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Codon pair bias deoptimization of essential genes in infectious
laryngotracheitis virus reduces protein expression

Paola K. Vaz*, Marzieh Armat, Carol A. Hartleyt and Joanne M. Devlint

Abstract

Infectious laryngotracheitis virus (ILTV; an alphaherpesvirus) is a respiratory pathogen of chickens and causes significant eco-
nomic losses in the poultry industry globally, in addition to severe animal health and welfare concerns. To date, studying the
role of ILTV genes in viral infection, replication or pathogenesis has largely been limited to genes that can be deleted from the
ILTV genome and the resultant deletion mutants characterized in vitro or in vivo. However, this approach is not suitable for the
study of essential genes. This study trialled two different codon deoptimization techniques that aimed to separately disrupt
and downregulate the expression of two ILTV genes, ICP8 and UL12, which are essential or very important in viral replication.
The target genes were partially recoded using codon usage deoptimization (CUD) and codon pair bias deoptimization (CPBD)
approaches and characterized in vitro. Viruses deoptimized via CPBD showed decreased protein expression as assessed by
Western blotting and/or fluorescence microscopy to measure the intensity of the fluorescent marker fused to the target protein.
Viruses deoptimized by CUD showed less consistent results, with some mutants that could not be generated or isolated. The
results indicate that CPBD is an attractive and viable tool for the study of essential or critically important genes in ILTV. This is
the first study, to our knowledge, that utilizes CPBD and CUD techniques for the study of ILTV genes.

INTRODUCTION

Gallid alphaherpesvirus 1 (infectious laryngotracheitis virus, ILTV) is a dsDNA virus that causes severe respiratory disease in
chickens. The virus is horizontally transmitted through aerosols and fomites. Live attenuated ILTV vaccines are widely used in
the poultry industry. Recombination involving attenuated vaccine strains has resulted in the generation of virulent recombinant
viruses that have displaced other field viruses and caused outbreaks of disease. Full genome sequencing and recombination studies
have highlighted ILTV’s high genomic plasticity [1, 2].

Studying the role of herpesvirus genes in viral infection, replication and pathogenesis is aided by the generation of targeted gene
mutants, including gene-deletion mutants. Herpesvirus genes can be classified as essential or non-essential for virus replication
in vitro, through the construction of specific gene-deficient variants. Deletion of non-essential genes results in viruses that can be
cultured and directly compared to the parent to study the functional role of the deleted genes. Deletion of essential genes results
in non-viable viruses that cannot be cultured, and this limits functional characterization of the gene beyond its essential role.
While for many other herpesviruses the construction of bacterial artificial chromosomes (BACs) has facilitated the manipulation
and study of essential or quasi-essential viral genes, BAC construction has not been successful for ILTV [3]. The ILTV genome
encodes 80 ORFs, but the functions of most of these have not been characterized and ILTV gene function studies have largely
been limited to non-essential genes. Specifically, gene-deletion studies have been limited to ORFs A-E, UL0, UL10, UL21, UL47,
UL49.5, UL50, thymidine kinase (TK), and genes encoding glycoproteins C, G, E, I and J (gC, gG, gE, gl and gJ, respectively)
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[4-15]. The generation of gene-deleted mutants has been central to studying the role of these genes in ILTV and has also been
useful for generating targeted deletion-mutant vaccine candidates. However, the study of genes critically important for ILTV
replication in cell culture requires a different approach.

In other viruses, two genomic recoding approaches have been utilized to disrupt protein expression of essential or quasi-essential
genes: codon usage deoptimization (CUD) and codon pair bias deoptimization (CPBD) [16, 17]. CUD involves the substitution
of the most preferred codons within a target ORF with those of the least favourable codons for a specific animal host. CPBD is
based on the observation that some codon pairs occur more or less frequently in some viral genomes compared to the expected
overall frequency of those two codons forming pairs within that host. CPBD involves the modification of this frequency [18, 19]
and is often accompanied by an increase in CpG dinucleotide frequencies. Both codon deoptimization techniques work by slowing
translation of encoded genes, resulting in reduced but not ablated expression of protein. Codon deoptimization has been widely
used for RNA virus attenuation [18-20], while few studies have applied this technique to large dsDNA viruses [21-23]. Neither
approach (CUD nor CPBD) has been previously applied to ILTV.

In this study, we explore both methodologies for the study of essential or important ILT'V genes. Specifically, we applied CUD
and CPBD to ILTV infected cell protein 8 (ICP8; UL29) and UL12 genes. In other alphaherpesviruses, these conserved proteins
have important roles in viral replication and recombination [24, 25].

METHODS
Cells

The cells used in this study for viral propagation and characterization were leghorn male hepatoma (LMH) cells [26]. Chicken
embryo kidney (CEK) cells were also utilized for selected virus propagation (V1-99) and characterization assays as previously
described [27].

Viruses

The ILTV parent strain CSW1 was used in this study to construct viruses with deoptimized ORFs. This is a historical class 4 field
isolate that has been used previously to generate various gene-deficient viruses, including a live attenuated vaccine [28, 29]. The
strain V1-99 is a class 2 isolate used as the coinfecting virus to assess recombination through in vitro assays. Both viruses have
been used previously to estimate ILTV recombination rates in vivo [30-32]. They share 99.8% nucleotide pairwise identity across
their genomes, as well as similar growth kinetics in LMH cells [27, 30].

Recoding of ILTV UL12 and ICP8 (UL29) genes by CPBD and CUD

CPBD of the second half of the ILTV ICP8 ORF and the first half of the UL12 ORF was performed. Each CSW1 ICP8 and
UL12 coding sequence (GenBank accession no. JX646899) was divided into quarters. The third and fourth quarters of the
ICP8 gene, and the first and second quarters of the UL12 gene, were deoptimized using the Python script CodonShuffle
[33] adapted to use the Echick.cut codon adaptive index (CAI) file within EMBoOss and the Gallus gallus codon pair scores
(CPSs) published previously [34]. One thousand iterations were performed and the final CPBD sequences used in this study
were selected based on their maximally decreased codon pair bias (CPB) score whilst maintaining CAI, effective number
of codons (ENC) and minimum free energy (VEOLD) values that were similar or identical to CSW1 wild-type native ORF
sequence. Sequences with increased CpG scores were also favoured (Table 1, Fig. 1, Supplementary Text, available with the
online version of this article).

CUD of ICP8 and ULI12 gene quarters was initially performed manually using the Integrated DNA technologies (IDT) optimiza-
tion tool (https://sg.idtdna.com/pages/tools/codon-optimization-tool), with the G. gallus codon usage table as a reference to
manually select sub-optimal codons per amino acid residue. Sequences were subsequently analysed using CodonShuftle as above
to compare values to native CSW1 ORF sequences. One thousand iterations were performed in order to identify sequences with
the lowest possible differences in CAI and ENC values compared to WT, without overly optimizing or deoptimizing CPB values
and vroLD values (Table 1, Fig. 1, Supplementary Text).

Repair plasmids were prepared by synthesis of recoded half gene sequences (IDT), followed by subcloning into pcDNA3.1(+)
plasmid vector. All three ICP8 repair plasmids were designed to express the ICP8 fused to a superfold GFP (sfGFP) tag [35] in
the C-terminus, whilst UL12 repair plasmids were designed to express the UL12 protein fused to stGFP in the N-terminus to
avoid disrupting the overlapping downstream UL11 ORE As the fusion of a sfGFP tag to viral essential proteins may hinder
virus replication, repair plasmids containing the sfGFP sequence along with either the wild-type sequence of CSW1 ICP8 or the
wild-type sequence of CSW1 UL12 were constructed (Genscript) in order to isolate the effect of recoding. Each repair plasmid
was linearized prior to co-transfection by restriction endonuclease digestion. See Table 2 for full list of constructs.
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Table 1. Sequence features for each quartile of the ILTV ICP8 and UL12 genes in wild-type virus and in virus sequences that were CPBD and CUD
recoded

Sequence values were obtained using the CodonShuffle sequence analyser tool.

Sequence CPB CG mfe ENC CAI No. of nt
ICP8

CSW1 (wt)-Q3 -0.016 0.79 —224.2 55.11 0.71 882
CSW1 (wt)-Q4 -0.070 0.76 -251.2 57.84 0.72 882
CPBD Q3 —-0.082 0.95 —224.2 55.07 0.71 -
CPBD Q4 -0.134 0.81 -251.2 57.77 0.72 -
CUD Q3 -0.017 0.85 -194.1 42.96 0.65 -
CUD Q4 -0.058 1.34 -233.9 44.64 0.59 -
UL12

CSWI (wt)-Q1 -0.072 1.106 -92.9 49.1 0.68 393
CSW1 (wt)-Q2 —-0.044 0.9 -97.9 53.22 0.72 393
CPBD Q1 -0.102 1.166 -92.9 49.22 0.68 -
CPBD Q2 -0.098 0.981 -97.9 53.14 0.72 -
CUD Q1 -0.08 237 —-88.5 22.43 0.46 -
CUD Q2 -0.05 231 -195.6 22.78 0.49 -

mfe, minimum free energy.

Construction of ILTV ICP8 and UL12 half deoptimized mutants by co-transfection experiments

Viral genomic DNA was extracted from CSW1-infected cell cultures as described elsewhere [36], with minor modifications.
Co-transfection experiments were performed by incubating ~2 pg viral genomic DNA, 2 g linearized repair plasmid, 2 ug pICP4
plasmid and 12 ul X-tremeGENE HP DNA transfection reagent (Sigma) in Dulbecco’s Modified Eagle Medium (DMEM) for
20 min at room temperature, according to manufacturer’s instructions. A 200 pl aliquot of these solutions was applied to sub-
confluent monolayers of LMH cells in 6-well trays. Three days after co-transfection, green fluorescent plaques were identified
using fluorescence microscopy, collected by micropipette and stored at —80 °C. Further plaque purification (at least three rounds)
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Fig. 1. Schema of insertion designs for the recoded ILTV gene mutants generated via homologous recombination. (a) Designs for the ICP8 mutants,
including WT ICP8 with sfGFP, and mutants with half of the ICP8 gene recoded using either CPBD or CUD, plus sfGFP. (b) Designs for the UL12 mutants,
including WT UL12 with sfGFP, and mutants with a sixth, quarter or half of the UL12 gene recoded using CPBD or CUD, plus sfGFP.
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Table 2. Panel of sfGFP-tagged CSW1-derived mutants targeted for this study, indicating the deoptimization approach used to recode them

Deoptimization approach Target gene Proportion of gene Expected virus Outcome Resulting virus construct
recoded recovered name
None ICP8 0 Yes Wild-type ICP8 WT.ICP8
UL12 0 Yes Wild-type UL12 WT.UL12
Codon usage (CUD) ICP8 0.5 No - -
UL12 0.5 No Recovered virus with 1/6th CUDs.UL12
recoded UL12
UL12 0.25 No
Codon pair bias (CPBD) ICP8 0.5 Yes Half recoded ICP8 CPBDh.ICP8
UL12 0.5 Yes Half recoded UL12 CPBDh.ULI2
UL12 0.25 Yes Quarter recoded UL12 CPBDq.ULI2

was performed until no WT (non-fluorescent) virus was detected by microscopy or by PCR. Sanger sequencing of insertion sites
and upstream and downstream regions was performed using BigDye Terminator mix (ThermoFisher Scientific) at the Australian
Genome Research Facility. Final stocks of each plaque-purified virus containing the recoded sequences were amplified and viral
genomes sequenced using Illumina next generation NovaSeq short-read chemistry (Illumina) at Charles River Laboratories.
Genome assemblies were performed using both de novo and map to reference methodologies as previously described [1].

Assessment of protein levels by fluorescence intensity

The effect of recoding on ICP8 and UL12 protein expression was assessed by quantitative fluorescence microscopic analysis of
infected cells. LMH cells were inoculated with sfGFP-tagged ICP8 and UL12 mutants at an m.o.i. of 0.0001 to 0.02, in triplicate,
and 19 to 46 individual fluorescent plaques were imaged at 1 to 3 (ICP8 recoded viruses) or 2 to 4 (UL12 recoded viruses) days
post-infection (d.p.i.) using a Leica DM500 microscope with a x10 objective. Images were analysed using F1j1 v2.1.0 [37]. Back-
ground was subtracted from the green channel and Triangle Dark threshold applied, despeckled and median points of fluorescence
with a radius of 3 pixels were removed and a watershed binary filter applied. The mean and the maximum integrated density of
fluorescence for each deoptimized viral plaque were then measured, where mean refers to the average pixel fluorescent intensity
value within defined fluorescent foci per image, while maximum refers to the highest pixel fluorescent intensity value within those
foci (https://imagej.nih.gov/ij/docs/guide/user-guide.pdf). Deoptimized viruses were compared to those sfGFP-tagged viruses
that contained native ICP8 (WT.ICP8) or UL12 (WT.UL12) nucleotide sequences.

GFP expression was also evaluated by Western blot analysis of UL12 and ICP8 mutants at a single timepoint. LMH cells were
inoculated with WT.UL12, CUDs.UL12 (sixth deoptimized), CPBDq.UL12 (quarter deoptimized), CPBDh.UL12 (half deopti-
mized), WT.ICP8 or CPBD.ICP8 isolates at an m.o.i. of 0.02 or were mock infected. Wells were harvested at 2 d.p.i. where lysates
were collected into lysis bufter (2%, w/v, SDS, 10%, v/v, glycerol, 0.06 M Tris-HCl pH 6.8, 0.05 mM B-mercaptoethanol and 0.5 mg
bromophenol blue ml™) and proteins separated in a 10% (w/v) acrylamide gel by SDS-PAGE under reducing conditions. Western
blotting was performed probing with rat antiserum to ILTV gl or ILTV gD, or rabbit eGFP polyclonal antibody (ThermoFisher
Scientific) as previously described [38], and virus sample loading was adjusted to ensure equivalent amounts of unmodified
proteins (gI or gD) between samples to allow for comparison of GFP expression relative to another ILTV protein.

Assessment of gene transcript levels by quantitative Reverse Transcription-PCR (qRT-PCR)

To assess the impact of recoding on ICP8 and UL12 transcription, qRT-PCRs were performed on the recoded mutants and
compared to WT GFP-labelled control virus (WT.ICP8 and WT.UL12, respectively). Confluent monolayers of LMH cells were
inoculated with each recoded virus, WT.ICP8 and WT.UL12 at an m.o.i. of approximately 1, in triplicate. Residual inoculum was
removed with a 0.2 M citrate buffer (40 mM citric acid, 10 mM KCl, 135mM NaCl, pH 3.0) after 2h at 37°C, and fresh medium
added (DMEM supplemented with 10%, v/v, FBS and 2mM HEPES pH 7.4). Cultures were further incubated until 4 h.p.i. (hours
post-infection), when supernatant was removed and cell lysates captured in RLT Plus buffer (Qiagen). RNA was extracted using
the RNeasy Plus RNA isolation kit (Qiagen), as per the manufacturer’s instructions. Eluates were subjected to DNase treatment
using a Turbo DNase-free kit (ThermoFisher Scientific), according to the manufacturer’s instructions. Complementary DNA
was synthesized using Superscript IIT RT (ThermoFisher Scientific) according to the manufacturer’s instructions, and 2 ul each
cDNA template was tested using oligonucleotides targeting ILTV ¢DNA from ICP8 (F, 5'-GCCTCGAGCGGACTAACC-3"; R,
5'-GTTCGGGGCTAAAACCACAGG-3'), UL12 (E, 5'-CGCGATTTCTTGCTGGGAATTTC-3; R, 5-CTGTCAGTTTTCCAAG
TTTTGTC-3') and ICP4 (E, 5-ACCTGTTGGCGGCTCTTAG-3'; R, 5-CAGACGCCGCCGTAGGAT-3'). The relative expression
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levels of ICP8 and ULI12 transcripts were expressed as AACt [39], with the ICP8 and ULI12 transcripts normalized against the
viral ICP4 reference transcript and each recoded mutant against either WT.ICP8 or WT.UL12 virus.

Viral replication and cell-to-cell spread

To assess the effect of ICP8 and UL12 deoptimization on viral replication kinetics, a multi-step growth curve experiment was
performed as previously described [40] with minor modifications. Briefly, each virus was inoculated onto sub-confluent LMH
cells at an m.o.i. of approximately 0.001, in triplicate. Wells were harvested at 24 h timepoints for 4 days and stored at —70 °C,
and each sample was subsequently titrated on LMHs cells to determine the viral titre by either TCID, [41] or p.f.u. mI™" [27].

Cell-to-cell spread was compared between the two CSW1-derived ICP8 mutants (CPBDh.ICP8 and WT.ICP8) to that of
the CSW1 parent virus. Sub-confluent monolayers of LMH cells in 6-well trays were infected with 50 and 100 p.f.u. of each
virus, in duplicate. Twenty to thirty plaques per day were photographed and measured using Image] version 2.0 [37], as
previously described [40].

In vitro coinfection recombination experiments

The impact of deoptimizing ICP8 expression on the capacity for ILTV viruses to recombine in vitro was evaluated through
a coinfection assay. LMH cells were simultaneously coinfected with a total m.o.i. of 8 using the V1-99 ILTV strain with
CSW1 parent and derivative mutants. Residual inoculum was removed with a 0.2 M citrate buffer (40 mM citric acid, 10 mM
KCl, 135 mM NacCl, pH 3.0) after 1 h at 37°C, and fresh medium added (DMEM supplemented with 5%, v/v, FBS and 2 mM
HEPES pH 7.4). Infected wells were harvested after 24 h, serially diluted to 10~ and used to inoculate LMHs cells within
6-well trays and covered by a 1% (w/v) methylcellulose overlay. Thirty isolated plaques from each coinfection were picked
using only brightfield microscopy at 24 and 48 h.p.i., and the DNA extracted (MagMAX CORE nucleic acid purification kit;
ThermoFisher Scientific). The picked progeny were then genotyped using a TagMan single nucleotide polymorphism (SNP)
genotyping assay that targets five sites within the genome where CSW1 and V1-99 vary [30]. Any plaques determined to
contain a mixed signal phenotype by TagMan probes at any SNP were excluded from further statistical analysis.

Statistical analysis

Statistical comparisons between the mutant viruses and the CSW1 parent, WT.ICP8 or WT.UL12 viruses were performed
across the different phenotypic assays. Plaque area, viral titres and plaque fluorescence intensity were compared between
viruses at each timepoint using two-way ANOVA followed by Tukey’s Honest Significant Difference test. For comparison of
gene transcript data, two-tailed Mann-Whitney tests were used to compare AACt values of mutant viruses to their respective
parent viruses. The recombination rate of CPBDh.ICP8 and WT.ICP8 mutants was compared to that of the CSW1 parent
and assessed by analysis of the proportion of recovered plaques that corresponded with either parent (CSW1 or V1-99) or
recombinant genotype profiles using a Fisher’s exact test. P<0.05 was considered significant.

RESULTS
CPBD, but not CUD, was successful in generating defined mutant viruses

A panel of viruses with CUD or CPBD recoded regions of ICP8 or UL12 were designed (Fig. 1, Table 1), and a summary of
the viruses recovered is shown in Table 2. CPBD was successful in producing a panel of mutants for further characterization,
while the application of CUD produced less consistent results since some viruses could not be either generated or isolated.
Two ICP8 mutants (CPBDh.ICP8 and WT.ICP8) and four UL12 mutants (CPBDh.UL12, CPBDq.UL12, CUDs.UL12 and
WT.UL12) were constructed by co-transfection, and plaque-purified at least three times in order to ensure the absence of
CSW1 parent. These were further confirmed for the absence of parent by PCR. Neither of the CUD half mutants (CUDh.ICP8
and CUDh.UL12) nor the CUD quarter mutant (CUDq.UL12) could be cultured and purified in the absence of CSW1 wild-
type parent on LMH or CEK cells. When quarter and half CUD recoded UL12 viruses were being developed, both pathways
resulted in UL12 CUD mutants with identical partial deoptimization of the UL12 gene region. Specifically, only nucleotides
1-228 of the UL12 5' end was codon usage deoptimized as opposed to the targeted 1-393 (Q1) and 1-786 (half) regions,
resulting in both mutagenesis experiments producing a 1/6th deoptimized UL12 ORF mutant (CUDs.UL12; Fig. 1, Table 2).

The genome sequencing results of the CSW1 parent and purified ICP8 mutants were compared. De novo assembly results
were principally consistent with those produced by mapping against the reference sequence, with variation limited to regions
rich in tandem repeats or secondary structure and, therefore, difficult to assemble with confidence. Several SNP variants were
identified in the CSW1 parent that differed to the published CSW1 reference sequence (GenBank accession no. JX646899),
and so subsequent comparisons of mutant genomes were limited to that of the study CSW1 parent (Table S1). Comparison
of the two sequenced ICP8 mutants identified the presence of four (WT.ICP8) or two (CPBDh.ICP8) SNPs different from
the parent CSW1 genome within coding sequences, excluding the expected ICP8 ORF recoding and sfGFP insertion.
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Genome sequencing of UL12 deoptimized mutants identified some SNPs from CSW1, most notably SNPs in the ORF C gene in
both CPBD mutants, that were predicted to result in premature truncation of this protein. As ORF C deficient ILT'V constructs
can impact plaque size phenotype though not replication efficiency [12], definitive assignment of phenotypic differences to UL12
gene deoptimization rather than ORF C truncation would not be possible for these viruses. As a result, UL12 deoptimized mutant
characterization was limited only to replication and protein expression analyses as described below.

CPBD of partial UL12 and ICP8 gene sequences reduces protein expression

Plaque fluorescence intensity was used as a measure of ICP8 and UL12 protein expression in the mutants that encoded partially
deoptimized coding sequences linked to sfGFP. CPBD ICP8 mutant (CPBDh.ICP8) plaques displayed significantly reduced
mean fluorescence intensity compared to those of green fluorescent virus with a native ICP8 (WT.ICP8) sequence at 2 and
3 d.p.i. (Fig. 2a). Additionally, CPBDh.ICP8 viral plaques produced lower maximum fluorescence intensity across the 3 days
measured (Fig. 2b, ¢). Both measures indicate decreased GFP signal accumulation within cells infected with CPBDh.ICP8
virus relative to those of WT.ICP8 regardless of plaque size. Mean fluorescence intensity values of UL12 deoptimized plaques
were more variable, but both CPBD UL12 mutants showed a significant reduction in mean fluorescence intensity compared
to WT.UL12 at 2, 3 and 4 d.p.i.,, and a reduced maximum fluorescence intensity compared to WT.UL12 at 3 d.p.i. with half
deoptimized mutant displaying a lower maximum fluorescence intensity than the quarter deoptimized virus plaques (Fig. 2d,
e). There was no significant difference in fluorescence intensity between the CUDs.UL12 and WT.UL12 viral plaques at any
timepoint. Western blot analysis of GFP-tagged UL12 mutants at 2d.p.i. demonstrated lower amounts of GFP produced in
CPBD ULI2 virus-infected LMH cells (relative to another unmodified ILTV protein, gI) compared to both WT.UL12 and
CUDs.ULI12 infected cells, consistent with observations from microscopic fluorescence analysis of these viruses (Fig. S1). In
contrast, Western blot analysis of GFP-tagged ICP8 mutants did not detect reduced expression of GFP in CPBDh.ICP8 infected
cells compared to WT.ICP8 infected cells (relative to another unmodified ILTV protein, gD), suggesting that the reduction
in ICP8 expression may be too subtle to be detected by semi-quantitative Western blotting. The reduced fluorescence levels
detected in CPBDh.ICP8 infected cells using microscopy techniques may also reflect the marked reduction in replication of
this mutant compared to WT.ICP8 (Fig. 3a-c), which would result in reduced levels of GFP-tagged ICP8, and indeed all viral
proteins.

Partial recoding of ICP8 and UL12 did not reduce gene transcript levels

ICP8 and ULI12 transcription was assessed by qRT-PCR to determine whether modification of CPB or codon usage reduced target
gene RNA transcripts relative to another unmodified ILTV viral gene (ICP4). This was performed in order to determine whether a
reduction in transcription as a result of the recoding was the explanation for the reduced protein expression observed. Comparison
of relative transcripts to WT GFP-tagged controls viruses indicated that neither CPBD nor CUD resulted in significantly reduced
transcript levels for either ICP8 or UL12 (see Table S2).

ILTV mutants with CPBD UL12 or ICP8 gene sequences show altered viral growth characteristics in cell
culture

Comparison of viral replication kinetics and plaque area indicated that CPBDh.ICP8 replicated at a lower rate over 4 days
(Fig. 3a) and produced smaller plaques when compared to virus with the native ICP8 gene sequence (Fig. 3b). Plaques
produced by CPBDh.ICP8 were 24-50% smaller than those produced by CSW1, and 44-56% smaller than WT.ICP8 plaques.
These differences were statistically significant (P<0.05) at days 2 and 4 in the replication assay, and days 2 and 3 in the plaque
area assay. Comparison of replication kinetics of codon deoptimized (CUDs, CPBDq and CPBDh) UL12 mutants to those with
native UL12 sequences demonstrated that deoptimized mutants had significantly lower viral titres on day 2 post-infection.

CPBD of the ICP8 gene reduces ILTV recombination in cell culture

Coinfection of wild-type parent CSW1 with V1-99 resulted in 36% of recovered plaques showing recombinant genotype
profiles (Fig. 4), as determined by TagMan probe assay [30]. No statistical difference in the proportion of recombinant progeny
was observed when coinfection was performed using WT.ICP8 (29% recombinants, P=0.762) instead of the CSW1 parent.
Coinfection of V1-99 with half CPBD ICP8 mutant resulted in significantly fewer recombinant progeny (11 %) when compared
to CSW1 parent virus (P=0.049), but this difference was not significantly different when compared with WT.ICP8 (P=0.160),
possibly due to insufficient plaque numbers genotyped. Although the use of an assay targeting only five gene regions likely
results in an underestimation of recombinant numbers as well as genotype profiles, nine different genotype profiles were
detected across the three groups, including those of the parent strains. The most common profile (GT1) was found in 11.8%
of isolates (Fig. 5). Parent genotype profiles made up the majority of the isolates tested (75%), with 73.7% corresponding to
CSWI. Very low detection of V1-99 parent was recovered in this assay (1.3%), consistent with some previous studies (2.2%)
characterizing recombination in vivo using these two strains [31, 32].
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Fig. 2. Comparison of ICP8 and UL12 protein expression in deoptimized mutants to that of viruses containing native ICP8 and UL12 gene sequences,
as measured by fluorescence levels. (a) Photomicrographs of green fluorescent plaques induced by WT.ICP8 and CPBDh.ICP8 at 2d.p.i. of LMH cells, as
observed using fluorescence microscopy using a x10 objective. Line plots showing median and 95% confidence intervals of (b) mean and (c) maximum
plaque pixel fluorescence intensity over time of ICP8 GFP-tagged mutants, and (d) mean and (e) maximum plaque pixel fluorescence intensity over
time of UL12 GFP-tagged mutants. Asterisks indicate statistical significance. Significant differences were only detected between CPBD mutants and
parent viruses; CUD.UL12 virus infected cells did not demonstrate reduced fluorescence.
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Fig. 3. Comparison of viral replication and cell-to-cell spread characteristics of ICP8 and UL12 mutants and CSW1 parent on LMH cells. (a) Multi-step
growth curve and (b) plague area assay of ICP8 mutants, and (c) multi-step growth curve of UL12 mutants. Mean+sp is shown. Asterisks indicate
statistically significant differences (P<0.05) of deoptimized mutants to parent CSW1 virus.

DISCUSSION

The study of the mechanism of ILTV pathogenesis has been hindered by the difficulty to undertake targeted disruption of
genes, beyond those not essential for replication in cell culture. Previous attempts to generate ILTV BACs have not been
successful [3], unlike for many other diverse herpesviruses where they have been readily available for over 20 years, including
for another poultry herpesvirus [42-45]. In this study, two codon deoptimization approaches were applied to assess their
efficacy for disrupting, but not completely ablating, the expression of essential genes in ILTV. CUD appeared to be too
disruptive a tool to deoptimize large portions of the genes studied, but CPBD was successfully applied to deoptimize at
least half of the ILTV ICP8 and UL12 genes. While CPBD viral mutants demonstrated reduced protein expression, neither
approach resulted in significantly reduced transcript levels.

This was the first application of CUD and CPBD techniques on ILTV genes, to our knowledge, but CPBD has been previously
applied to target three essential genes in another herpesvirus infecting chickens, gallid alphaherpesvirus 2 (Marek’s disease
herpesvirus, MDV) [21, 23]. As ICP8 is essential for virus replication, and to balance the need for reduction without complete

Proportion of progeny viruses (%)

# 20 40 60 80 100
plaques 1 1 1 1 ]

CSW1 +V1-992 25 36%

WT.ICP8 + V1-99%® 24 29%

CPBDh.ICP8 + V1-99° 27 1%

B Testvirus m V1-99 Recombinants

Fig. 4. Genotype proportions of recovered progeny viruses after coinfection of each virus with V1-99 strain. Progeny viruses (n=25to 27 plaque-purified
viruses per group) are categorized as either parent viruses [test viruses (CSW1/WT.ICP8/CPBD.ICP8) or V1-99] or recombinant viruses as determined
by TagMan probe assay [30]. ** lack of significant differences between groups is indicated by the same superscript letter.
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Fig. 5. Genotype profiles produced across the 76 recovered plaques by coinfection experiments.

disruption, only a portion of the gene was chosen for deoptimization by both recoding techniques. Prior studies using CPBD in
MDYV essential ORFs, as well as comparison of quarter and half CPB deoptimized UL12 in ILTV in this study, did not demonstrate
a consistent correlation between the proportion of gene recoded and subsequent degree of downregulation of protein expression.
In this study, only the plaque maximum fluorescence intensity measure demonstrated that an increase in the proportion of gene
deoptimized proportionally decreased protein expression. This contrasts with what has been observed for some RNA viruses
for which this methodology has been more commonly applied [46]. This may be indicative of a higher capacity for large DNA
viruses to compensate for translational disruption or perhaps increased redundancy encoded within their genomes compared
to smaller RNA viruses.

The successful application of CPBD to generate ILTV mutants with decreased ICP8 and UL12 expression has demonstrated a
promising new methodology for the study of these genes and other seemingly important or essential ILTV ORFs. Future studies
could use the generated mutants to further define the roles of ILTV ICP8 and UL12 in virus recombination and replication,
including their interactions, host responses to infection, and a possible role for ILTV ICP8 in the formation of replication compart-
ments, as has been demonstrated for ICP8 in HSV-1 [47]. In addition, it may be possible to further limit the recombination
capacity of ILTV by applying CPBD to both the UL12 and ICP8 genes concurrently. Beyond investigations into ICP8 and UL12,
gene-deletion studies have suggested that nuclear protein UL[-1] and glycoprotein D are indispensable for in vitro replication
[14, 28]. In addition, a mutant in which all of the ILT V-specific ORFs A-E were deleted could not be generated [6]. The functions
of these genes may be investigated in future studies using CPBD. There also appear to be ORFs that display essential or quasi-
essential properties depending on the parent strain utilized. Construction of gl and gE deletant mutants was not possible using
CSW1 [48, 49], but it was possible to severely abrogate or remove them in the A489 strain of ILT'V [14]. CPBD could be applied
to gl/gE as an alternative to complete deletion in CSW1 to investigate strain to strain variation.

Previous studies on ICP8 and its function in herpesvirus activity have been performed in other viruses by modifying select
regions within the protein involved in annealing and observing for reduced rates of replication [25]. This is, to our knowledge,
the first study using gene deoptimization approaches to directly investigate the effect of decreased ICP8 expression on both
viral replication and recombination. While CPBD of UL12 appears to result (by Western blot) in reduced UL12-specific
protein expression, Western blot was not able to detect an obvious reduction in ICP8 expression relative to that of unmodi-
fied viral gD, despite reduced levels of fluorescence being detected using microscopy techniques. This may be because the
reduction in ICP8 expression was relatively subtle and, thus, only detectable by microscopy and not by semi-quantitative
Western blotting. Alternatively, or in addition, the reduced levels of fluorescence detected by microscopy may be related
to the reduced levels of viral replication (Fig. 3) that may be induced by even subtle disruption to ICP8 expression. These
observations could reflect the essential nature of ICP8 in herpesviruses compared to UL12, which is important, but not
essential, for viral replication.

In this study, we were able to demonstrate that reduced ICP8 expression led to a reduced proportion of recombinant progeny
in vitro relative to the unmodified parent, consistent with the predicted role of ILTV ICP8 in recombination, as well as a
consequence of slowed replication overall. Given the importance of recombination in ILTV infection and pathogenicity in
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the poultry industry, a vaccine candidate with a reduced ability to recombine could be advantageous. Future in vivo studies
measuring the incidence of recombination using the CPBDh.ICP8 mutant are indicated to investigate whether the role of
ICP8 in recombination is also reflected during coinfection of its natural host. This is turn will help to inform the potential
suitability of the CPBDh.ICP8 mutant, or other ICP8-disrupted ILTV mutants, as candidate attenuated vaccines.
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