Guppy
selected for reads obtaining g-score > 7 by default and saved them under the “pass” directory in
the output path. Otherwise, the reads with low g-score were archived under the “fail” directory
under the output path. Porechop (v0.2.4) (28) was used at default setting to search for
adapter/barcode sequences within each sequence read and either trimmed off the adapter sequences
at the end of a read or break down chimeric reads if the adapter sequences were detected in the
middle. Trimmed reads were sorted by barcodes and all the reads with the same barcode were
concatenated to obtain a final fastq file.
Sequence taxonomy classification

To prevent mapping or assembly bias generated from non-ILTV sequence amplification,
reads needed to be classified and designated with a taxonomy ID prior to consensus assembly.
Centrifuge (v1.0.4) (33) is a pre-build local database index system that adopted a high-speed
microbial classification tool to designate a taxonomy ID to individual read in the demultiplexed
FASTQ. Reads assigned with Herpesvirus or Gallid alphaherpesvirus I taxonomy IDs were
selectively extracted to proceed for further analysis.
ILTV Reads mapping and Building an ILTV consensus sequence

The mapping reference sequence for the mapper tool BWA (v.0.7.17)(29) was created
using the 16 primer targeted PCR amplicon sequences obtained from USDA (Accession No:
MN518177). Each individual read of a sample was aligned to this reference sequence using the
default settings, resulting in the generation of a bam file that contains sequence alignment
information. Bam file then went through an indexing and sorting process using Samtools (v.1.6)
(30) to obtain summary statistics of number of reads that were successfully mapped to each of the

16 PCR amplicon sequence and more importantly to apply genome viewer tools on the mapped
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alignment to navigate through each genomic region. The indexed and sorted bam file was imported
to Geneious Prime (v.11.0) to generate 16 PCR contigs files for each amplicon before primer
trimming. The primer sequences for each contig were trimmed off to prevent the masking of any
true nucleotide differences in these regions. Since the multiplex PCR assay was designed with
overlapping, trimming off the primers did not affect sequence depth of coverage. As there is a 30
bp long interspersed duplication in the US9 amplicon of genotype VI strains (J2 Accession
No:MF417808), the US9 contigs were submitted for a second mapping process using Geneious
Prime (v.11.0) with inbuilt Geneious mapper at medium sensitivity and selected the “find short
insertion and large deletions up to” function to search for the insertion that is less than 40 bp in the
reads.

After trimming primers, all the reads from the 16 contigs files were submitted to a second
round of mapping for consensus building using all the sequences from reads assigned to different
contigs. The reference used for the second round of mapping depended on whether insertion
sequences were identified in the US9 contigs. The J2 (Accession No:MF417808) US sequence
was used as reference when the presence of the interspersed duplication was detected in the US9
amplicon sequences, otherwise the US sequence of USDA reference (Accession No: MN518177)
was used. Considering the consensus accuracy, the following parameters were selected: (i) A
minimum mapping score of > 30 was determined to exclude reads with poor mapping quality. (ii)
Consensus calling threshold Highest Quality (75%). In addition to default parameters, to
acknowledge the stochastic base call errors and the homopolymer errors by MinlON sequencing,
the consensuses were further manually curated when disagreements between the built consensus
and the reference sequence occurred to resolve the in/dels detected in reads. However, the curation

process still withholds to abide by the 75% composition consensus calling criteria.
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Computer Specs
Dell Precision 5820 Tower XCTO Base with Itel Core 19-10980XE(18 core, 36 threads,
3.00 GHz to 4.80 Ghz Turbo, 165W), NVIDIA® RTX™A4000, and 1TB M.2 PCle NVM Class

40 Solid State Drive. Operating System: Ubuntu 20.04 LTS, 64-bit.

RESULTS

Informative SNP sites distribution

The distribution of informative SNPs across the USDA genome regions — U, Ir, and Us
among closely related ILTV genotype groups and within genotype VI strains is shown in Figure
1A. Figure 1B shows separately the distribution of informative SNPs between closely related
genotype groups and SNPs within the genotype VI respectively. Figures 1A and 1B show that the
informative SNPs across the ILTV genome are preferentially distributed toward the 5* and 3’ ends
of the genome, coinciding with the Us, Ir and the first 10,000bp of the UL region.
Genotype clustering analysis of partitioned Genome Uy, segments, Us, and Ir

The UL genome region from 39 North American ILTV sequences were fragmented into 91
overlapping segments with a length between 17k to 20 kbp encompassing complete ORFs. The Us
and Ir regions were not fragmented as the size of each is 13k and 17k, respectively. Phylogenetic
analysis was performed on UL partitioned segments, the Us and Ir regions to know whether the
sharing informative SNPs among the closely related genotype group (II/IIL, IV/V, V/VI, and VI/
VII-IX) in each partition can generate clusters departing the closely related genotype groups of
interest.

Based on the phylogenetic analysis of UL partitions, Iz and Us sequences, two main

categories of phylogenetic trees were identified and are listed in Table 3. Category I sequences
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were separated into five clusters (I/III), IV, V, VI, (VII-IX). On the other hand, sequences in
category II were separated into four clusters (II/III), (IV/V), VI, (VII-IX). The primary distinction
between these two categories lies in the fact that category II fails to cluster genotype V separately
from genotype IV on a phylogenetic tree. Examples of phylogenetic trees representative of
categories I and II are shown in Figure 2A and 2B respectively. Category I comprises three regions
on the ILTV genome, from position 1 to 71,249 and from 73,233 to 109,587 of the Ui, and 126,833
to 139,926 of the Us. In total, there are 48 UL partitions that encompass 17 to 20 kbp within the
genome coordinates of 1 to 71,249, and 21 partitions betwe—n 73,233 - 109,578 within category I.
On the other hand, category II includes sequences within three regions of the ILTV genome, from
position 4,680 to 26,186 and from 63,589 to 91,050 of the Ur and from 139,927 to 157,108 of the
Ir. Within the genome coordinate range—of 4,680 - 26,186 there are four partitions, while between
63,589 -91,050 there are 16 partitions. Supplemental Figure 1 maps across the genomes the
partitions (17 to 20 kbp) found within phylogetic trees in categories I and II. The green lines
represent sequence partitions within category I phylogenetic trees that clusters genotype IV and V
sequences apart. Whereas the red lines represent sequence partitions within category II
phylogenetic trees that are uncapable of clustering genotype V from genotype IV apart. The two
orange rectangles on the ILTV Ut from 10,000 to 21,300 and from 57,771 to 92,184 positions of
the genome indicate genome regions that contain sparsely distributed informative SNPs that
differentiate genotype IV and V. However, sequence partitions (17 to 20 kbp) within these regions
are indicated as red lines because do not include sufficient SNPs to cluster genotypes IV and V

sequences separately.
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Primer Design

A total of 16 primer pairs were designed to overlap the US region. Of the originally 16
primer pairs designed by Primer Primal scheme (20), primer sets, US1, US6, and US16 were
redesigned. USI1 failed to amplify at concentrations lower than 0.06uM in single-plex PCR
whereas all other originally designed primers were able to amplify the products under lower
concentration (Fig. 3). The US6 and US16 primer were redesigned because these did not produce
enough reads after MinlON sequencing of multiplex PCR products. The redesigned primers were
named as, US1 beta, US6_beta and US16_beta respectively and their ability to amplify viral DNA
from five ILTV isolates representative of four genotypes at a primer concentration 0.06uM was
assessed. Several US16_beta primer pairs cand idates that appeared to be suitable after in silico
analysis, were unsuccessful in amplifying under the required conditions. Although the US16 beta
primer pairs did not provide high number of reads compared to the other 15 primer pairs, the
redesigned US16 beta primer pair that presented the lesser potential for primer dimer formation
in silico was included in the multiplex primer library to normalize the primer concentration in
pooll and pool2.

The sequence, annealing temperature, and amplicon sizes of primers adopted in the
multiplex PCR are listed in Table 4. The amplicon sizes produced by the designed multiplex
primers range between 980 to 1,172 bp. Primer lengths fall between 17 to 23 bp and the annealing

temperatures range within 60 £1 °C (Table 4). Table 5 shows the sequenced reads obtained from

the 16 primer pairs out of a MinlON sequencing run from a library containing five different
samples. The result among the five barcoded samples agreed that primer pairs US7 and US12
being the most efficient primers and the redesigned US6_beta and US16 beta primers are the least

efficient primers in the multiplex reaction.
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Validation of the Us multiplex PCR and MinlON sequencing assay

Since the US16 primer pair was not efficient in providing sufficient reads as compared to
the other 15 primer pairs, the SNPs within the US16 amplicon were excluded from the analysis.
As a result, by comparing the 39 NCBI deposited whole genome sequences in Table 1, a total of
133 informative SNP sites were identified within the target region spanning 12,706 base pairs of
the US ILTV genome. The 133 SNPs were separated in groups based on their ability to
differentiate between closely related genotypes that were previously identified by multi-allelic
PCR and Sanger sequencing and confirmed by whole genome analysis (6, 8, 31).

To evaluate the effectiveness of the multiplex PCR and MinlON sequencing, five viral
isolates of known genotype available in our laboratory depository were selected. Total DNA was
extracted from viral stocks of strain J2 (Genotype VI) (Accession No:MF417808), 1874C5
(Genotype VI) (Accession No: JN542533), Laryngo Vac (Genotype IV, Vaccine strain Zoetis
Animal Health) (Accession No: JQ083494), LT-IVAX (Genotype II, Tissue culture vaccine strain,
Merck Animal Health) (Accession No: JN580312) and 63140 (Genotype V) (Accession No:
JN542536). To mimic the viral genome load frequently detected in clinical samples from outbreaks
of the disease, viral DNA load was normalized to a viral DNA concentration equivalent to Ct
values ranging between 28 to 30 (Table 6). Individual samples were barcoded for library
preparation by native ligation chemistry and finally sequenced. The number of reads, number of
mapped reads and depth of coverage are presented in Table 6. The data showed that by sequencing
more than 40k of reads per sample, the depth of coverage at each site surpassed 50X, meeting the
minimum criteria for consensus establishing for this study. The coverage depth across the US
region agreed among isolates and the deeper coverage at amplicon junctions after trimming off

primer pairs displayed successful tiling of amplicons (Figure 4). The informative SNP sites for
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genotype groups were built in silico from the NCBI database, and the MinlON depth of coverage
for the informative SNPs are listed in Table 7 to 10. Table 7 lists the seven informative SNPs in
the US region that distinguish between genotype II (TCO vaccine) from genotype IV (CEO
vaccine) and the depth of coverage for the seven SNPs of the LT-IVAX (TCO vaccine, MSD
Animal Health) and Laryngo Vac (CEO Vaccine, Zoetis) commercial vaccines when tested by the
multiplex PCR MinlON sequencing assay. Table 8 lists the three informative SNPs depth of
coverage that differentiate genotype IV Laryngo Vac®(Zoetis) from genotype V virulent isolate
63140 (lab isolate). Table 9 lists the 17 informative SNPs depth of coverage and the 30bp long
insertion in the US region that allows the discrimination between virulent genotype V (63140
isolate) and virulent genotype VI (J2 and 1874CS5 isolates). Table 10 lists the 27 informative SNPs
depth of coverage that allow the discrimination between the virulent genotype VI isolates (J2 and
1874C5) and the NCBI sequences for genotypes VII-IX which are field strains that originated from
backyard flocks in the late 1980’s and early 1990’s. A total of eighty-three SNPs and a 30bp long
insertion were identified in silico between genotype VII, VIII, and IX backyard flock isolates
which are additional differences that allow to easily discriminate among these archived viral strains
(data not shown). Overall, the SNP analysis of the five ILTV isolates sequenced with US multiplex
PCR MinION assay aligned with the data present in the NCBI database. However, with one
exception in the US9 amplicon of isolate 1874C5, where a 30bp insert was identified in the current
consensus compared to the reference sequence in the 1874C5 NCBI database (Accession No:
JN542533). The presence of inserted sequence obtained by the MinlON sequencing was validated
by Sanger sequencing (Eurofins Genomics, Louisville, KY, USA) of the US9 amplicon for the
1874cC5 strain. There was agreement between the MinlON sequencing results and previous

genotyping results for known ILTV strains (Figure 5, Table 7-10). Furthermore, the novel assay
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provided with significant depth of coverage, ensuring their accuracy of the assay. The LT-IVAX
(TCO vaccine) sequencing yield more than 3000x depth of coverage at each informative SNPs site,
followed by the CEO vaccine Laryngo Vac with at least 2000x, then isolates J2 and 1874C5 with
more than 700x depth of coverage. Whereas genotype V isolate 63140 yield a depth across
informative SNPs above 200x.
Sequencing and genotyping of clinical samples

Thirteen tracheal samples obtained from cases of the disease were genotyped by both the
multi-allelic Sanger sequencing and the multiplex PCR MinlON sequencing. Overall, both assays
agreed in that 11 of the samples were genotyped as group VI, one as genotype II/III and one as
genotype IV. As presented in Figure 5, except for sample S04N166, all other clinical samples (red
text) displayed branch length differences within the respective genotype cluster of known North
American NCBI reference sequences (black text). Table 11 presented unique nucleotide changes
identified in clinical samples with a depth of coverage per nucleotide > 1000x, which indicates
these are established SNPs in currently circulating viruses. Among the unique SNPs, three SNPs
yield synonymous amino acid changes in sample S22N02 (type IV) a C to T (position 129,966),
in 8 of 11 samples categorized as genotype VIa T to A (position 138,699), and in sample S04N128
a Cto T (position 139,517). There were three samples with SNPs that resulted in non-synonymous
changes. In sample S04N48 (genotype VI) a T to C change (position130,277) which predicts a
change from aromatic (F) to polar (S) amino acid in the tegument protein UL47. In sample SO3N30
(genotype II/IIT) a C to T change (position 134,028) predicts an exchange of nonpolar amino acids
(A to V) in glycoprotein J (US5). Lastly, in sample SOIN17 (genotype VI) a G to T change predicts

an exchange of negatively charged amino acids (E to D) in glycoprotein J (USS5). The unique

58



nucleotide changes identified in each of the clinical sample were further verified via sanger

sequencing (Eurofins genomics, KY, USA).
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CHAPTER 3
DISCUSSION AND CONCLUSION

The highly contagious Infectious laryngotracheitis virus (ILTV) poses a significant threat
to the poultry industry, resulting in considerable economic losses due to increased mortality rates,
reduced production, and elevated susceptibility toward other respiratory pathogens. The control of
the disease relies on prompt implementation of biosecurity programs supported by rapid and
accurate molecular diagnostics and vaccine administration. However, the use of attenuated ILTV
live vaccines complicated the process for its latency and the potential to regain virulence.
Therefore, genome sequencing become an indispensable tool to track the source of an outbreak as
well as serving to monitor genome changes of ILTV. The current genotyping approach in the lab
adopted sanger sequencing three partial genes — ORFAB, gB and gM to classify an ILTV strain
into one of the nine known genotypes. However, depending on the phase of infection and sample
quality, the sequencing result may be hindered due to the potential impact on the ILTV DNA load
and integrity. Moreover, the restriction on throughput of sanger sequencing poses an additional
obstacle to detect the already few numbered SNPs. Altogether, the overall objective of this study
is to increase the throughput of genotyping assay applicable for clinical samples by expanding the
breadth of genome coverage to include more SNPs and intensifying the depth of sequencing
coverage to enhance the confidence on SNP detection.

The first aim of this study was to identify a continuous region on ILTV genome, spanning
from 13k to 20k, that is suitable for North American ILTV genotyping assay development. We

selected 39 North American representative ILTV strains from nine known genotypes to perform

60



SNP calling and generated sliding window partitions at the step of ORFs for phylogenetic tree
construction and closely related genotype cluster analysis. As a result, 91 overlapping partitions in
the UL region, one in the US region and one in the IR region was generated. A total of 69 partitions
in the UL and one in the US region were identified and can be used to develop genotyping assays
because are able to accurately separate the known nine ILTV genotypes into five main clusters
namely the (II/II1), IV, V, VI and (VII-IX). Although 69 sequence segments from the category I of
Ut region holds the potential to develop a genotyping assay (Table 3), the Us region was eventually
selected. Selection of the Us region as target of the multiplex PCR was mainly based on the
phylogenetic analysis, which showed that overall, the Us region holds a longer tree branch length
as compared to the UL phylogenetic trees, which suggests that there are more nucleotide changes
between the closely related genotype groups of interests. In addition, the length of the Us region
of 13,094 bp is shorter than the partition sequences analyzed from the Uy region (ranging from 17
kbp to 20 kbp). This simplify the primer designing process because fewer primer pairs are required
to amplify the selected genome region. However, this analysis acknowledges that there are other
regions on the ILTV genome which are suitable for developing multiplex PCR genotyping assays.
Though possessing abundant SNPs, the Ir region was excluded as a suitable region for genotyping
assays for various reasons. First, the repeat regions contain multiple homopolymer stretches (32),
which is known to be the major contributor of MinlON sequencing errors (33, 34). Secondly, the
repeat regions failed to separate genotypes IV and V which their discrimination is of
epidemiological importance (Figure 2B). Finally, though the Tr and Ir regions are highly similar,
the two are not identical (35). Such similarity could lead to ambiguous short read alignment

between the Tr and Ir regions. This may introduce bias during the process of consensus building,
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variant calling and even genotyping. Therefore, the repeat region was not considered appropriate
for the current short read tiling approach.

The multiplex PCR method offered the advantage of employing multiple primers targeting
different sites. This approach is beneficial toward cases with compromised DNA sample quality,
as even if a few pairs of primer failed to anneal, the other primers may retain the ability to amplify
and thereby improved the detection sensitivity. Given that the intended application was on clinical
samples with variable quality of viral genome load, the adoption of the multiplex PCR method was
justified. However, despite rigorous in silico and in bench analysis of the multiplex PCR primers,
noticeable variations in primer efficiency were observed. Although factors such as melting
temperature, primer secondary structures, primer dimer formation, and template length, were
considered during the design process (as indicated in Table 4) (20, 23, 36), factors inherent to the
viral genome sequences were not considered during the design phase. A study analyzing the
contributing factors to the success or failure of sequencing 1438 human exons revealed that the
regionalized GC content (a window of 21bp) could actually be a better predictor for PCR success
than primer design. The higher regionalized GC content was associated to a lower likelihood of
successful product amplification. Therefore, it is crucial to pay greater attention to the analysis on
template sequences and refine the sequencing protocol accordingly, particularly for templates with
higher regionalized GC content (37). For instance, DMSO or betaine addition may assist in
stabilizing the DNA strand separation to allow successful amplification in the high GC/AT ratio
templates (38). Though the GC content of ILTV genome is 48 % (39), which may not be
considered high as compared to other Herpes viruses possessing more than 70% of GC
composition across the genome (40). However, Herpes viruses were found to have unevenly

distributed GC content across the genome, with higher GC content in the coding regions and
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reduced GC content in the intergenic regions (41). In ILTV the GC content of the selected Us
region is 53%, which is higher than the average GC content of the whole ILTV genome.
Significantly, the US16 amplicon exhibited the highest GC composition among all the examined
amplicons in silico, accounting for 58%. This high GC content could potentially be a contributing
factor to the unsuccessful amplification observed. Additionally, template secondary structure, such
as formation of hairpin structures due to inverted repeats within the sequenced genome, can lead
to polymerase disassociation, resulting in arrested amplification or polymerase slippage (42).
Efforts dedicated to reducing variations in primer efficiency will be required as part of future assay
optimization.

The total coverage of the non-continuous multi-allelic Sanger sequencing ILTV
genotyping assay, which amplified partial segments within the ORF_AB, gB and gM genes, is
limited to 4,686 bp of the viral genome which represents 3% of the ILTV genome (Ur + Us +Ir)
and includes a total of 27 informative SNPs to discriminate between the nine ILTV genotypes (I-
IX). Specifically, 13 SNPs are identified in the ORF_AB, eight SNPs in the gB and six SNPs in
the gM. Two SNPs allow the differentiation between the genotype I (USDA challenge virulent)
and II/IIT (TCO vaccine related strains), three SNPs discerning between genotype II /III (TCO
vaccine related strains) and genotype IV (CEO vaccines), three SNPs discriminate between
genotype IV (CEO vaccines) and genotype V (CEO related virulent strains), nine SNPs
discriminate between genotype V (CEO related virulent strains) and genotype VI (virulent field
strains in commercial poultry) and 19 SNPs discriminate between the genotype VI and backyard
poultry archive strains genotypes VII-IX (6, 8, 31). The current Us multiplex PCR MinlON
sequencing assay included a total of 133 SNPs to discriminate between the nine ILTV genotypes

(I-IX). Precisely, two SNPs allow the differentiation between the genotype I (USDA challenge
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virulent) and II/IIT (TCO vaccine related strains), seven SNPs discerning between genotype II /111
(TCO vaccine related strains) and genotype IV (CEO vaccines), three SNPs discriminate between
genotype IV (CEO vaccines) and genotype V (CEO related virulent strains), eighteen SNPs
discriminate between genotype V (CEO related virulent strains) and genotype VI (virulent field
strains in commercial poultry) and 27 SNPs discriminate between the genotype VI and backyard
poultry archive strains genotypes VII-IX. Moreover, compared to the previous partial gM, gB and
ORF_AB gene multi-allelic genotyping assay, the current assay provides not only accuracy in
genotyping but also increased the depth (= 200X) of coverage on each informative SNPs sites
resulting in stronger support for SNP calling. Lastly, the improved sensitivity of the current assay
enables sequencing and genotyping of samples with low viral loads (up to Ct value 30), surpassing
the previous assay’s requirement of samples with Ct value < 28 (data not shown).

The success to sequence and genotyping directly from clinical samples by the multiplex
PCR MinlON sequencing assay demonstrated the sensitivity and flexibility of the assay on samples
with a wide range of viral genome load (Ct value 17 to 33) (data not shown). Notably, sequencing
of the Us genome region of currently circulating strains, revealed that these viruses are carrying
six unique nucleotide changes not found in previously sequenced North American strains. Among,
the changes identified in the UL47 and US5 coding region resulted in non-synonymous changes.
Despite being a non-essential gene for cell culture, deletion in the UL47 gene showed in vitro
growth defects. Chickens infected with the AUL47 deletion mutants exhibited attenuation in vivo
(43). The US5 gene encoded for the late protein glycoprotein J (gJ), is required for the egress of
ILTV virions of cell (44). However, the exact impact of these mutations on the current circulating

outbreak viruses remains to be discovered.
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To guide future research devoted in developing and implementing genotyping assays using
the multiplex PCR MinlON sequencing, it is essential to address the challenges faced in this project.
During the process, we noticed a minor proportion of the amplicon reads containing overhanging
sequences at the end, which was consisted of partial adapter sequences, lengthy homopolymer
stretches, and unidentified sequences. It was suspected that these overhangs may be artifacts
generated during the library preparation process or due to sequences stalling in the MinlION
sequencing pore. Though these overhangs were minority, it could become problematic at sites of
junction of two amplicons where the primer efficiencies were drastically different (Table 5, Figure
4). The minor proportion of overhangs resulting from extensively represented amplicons may
overwrite the authentic sequence information from amplicons having lower depth of coverage.
This could pose a challenge to our consensus determining approach by utilizing a “pileup” strategy
that relies on calling bases consisting of 75% or more on each site. Therefore, these overhangs
should be either masked or trimmed off and excluded from the consensus calling process to prevent
biases. Another challenge encountered is the difficulty in mapping short reads with structural
variants. Typically, structural variants refer to genomic alterations that are longer than 50bp,
including deletions, duplications, insertions, inversions, translocations and interspersed
duplications, which can complicate read mapping to reference sequence (45, 46). In the case of
this study, an interspersed duplication was identified in the genotype VI strain-J2 (Accession No:
MF417808) as compared to the USDA reference genome (Accession No:MN518177), only with
a shorter length of 30bp. Without using any structural variant searching parameter, the ordinary
mapping algorithm could not properly align the duplication to the correct location for consensus
calling. The method proposed in this assay showed a way to build a consensus sequence with the

potential presence of structural variant in the US9 amplicon.
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Conclusions:

With more whole ILTV genome sequences being released and the advancement in high
throughput sequencing technology, systemically analyzing these data could assist in disease
surveillance and monitoring the evolution of the virus. This study reports a systematic approach to
analyze the ILTV genome sequences to search for potential genome regions for the development
of future genotyping assays to increase the resolution of the genotyping to samples. Also, in this
study a rapid library preparation method and analysis pipeline for sequencing were established.
The multiplex PCR and MinION sequencing method achieved high accuracy by its high depth of
coverage and permitted simultaneous sequencing of multiple samples. Moreover, the result of the
current paper provides flexibility to expand the current genotyping assay and may even apply the

approach of analysis to worldwide ILTV sequences if monitoring global circulation is required.
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Table 1. North American ILTYV strains Full genome sequences downloaded from NCBI.

Strain Name Genotype  Source of Virus  Accession Number UL Ir Us Tr
USDA 09/2019 I Challenge strain MNS518177 1-109,578 109,579-126,832 126,833-139,926  139,927-157,180
USDA I Challenge strain IN542534 1-109,593 109,594-124,127 124,128-137,222  137,223-151,756
CAN/BC-10-1122 I TCO vaccine MT797249 1-109,626 109,627-123,285 123,286-136,483  136,384-150,021
TCO high passage I TCO vaccine JN580314 1-109,575 109,576-123,408 123,409-136,502  136,503-150,335
TCO IVAX I TCO vaccine JN580312 1-109,575 109,576-125,973 125,974-139,067  139,068-155,465
TCO low passage I TCO vaccine JN580315 1-109,575 109,576-125,973 125,974-139,067  139,068-155,465
81658 I Virulent Isolate IN542535 1-109,575 109,576-123,408 123,409-136,502  136,503-150,335
3.26.90 v CEO vaccine MF417809 1-112,915 112,916-126,738 126,739-139,832  139,833-153,655
CAN/ON-2462241 v CEO vaccine OK573459 1-112,963 112,964-126,722 126,723-139,820  139,821-153,589
CAN/ON-2462242 v CEO vaccine 0K624781 1-112,984 112,985-126,724 126,725-139,822  139,823-153,565
CEO high passage v CEO vaccine IN580316 1-112,915 112,916-126,734 126,735-139,828  139,829-153,647
CEO Low passage v CEO vaccine JN580317 1-112,915 112,916-126,731 126,732-139,825  139,826-153,641
CEO TRVX v CEO vaccine JN580313 1-112,915 112,916-126,734 126,735-139,828  139,829-153,647
Laryngo Vac v CEO vaccine JQ083494 1-112,930 112,931-126,728 126,729-139,826  139,827-153,624
LT Blen v CEO vaccine JQ083493 1-112,930 112,931-126,727 126,728-139,825  139,826-153,623
CAN/QC-230414 A% CEO vaccine OL661344 1-112,921 112,922-126,727 126,728-139,821  139,822-153,629
14.939 A% Virulent Isolate MF417811 1-112,917 112,918-126,726 126,727-139,820  139,821-153,629
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126,728-139,821
126,736-139,829
126,715-139,808
126,728-129,821
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126,732-139,825
126,730-139,823
126,731-139,824
126,728-139,821
126,733-139,826
124,723-137,666
126,751-139,875
126,741-139,865
126,752-139,876
126,740-139,864
126,726-139,850
126,749-139,873
126,748-139,872
126,747-139,871

127,055-140,180

139,822-153,633
139,830-153,647
139,809-153,469
139,822-153,630
139,826-153,641
139,826-153,642
139,824-153,633
139,825-153,497
139,822-153,631
139,827-153,621
137,667-151,326
139,876-152,703
139,866-153,662
139,877-152,687
139,865-152,674
139,851-153,566
139,874-153,691
139,873-153,711
139,872-152,701

140,181-154,022



S2.816 VII-IX Virulent Isolate MF417807 1-113,213 113,214-127,044 127,045-140,170  140,171-154,001

CAN/AB-S20 VII-IX Virulent Isolate MT797240 1-113,953 113,954-126,769 126,827-139,866  139,867-152,691
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Table 2. Annotation of the repeats and low complexity sequences on USDA (Accession No:

MNS518177) 09/2019 ILTV genome.

Repeat class Position begins Position end
Simple repeat 6,928 6,992
Simple repeat 7,990 8,022
Simple repeat 12,119 12,162
Simple repeat 21,283 21,313
Simple repeat 35,714 35,753
Low complexity 112,631 112,681
Low complexity 115,670 115,707
Simple repeat 121,574 121,608
Simple repeat 126,784 126,827
Simple repeat 141,151 145,185
Simple repeat 151,052 151,089
Simple repeat 154,078 154,128
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Table 3. Closely related genotype clustering analysis for the partitioned segments in UL, US, and IR region of ILTV genome.

Region Category Genotype clustered Genome Coordinatet Number of Partitioned segments
UL I (I, 1v, Vv, VI, (VII-IX)* 1-71,249 48
UL I (IV/II), IV, V, VI, (VII-IX) 73,233 - 109,578 21
UL I (IV/III), (IV/ V), VI, (VII-IX) 4,680 — 26,186 4
UL II (Iv1I), (IV/ V), VI, (VII-IX) 63,589 -91,050 16
Us I (IV/II), IV, V, VI, (VII-IX) 126,833-139,926 1
Ir I (I/II), (IV/V), VI, (VII-IX) 139,927-157,108 1

tUsing the genome coordinate of ILTV USDA strain (Accession No: MN518177)
*Genotypes within a paratheses are indicating that they are clustered together in the phylogenetic tree, despite differences in SNPs

within the cluster.
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Table 4. Primers designed and amplicon size for Us multiplex PCR.

Primer Name Primer Sequence Tm(°C) Product size
USIF beta CCGTTCGCCATCATCCGA 59.9
1,033 bp
USIR beta TGTATGCGAGCCGTCAACTT 60
US2F TTAGAGAAGATGCGGTTTCGGC 61
1,003 bp
US2R AGTACGAATCCCTGGCGAGTAT 60.8
US3F TCACAGGGACATCAAACTCGAA 59.6
1,000 bp
US3R GTCCACTTACCGCCAAATTCCT 60.9
US4F CGACGCAAATCACAGAGGGATA 60.5
1,004 bp
US4R AGTCATCGAAATTGCCGTCTGC 61.8
USSF TTCCATTTTACTGGCGCGGC 61.9
989 bp
US5R CGGTCAGCGGGTACACTTTAT 60.1
USOF beta TTAAGCCGGTGATAGACGAGC 59.9
1,172 bp
US6R_beta GGCGGTGAAAAGACAACCAT 59
US7F CCAATTGTCTAGACATGCCCCC 61
979 bp
US7R CCCAATGTACTGCGCTTTTGTC 60.7
USS8F TCGGGTCTTAGTTAACGCCTCT 60.9
1,018 bp
US8R ATACCACGGTTCCTGACTCTGG 61.5
US9F CCCGGTGAGTCAGAAAATACACT 60.3
1,036 bp
US9R CCGTTACTTCGCCATCGTTTGA 61.5
US10F GGACTTATCCAGTGCAAACGAC 59.6
1,020 bp
US10R TCGCAGCCTCTTGATACCCTAG 61.3

USIIF TCGTACTGCTTTCTTCCTTCGC 60.9 1,011 bp
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USIIR
USI2F
USI2R
USI13F
US13R
USI14F
USI14R
USISF
USI15R
USI6F beta

US16R beta

GCATGGAGACGGCATTAGAACT

AGAAGACTCGGAGGACGACATG

CAACGTACGCTTGCCAGTTG

TCGGTGTATCAATTCGCGAACA

CCTTCATCTTGCACGCGTTC

TAGTTCTCGCCTCTTGTCTTGC

CCGTGTAGCTCCATCCCAAAAT

CTGGATTGTTCCCGCGATACTC

TGCTGCTTGAGAATCCGGAAG

ACCAATGGACGAAACGGGTAA

GAAGACACGCCCTCCGC

60.7

61.5

60.4

60.7

60.2

60.4

60.7

61.1

60.7

59.9

60.5

1,000 bp

980 bp

996 bp

1,065 bp

1,109 bp
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Table 5. Number of reads yield for the 16 primer pairs included in the multiplex PCR on

ILTYV strain tested.
ILTYV isolates
Primer pairs 63140 TCO J2 Laryngo vac 1874C5
US1 beta 4634 3359 2696 4435 4963
US2 7317 5591 4421 6913 7646
US3 3008 1729 1646 2368 2766
US4 7471 5790 6227 7453 6194
USs5 3133 3748 2951 4445 5045
US6_beta 298 926 784 334 796
(SR 9633 7304 6468 9291 8894
US8 3170 3219 2813 2901 3530
uUS9 3984 3388 2509 4463 4147
US10 4584 3631 2990 4752 4349
USI11 2887 1400 1157 2436 2535
US12 8749 7701 6748 6754 7042
US13 1956 2427 1678 3129 3799
US14 3623 3555 2554 3749 3201
US15 3726 4793 4387 4265 5753
US16_beta 368 822 310 185 446
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Table 6. Sequencing statistics of Us multiplex PCR MinlON sequencing assay using the five ILTYV isolates.

Ct Total reads (%) Reads mapped Mean depth Minimum depthf
63140 293 62,311 100% 3896 193
IVAX 28.2 53,773 100% 3675 559
J2 29.0 46,109 100% 3323 214
Laryngo vac 30.1 62,503 100% 3873 128
1874C5 29 64,539 100% 4090 340

1 the minimum depth does not include the bases of the first (US1F_beta) and last (US16_beta) primer binding sites, which have no tiling

overlaps.
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Table 7. Informative SNPs differentiating genotypes II (TCO) and IV (CEQO) and the depth of coverage using MinlON

sequencing technology.

NCBI reference base Sequencing Depth of coverage
TCO (I’ CEO (IV) IVAX TCO® Lar)(/:nEgngac
No USDA coordinate
1 127799 C T 5495 6592
2 127911 A G 5501 6096
3 129968 A G 5479 6582
4 132739 T C 9862 10790
5 133133 C T 3068 2524
6 138343 G A 3342 3307
7 138870 G A 4516 3932

2 Consensus based on four NCBI genome sequences listed in Table 1.
b Consensus based on eight NCBI genome sequences listed in Table 1.
¢ Sequencing run conducted using ILTV IVAX TCO vaccine (accession no: JN580312).

4Sequencing run conducted using ILTV Larygo Vac CEO vaccine (accession no: JQ083494).
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Table 8. Informative SNPs differentiating genotypes IV (CEO) and V (CEO related virulent) and the depth of coverage using

MinlION sequencing technology.

Sequencing Depth of coverage

NCBI reference base
CEO(IV)*  CEO related virulent (V)? Laryngo Vac CEO® 63140¢
No USDA coordinate
1 127562 A G 4284 4114
2 128816 A G 2219 2692
3 138343 A G 3306 3391

“Based on eight NCBI genome sequences listed in Table 1
®Based on thirteen NCBI genome sequences listed in Table 1
°The sequencing run were conducted using ILTV isolate Larygo Vac CEO (accession no: JQ083494)

®The sequencing run were conducted using ILTV isolate 63140 (accession no: IN542536)
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Table 9. Informative SNPs differentiating genotypes V (CEO related virulent) and VI (commercial poultry) and the depth of

coverage using MinlON sequencing technology.

NCBI reference base Sequencing Depth of coverage
CEO related virulent (V)*  commercial poultry (VI)° 63140¢ J2d 1874C5¢
No USDA coordinate
1 126983 G A 4438 2549 4662
2 128488 A C 5500 3238 5279
3 130801 T C 2353 2010 3809
4 131053 C A 2900 2769 4656
5 131115 A G 280 755 772
6 131233 A G 285 764 781
7 131459 C A 286 767 784
8 131511 T G 273 722 742
9 131653 C T 290 717 723
10 131825 G C 262 764 772
11 131826 G T 280 762 772
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12

13

14

15

16

17

18

132060

133020

134219

134305

136965

139492

139564
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> >

2970

3807

9982

3511

3609

6127

2663

>2000

2395

7900

4140

3903

8415

3347

>2000

3961

10075

5442

5596

2Based on thirteen NCBI genome sequences listed in Table 1

®Based on eight NCBI genome sequences listed in Table 1

¢ The sequencing run were conducted using ILTV isolate 63140 (accession no: IN542536)
4The sequencing run were conducted using ILTV isolate J2 (accession no:MF417808)

¢ The sequencing run were conducted using ILTV isolate 1874C5(accession no:JN542533)

fSite with a trinucleotide insertion uniquely in genotype V1. Therefore, no information on depth of coverages in genotype

130 bp Insertion AAA TTA CTC AGA CTC CGA GTA CGG TAC CGG
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Table 10. Informative SNPs differentiating wildtypes genotypes VI (commercial poultry) and VII-IX (wildtype strains).

NCBI reference base Sequencing Depth of coverage
commercial poultry (VI)* Wildtype strains (VII-IX)® J2¢ 1874C54

No USDA coordinate

1 127891 A C 4320 7475

2 129388 - CCG - -

3 130107 C T 6008 5912
4 130723 A C 2140 4099

5 131053 A C 2767 4656

6 131055 C T 2760 4633

7 131340 T G 760 779

8 131653 T C 715 723

9 131825 C G 764 772
10 131826 T G 762 772
11 132017 T C 6300 8519
12 132278 G A 6229 8584
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2693

2404

2373

2395

2893

1105

1100

1121

1122

7836

1603

1627

1597

2467

4140

3400

3979

3917

3961

4637

2423

2437

2441

2438

9958

3577

3648

3630

3080

5442

2Based on eight NCBI genome sequences listed in Table 1

®Based on three NCBI genome sequences listed in Table 1
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¢The sequencing run were conducted using ILTV isolate J2(accession no:MF417808)
d The sequencing run were conducted using ILTV isolate 1874C5(accession no:JN542533)
¢ Site with a trinucleotide insertion uniquely in genotype VII-IX strains. Therefore, no information on depth of coverages in genotype

VL

86



Table 11. Unique nucleotide changes and amino acids substitution identified in clinical samples as compared to 39 North

American strains using Us multiplex PCR MinlION sequencing assay.

Sample ID  Genotype = USDA coordinates DOcC? Nucleotide change ~ Amino acid change Gene
S03N30 T or 1T 134018 4352 C>T A>V USs
S22N02 v 129966 3640 C>T Synonymous UL47
S04N48 VI 130277 1413 T>C F>S UL47
SOIN17 VI 134214 4870 G>T E>D USs
SO01N44 VI 138688 10555 T>A Synonymous USS8
S04N48 VI 138688 6840 T>A Synonymous US8
S04N128 VI 138688 8820 T>A Synonymous US8
S04N161 VI 138688 5805 T>A Synonymous US8
S04N162 VI 138688 5120 T>A Synonymous USS8
S04N163 VI 138688 6559 T>A Synonymous US8
S04N164 VI 138688 5574 T>A Synonymous US8
S04N165 VI 138688 5182 T>A Synonymous US8
S04N167 VI 138688 10188 T>A Synonymous US8
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S04N128 VI 139517 5223 C>T Synonymous US9

2 Depth of coverage (DOC)
* The letter in the parentheses represents the unique SNP identified on the coordinates

tUsing USDA (Accession No: MN518177) genome coordinates
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Figure 1. Histograms showing the informative SNP distribution from 1bp to 137,222 bp of

USDA coordinate (Accession No. MN518177). Sites polymorphic between type II-I11 (red), type
IV - V(yellow), V-VI (green), VI-IX (blue) and within genotype VI (pink) are charactorized with
different color blocks. The x-axis refers to the position of the genome while the Y-axis refers to
the amount of SNPs for every 10,000 bp. (A) Histogram showing SNP distribution of all of the
closely related genotyping categories. (B) Histograms showing SNP destribution of each closely

related viral genotype pairs.
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Figure 2. Phylogenetic trees of the two categories for genotype clustering from partitioned segments. Tip labels on the trees
included the genotypes (Roman number) and strain name. The trees were constructed with Neighbor Joining clustering algorithm

using HKY substitution model using Geneious Prime (v.11.0.4). The scale bar indicates the number of substitutions per site. (A) A
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phylogenetic tree example of category I, capable of clustering genotype of interest II/IIL, IV, V, VI and VII-IX into five groups. The
segment of Us region including ORFs US2 to US9(13,094 bp long, from 126,833-139,926 of USDA coordinate) was used to construct
this tree. (B) A phylogenetic tree example of category II. While departing the genotypes, II/III, IV/V to the remaining VI and VII-IX
clusters, it could not discern clusters between genotype IV and V. As a result, this category is capable of clustering genotypes of

interest into four groups. The segment of Ir region including ORFs sORF4/3 to ICP4 (17,254 bp long, from 109,579-126,832 of

USDA coordinate) was used to construct this tree.
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Figure 3. Working concentration of Us multiplex PCR primers. The working primer concentration was validated against five ILTV
strains — TX J2 P7 (genotype VI), 1874C5 Ct P4 (genotype VI), Laryngo vac® (Zoetis) (genotype IV), LT IVAX (genotype II) and

63140 P4 (genotype V), using 68°C as annealing temperature. The color gradient scale indicates the lowest primer working concentration

(uM/ul) against each testing strains.
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Figure 4. Target region coverage plot for five selected isolates. The plotted regions included the 13,019 bp long Us region of ILTV

genome displayed in the x-axis. The Ct values for the sequenced samples ranged from 28.2 to 30.1. Noted that the y-axis of the coverage

depth for each sample was slightly different.
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Figure 5. Phylogenetic tree of the NCBI selected North American sequences and sequencing result of clinical samples and viral
isolates using Us multiplex PCR MinION sequencing assay. The plotted regions included the 12,706 bp of Us multiplex PCR ILTV

genome. Viral isolates MinlON sequenced samples were labeled in blue, NCBI database sequence labeled in black, whereas the clinical
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samples were labeled in red. The trees were constructed with Neighbor Joining clustering algorithm using HKY substitution model

using Geneious Prime (v.11.0.4).
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Supplementary Figure 1. Schematic diagram on the qualified and unqualified partitions as expanded target for ILTV genotyping
assay. The x-axis scale displayed the USDA genome coordinates and the arrow shaped block indicated the Ur, Ir and US genome
regions of ILTV across the USDA genome. Within the UL region, there are two distinct orange shaded rectangles highlighting regions
with sparsely distributed SNPs (Single Nucleotide Polymorphisms) between genotype IV and V. Specifically, these regions span from
10,000 to 21,300 bp and from 57,771 to 92,184 bp. The red rod-shaped lines represent unqualified regions that are uncapable of
clustering genotype IV and V apart on a phylogenetic tree, whereas green rod-shaped lines represent qualified regions that are capable

of clustering genotype IV and V separately on a phylogenetic tree.



