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Abstract: Marek’s disease is a major scourge challenging poultry health worldwide. It is caused by the
highly contagious Marek’s disease virus (MDV), an alphaherpesvirus. Here, we showed that, similar
to other members of its Herpesviridae family, MDYV also presents a complex landscape of splicing
events, most of which are uncharacterised and/or not annotated. Quite strikingly, and although the
biological relevance of this fact is unknown, we found that a number of viral splicing isoforms are
strain-specific, despite the close sequence similarity of the strains considered: very virulent RB-1B and
vaccine CVI-988. We validated our findings by devising an assay that discriminated infections caused
by the two strains in chicken embryonic fibroblasts on the basis of the presence of some RNA species.
To our knowledge, this study is the first to accomplish such a result, emphasizing how relevant a
comprehensive picture of the viral transcriptome is to fully understand viral pathogenesis.

Keywords: Marek’s disease virus; transcriptomics; RNA splicing isoforms; MDV strain CVI-988;
MDYV strain RB-1B

1. Introduction

Marek’s disease (MD) is a major scourge of poultry, caused by Marek’s disease virus (MDV,
also known as Gallid herpesvirus-2, GaHV-2), a member of genus Mardivirus in the subfamily
Alphaherpesvirinae of the family Herpesviridae. MD is characterised by paralysis, immunosuppression,
and lymphoid infiltration into different tissues, including the peripheral nerves, eye, muscle, and
skin. Lymphoid tumours in the visceral organs can be observed as early as 3 weeks post-infection.
Control of MD has been achieved by vaccination with the live attenuated GaHV-2 strain CVI-988
(also known as Rispens) and the antigenically related non-oncogenic GaHV-3 vaccine strains such as
SB-1, and Meleagrid herpesvirus 1 (Herpesvirus of turkey, HVT) strain Fc126 [1-5]. These vaccines were
introduced at different periods to control the disease caused by various MDV pathotypes. Today, they
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are used individually or more frequently in combination because formulations, including more than
one vaccine, can have a synergistic effect that induces stronger protection against MD [1]. However,
despite the effectiveness of the single best vaccine (i.e., CVI-988) in producing lifelong immunity
against clinical disease and mortality, all fail to produce sterilising immunity against MDYV infection.
Vaccinated chickens can become infected with virulent MDV (vMDYV) field strains—they show no
obvious clinical symptoms but shed virulent virus [6]. There has been a continuous evolution of MDV
virulence, with the emergence of hypervirulent pathotypes [7,8]. A potential role of current vaccines
at driving virulence is due to their inability to prevent infection and spread [6]. As vaccinated birds
are still susceptible to superinfection by more virulent MDV subtypes, co-infection with vaccine and
pathogenic strains are common in clinical materials such as poultry house dust and feathers [9].

A puzzling feature of MDV genomics is the very high sequence similarity between the virulent
and vaccine strains. Despite the very different infection outcomes in vivo, the very virulent MDV
strain RB-1B (vwvMDYV strain RB-1B) and the most effective MDV vaccine strain, CVI-988, differ by
only about 1% of their sequences. In fact the genomic differences between the pathogenic RB-1B and
cell culture adapted CVI-988 strains are so limited that only one DNA-based assay [10,11] is available
to differentiate between them; the assay relies upon the detection of a few nucleotide substitutions
localized to a single locus. Consequently, it would look like the differences at the DNA level are not the
best proxy to understand why the two strains behave so differently.

A much better vantage point might be represented by the viral transcriptome—for one thing,
it has already been shown in the past that several herpesviruses have an unsuspectedly rich repertoire
of RNAs [12-15]. Detailed knowledge of the viral transcriptomes can also potentially shed more light
on the different mechanisms taking place during virus-host interaction. In this study, we sought to
establish a way of distinguishing pathogenic MDV from the CVI-988 vaccine strain by the detection
of RNA transcripts differentially expressed by either strain in chicken embryo fibroblast (CEF) cells.
This led to the discovery of pervasive strain-dependent splicing, with markedly different splicing
isoforms (spliceforms) expressed in the infected cells despite the fact that the two strains are closely
related. Alternative splicing plays an important role in many biological processes, and its deregulation
in humans can result in a number of congenital diseases [16]. In cancer cells, alternative spliceforms
are reported for many proteins, and some of them used as biomarkers in diagnostics [17-19].

In the work presented here, we report novel differential splicing patterns between the pathogenic
(RB-1B) and non-pathogenic (CVI-988) strains of MDV. To the best of our knowledge, this is the
first time that differential splicing in two closely related strains of viruses is reported. Following its
discovery using bioinformatic approaches, we directly validated it in vitro, using techniques based on
real-time PCR.

2. Materials and Methods
2.1. RNA-Sequencing

2.1.1. Cell and Virus History

Primary CEF cells were prepared from 10-day-old Valo or line 0 embryos. All of the viruses
were passaged on primary CEF cells. CEF cells that were prepared from line 0 were used to generate
RNA-Seq data, and CEF cells that were prepared from Valo eggs were used for validation experiments.

Very virulent MDV strain RB-1B was obtained from the splenocytes of a bird (wing band no.
3345/KV16), which was infected with vvMDYV strain RB-1B (no. 3345/KV16) and demonstrated clinical
signs. Briefly, the splenocytes were used to infected CEF cells to prepare a first passage of the RB-1B
virus stock. A second passage of MDV strain RB-1B was prepared using the first stock and used for
RNA isolation, as described in the next section. MDV strain CV-1988 was prepared from CEF cells with
two passage history after they were infected with Nobilis Rismavac vaccine virus. The passage two
virus stock was used for RNA isolation as the cell culture adapted the virus strain, as described below.
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2.1.2. Sample Preparation

Confluent CEF cells in a 75 cm? flask (8.0 X 10° cells in each flask) were infected with 1500 pfu of
CVI-988 or RB-1B virus in Dulbecco’s modified Eagle medium (DMEM) containing 5% FBS and the
antibiotics streptomycin (100 ng/mL) and penicillin (100 U/mL).

The flasks were incubated for 5 days at 37 °C in 5% CO;, and RNA was isolated using Trizol
(Thermofisher Scientific, Waltham, MA, USA) according to the method described by the manufacturer.
For each biological condition (CEF cells infected with vvMDYV strain RB-1B; and CEF cells infected
with MDV CVI-988 vaccine strain), two biological replicates were selected.

Feather samples from commercially kept vaccinated chicken were obtained from sample archive
of Zoetis, France. For vvMDYV strain RB-1B-positive samples, feathers samples were obtained from
samples that were kept in the samples archive of the avian viral oncogenesis group (AVO) at The
Pirbright Institute during past years.

2.1.3. Sequencing

RNA samples were sequenced at the Centro Nacional de Andlisis Gendémico (Barcelona, Spain).
Briefly, total RNA was assayed for quantity and quality using Qubit RNA HS Assay (Thermofisher
Scientific, Waltham, MA, USA) and RNA 6000 Nano Assay on a Bioanalyzer 2100. The experimental
protocol to construct stranded mRNA RNASeq libraries starting from the total RNA employed the
TruSeqStranded mRNA LT Sample Prep Kit (Illumina Inc., Rev.E, October 2013, San Diego, CA, USA).
The initial input was 0.5 ug of total RNA for each sample. The size and quality of each final library
were validated on an Agilent 2100 Bioanalyzer with the DNA 7500 assay (Agilent, Santa Clara, CA,
USA). Libraries were sequenced using TruSeq SBS Kit v3-HS in paired-end mode with read length
2 X 76 bp. Each sample was sequenced in a fraction of a sequencing lane on a HiSeq2000/2500 machine
(llumina, San Diego, CA, USA) following the manufacturer’s protocol, generating between 59 and 87
million paired-end reads per sample. Images analysis, base calling, and quality scoring of the run were
performed using the manufacturer’s software Real-Time Analysis (RTA 1.13.48) and were followed by
generation of FASTQ sequence files with CASAVA 1.8. For this analysis, the two biological replicates
available for each MDV strain (RB-1B and CVI-988) were pooled together before analysis, to increase
the overall read coverage.

2.2. Bioinformatics Selection of Biomarkers

2.2.1. Primary Analysis

Reads were subjected to preliminary quality control and processed with a pipeline for primary
data analysis based on the GEM mapper [20], which is an evolution of the one used to process the data
produced by the GEUVADIS consortium [21]. Contrary to other modern methods relying on accurate
annotations, this pipeline includes a highly sensitive de novo intron detection step. This allows for
accurate alignments despite errors or limitations in the available annotation of cellular transcripts and
enabled an unbiased picture of splicing in different MDV strains. We point out that separately aligning
MDYV RB-1B reads to the RB-1B genome and MDV CVI-988 reads to CVI-988 would not have been
possible for this analysis, as during subsequent stages we needed to compare coverage of the same
intron across different viruses. To make results comparable across conditions, reads from samples
infected with different viruses (MDV RB-1B and CVI-988) were all aligned to the same MDV MD5
reference (NCBI accession number AF243438). Although in principle this procedure might decrease the
number of reads successfully mapped and potentially introduce artefacts, in practice it works well due
to the high sequence similarity of the strains involved in the experiment; the conclusions presented in
the paper are qualitatively identical when reads from both infections (RB-1B and CVI-988) are aligned
to either RB-1B (NCBI accession EF523390) or CVI-988 strain (accession DQ530348). As a relevant
fraction of the MDV genome was replicated twice (see, for instance, Figure 1, where mappability [22]
for the genome is shown), reads aligning to more than one location of the genome were assigned to
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all locations, with normalisation 1/(number of alignments). Keeping only uniquely mapping reads,
as is often done in RNA-Seq data analysis, would have resulted in complete loss of signal in the
repeated regions.

2.2.2. Tentative Annotation of Full Spliced Coding Transcripts

The pipeline used for primary analysis of each sample generated a list of introns, each one
annotated with the number of spliced reads covering it. Introns having a coverage of 10 reads of more
were kept, candidate exons were deduced from them, and an in-house script was used to generate all
possible coding sequences of exons compatible with translation start and end signals present in MDV
genome. Only putative transcripts leading to protein sequences longer than 35 amino acids were kept.
This step was performed separately for the RB-1B and the CVI-988 data.

2.2.3. Selection of Relevant MDYV Encoded Introns

The intron list obtained after primary analysis was split on the basis of the following criteria:
(I) viral introns that had a sufficient read coverage in CEF cells infected with vvMDYV strain RB-1B with
no coverage in CEF cells infected with CVI-988 vaccine, (II) viral introns having sufficient read coverage
in CEF cells infected with attenuated CVI-988 with no coverage in CEF cells infected with RB-1B.
It should be pointed out that having zero RNA-sequencing reads for a feature in one condition did not
mean that that feature was not expressed in that condition—it simply means that the expression level
of the feature was too small for the dynamic range of the experiment, which was determined by the
expression level of the most abundant feature and the number of sequencing reads produced during
the experiment. Introns were considered to be sufficiently populated whenever they had non-zero
coverage in all biological replicates, and the sum of their coverage across all replicates was >20. Finally,
the list of introns was prioritised on the basis of the geometric mean of the coverage in spliced reads
across all replicates. An arbitrary final minimum threshold of 25 was used for the mean, in order to
exclude from the list candidates with low-level expression.

2.2.4. Differential Expression of Transcripts

The differential expression for ICP27 mentioned in the Discussion section was computed using
edgeR [23] version 3.20.9.

2.2.5. Data Visualisation

The genome browser is based on a customised version of JBrowse 1.11.6 [24].
2.3. Real-Time PCR Validation of Viral Junctions

2.3.1. Sample Preparation

MDYV strains RB-1B and CVI-988 were propagated as previously described [10,11]. To prepare
samples for real-time PCR, CEF cells were infected in 9.8 cm? wells (6-well plates, 1.3 x 100 cells in each
well) with 500 pfu of MDV strains RB-1B or CVI-988. Uninfected and infected cells were harvested for
RNA purification using Trizol reagent (Thermofisher Scientific, Walthan, MA, USA), as described by
the manufacturer.

For the time-course experiment, semi-confluent CEF cells (80%) were transfected with 1 ug of
RB-1B or CVI-988 bacterial artificial chromosome (BAC) DNA clone using 10 pL of lipofectamine
transfection reagent (Life Technologies) in 9.8 cm? tissue culture plates. Three independent transfections
were conducted to have three replicates (N = 3). At6, 12,18, 30,42, 54, 66, 87, and 90 h post-transfection,
CEF cells were harvested from the plates, washed with PBS, suspended in RLT buffer (Qiagen, Hilden,
Germany), and stored at —80 °C until the time of RNA purification. RNA was isolated using RNeasy
(Qiagen), and the contaminating DNA was destroyed by DNasel treatment (New England Biolabs,
Ipswich, MA, USA). Complementary DNA (cDNA) was synthesized using RevertAid H minus reverse
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transcriptase (ThermoFisher Scientific) with random hexamers. Real-time PCR for I1 and Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was conducted as described in [11,25].

RNA from feather samples was obtained using RNeasy Mini (Qiagen) kit. Briefly, pulps from
two or three feathers were cut and sliced into small pieces and were further homogenised inside the
RLT buffer provided by the manufacturer using 1 mm glass beads in a Biospec Minibeadbeater device.
The homogenised lysate was loaded onto a Qiagen RNeasy column. The RNA sample was used
immediately to synthesise cDNA from. The cDNA was synthesized using RevertAid H minus reverse
transcriptase (ThermoFisher Scientific) using the specific reverse primer for I1 (Table S3).

To calculate gene expression between the two strains of MDYV, the delta delta CT (AACT) approach
was used [26]. ACT for MDYV strain CVI-988 and MDV strain RB-1B were normalised against the
GAPDH housekeeping gene. The difference between the ACT values of the two strains was calculated
as AACT. Alternatively, in a second series of measurements the viral reference (V.Ref) gene, as defined
in Table 3, was used as the housekeeping gene.

2.3.2. Primers and Probes

Primers and probes were designed for each splicing isoforms using the PrimerQuest tool provided
by Integrated DNA Technologies (IDT). Each probe was designed to span the splice junction to avoid
non-specific interaction between closely related splice variants. A list of primers and probes, sizes of
the amplicons, and locations of targeted introns are provided in Table S3. GAPDH was used as the host
gene. A pair of primers and a probe for the splice junction between exons 5 and 6 was designed to be
used to detect the level of GAPDH cDNA. Each probe was labelled with 5’FAM reporter, ZEN, and
3’-BHQ1 quenchers (Integrated DNA Technology, IDT). The sequences for primers and probes are
provided in Table S3.

2.3.3. Relative Quantitative RT-PCR

qRT-PCR was performed using ABsolute blue QPCR mix (Thermo Scientific), primer pairs (each
0.4 uM), and probe (0.2 pM) for the splice junctions of interest. To generate a standard curve, splice
junction amplicons were cloned in pGEM-T plasmid (Promega, Madison, WI, USA) and subjected to
Sanger sequencing. Tenfold serial dilutions were prepared to produce a range from 1 nM to 10 fM.
Real-time PCR reactions were run in triplicates, with individual reactions for the splice junctions,
GAPDH and the virus controls. The reactions were processed on a 7500 Fast Real-time PCR system
(Applied Biosystems, Foster City, CA, USA) with reaction conditions specified by the master mix
manufacturer. Data were collected and analysed using 7500 Software (v2.3, Applied Biosystems).
Template DNA was replaced with its RNA predecessor in the no template control samples, except for
the samples derived from the feather follicles, with which the cDNA was replaced with distilled water.

2.3.4. Accession Numbers

The raw sequencing reads were deposited into the NCBI Sequencing Read Archive (SRA) under
the project accession number PRINA541962. The files corresponding to CEF cells infected with RB-1B
and CVI-988 strains, each in two replicates, can be downloaded as accession numbers SRR9030404,
SRR9030405, SRR9030406, and SRR9030407.

3. Results

Briefly, we infected chicken embryo fibroblast (CEF cells) with two strains of MDV: vvMDV strain
RB-1B and the vaccine strain CVI-988. RNA was extracted from the cells, and a polyA-enriched fraction
was used to prepare complementary DNA (cDNA). cDNA was sequenced using Illumina technology
(HiSeq 2000/2500) with a directional protocol. Reads were mapped to several MDV strains using a
sensitive analysis pipeline (see the Materials and Methods section for more details).
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The number of reads mapped with high alignment scores to the genome of CVI-988 or RB-1B, as
determined by the analysis pipeline, are shown in Table 1. Raw reads were deposited into the NCBI
Sequence Read Archive under project accession number PRJNA541962.

Table 1. Alignment statistics for our dataset (reads were produced using a directional sequencing
protocol). To each read, one or more alignments can correspond (for instance, a read might align to
both terminal repeats).

Reads Mapping to the Alignments to the Reads Mapping to the Alignments to the

MDYV Strain Forward Viral Strand  Forward Viral Strand Reverse Viral Strand Reverse Viral Strand
CVI-988 replicate 1 949,845 1,273,630 639,578 966,599
CVI-988 replicate 2 1,391,374 1,865,743 932,231 1,404,683

RB-1B replicate 1 717,633 1,213,552 549,656 998,707
RB-1B replicate 2 650,431 1,110,938 496,594 914,609

3.1. Splicing Was Pervasive in MDV

In CEF cells, the viral transcriptome of the MDYV strains we tested consisted of a complex
landscape of splicing isoforms, most of which were novel and have not been reported or included in
the official genome annotations. This is similar to RN A-sequencing results previously published thus
far for all subfamilies of herpesviruses: the alphaherpesviruses Herpes simplex virus 1 (HSV-1) [12,13]
and Pseudorabies virus (PRV) [27,28], the betaherpesvirus Cytomegalovirus (CMV) [14], and the
gammaherpesvirus Epstein-Barr virus (EBV) and Kaposi’s sarcoma associated herpes virus (KSHV) [15].
In particular, comparable complexity was observed with CMV [14] or EBV [29] viruses. In CMV
infected cells, a total of 751 ORF were identified, which are transcribed and translated into polypeptides
into proteins [14]. During EBV reactivation, a high level of complex bidirectional transcription was
observed [29]. Sequencing methods used in the literature include Illumina, Pacific Biosciences, and
Oxford Nanopore technologies.

In detail, our analysis of spliced sequencing reads (see the Materials and Methods section)
revealed 154 introns in MDYV strain RB-1B and 246 in MDYV strain CVI-988 after filtering out introns with
low coverage (<10 reads) and introns that were not spliced in all biological replicates (the complete list
can be found in Table S1). A small proportion of these introns, specifically those in the spliceforms of
Meq, vIL18, ICP4, gC, pp38, MDV012, and latency associated transcript (LAT) had already been identified
and annotated [30-36], and were affirmed by this study. The localization of the introns on the MDV
genome is presented in Figure 1 (see tracks 4, 6, 8, and 10), where each solid bar represents a different
intron. The direction of splicing at acceptor/donor sites is indicated with a yellow arrow.

Several positions appeared to be alternative splice donors/acceptors, with several possible
corresponding introns being selected by the splicing machinery (see Figure 2). The likelihood of such
choice, which can be evaluated from RNA-sequencing data by comparing the coverage of the different
splice junctions, is highly variable—it can be very similar or very different depending on the specific
splice site. The distribution of splicing donors/acceptors was found to also not be uniform across the
whole genome, but rather concentrated in some specific regions, especially the inverted repeats and,
surprisingly, the unique long region between 30 and 70 kb (see Figures 1 and 3).

An interactive version of the data, presented as a genome browser, can be publicly accessed at
https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/.
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Figure 1. The splicing landscape of Marek’s disease virus (MDV)-infected chicken embryo fibroblast
(CEF) cells. An overview of splicing in CEF cells infected with two strains of MDV at 5 days post-infection.
Results are presented as a genome browser, each numbered label on the left corresponding to a different
track on the right. Track (1) (green) shows mappability—computed as in [22]—for all 76-mers in the
MDYV genome, which matched the read length of our RNA-sequencing experiment. Areas having
mappability 1 corresponded to unique regions, whereas areas having mappability 0.5 corresponded
to parts of the genome repeated twice. Track (2) (brown) shows the position of the open reading
frames originally annotated by Tulman and colleagues [37-39] plus a few additional transcripts
published more recently; gene nomenclature was omitted to reduce clutter. Blue profile tracks (3)
and (7) show the coverage of directional RNA-Seq along the forward strand in different biological
conditions — infection with MDV strain RB-1B for track (3), and infection with MDV strain CVI-988
for track (7). Red tracks (5) and (9) show the corresponding coverage along the reverse strand of
the virus. Tracks (4), (6), (8), and (10) show observed introns, as deduced from coverage in spliced
reads. The degree of coverage of an intron corresponds to how coloured it is with respect to its grey
background. Introns tracks are also directional (forward and reverse), and to each coverage track, there
corresponds an intron track (see labels). Placement of an intron in the inverted repeats — terminal
repeat long (TRL) vs. internal repeat long (IRL) or internal repeat short (IRS) vs. terminal repeat
short (TRS) — was done arbitrarily. There are several regions of the genome showing substantially
different splicing patterns for the RB-1B and CVI-988 strains. Splice junctions of interest within such
regions are highlighted with yellow frames. Frame A is magnified in Figure 2; frame B in Figure 3;
frame C in Figure 4. This figure can be reproduced in the online MDV genome browser by accessing
https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/Figure-1.html.
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Figure 2. The splicing landscape at the junction between terminal repeat regions. Top panel: negative
strand of the whole MDV genome; bottom panel: region from 10 to 14 kb (TRL/UL junction). The
bottom panel is a magnified version of the content of the yellow frame A present in the top panel
and in Figure 1. Alternative spliceforms across the 14KD polypeptide (pp14) gene of MDV in strains
RB-1B and CVI-988 are compared. From the RNA-sequencing signal, one can see four main alternative
spliceforms in CEF cells infected by RB-1B, whereas five alternative spliceforms were identified
in cells infected by CVI-988. As shown in track (8) (annotation), only two isoforms (14 kDA and
14 kDB) were present in the standard MDYV annotations, as defined by Hong and Coussens [40]. The
bottom panel of this figure can be reproduced in the online MDV genome browser by accessing
https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/Figure-2.html.
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Figure 3. The landscape of alternative splicing in the unique long region of MDV. Top panel: positive
strand of the whole MDV genome; bottom panel: the region between positions 30 and 70 kb. The
bottom panel is a magnified version of the content of the yellow frame B present in the top panel and
in Figure 1. Although many annotated and unannotated introns were present along this area in RB-1B
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during its infection of CEF cells — track (9) — the complexity of the splicing landscape in the same region
was vastly superior in CVI-988, which showed several times more introns being actively spliced — track
(11). Intron I3, which is one of the several expressed in CVI-988 and not in RB-1B, is highlighted with a
yellow arrow in the bottom panel. The bottom panel of this figure can be reproduced in the online MDV
genome browser by accessing https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/Figure-3.html.

(3 wappatiy k=76 p— T ——
p—

TRL uL IRL IRS us TRS

ML DN ] N S N NN BN SN N S N DENES N DN (0 (0D S 10 "
(2) Annotation reverse Lomon = ' 1 [ 1

’
(@) RB-18 5 days coverage reverse |, hug M e i e B B, s B Mt B B b et

(4) RB-1B 5 days introns reverse

10% ) - (OO Sy T — 2
(5) CVI-988 5 days coverage reverse L [ VT T T,
Vamn \ = '
] 1

10°

(6) CVI-988 5 days introns reverse

0Kbp 50 kbp 100 kbp 150'kbp

1
(7 wappabily k=76 .
’ — —
(8) Annotation reverse VP11/12,UL46  VP13/14,UL4T VP16,UL48 VP22,UL49  UL495 uLs

{9) RB-18 5 days coverage reverse ' e e e A

10°

(10) RB-1B 5 days introns reverse

10*
10
—

(12) CVI-988 5 days introns reverse

106.0 kbp 108.0 kbp 110.0 kbp 112.6 kbp 114.0 kbp

Figure 4. More splicing events on the reverse strand of MDV. Top panel: negative strand of the
whole MDV genome; bottom panel: the region between 106 and 114 kbp. The bottom panel is a
magnified version of the content of the yellow frame C present in the top panel and in Figure 1.
In this region, more splicing events were observed in MDV strain CVI-988 during its infection of CEF
cells compared to MDYV strain RB-1B. In particular, one of the unique introns (named I1 in Table 3),
identified in MDYV strain CVI-988 between the UL49.5 and UL49 genes, was detected with a high
read coverage (613 spliced reads), whereas in RB-1B the same isoform does not exist and a shorter
intron can be observed. Introns I1 an I2 are also highlighted in yellow in the bottom panel. The
bottom panel of this figure can be reproduced in the online MDV genome browser by accessing
https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/Figure-4.html.

3.2. Splicing Was Strain-Specific, and Occurred More Frequently in CVI-988

Many splicing isoforms appeared to be produced by both strains, as expected, given their similarity
in nucleotide space. Despite this, one of our major findings was the identification of specific genomic
regions that encode a number of isoforms, which were found to be strain-specific, at least in infected
CEF cells. Examples are illustrated in Figure 2, where the presence of different spliceforms within the
14 kD locus is reported; in Figure 3, showing how a much greater number of spliced introns is encoded
in the CVI-988 genome relative to those in the RB-1B genome, specifically on the negative strand of the
UL region (coordinates 10-70 Kb); and in Figure 4, which reveals that this was not restricted only to
the negative strand. Many similar examples of varying splicing isoforms could be found throughout
the MDYV genomes, corroborating the observation that the splicing patterns of RB-1B and CVI-988 are
significantly different, with much higher levels of splicing occurring in CVI-988-infected CEF cells.

3.3. Tentative Reannotation of Coding Transcripts

In genomic regions with many consecutive multiple splicing donors/acceptors, such as the one
shown in Figure 3, the combinatorics of alternative splicing are too complex to be solved with short
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reads. Further complementary investigations based on long-read technologies (e.g., Pacific Biosciences)
will be required to fully resolve the genomic structure of long spliced transcripts being made of many
consecutive exons. However, it is possible to exhaustively enumerate all coding spliced transcripts
compatible with the introns observed. Here, we took such an approach to map sequences of putative
exons to all open reading frames, which would translate into a protein longer than 35 amino acids
(see the Materials and Methods section). It should be emphasised that some of such predicted coding
transcripts (in particular the more complex ones involving more than two exons) may not have been
present at all, and confirming their presence experimentally is outside of the scope of this manuscript.
However, this tentative reannotation gives a good idea of the splicing complexity at different viral
loci. One should also point out that our tentative reannotation only considered coding transcripts, but
many more non-coding viral transcripts might potentially be found as well.

The reannotations can be accessed and downloaded using the feature “Save track data” through
the genome browser mentioned above. Table 2 lists the number of putative coding spliceforms
annotated for many relevant MDYV genes when CEF cells were infected by either RB-1B or CVI-988
MDYV strains. In Figure 5, we illustrate four cases in more detail. In panel A, we show splicing events
occurring in UL49/UL49.5 after infection by RB-1B or CVI-988 (the latter event is referred to as I1
in Table 3). Each splicing event was unique, and the nucleotide sequences of the two spliceforms
differed. In addition, I1, the spliceform specific to CVI-988, was present with higher read coverage
(Table 3). Panel B describes six new possible splicing isoforms in the ICP4 gene of MDV strain CVI-988.
Additionally, we observed more splicing events that could not be assigned to the ICP4 gene itself as
they were detected on the opposite strand. Panel C shows two new putative splicing isoforms for pp14
occurring in both MDV strains (in addition to the two already known) and another two novel isoforms
occurring only in CVI-988. Panel D displays 14 novel splicing events occurring at the UL52/UL53/UL54
loci in CVI-988.

Our data confirms many MDV spliceforms previously reported in the literature. The splicing
variant, which was reported [34] between the ORF011 and ORF012 genes of MDYV, can be found in our
RNASeq data—it was annotated on the genome browser as RB-1B-0865 or CVI-988-0883. In addition,
we observed both spliced variants of pp38 in CEF cells infected with MDV strain RB-1B (RB-1B-0918 and
RB-1B-0919, according to the nomenclature used in our reannotation) and one spliced variant of pp38 in
cells infected with CVI-988 (CVI-988-0979). In the gC region, we observed the two previously described
splicing transcripts [33], namely, RB-1B-0874 and RB-1B-0875; or CVI-988-0920 and CVI-988-0921 in
RB-1B- and CVI-988-infected CEF cells, respectively. Additionally, we observed three further novel
spliced isoforms: RB-1B-0933, RB-1B-0876, and RB-1B-0877 in CEF cells infected with the RB-1B
strain, as well as CVI-988-1051, CVI-988-0922, and CVI-988-0923 in CEFs infected with strain CVI-988.
We observe a higher diversity in transcripts of the ICP4 gene in cells infected with MDV strain CVI-988
than in cells infected with MDYV strain RB-1B.

Although our data confirm many known spliceforms of MDV, we could not identify all of them.
For example, we could not observe the spliceform between the Meg and IL8 loci, which was described
as meqAC-BamL in MSB-1 cells or infected CEF cells [30,41]. Unlike other previous reports [31], we only
observed one unspliced product for the Meq protein. In the IL8 region, we did not observe RLORF4/ILS-
or RLORF5/IL8-related transcripts [31]. According to our data, an alternative start codon in the vIL18
region could be employed to produce a novel transcript for vIL8 made of exons I and II of the gene, but
representing an overlapping ORF (RB-1B-0928 or CVI-988-1019) to the main ORF of vIL§ (RB-1B-0936
or CVI-988-1068). In the vIL8 region, splicing between exon I and exon II would produce a shorter
transcript than the full vIL8 transcript, with a length of 379 nucleotides and containing an immature
stop codon at the end of the second splice site (RB-1B-0929 or CVI-988-1020). We examine possible
reasons for these discrepancies in the Discussion section.



Viruses 2020, 12, 329

11 of 20

Table 2. Enumeration of putative novel coding splicing isoforms for several MDV genes, as deduced
from introns observed in CEF cells infected by MDYV strains RB-1B and CVI-988.

Spliceforms Spliceforms

Genomic Region In CVI-938 In RB-1B Function
vIL8 5 5 Viral IL8
ppl14A/B 6 5 14KD lytic proteins
Lip 3 2 Lipase
uL3 5 3 Nuclear phosphoprotein
UL15 17 4 DNA packaging protein
uLi9 4 4 Major capsid protein
ur21 3 2 Tegument protein
urz4 2 2 Reactivating from latency/immune evasion
uL2s 7 1 DNA packaging protein.
ur29 2 1 DNA binding protein
UL34 2 1 Membrane phosphoprotein
UL3s 2 1 Capsid protein
UL41 4 1 Tegument protein
UL44 6 5 Glycoprotein C
UL46 2 1 Tegument phosphoprotein
UuL47 11 1 Tegument phosphoprotein
UL48 3 3 Tegument immediate-early protein
UL49 2 2 Tegument phosphoprotein
UL52/UL53/UL54 14 4 DNA helicase/glycoprotein K/ICP27-like proteins

RLORF14a 3 3 38 KD protein
ICP4 5 1 IE protein

ICP4 area 15 7 -
usz 5 3 Glycoprotein I
uss 3 3 Glycoprotein E

Table 3. List of introns that are (A) spliced exclusively in MDV strain CVI-988, or (B) spliced exclusively
in MDV strain RB-1B. (C) The intron, which was chosen as the viral reference (V.Ref) in ICP4/LAT. To
make splicing events occurring in different MDV strains comparable, all introns are listed in terms

of coordinates on the basis of the genomic sequence of MDV reference strain MD5/GaHV2 (NCBI
accession NC_002229.3). Mapping the introns occurring in the RB-1B/CVI-988 transcriptomes to the
MD5 genome was possible thanks to the extremely high sequence similarity (>99%) shared by MD5,
RB-1B, and CVI-988. A full table with intron coordinates to all the three strains is provided in Table S2.

MDYV Strain  Strand

Position of First
Intron Nucleotide

Position of Last Gene Read Name
Intron Nucleotide Coverage

A. Introns only spliced in MDV strain CVI-988

GaHV2 - 112359 111959 inte‘f; jﬁif‘i;on 646 1
GaHV2 - 112881 112500 UL50 58 12
GaHV2 + 43021 43723 UL15, terminase 39 13
GaHV2 + 43021 43166 UL15, terminase 42

GaHV2 + 50934 51306 UL21 38 -
GaHV2 - 108334 107252 UL46/UL47 29

GaHV2 + 43021 43808 UL15, terminase 28

B. Introns only spliced in MDV strain RB-1B
GaHV2 - 111959 112277 UL49/UL49.5 19 -
C. The intron spliced in cells infected with both of the strains
GaHV2 - 170198 170114 ICP4/LAT 183 V.Ref
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Figure 5. Tentative condition-dependent reannotation of splicing events on the reverse strand of MDV.

In silico reconstructed coding spliced transcripts compatible with the introns observed from Illumina

short sequencing read—the coding spliceforms shown in each panel were produced by automatic
prediction methods (see the Materials and Methods section), but the presence of full-length transcripts
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was not experimentally validated. We show the likely presence of new spliceforms for genes UL49.5/UL49
(panel A), ICP4 (panel B), PP14 (panel C), and VP13/14/UL47 (panel D). The panels of this figure can be
reproduced in the MDV genome browser by accessing Panel A: https://mallorn.pirbright.ac.uk/browsers/
MDV-annotation/Figure-5A.html Panel B: https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/
Figure-5B.html Panel C: https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/Figure-5C.html
Panel D: https://mallorn.pirbright.ac.uk/browsers/MDV-annotation/Figure-5D.html.

3.4. Selection of Strain-Dependent Introns

By comparing the coverage in spliced reads at the same genomic positions between the vvMDV
strain RB-1B and vaccine strain CVI-988, a list of viral introns showing the highest variation between
strains was generated (Table 3, see the Materials and Methods section for a description of the procedure
used). According to this coverage-based ranking and feasibility of real-time PCR probe design, three
introns that were exclusively spliced in the CVI-988 transcriptome (indicated in Table 3 as I1, 12, and 13)
were selected for further study. Introns I1 and 12 are highlighted in Figure 4, whereas intron I3 can be
found in Figure 3. A viral junction (V.Ref) was selected on the basis of our RNA-sequencing data and
equal expression levels in CEF cells infected with MDV strain RB-1B or MDV strain CV-1988.

3.5. The Kinetics of I1 Expression in CEF Cells Transfected with CV1-988 and RB-1B

The expression level of I1 was determined using qRT-PCR using RNA isolated from CEF cells
infected with both RB-1B and CVI-988. MDV is avidly cell-associated, which makes it problematic
to achieve synchronised expression of viral transcripts due to in vitro growth differences between
the vvMDV strain RB-1B and strain CVI-988. Hence, a time-course experiment was performed by
transfecting CEF cells with equimolar amounts of infectious bacterial artificial chromosome (BAC)
clones of CVI-988 and RB-1B [42,43] (Materials and Methods). Expression levels for I1 and virus
reference (V.Ref) introns were calculated from transfected cells harvested at 0, 6, 12, 18, 30, 42, 54, 66,
78, and 90 h post-transfection, using GAPDH as a reference for relative quantitation (Figure 6 panels A
and B).

According to our RNA-Seq data, V.Ref was expressed at the same level in CEF cells 5 days
post-infection. However, in the infectious BAC DNA transfection assay, we would expect to see similar
expression levels for CVI-988 or RB-1B in the transfected cells. However, a higher expression of V.Ref in
cells that were transfected with MDYV strain RB-1B BAC DNA clone was observed (Figure 6, panel A).
The expression level of V.Ref in the two transfected cell lines became very close at 90 h post-transfection,
but a statistically significant difference remained between the two.

Intron I1 was expressed at roughly equal levels in both RB-1B and CVI-988 infected cells until
54 h post-transfection (Figure 6 panel B), the baseline being that GAPDH was about 4 x 10° times more
expressed than I1. However, starting from 66 h post-transfection, the expression of I1 progressively
increased (with differences becoming statistically significant) in cells transfected with CVI-988. The
peak was recorded at 90 h post-transfection, when the expression level was about 80 times greater in
cells transfected with CVI-988 than in cells transfected with RB-1B. This finding agrees with the earlier
observation deduced from RNA-sequencing data that at 3 days post-infection, and increasingly so, I1 is
expressed at exceedingly greater levels in CEF cells infected by CVI-988 than in cells infected by RB-1B.
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Figure 6. Panel A. Expression level of V.Ref in CEF cells transfected with bacterial artificial chromosome
(BAC) DNA. Level of V.Ref was measured in cells harvested at time points 6, 12, 18, 30, 42, 54, 66,
78, and 90 h post-transfection. The expression levels of V.Ref were calculated and normalised to the
corresponding levels for GAPDH and the ratios displayed on the graph for each time point. Three
independent biological replicates were measured per time point. P-values were computed with a
multiple t-test. P-values for the different time points were 0.5, 0.15, 0.04, 0.22, 0.03, 0.06, 0.007, 0.015, and
0.015. Panel B. Expression of I1 in CEF cells transfected with RB-1B or CVI-988 BAC DNA as a function
of time. Cells were harvested at time points 6, 12, 18, 30, 42, 54, 66, 78, and 90 h post-transfection.
Expression levels of I1 were calculated and normalised to the corresponding levels for GAPDH (see the
Materials and Methods section), and the ratios are displayed on the graph for each time point. Three
independent biological replicates were measured per time point. P-values were 0.37, 0.29, 0.50, 0.81,
0.88, 0.41, 0.008, 0.06, and 0.00067. P-values were computed with a multiple ¢-test. Panel C. Expression
level of GAPDH and I1 at 5 days post-infection in CEF cells infected with 1000, 100, or 10 PFU of MDV
strains CVI-988 or RB-1B. Three independent biological replicates were measured per PFU value. Note
that the x-scale is not continuous—there were only three discrete values corresponding to 1000, 100,
and 10 PFU. In panels A and B, asterisks (*) indicate statistically significant data points.

3.6. I1 Could Be Detected at a Very Low Level

The expression differentials previously described remained true at 5 days post-infection across a
wide range of infectious virus loads. The expression levels of I1 were quantified using relative RT-PCR
with RNA isolated from 1.3 x 10° CEF cells infected with 1000, 100, or 10 PFU of MDV strains RB-1B or
CVI-988 in 9 cm? tissue culture dishes (Figure 6 panel C). Due to the cell-associated nature of MDV, we
were unable to calculate multiplicity of infection (MOI). The following list contains the results:

1. The expression of the housekeeping gene GAPDH remained unchanged at a 40-Ct value of
approximately 18 across the different PFU levels (p = 0.48 on the basis of a two-way repeated
measures ANOVA test) and independent of the strain.

2. In CEF cells infected by CVI-988, the levels of expression of I1 correlated very well with inoculum
titres (Pearson’s r = 0.98, p-value = 6.1 X 10_6), and I1 was detectable across the whole PFU range.

3. Il expression was undetectable in 1.3 x 10° CEF cells infected with 100 or 10 PFU of RB-1B. In cells
infected with 1000 PFU, I1 levels were still extremely low (averaged 40-Ct value of 2.4).

Overall, our results support the use of intron I1 as a good candidate strain-specific spliceform
across a wide range of viral titres. Whenever it should be detectable, i.e., in CEF cells infected by
CVI-988 starting from roughly 60 h post-infection, it remained so even at a very low virus input, and
its abundance at 5 days post-infection in vitro showed a very clear and predictable linear relationship
with virus input. We assumed that these findings would be generalizable to 12 and I3.

To evaluate the presence of I1 in the infected tissue/clinical samples, the real-time PCR assay was
conducted on cDNA, which was made from RNA isolated from feather pulps. Figure S1 shows the
result of the real-time assay. As it is shown in Figure S1 panel A, three out of four samples, which
were tested for the presence of I1 in the vaccinated group, produced a positive signal during the PCR
reaction (40-Ct = 7.14, 3, and 4.7 for CVI-988 1, CVI-988 2, and CVI-988 4, respectively). Agarose gel
analysis of the samples from the real-time PCR for the samples obtained from the vaccinated birds
suggested a DNA band of 60 bp (expected size for I1 amplicon). In the samples obtained from birds
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infected experimentally with RB-1B, only sample RB-1B 4 produced a signal during the assay (40-Ct =
2.5). However, the reaction contained very little amount of specific DNA, as is shown in the agarose
gel of Figure S1 panel B.

3.7. Differential Expression of I1, 12, and 13 in RB-1B and CVI-988

At 5 days post-infection, all our three candidate introns (I1, 12, and I3) were differentially expressed
in CEF cells infected with RB-1B and CVI-988. Such differential expression can be quantified using
GAPDH as a PCR calibrator.

Briefly, to quantify precisely expression levels, standard curves using PCR-amplified or cloned
fragments of DNA representing I1, 12, I3, and GAPDH were first made and used to compute PCR
efficiency. The authenticity of PCR products was confirmed by Sanger sequencing. The expression
levels of the three transcripts (I1, 12, 13) in CEF cells infected by RB-1B or CVI-988 at 5 days post-infection
(N = 6) were computed and normalised against GAPDH in order to achieve accurate calibration. Fresh
virus stock obtained after only two passages was used for infection for both of the viruses. Full details
are described in the Materials and Methods section.

The results are presented in Figure 7 and represent one of the main outcomes of this paper. When
comparing expression in CEF cells infected with CVI-988 to expression in CEF cells infected with RB-1B,
the greatest fold change was observed for intron I1, which appeared to be expressed approximately
2800 times more when GAPDH was used as a calibrator. 12 and I3 exhibited fold changes that were
lower than those of I1, but still easily measurable and statistically significant (I12 vs. GAPDH: 6.3; I3 vs.
GAPDH: 5.3), confirming the ranking originally deduced from RNA-sequencing data (Table 3).
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Figure 7. Differential expression in CEF cells of introns I1-13 in CVI-988- and RB-1B-infected CEF cells.
Different expression levels of introns I1, 12, and I3 when CEF cells were infected with 500 PFU of MDV
strain CVI-988 were compared with cells infected with RB-1B at 5 days post-infection. The ratio of the
expressions in CVI-988 and RB-1B was computed for each intron using the AACT method and GAPDH
as a calibrator (see the Materials and Methods section).

4. Discussion

The pathobiology of MDV is complex [44]. This alphaherpesvirus can infect chicken cells and
cause tumours in a wide variety of tissues. The outcome is that virions are shed into the environment
as infectious dander [6], whereas cell-free viruses can hardly be detected in vitro in the supernatants of
any cell line. Some Mardivirus-specific genes have been identified and characterized, but more research
is needed to understand the molecular mechanisms responsible for its complex life cycle, especially at
the transcriptional level, unlike other herpesviruses whose transcriptomes have recently been studied,
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sometimes even in different tissues, such as Herpes simplex virus, Pseudorabies virus, Epstein—Barr virus,
and Cytomegalovirus [12,13,15,27,28,45,46]. For a long time, an extensive characterisation of MDV
transcripts has been lacking, with most of their characterisations being determined through Northern
blot analysis and the nucleotide sequencing of a limited number of cDNA products, most notably the
spliced variants of MDV oncogene Meq [30], vIL8 [31], and glycoprotein C [33]. The recent study by
Bertzbach and colleagues [47] provided more in-depth knowledge of MDYV transcriptome in B cells.
To expand on this, we reported on the viral transcriptome of MDV using high-throughput short-read
RNA sequencing on RNA isolated from CEF cells infected with vvMDV strain RB-1B [48] and MDV
vaccine strain CVI-988 [5].

Interestingly, and consistent with what can be observed across the Herpesviridae family, our results
showed that RNA splicing was pervasive in CEF cells infected with these strains, giving rise to
hundreds of so far unannotated spliceforms whose biological significance remain undefined and in
need of further investigation. The complex transcription landscape that maps to the UL region of
MDYV suggests that in addition to transcripts encoding early and late gene products, other functional
categories might be present, with a number of them possibly having regulatory functions in the control
of gene products expression. This has been observed for both PSV and HSV1 [13,27,28]. For MDV in
Bertzbach and colleagues’ study, the authors reported the I1 splicing isoform, which was studied in the
present work. Interestingly, in the aforementioned study, the I1 splicing isoform was observed in B
cells of chickens, which were inoculated with MDYV strain CVI-988, but not in the B cells isolated from
the MDV strain RB-1B-infected birds [47]. This is in line with our observation. In addition to the CEF
infected cells, we could detect I1 in feather follicles of birds that had been vaccinated with MDYV strain
CVI-988 (Figure S1). In addition to I1, we observed other splicing isoforms that were lacking in the
report by Bertzbach and colleagues—among them, the 12 and I3 isoforms. This could mean that 12 and
13 are specific for CEF cells. However, further studies are required to establish a firmer conclusion here.

One should note that there are limitations to the sensitivity of the technique employed—in
particular, as explained in detail in the Materials and Methods section, spliceforms that are too weak
with respect to the most abundant RNA species will not be detectable, depending on the number
of sequencing reads generated during the experiment. As described in the Results section, several
splicing isoforms identified in previous studies could not be found in our data. Whether this is due to
limited sensitivity or to the fact that such isoforms are specific to other experimental conditions—for
instance, [41] using MSB1 cells rather than CEF cells—the conclusion can only be that the potential size
of the MDV transcriptome is even larger than what emerged from our study. Again, this is entirely
similar to what can be seen for other herpesviruses—in previously studied CMV-infected cells, the
authors were unable to identify some of the previously annotated genes [14].

Even more interestingly, a significant number of viral splicing isoforms of CVI-988 and RB-1B
appeared to be strain-specific, despite the high genome sequence similarity (>99%) between the two
strains. As far as we know, such a striking result has not been previously reported in the literature.
Not surprisingly, our preliminary analysis of the host transcriptome indicated that the splicing of host
transcripts may also depend on the virulence of the infecting strains. It is possible that the greater
propensity for splicing exhibited by CVI-988 indirectly derives from the fact that its attenuation was
obtained by repeated passaging the strain in cell culture, but by now the trait has apparently been
fixed in its genome, which is an interesting biological fact.

The discrepancy observed between the level of V.Ref measured from RNA-Seq data and the level
of V.Ref measured from real-time PCR data could potentially be due to the BAC clone of the virus
acting differently in cell culture compared to the virus itself. In addition, modifications during the
generation of BAC clone could have impacted the virus in such a way that the virus did not replicate
in exactly the same way as its wild type parental virus. However, it is unlikely that the observed
discrepancy could have had an impact on our results. The expression level of I1 was normalised
against the expression level of GAPDH (a cellular marker). Normalising the expression level of 11
against V.Ref yielded an even larger difference in the expression level of I1 between the two strains.
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Taken together, these results suggest the possibility that different MDV strains might interact
differently with the splicing machinery of the host; a different interaction of the spliceosome and
associated proteins with the MDV genome in CEF cells infected by CVI-988 might result in a much
richer splicing landscape. However, it is not possible at this stage to pinpoint the responsible factor
for such differences at a molecular level. For instance, in the ICP27 region, our data showed similar
splicing patterns for RB-1B and CVI-988 (with only one intron present in CVI-988 and not in RB-1B),
and no differential expression (corrected p-value for differential expression computed by edgeR = 0.65),
and thus it is unclear at the moment whether ICP27 might be responsible for what we observed.
Different splice isoforms of the major MDV oncogene Megq have been reported (25), and a recent
study has demonstrated functional differences in pathogenicity of viruses expressing different splice
forms derived from CVI-988 [49]. Although only one Megq isoform was identified in our study, the
isoforms of viral proteins, which may differ between viral strains, appear to be important. At any rate,
further work is required to investigate a possible relation between the reported splice isoforms and
virus pathogenicity—their significance and relation with the known virus pathogenesis factors are
presently unknown.

As the results of RNA-sequencing describe the averaged collective nature of a relatively large
number of infected cells, it is hard to say whether these differences are typical of every infected cell or
for just a smaller sub-population. To truly reveal the complexity of alternative splicing across diverse
cell and tissue types, in future studies, it might be prudent to sequence the RNA transcriptome of
individual cells, especially from tissues (lymphocytes, tumours, FFE, etc.) of experimentally infected
birds, and use proteomics to determine whether splice variant transcripts are translated into protein
products or only have RNA regulatory functions. We also plan to define the virus transcriptome
in various tissues isolated from vaccinated/challenged birds that are susceptible and resistant to
Marek’s disease. That might help elucidate the molecular mechanisms underlying the diversity that
we observed in splicing landscapes.

Opverall, the data presented in this report suggest a remarkable amount of spliced viral transcripts
in infected CEF cells, allowing us to identify spliced transcripts that contain introns exclusive to the
vaccine strain CVI-988. Building upon such findings, we also designed primers and probes that can
specifically detect such transcripts, thus effectively differentiating the transcriptome of MDV strain
CVI-988 from that of strain RB-1B in CEF cells. To the best of our knowledge, this study is the first to
ever propose a technique based on the differential detection of splicing events. Obvious questions to
be elucidated in the future are whether our results can be extended to other tissues/MDV strains, and
whether differential expression of I1 (or possibly other spliceforms yet to be identified) can also be
detected in vivo in a larger study.
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primers and probles; Figure S1: Detection of I1 in feather samples.

Author Contributions: The project was designed and conceived by A.T.-A., PR., and V.N. Sample preparation
for high-throughput sequencing was performed by A.T.-A. Bioinformatics analysis was conducted by P.R. with
assistance from S.S. Real-time PCR experiments were designed and conducted by Y.S. The manuscript was
prepared by PR., Y.S., S.S., and V.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Biotechnology and Biological Sciences Research Council of the
United Kingdom (projects BBS/E/1/0000732, BBS/E/1/0000734, BB/E/1/00007035, BB/E/1/00007036, BB/E/1/00007037,
BB/E/1/00007038, BBS/E/1/00007039, BBS/E/1/00001942, and BB/K011057/1), and in part by USDA-ARS CRIS project
number 6040-32000-074-00D.

Acknowledgments: We thank Luca Ferretti for providing statistical advice. We also thank Chandana Tennakoon
for his help in editing the browser. The Pirbright Institute receives grant-aided support from the Biotechnology
and Biological Sciences Research Council of the United Kingdom (projects BB/E/I/00007035, BB/E/I/00007036,
BB/E/1/00007037, BB/E/I/00007038, and BBS/E/I/00007039). We also acknowledge support from BBSRC grants
BBS/E/1/00001942 and BB/K011057/1. Mention of trade names or commercial products in this publication is solely
for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S.
Department of Agriculture. This work was funded in part by USDA-ARS CRIS project number 6040-32000-074-00D.


http://www.mdpi.com/1999-4915/12/3/329/s1

Viruses 2020, 12, 329 18 of 20

Conflicts of Interest: The authors declare no competing interests. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Schat, K.; Nair, V. Neoplastic disease: Marek’s disease. In Diseases of Poultry, 13th ed.; Swayne, D., Glisson, J.,
McDougald, L., Nolan, L., Suarez, D., Nair, V., Eds.; Wyley-Blackwell: Hoboken, NJ, USA, 2013; pp. 515-552.
Baigent, S.J.; Smith, L.P.; Nair, V.K.; Currie, R.J. Vaccinal control of Marek’s disease: Current challenges, and
future strategies to maximize protection. Vet. Immunol. Immunopathol. 2006, 112, 78-86. [CrossRef] [PubMed]
Reddy, S.M.; Izumiya, Y.; Lupiani, B. Marek’s disease vaccines: Current status, and strategies for improvement
and development of vector vaccines. Vet. Microbiol. 2017, 206, 113-120. [CrossRef] [PubMed]

Rispens, B.H.; van Vloten, H.; Mastenbroek, N.; Maas, J.L.; Schat, K.A. Control of Marek’s disease in the
Netherlands. II. Field trials on vaccination with an avirulent strain (CVI 988) of Marek’s disease virus. Avian
Dis. 1972, 16, 126-138. [CrossRef] [PubMed]

Rispens, B.H.; van Vloten, H.; Mastenbroek, N.; Maas, H.J.; Schat, K.A. Control of Marek’s disease in the
Netherlands. I. Isolation of an avirulent Marek’s disease virus (strain CVI 988) and its use in laboratory
vaccination trials. Avian Dis. 1972, 16, 108-125. [CrossRef] [PubMed]

Read, A.F; Baigent, S.J.; Powers, C.; Kgosana, L.B.; Blackwell, L.; Smith, L.P; Kennedy, D.A;
Walkden-Brown, S.W.; Nair, V.K. Imperfect Vaccination Can Enhance the Transmission of Highly Virulent
Pathogens. PLoS Biol. 2015, 13, €1002198. [CrossRef] [PubMed]

Witter, R.L. Marek’s disease: The continuing struggle between pathogen and host. Vet. J. 2005, 170, 149-150.
[CrossRef]

Witter, R.L. The changing landscape of Marek’s disease. Avian Pathol 1998, 27, 546-S53. [CrossRef]
Kennedy, D.A.; Cairns, C.; Jones, M.].; Bell, A.S,; Salathe, RM.; Baigent, S.J.; Nair, VK,; Dunn, PA.; Read, A.F.
Industry-Wide Surveillance of Marek’s Disease Virus on Commercial Poultry Farms. Avian Dis. 2017, 61,
153-164. [CrossRef]

Baigent, S.J.; Smith, L.P.; Petherbridge, L.J.; Nair, V.K. Differential quantification of cloned CVI988 vaccine
strain and virulent RB-1B strain of Marek’s disease viruses in chicken tissues, using real-time PCR. Res. Vet.
Sci. 2011, 91, 167-174. [CrossRef]

Baigent, S.J.; Nair, V.K.; Le Galludec, H. Real-time PCR for differential quantification of CVI988 vaccine virus
and virulent strains of Marek’s disease virus. J. Virol. Methods 2016, 233, 23-36. [CrossRef]

Tombacz, D.; Balazs, Z.; Csabai, Z.; Moldovan, N.; Szucs, A.; Sharon, D.; Snyder, M.; Boldogkoi, Z.
Characterization of the Dynamic Transcriptome of a Herpesvirus with Long-read Single Molecule Real-Time
Sequencing. Sci. Rep. 2017, 7, 43751. [CrossRef] [PubMed]

Tombacz, D.; Csabai, Z.; Szucs, A.; Balazs, Z.; Moldovan, N.; Sharon, D.; Snyder, M.; Boldogkoi, Z. Long-Read
Isoform Sequencing Reveals a Hidden Complexity of the Transcriptional Landscape of Herpes Simplex Virus
Type 1. Front. Microbiol. 2017, 8, 1079. [CrossRef] [PubMed]

Stern-Ginossar, N.; Weisburd, B.; Michalski, A.; Le, V.T.; Hein, M.Y.; Huang, S.X.; Ma, M.; Shen, B.; Qian, S.B.;
Hengel, H.; et al. Decoding human cytomegalovirus. Science 2012, 338, 1088-1093. [CrossRef] [PubMed]
Arias, C.; Weisburd, B.; Stern-Ginossar, N.; Mercier, A.; Madrid, A.S.; Bellare, P.; Holdorf, M.; Weissman, ]J.S.;
Ganem, D. KSHV 2.0: A comprehensive annotation of the Kaposi’s sarcoma-associated herpesvirus genome
using next-generation sequencing reveals novel genomic and functional features. PLoS Pathog. 2014, 10,
€1003847. [CrossRef] [PubMed]

Baralle, FE.; Giudice, J. Alternative splicing as a regulator of development and tissue identity. Nat. Rev. Mol.
Cell Biol. 2017, 18, 437-451. [CrossRef]

Huertas, C.S.; Dominguez-Zotes, S.; Lechuga, L.M. Analysis of alternative splicing events for cancer diagnosis
using a multiplexing nanophotonic biosensor. Sci. Rep. 2017, 7, 41368. [CrossRef]

Sah, N.K,; Seniya, C. Survivin splice variants and their diagnostic significance. Tumour Biol. 2015, 36,
6623-6631. [CrossRef]


http://dx.doi.org/10.1016/j.vetimm.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16682084
http://dx.doi.org/10.1016/j.vetmic.2016.11.024
http://www.ncbi.nlm.nih.gov/pubmed/28038868
http://dx.doi.org/10.2307/1588906
http://www.ncbi.nlm.nih.gov/pubmed/4337309
http://dx.doi.org/10.2307/1588905
http://www.ncbi.nlm.nih.gov/pubmed/4337307
http://dx.doi.org/10.1371/journal.pbio.1002198
http://www.ncbi.nlm.nih.gov/pubmed/26214839
http://dx.doi.org/10.1016/j.tvjl.2004.10.005
http://dx.doi.org/10.1080/03079459808419292
http://dx.doi.org/10.1637/11525-110216-Reg.1
http://dx.doi.org/10.1016/j.rvsc.2010.08.002
http://dx.doi.org/10.1016/j.jviromet.2016.03.002
http://dx.doi.org/10.1038/srep43751
http://www.ncbi.nlm.nih.gov/pubmed/28256586
http://dx.doi.org/10.3389/fmicb.2017.01079
http://www.ncbi.nlm.nih.gov/pubmed/28676792
http://dx.doi.org/10.1126/science.1227919
http://www.ncbi.nlm.nih.gov/pubmed/23180859
http://dx.doi.org/10.1371/journal.ppat.1003847
http://www.ncbi.nlm.nih.gov/pubmed/24453964
http://dx.doi.org/10.1038/nrm.2017.27
http://dx.doi.org/10.1038/srep41368
http://dx.doi.org/10.1007/s13277-015-3865-5

Viruses 2020, 12, 329 19 of 20

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Leman, R.; Gaildrat, P,; Le Gac, G.; Ka, C.; Fichou, Y.; Audrezet, M.P.; Caux-Moncoutier, V.; Caputo, S.M.;
Boutry-Kryza, N.; Leone, M.; et al. Novel diagnostic tool for prediction of variant spliceogenicity derived
from a set of 395 combined in silico/in vitro studies: An international collaborative effort. Nucleic Acids Res.
2019. [CrossRef]

Marco-Sola, S.; Sammeth, M.; Guigé, R.; Ribeca, P. The GEM mapper: Fast, accurate and versatile alignment
by filtration. Nature Methods 2012, 9, 1185-1188. [CrossRef]

Lappalainen, T.; Sammeth, M.; Friedlander, M.R.; AC’t Hoen, P.; Monlong, J.; Rivas, M.A.; Gonzalez-Porta, M.;
Kurbatova, N.; Griebel, T.; Ferreira, P.G.; et al. Transcriptome and genome sequencing uncovers functional
variation in humans. Nature 2013, 501, 506-511. [CrossRef]

Derrien, T.; Estellé, J.; Marco Sola, S.; Knowles, D.G.; Raineri, E.; Guigd, R.; Ribeca, P. Fast computation and
applications of genome mappability. PLoS One 2012, 7, e30377. [CrossRef] [PubMed]

McCarthy, D.J.; Chen, Y.; Smyth, G.K. Differential expression analysis of multifactor RNA-Seq experiments
with respect to biological variation. Nucleic Acids Res. 2012, 40, 4288-4297. [CrossRef] [PubMed]

Skinner, M.E.; Uzilov, A.V,; Stein, L.D.; Mungall, C.]J.; Holmes, .H. JBrowse: A next-generation genome
browser. Genome Res. 2009, 19, 1630-1638. [CrossRef] [PubMed]

Baigent, S.J.; Petherbridge, L.J.; Howes, K.; Smith, L.P,; Currie, R.J.; Nair, VK. Absolute quantitation of
Marek’s disease virus genome copy number in chicken feather and lymphocyte samples using real-time
PCR. J. Virol Methods 2005, 123, 53—-64. [CrossRef]

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45. [CrossRef]

Moldovan, N.; Tombacz, D.; Szucs, A.; Csabai, Z.; Snyder, M.; Boldogkoi, Z. Multi-Platform Sequencing
Approach Reveals a Novel Transcriptome Profile in Pseudorabies Virus. Front. Microbiol. 2017, 8, 2708.
[CrossRef]

Tombacz, D.; Csabai, Z.; Olah, P; Balazs, Z.; Liko, I.; Zsigmond, L.; Sharon, D.; Snyder, M.; Boldogkoi, Z.
Full-Length Isoform Sequencing Reveals Novel Transcripts and Substantial Transcriptional Overlaps in a
Herpesvirus. PLoS ONE 2016, 11, e0162868. [CrossRef]

O’Grady, T.; Cao, S.; Strong, M.].; Concha, M.; Wang, X.; Splinter Bondurant, S.; Adams, M.; Baddoo, M.;
Srivastav, S.K.; Lin, Z.; et al. Global bidirectional transcription of the Epstein-Barr virus genome during
reactivation. J. Virol. 2014, 88, 1604-1616. [CrossRef]

Peng, Q.; Shirazi, Y. Characterization of the protein product encoded by a splicing variant of the Marek’s
disease virus Eco-Q gene (Meq). Virology 1996, 226, 77-82. [CrossRef]

Jarosinski, K.W.; Schat, K.A. Multiple alternative splicing to exons II and III of viral interleukin-8 (vIL-8) in
the Marek’s disease virus genome: The importance of vIL-8 exon I. Virus Genes 2007, 34, 9-22. [CrossRef]
Li, D.S,; Pastorek, J.; Zelnik, V.; Smith, G.D.; Ross, L.J. Identification of novel transcripts complementary to
the Marek’s disease virus homologue of the ICP4 gene of herpes simplex virus. . Gen. Virol. 1994, 75 (Pt. 7),
1713-1722. [CrossRef]

Jarosinski, K.W.; Osterrieder, N. Marek’s disease virus expresses multiple UL44 (gC) variants through mRNA
splicing that are all required for efficient horizontal transmission. . Virol. 2012, 86, 7896-7906. [CrossRef]
Schippers, T.; Jarosinski, K.; Osterrieder, N. The ORF012 gene of Marek’s disease virus type 1 produces a
spliced transcript and encodes a novel nuclear phosphoprotein essential for virus growth. J. Virol. 2015, 89,
1348-1363. [CrossRef] [PubMed]

Hearn, C.; Preeyanon, L.; Hunt, H.D.; York, I.A. An MHC class I immune evasion gene of Mareks disease
virus. Virology 2015, 475, 88-95. [CrossRef] [PubMed]

Li, X.; Jarosinski, K.W.; Schat, K.A. Expression of Marek’s disease virus phosphorylated polypeptide pp38
produces splice variants and enhances metabolic activity. Vet. Microbiol. 2006, 117, 154-168. [CrossRef]
[PubMed]

Tulman, E.R.; Afonso, C.L.; Lu, Z.; Zsak, L.; Rock, D.L.; Kutish, G.F. The genome of a very virulent Marek’s
disease virus. . Virol. 2000, 74, 7980-7988. [CrossRef]

Lee, L.E; Wu, P; Sui, D.; Ren, D.; Kamil, ].; Kung, H.J.; Witter, R.L. The complete unique long sequence and
the overall genomic organization of the GA strain of Marek’s disease virus. Proc. Natl. Acad. Sci. USA 2000,
97, 6091-6096. [CrossRef]

Spatz, S.J.; Petherbridge, L.; Zhao, Y.; Nair, V. Comparative full-length sequence analysis of oncogenic and
vaccine (Rispens) strains of Marek’s disease virus. J. Gen. Virol. 2007, 88, 1080-1096. [CrossRef]


http://dx.doi.org/10.1093/nar/gkz1212
http://dx.doi.org/10.1038/nmeth.2221
http://dx.doi.org/10.1038/nature12531
http://dx.doi.org/10.1371/journal.pone.0030377
http://www.ncbi.nlm.nih.gov/pubmed/22276185
http://dx.doi.org/10.1093/nar/gks042
http://www.ncbi.nlm.nih.gov/pubmed/22287627
http://dx.doi.org/10.1101/gr.094607.109
http://www.ncbi.nlm.nih.gov/pubmed/19570905
http://dx.doi.org/10.1016/j.jviromet.2004.08.019
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.3389/fmicb.2017.02708
http://dx.doi.org/10.1371/journal.pone.0162868
http://dx.doi.org/10.1128/JVI.02989-13
http://dx.doi.org/10.1006/viro.1996.0629
http://dx.doi.org/10.1007/s11262-006-0004-9
http://dx.doi.org/10.1099/0022-1317-75-7-1713
http://dx.doi.org/10.1128/JVI.00908-12
http://dx.doi.org/10.1128/JVI.02687-14
http://www.ncbi.nlm.nih.gov/pubmed/25392220
http://dx.doi.org/10.1016/j.virol.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25462349
http://dx.doi.org/10.1016/j.vetmic.2006.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16876339
http://dx.doi.org/10.1128/JVI.74.17.7980-7988.2000
http://dx.doi.org/10.1073/pnas.97.11.6091
http://dx.doi.org/10.1099/vir.0.82600-0

Viruses 2020, 12, 329 20 of 20

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Hong, Y.; Coussens, P.M. Identification of an immediate-early gene in the Marek’s disease virus long internal
repeat region which encodes a unique 14-kilodalton polypeptide. J. Virol. 1994, 68, 3593-3603. [CrossRef]
Parcells, M.S,; Lin, S.F,; Dienglewicz, R.L.; Majerciak, V.; Robinson, D.R.; Chen, H.C.; Wu, Z.; Dubyak, G.R;;
Brunovskis, P.; Hunt, H.D.; et al. Marek’s disease virus (MDV) encodes an interleukin-8 homolog (vIL-8):
Characterization of the vIL-8 protein and a vIL-8 deletion mutant MDV. J. Virol. 2001, 75, 5159-5173.
[CrossRef]

Petherbridge, L.; Howes, K., Baigent, S.J.; Sacco, M.A.; Evans, S.; Osterrieder, N.; Nair, V.
Replication-competent bacterial artificial chromosomes of Marek’s disease virus: Novel tools for generation
of molecularly defined herpesvirus vaccines. J. Virol. 2003, 77, 8712-8718. [CrossRef] [PubMed]
Petherbridge, L.; Brown, A.C.; Baigent, S.J.; Howes, K.; Sacco, M.A.; Osterrieder, N.; Nair, V.K. Oncogenicity
of virulent Marek’s disease virus cloned as bacterial artificial chromosomes. J. Virol. 2004, 78, 13376-13380.
[CrossRef] [PubMed]

Davison, T.F; Nair, V.; Institute for Animal Health (Great Britain). Marek’s Disease: An Evolving Problem;
Elsevier: Amesterdam, The Netherlands, 2004.

Tirosh, O.; Cohen, Y,; Shitrit, A.; Shani, O.; Le-Trilling, V.T.; Trilling, M.; Friedlander, G.; Tanenbaum, M.;
Stern-Ginossar, N. The Transcription and Translation Landscapes during Human Cytomegalovirus Infection
Reveal Novel Host-Pathogen Interactions. PLoS Pathog. 2015, 11, e1005288. [CrossRef] [PubMed]

Armero, V.E.S,; Tremblay, M.P,; Allaire, A.; Boudreault, S.; Martenon-Brodeur, C.; Duval, C.; Durand, M.;
Lapointe, E.; Thibault, P.; Tremblay-Letourneau, M.; et al. Transcriptome-wide analysis of alternative RNA
splicing events in Epstein-Barr virus-associated gastric carcinomas. PLoS ONE 2017, 12, e0176880. [CrossRef]
[PubMed]

Bertzbach, L.D.; Pfaff, F.; Pauker, V.I.; Kheimar, A.M.; Hoper, D.; Hartle, S.; Karger, A.; Kaufer, B.B. The
Transcriptional Landscape of Marek’s Disease Virus in Primary Chicken B Cells Reveals Novel Splice Variants
and Genes. Viruses 2019, 11, 264. [CrossRef]

Schat, K.A.; Calnek, B.W.; Fabricant, J. Characterisation of two highly oncogenic strains of Marek’s disease
virus. Avian Pathol. 1982, 11, 593-605. [CrossRef]

Conradie, A.M.; Bertzbach, L.D.; Bhandari, N.; Parcells, M.; Kaufer, B.B. A Common Live-Attenuated Avian
Herpesvirus Vaccine Expresses a Very Potent Oncogene. mSphere 2019, 4, €00658-19. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/JVI.68.6.3593-3603.1994
http://dx.doi.org/10.1128/JVI.75.11.5159-5173.2001
http://dx.doi.org/10.1128/JVI.77.16.8712-8718.2003
http://www.ncbi.nlm.nih.gov/pubmed/12885890
http://dx.doi.org/10.1128/JVI.78.23.13376-13380.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542691
http://dx.doi.org/10.1371/journal.ppat.1005288
http://www.ncbi.nlm.nih.gov/pubmed/26599541
http://dx.doi.org/10.1371/journal.pone.0176880
http://www.ncbi.nlm.nih.gov/pubmed/28493890
http://dx.doi.org/10.3390/v11030264
http://dx.doi.org/10.1080/03079458208436134
http://dx.doi.org/10.1128/mSphere.00658-19
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	RNA-Sequencing 
	Cell and Virus History 
	Sample Preparation 
	Sequencing 

	Bioinformatics Selection of Biomarkers 
	Primary Analysis 
	Tentative Annotation of Full Spliced Coding Transcripts 
	Selection of Relevant MDV Encoded Introns 
	Differential Expression of Transcripts 
	Data Visualisation 

	Real-Time PCR Validation of Viral Junctions 
	Sample Preparation 
	Primers and Probes 
	Relative Quantitative RT-PCR 
	Accession Numbers 


	Results 
	Splicing Was Pervasive in MDV 
	Splicing Was Strain-Specific, and Occurred More Frequently in CVI-988 
	Tentative Reannotation of Coding Transcripts 
	Selection of Strain-Dependent Introns 
	The Kinetics of I1 Expression in CEF Cells Transfected with CVI-988 and RB-1B 
	I1 Could Be Detected at a Very Low Level 
	Differential Expression of I1, I2, and I3 in RB-1B and CVI-988 

	Discussion 
	References

