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Abstract 

Current strategies to understand the molecular basis of Marek’s disease virus (MDV) virulence primarily consist of cataloging diver-
gent nucleotides between strains with different phenotypes. However, most comparative genomic studies of MDV rely on previously 
published consensus genomes despite the confirmed existence of MDV strains as mixed viral populations. To assess the reliability of 
interstrain genomic comparisons relying on published consensus genomes of MDV, we obtained two additional consensus genomes of 
vaccine strain CVI988 (Rispens) and two additional consensus genomes of the very virulent strain Md5 by sequencing viral stocks and 
cultured field isolates. In conjunction with the published genomes of CVI988 and Md5, this allowed us to perform three-way compar-
isons between multiple consensus genomes of the same strain. We found that consensus genomes of CVI988 can vary in as many as 
236 positions involving 13 open reading frames (ORFs). By contrast, we found that Md5 genomes varied only in 11 positions involving 
a single ORF. Notably, we were able to identify 3 single-nucleotide polymorphisms (SNPs) in the unique long region and 16 SNPs in 
the unique short (US) region of CVI988GenBank.BAC that were not present in either CVI988Pirbright.lab or CVI988USDA.PA.field. Recombination 
analyses of field strains previously described as natural recombinants of CVI988 yielded no evidence of crossover events in the US 
region when either CVI988Pirbright.lab or CVI988USDA.PA.field were used to represent CVI988 instead of CVI988GenBank.BAC. We were also able 
to confirm that both CVI988 and Md5 populations were mixed, exhibiting a total of 29 and 27 high-confidence minor variant positions, 
respectively. However, we did not find any evidence of minor variants in the positions corresponding to the 19 SNPs in the unique 
regions of CVI988GenBank.BAC. Taken together, our findings suggest that continued reliance on the same published consensus genome of 
CVI988 may have led to an overestimation of genomic divergence between CVI988 and virulent strains and that multiple consensus 
genomes per strain may be necessary to ensure the accuracy of interstrain genomic comparisons.
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Introduction
Marek’s disease virus (MDV) is an oncogenic, lymphoproliferative, 
and neuropathic alphaherpesvirus affecting chickens (Mardivirus 
gallidalpha 2, genus Mardivirus; family Herpesviridae). It was first 
reported in 1907 by Hungarian veterinarian József Marek (Marek 
1907). Successful isolation of MDV in culture was only realized 
six decades later, closely followed by the development of the first 
vaccine, HPRS-16/Att (Churchill and Biggs 1967, Witter et al. 1968, 

Churchill et al. 1969). HPRS-16/Att was soon replaced by a bet-

ter replicating, equally protective vaccine derived from the strain 

FC126 of herpesvirus of turkeys (HVT) (Witter et al. 1970). The 

HVT vaccine became the first widely used commercial vaccine for 
Marek’s disease (MD) (Okazaki et al. 1970). HVT was successful in 

reducing MD incidence in commercial flocks until the late 1970s 
when reports of strains with increased virulence that were able 

to bypass vaccine-induced immunity started to emerge across the 
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USA (Witter et al. 1980, Schat et al. 1982). A bivalent vaccine con-
sisting of HVT with MDV serotype 2 strain SB-1 was introduced 
in response. However, a similar shift in virulence occurred in just 
over a decade (Witter 1982, 1997). Outside the USA, a vaccine 
known as CVI988 had been in use since the mid-1970s (Rispens 
et al. 1972). Developed in the Netherlands by a group of veterinary 
scientists under Dr Bart Rispens, CVI988 offered the best protec-
tion against emerging variants, and it quickly became the “gold 
standard” vaccine around the world (Schat 2016). CVI988 is collo-
quially known today as the “Rispens” vaccine for MDV. Although 
CVI988 has mostly kept MD losses at bay for the past 30 years, 
there are now reports of strains potentially able to bypass CVI988-
conferred immunity, and the most recent estimate places MDV-
associated losses in the poultry industry at around US $1–2 billion 
per annum (Schumacher et al. 2002, Davison and Venugopal 2004, 
Zhang et al. 2015, Sun et al. 2017).

Comparative genomics has been a driving force in efforts to 
understand the molecular basis of MDV-induced virulence ever 
since the first viral genomes were sequenced over two decades 
ago (Tulman et al. 2000, Lee et al. 2000a). MDV has a DNA genome 
with large unique regions—named for their length as unique long 
(UL) and unique short (US)—that are flanked by large structural 
repeats. The current approach to MDV comparative genomics has 
focused on identifying nucleotide positions that differ between 
published consensus genomes of MDV strains (Spatz et al. 2007a, 
Hildebrandt et al. 2014, Trimpert et al. 2017, Bell et al. 2019, Dunn 
et al. 2019, Zhang et al. 2022). These MDV strains are categorized 
on the basis of their ability to break through vaccine protection, or 
their “pathotype” (Dunn et al. 2019). There are four officially recog-
nized pathotypes of MDV: mild (m), virulent (v), very virulent (vv), 
and very virulent plus (vv+) (Dunn et al. 2019). The main goal of 
conducting interstrain comparisons in this way is to identify the 
genes and polymorphisms associated with virulence. However, the 
degree to which published consensus genomes of MDV represent 
the average for each strain has never been assessed, despite the 
fact that herpesviruses are now known to exist as mixed popula-
tions. Several reports suggest that herpesviruses such as HSV, VZV, 
and HCMV possess extensive genetic variability (Renzette et al. 
2014, Depledge et al. 2018, Renner et al. 2018, Cudini et al. 2019). 
In the specific case of MDV, population diversity has been shown to 
positively correlate with virulence (Trimpert et al. 2019). In addi-
tion, all available consensus genomes for MDV are low-coverage 
genomes that only account for the major variants (≥50%) present 
in the original viral population from which they were sequenced. 
The lack of information on minor variants (≤50%) can be problem-
atic, due to previous reports suggesting that the diversity within 
a given viral population contributes to the overall pathotype of a 
strain (Gimeno et al. 1999, Spatz 2010, Spatz et al. 2012, Hilde-
brandt et al. 2014). Although the extent of this contribution is 
still unknown, this nonetheless suggests that failing to account 
for minor variants can negatively impact our ability to correlate 
sequencing data to pathotypes (Dunn et al. 2019). Finally, many 
of the available reference genomes underwent cloning steps prior 
to sequencing. This includes the only available CVI988 consensus 
genome, which was sequenced from a bacterial artificial chromo-
some (BAC) copy of the viral genome, followed by plasmid-based 
cloning thereof (Spatz et al. 2007a). The Md5 consensus genome 
was obtained from plasmid-based cloning of viral DNA amplified 
in cell culture (Tulman et al. 2000). The use of BAC and plasmid 
cloning approaches generates an artificially homogenous popula-
tion of viral genomes, further moving away from the real-world 

biology of herpesvirus strains. Moreover, by randomly selecting 
one viral haplotype from a population, these methods inher-
ently reduce the chances of obtaining a representative consensus 
genome.

To address these issues, it is necessary to test the reliability of 
published MDV consensus genomes and assess the genomic het-
erogeneity of MDV populations using next-generation sequencing 
(NGS) approaches. Whole-genome resequencing is a simple yet 
powerful approach that consists of comparing newly sequenced 
individuals against a reference (Stratton 2008). Here, we have 
adapted this strategy for viruses by sequencing multiple popu-
lations of the same strain and determining whether these yield 
a consistent consensus genome under the assumption that large 
shifts in genomic variant frequencies will manifest as consensus-
level differences. We independently sequenced two samples of the 
attenuated vaccine strain CVI988 and two samples of the very 
virulent prototype strain Md5 from a combination of viral stocks 
and cultured field isolates. The newly sequenced genomes were 
compared with previously published consensus genomes using 
whole-genome pairwise alignments. Using this approach, we were 
able to detect differences between consensus genomes of each 
strain. Notably, we found 19 single-nucleotide polymorphisms 
(SNPs) in the unique regions of CVI988GenBank.BAC that were not 
present in CVI988Pirbright.lab or CVI988USDA.PA.field. These included 16 
SNPs in the unique short region impacting posited recombination 
breakpoints in MDV strains previously described as natural vac-
cine recombinants (He et al. 2018, 2020, Zhang et al. 2022). We then 
assessed the genomic heterogeneity of CVI988 and Md5 by ana-
lyzing ultra-deep Illumina sequencing data (>1000× depth) and 
identified positions where at least 2% of the reads supported an 
alternative allele (Lauring 2020). This method enabled detection 
of minor allele frequency variants and allowed us to confirm that 
the ultra-deep sequenced samples of CVI988 and Md5 were mixed 
viral populations. These findings highlight the need to sequence 
multiple consensus genomes of each MDV strain in order to ensure 
the accuracy of interstrain genomic comparisons and enhance our 
ability to link viral genotypes to virulence phenotypes.

Materials and methods
Viral culture and DNA isolation of 
CVI988USDA.PA.field and Md5USDA.lab
The virulence phenotypes and targeted (amplicon-based) 
sequencing of USDA CVI988USDA.PA.field and Md5USDA.lab have been 
previously described by Dunn et al. (2019). The sample we refer 
to as “CVI988USDA.PA.field” was collected as a field sample in 2010 in 
Pennsylvania (MDV 709B_v_2010_PA), and “Md5USDA.lab” was col-
lected in Maryland in 1977 (MDV Md5_vv_1977_MD) (Dunn et al. 
2019). Duck embryo fibroblasts (DEFs) were used to culture these 
virus stocks. Viral DNA was isolated from a 5-day DEF infection ini-
tiated using CVI988USDA.PA.field at Passage 6 (titer 5.8 × 105 PFU/ml) 
or a 6-day DEF infection initiated using Md5USDA.lab at Passage 7 
(titer 1.2 × 106 PFU/ml). DEF cultures were maintained in a 1:1 mix-
ture of Leibovitz’s L-15 and McCoy’s 5A (LM) media supplemented 
with fetal bovine serum (FBS), 200 U/ml penicillin, 20 μg/ml strep-
tomycin, and 2 μg/ml amphotericin B in a 37∘C, 5% CO2 incubator. 
Cells were plated with 4% FBS LM media and maintained in 1% 
FBS LM media. For storage as viral stocks, infected cells were sus-
pended in freezing media composed of 10% DMSO, 45% FBS, and 
45% LM media and kept in liquid nitrogen. Viral DNA was isolated 
using the Gentra Puregene DNA isolation kit (Qiagen).
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DNA library preparation and sequencing of 
CVI988USDA.PA.field and Md5USDA.lab
DNA libraries for CVI988USDA.PA.field and Md5USDA.lab were prepared 
for next-generation sequencing using an Illumina Miseq plat-
form as previously described (Bowen et al. 2016, Pandey et al. 
2016, Bell et al. 2019). Briefly, genetic material, including viral 
nucleocapsid DNA, was quantified by Qubit (Invitrogen, Carls-
bad, CA, USA) and by a virus-specific qPCR. Total DNA was then 
acoustically sheared using a Covaris M220, with settings at 60-
s duration, peak power 50, 10% duty cycle, at 4∘C. DNA was 
then processed through the Illumina TruSeq Nano DNA prep kit, 
using the manufacturer recommendations, and further quanti-
fied by Qubit (Invitrogen, Carlsbad, CA, USA), Bioanalyzer (Agi-
lent), and library-specific qPCR (KAPA Biosystems). Libraries were 
then diluted to 17 pM per the manufacturer’s recommendation 
and sequenced using version 3 paired-end (2 × 300 bp length)
chemistry.

Viral culture and DNA isolation of 
CVI988Pirbright.lab and Md5Pirbright.lab
Primary chick embryo fibroblasts (CEFs) were prepared from 
10-day old embryos and maintained in M199 medium (Thermo 
Fisher Scientific, Waltham, MA, USA) supplemented with 5% FBS 
(Sigma-Aldrich, Darmstadt, Germany), 100 units/ml of penicillin 
and streptomycin (Thermo Fisher Scientific), and 10% tryptose 
phosphate broth (Sigma).

The CVI988 stock we refer to as “CVI988Pirbright.lab” was 
obtained from the Pirbright Institute and prepared from com-
mercial CVI988 vaccine, sourced in the UK (Poulvac Marek 
CVI vaccine; Zoetis), following two passages in CEF at a mul-
tiplicity of infection of 0.01. The infected CEFs were har-
vested 3 days later. DNA was prepared from ∼5 × 106 cells 
using the DNeasy-96 kit (Qiagen, Hilden, Germany), according 
to the manufacturer’s instructions, and eluted in DNase-free
water.

The Md5 stock we refer to as “Md5Pirbright.lab” was also obtained 
from the Pirbright Institute and derived from a seventh DEF 
passage stock kindly provided by Dr A. M. Fadly [Avian Dis-
ease and Oncology Laboratory (ADOL), USA]. To amplify this 
stock, 5-day-old Rhode Island Red chickens were inoculated intra-
abdominally with 1000 plaque forming units of virus. Lympho-
cytes isolated from spleens harvested at 14 days post-infection 
were cultured with CEF, the cell-associated virus was harvested 
at 7 days when cytopathic effect was clearly visible, and then fur-
ther passed in CEF every 5–6 days to produce virus stocks. DNA 
was prepared from approximately 5 × 106 cells of the ninth pas-
sage CEF stock using the DNeasy-96 kit and eluted in DNase-free
water.

Oligo-bait-based enrichment, DNA library 
preparation, and sequencing of CVI988Pirbright.lab
and Md5Pirbright.lab
DNA isolated from each MDV culture was quantified for total 
DNA by Qubit (Invitrogen), and the amount of either Md5 DNA 
or CVI988 DNA was confirmed by a previously described qPCR 
assay (Kennedy et al. 2017). Samples were then acoustically 
sheared using Covaris and high-throughput, deep sequencing 
DNA library preparations were produced using the KAPA Hyper-
Prep Library Kit (Roche) as per the manufacturer’s protocol, with 
14 PCR cycles. Then, samples were processed through a previously 
described oligo-enrichment procedure, where MDV-specific probes 
(Trimpert et al. 2017) (myBaits, Arbor Biosciences) were used with 
the myBaits Target Capture Kit (Arbor Biosciences) to enrich for 

MDV DNA (Shipley et al. 2020). An additional PCR amplification 
(14 cycles) yielded libraries that were assessed for quality by Qubit, 
as well as a KAPA-specific qPCR, which allowed for accurate dilu-
tions of libraries to 4 pM before sequencing. Finally, libraries 
were sequenced using v3 chemistry 300 bp × 300 bp paired-end 
sequencing on an Illumina MiSeq, as per the manufacturer’s 
instruction.

Processing of sequencing reads and genome 
assembly
Viral reads were identified by aligning raw reads in FASTQ files 
against a local database of 97 MDV genomes using BLASTN with 
an E-value cutoff of 1 × 10−2 (see Supplementary Table S1 for 
strain names and accession numbers). The selected reads were 
then subjected to the quality control and preprocessing step 
(Step 1) of our published viral genome assembly (VirGA) work-
flow (Parsons et al. 2015). These properly paired reads were then 
used for de novo assembly using metaSPAdes v3.14.0 (Nurk et al. 
2017). The resulting file containing the metaSPAdes scaffolds in 
FASTA format served as input for the remaining steps of VirGA 
(Steps 3 and 4), which include genome linearization, annotation, 
and post-assembly quality assessments. For the reference-guided 
contig-ordering step, we used a trimmed version (TRL and TRS 
regions removed) of the published consensus genome of each 
strain (Table 1). New consensus genomes were also trimmed for 
downstream analyses. Tandem repeats were identified in trimmed 
consensus genomes using Tandem Repeats Finder (TRF) v4.09 
(Benson 1999). Manual verification and masking of tandem repeats 
were conducted using Geneious Prime v2023.0.4. To resolve meq
at the consensus level, reads were mapped to modified reference 
genomes possessing different isoforms of meq. Local sequenc-
ing coverages were then used to determine the consensus-level 
isoform. 

Pairwise identity and genetic distance 
comparisons
Trimmed consensus genomes with masked tandem repeats 
were aligned using MAFFT v7.505 with default settings (Katoh 
et al. 2002). The resulting alignment file in clustal format was 
imported into Geneious to visualize variable positions (SNPs and 
Indels) between the genomes. Published MDV consensus genomes 
sequenced from field samples or cultured stocks with PubMed 
Identifiers (n = 33) and all consensus genomes used for compara-
tive analyses in the present study (n = 6) were aligned using MAFFT 
(see Supplementary Table S1 for details). A neighbor-joining (NJ) 
tree was constructed from the multi-genome alignment file in 
clustal format using the Geneious Tree Builder tool with a Tamura-
Nei genetic distance model and no outgroup.

Recombination analyses
GenBank nucleotide sequences (see Supplementary Table S1 for 
accession numbers) were trimmed using Geneious and aligned 
using MAFFT. Detection of potential recombination breakpoints 
via bootscanning was performed using SimPlot v3.5.1 (Lole et al. 
1999). Informative sites were identified using the FindSites option 
provided by SimPlot.

Identification of minor variant positions
A custom script was used to identify positions with at least 
2% read support for an alternative allele—i.e. a minor variant—
in genomes with >1000× coverage. Positions in tandem repeats 
and homopolymers were excluded. All remaining minor variant
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Table 1. Sequencing statistics for new and previously published CVI988 and Md5 consensus genomes.

MDV strain
Number of MDV-
specific reads

Number of reads 
used for assembly Coverage

GenBank 
accession

Genome length 
(bp) Prior citation

CVI988GenBank.BAC N/A N/A 6× DQ530348 178 311 Spatz et al. (2007a)
CVI988USDA.PA.field 227 487 138 122 149× PP032833 176 946 –
CVI988Pirbright.lab 11 997 583a 9 730 216 10 055× PP032835 176 532 –
Md5Genbank N/A N/A 6× NC_002229 177 874 Tulman et al. (2000)
Md5USDA.lab 1 030 131 727 124 793× PP032832 176 724 –
Md5Pirbright.lab 10 138 498a 8 296 132 8530× PP032834 178 276 –

aThe UK viral stock populations were subjected to oligo-bait-based enrichment to increase the yield of viral DNA (Trimpert et al. 2017, Shipley et al. 2020).

positions were verified through manual inspection of binary align-
ment map (BAM) files using the Integrative Genomics Viewer 
v2.12.3 (Robinson et al. 2011).

Nucleotide sequence accession numbers
GenBank accession numbers for the four new and two prior viral 
genomes are listed in Table 1. The data underlying this article are 
available in GenBank and and can be accessed with the accession 
numbers in Table 1.

Results
Resequencing viral stocks and field isolates of 
CVI988 and Md5 using Illumina whole-genome 
sequencing
To enable intrastrain whole-genome comparisons, we first 
obtained two additional consensus genomes of both vaccine 
strain CVI988 (mild pathotype) and prototype very virulent strain 
Md5 (vv pathotype) (Table 1). Md5USDA.lab and Md5Pirbright.lab were 
sequenced from standard lab stocks (i.e. a virus population ini-
tiated from a prior viral stock and expanded in host cells). 
CVI988Pirbright.lab was likewise derived from lab stock. By con-
trast, CVI988USDA.PA.field was isolated from a sample collected at a 
Pennsylvania farm, before isolation and expansion in host cells 
in the laboratory. Targeted, amplicon-based sequencing of por-
tions of the Md5USDA.lab (Md5_vv_1977_MD) and CVI988USDA.PA.field

(709B_v_2010_PA) genomes has been previously reported (Dunn 
et al. 2019). All viral stocks were propagated similarly for viral 
DNA isolation and sequencing library preparation (see the “Mate-
rials and methods” section for details). CVI988Pirbright.lab and 
Md5Pirbright.lab were additionally enriched using published methods 
for oligonucleotide-bait-based enrichment in solution (Trimpert 
et al. 2017), which can enable a greater sequencing depth by 
enriching viral sequences from the overall milieu of DNA. Viral 
consensus genomes for each stock were determined using a pre-
viously published combination of de novo and reference-guided 
assembly methods (Table 1; see the “Materials and methods” 
section for details).

The MDV genome has a double-stranded DNA structure, with 
a full length of approximately 175–180 kb. The genomic layout 
is split into two large unique regions known as UL and US, each 
flanked by inverted repeat sequences [internal repeat long (IRL) 
and internal repeat short (IRS)] and terminal repeat sequences 
[terminal repeat long (TRL) and terminal repeat short (TRS)] 
(Fig. 1a, center). The α-type packaging sequences are located at 
the genomic termini and at the IRL/IRS junction. None of the 
new genomes contained any truncated or missing proteins. The 
average G + C content of all genomes was 44.0%. The average 
sequencing coverage of Illumina sequencing data exceeded 100× 
for all viral genomes, and it exceeded 1000× for the two genomes 
subjected to oligonucleotide-bait-based enrichment (Table 1).

Pairwise alignment of same-strain consensus 
genomes reveals greater intrastrain variation in 
CVI988 than Md5
For each strain, trimmed consensus genomes with masked 
tandem repeats were aligned and visualized. Consensus-level 
differences corresponding to SNPs, insertions, and deletions 
(Indels) were identified and verified through manual inspection of 
sequence-read alignment files (i.e. BAM files). A total of 236 differ-
ences were detected in the three consensus genomes of vaccine 
strain CVI988, impacting a total of 13 open reading frames (ORFs). 
These include the genes UL22/gH (MDV034), UL49/VP22 (MDV062), 
MDV074, MDV075, Meq/RLORF7 (MDV076/MDV005), vIL-8/RLORF2
(MDV078/MDV003), MDV080, MDV085, MDV086, US2 (MDV091), US3
(MDV092), SORF4/S4 (MDV093), and US6/gD (MDV094) (Fig. 1a, Sup-
plementary Table S2). Outside of regions associated with Indels 
and repetitive elements, CVI988Pirbright.lab and CVI988USDA.PA.field

were found to be nearly identical (>99.99% identity), being dis-
tinguished only by a single synonymous SNP in UL22. By con-
trast, CVI988GenBank.BAC possessed 23 unique SNPs and was the 
only CVI988 genome to exhibit variation in the US subgenomic 
region. On the other hand, the three consensus genomes of the 
very virulent strain Md5 showed a total of 11 differences, with 
only a single gene, MDV075, being impacted (Supplementary
Table S3).

The meq oncogene contributes significantly to 
overall intrastrain variation in consensus 
genomes of CVI988
Out of the 236 differences between CVI988 consensus genomes 
(Supplementary Table S2), 214 were found in internal repeat long 
(n = 209 bp) and internal repeat short (n = 5 bp). A large portion 
of these differences (n = 177 bp) corresponded to a 59 amino acid 
(AA) insertion in the meq oncogene, which was found in the 
CVI988GenBank.BAC and CVI988USDA.PA.field consensus genomes but 
absent in the CVI988Pirbright.lab consensus genome (Fig. 2). For meq, 
previous studies have suggested the existence of up to three iso-
forms: Meq, long Meq (L-Meq), and short Meq (S-Meq) (Lee et al. 
2000b, Renz et al. 2012, Murata et al. 2021, Sato et al. 2022). Meq 
is the standard isoform and is 339 AA in length. L-Meq is a longer 
version of Meq that is characterized by a 59-AA insertion in the 
transactivation domain (TAD), which is often accompanied by a 
3-nucleotide CCA deletion immediately upstream from the inser-
tion site. S-meq is a shorter version of Meq that exhibits a 41-AA 
deletion in the TAD. The CCA deletion that is typically associated 
with the presence of the L-meq isoform was confirmed to exist 
as a subpopulation of considerable size (∼40%) in the UK CVI988 
sample, but it did not appear to be linked to the presence of the 
177-nucleotide (59-AA) insertion (Bell et al. 2019). All three Md5 
genomes exhibited the standard isoform of meq (Fig. 2), again 
indicating less diversity when compared to CVI988.
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Figure 1. Comparative analysis of CVI988 and Md5 consensus genomes. (a) A total of three trimmed consensus genomes (TRL and TRS removed) were 
obtained for each strain (CVI988 = Blue, Md5 = Red) and aligned using MAFFT. Consensus-level differences including SNPs and Indels are highlighted 
(dark lines) based on their relative locations in each respective genome. The total number of differences between genomes of the same strain is 
indicated on the left, with a breakdown for each individual genome indicated on the right; these loci are all listed in detail in Supplementary Tables S2 
and S3. For each strain, ORFs with consensus-level differences in at least one of the three genomes belonging to that strain are highlighted and labeled 
(with alternative names when possible). The total number of ORFs with consensus-level differences is 13 for CVI988 and 1 for Md5. (b) ORF-associated 
SNPs were found between consensus genomes of CVI988. Genomic positions are indicated relative to CVI988GenBank.BAC, which accounted for 21 out of 
23 ORF-associated SNPs. Completely unique SNPs that were not found in any of the other 38 MDV genomes included in the study are highlighted 
(black borders).

Increased intrastrain variation in structural 
repeat regions is associated with greater 
homopolymer instability
Outside of differences associated with meq isoforms, 28 of the 
37 remaining differences found in the internal repeat regions 
of CVI988 consensus genomes were associated with variation in 
homopolymer lengths (Supplementary Table S2). By contrast, out 
of the 22 differences found across the unique regions of CVI988 
consensus genomes, 20 were ORF-associated SNPs, with an even 
distribution between synonymous (n = 10) and non-synonymous 
(n = 10). In Md5 consensus genomes, all 11 differences were found 
in either internal repeat long (n = 6) or internal repeat short (n = 5) 
and were all exclusively associated with variation in homopoly-
mer lengths (Supplementary Table S3).

Intrastrain variation in unique regions is 
associated with 19 SNPs in the published CVI988 
consensus genome
Out of the 20 ORF-associated SNPs found in unique regions of 
CVI988 consensus genomes, 19 belonged to CVI988GenBank.BAC, 
including 3 SNPs in UL and 16 SNPs in US (Fig. 1b). Phyloge-
nomic analyses confirmed divergence of CVI988GenBank.BAC from 
CVI988Pirbright.lab and CVI988USDA.PA.field (Fig. 3). Additionally, none of 
the three SNPs found in UL of CVI988GenBank.BAC were present in any 

of the other 38 MDV genomes included in this study. By contrast, 
all 16 SNPs in US of CVI988GenBank.BAC were found in subsets across 
six different strains (EU-1, J-1, 814, GX0101, ATE2539, and Kgs-c1). 
However, no other strain apart from CVI988GenBank.BAC individually 
possessed all 16 SNPs in the US region. The nucleotides found 
across all 19 positions in CVI988Pirbright.lab and CVI988USDA.PA.field

were also present in the three Md5 genomes (Fig. 1b) and in 27 of 
the 33 additional MDV genomes used for phylogenomic analyses.

Differences between CVI988 consensus genomes 
coincide with previously proposed recombination 
breakpoints in “CVI988-like” variants
A total of seven isolates from China have been described as natu-
ral recombinants of CVI988, or “CVI988-like” variants, including 
CH/10, DH/1307, DH/1504, HC/0803, HNLC503, Hrb/1504, and 
SY/1209 (He et al. 2018, 2020, Zhang et al. 2022). Bootscan anal-
yses of the US region of HC/0803 revealed that recombination 
events were only detected when the CVI988GenBank.BAC consensus 
genome was used to represent CVI988 (Fig. 4a). No recombi-
nation events were detected when using either CVI988Pirbright.lab

or CVI988USDA.PA.field to represent CVI988. This same pattern was 
observed for CH/10, DH/1307, DH/1504, HNLC503, Hrb/1504, and 
SY/1209 (Supplementary Fig. S1). Inspection of the 30 informa-
tive sites associated with these recombination events revealed 
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Figure 2. Comparison of the meq oncogene in Md5 and CVI988 consensus genomes. Schematic representation of the meq isoforms found in the repeat 
long regions (IRL shown here) in CVI988 (blue/top panel) and Md5 (red/bottom panel) consensus genomes. The meq oncogene is comprised of the 
proline/glutamine (Pro/Gln)-rich domain, the basic region (BR), the leucine zipper (ZIP), and the transactivation domain (TAD) at the C-terminal region. 
Differences in the AA sequence of the two strains are highlighted and labeled (A = Alanine, E = Glutamic acid, I = Isoleucine, K = Lysine, P = Proline, 
S = Serine, T = Threonine, V = Valine). The Meq protein is 339 AA in length. The L-Meq isoform contains a 59-AA insertion in the TAD, resulting in a total 
length of 398 AA.

that CVI988Pirbright.lab and CVI988USDA.PA.field shared 100% sequence 
identity with all seven “CVI988-like” variants (Fig. 4b). These 30 
informative sites also included 15 out of the 16 SNPs found exclu-
sively in US of CVI988GenBank.BAC.

Ultra-deep sequencing reveals minor variants of 
CVI988 and Md5
In addition to consensus-level comparisons, we performed 
minor variant analysis on genomes with a sequencing depth 
exceeding 1000×  (Fig. 5, see the “Materials and methods” 
section for details). This included CVI988Pirbright.lab (>10 000×) and 
Md5Pirbright.lab (>8500×; Table 1). A total of 29 minor variant 
positions were detected in the original CVI988Pirbright.lab sample 
across a combination of coding and regulatory regions. These 
minor variants impacted a total of nine ORFs: MDV011, UL13 
(MDV025), UL26 (MDV038), MDV069, MDV072, meq (MDV076), 
MDV077, ICP4 (MDV084), and US3 (MDV092) (Supplementary Table 
S4). Similarly, a total of 27 minor variants were detected in 
the UK Md5 sample. These impacted a total of 10 ORFs: UL19 
(MDV031), UL41/VHS (MDV054), UL44/gC (MDV057), UL48/VP16 
(MDV061), UL52 (MDV066), MDV069, MDV072, MDV078, MDV079, 
and MDV084 (Supplementary Table S5). Twelve of the 14 minor 

variant positions found across MDV069 and MDV072 were com-
mon to both strains. No minor variants associated with the US 
region were identified in the Md5Pirbright.lab sample. Additionally, 
we verified that no minor variant positions coincided with the 19 
unique SNPs in CVI988GenBank.BAC (Fig. 1b).

Discussion
The goal of comparative genomics is to provide a link between 
genotype and phenotype. The accuracy with which these two ele-
ments are represented is therefore directly proportional to our 
ability to make biologically relevant conclusions through the use 
of comparative genomic methods. DNA viruses have long been 
considered to be inherently stable, especially when compared to 
RNA viruses, which are now often described as mutant swarms, 
or “quasispecies” (Domingo and Perales 2019, Singh et al. 2023). 
This has led to the assumption that viral consensus genomes, 
which represent the majority nucleotide at any given position, can 
accurately represent the genotype of MDV strains such as vac-
cine strain CVI988 and the prototype very virulent strain Md5. 
As demonstrated here and in prior studies, these and other her-
pesvirus populations can harbor minor variants both in culture 
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Figure 3. Neighbor-joining tree of previously published MDV strains and the new consensus genomes of CVI988 and Md5. Consensus genomes of 
CVI988, Md5, and 33 additional MDV strains from North America, Asia, and Europe were aligned using MAFFT (Supplementary Table S1 for full list of 
comparison strains and accession IDs). The resulting MSA was used to infer a neighbor-joining tree using Geneious Prime v2023.0.4. CVI988 
(blue/upper set of arrows) and Md5 (red/lower set of arrows) genomes used for comparative analyses are highlighted. “CVI988-like” strains such as 
HC/0803 that cluster near the CVI988 strain genomes are further illustrated in Fig. 4.

and in vivo (Loncoman et al. 2017, Renner et al. 2018, Shipley et al. 
2018, Trimpert et al. 2019). Here, by sequencing additional viral 
stocks and field isolates of these strains, we have sought to eval-
uate the impact of conducting interstrain comparisons without 
accounting for the intrinsic genomic heterogeneity of MDV strain 
populations.

CVI988 is an attenuated vaccine strain that has long been 
known to exist as a mixed population due to undergoing multiple 
passages in vitro, in different laboratories, and in multiple vaccine 
manufacturing companies. There have also been reports suggest-
ing that the effectiveness of CVI988 vaccines can vary depending 
on the manufacturer and that even different batches from the 
same manufacturer can vary in effectiveness (Dambrine et al. 
2016, López de Juan Abad et al. 2019). By contrast, Md5 is a vir-
ulent field strain of MDV that is currently used as the prototype 
very virulent (vv) strain in the USDA-ARS ADOL pathotype classi-
fication system (Witter et al. 2005). As such, the fact that we found 
235 differences between consensus genomes of CVI988 while only 

finding 11 differences between consensus genomes of Md5 is con-
sistent with their history and real-world biology. Whether the 
larger number of variant loci in CVI988 reflects this strain’s atten-
uation through serial passage, or if it is a feature of this strain’s 
genetic background, remains to be determined. In addition, the 
fact that we were able to detect 29 minor variant positions in 
CVI988Pirbright.lab and 27 minor variant positions in Md5Pirbright.lab

confirms that both strains exist as mixed viral populations. Over 
time, minor variant differences may expand during passage(s) in 
culture or during in vivo infections, leading to consensus-level 
differences (Trimpert et al. 2019, Kuny et al. 2020). Minor vari-
ants may thus provide an explanation for the differences observed 
between consensus genomes of each strain.

Having access to the minor variant profiles of CVI988 and Md5 
has the added advantage of providing insight into the potential 
effects of intrastrain variation in loci of high interest, such as pp38 
(MDV073). Currently, available qPCR assays to distinguish between 
CVI988 and virulent MDV strains are based on an SNP located at 
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Figure 4. Recombination analyses of MDV strains previously described as natural recombinants of CVI988. (a) Bootscan analyses of the unique short 
region of “CVI988-like” MDV strain HC/0803 using SimPlot. Additional strains include 814 (vaccine strain), LHC2 (virulent strain; both from China), 
CVI988GenBank.BAC (top), CVI988Pirbright.lab (middle), and CVI988USDA.PA.field (bottom). Nucleotide positions are indicated relative to the US region of 
CVI988GenBank.BAC. (b) The FindSites tool in SimPlot was used to identify permuted trees and informative sites associated with recombination events in 
the US region of HC/0803. When CVI988GenBank.BAC was used for the analysis, two permuted trees were detected. Each permuted tree was associated 
with 15 informative sites (shaded light blue or light red, depending on their respective permuted tree). By contrast, both CVI988Pirbright.lab and 
CVI988USDA.PA.field shared 100% identity with “CVI988-like” variants across all 30 positions (black border). This resulted in only a single permuted tree 
and no recombination events being detected. See Supplementary Fig. S1 for related analyses of additional strains.

position 320 of the pp38 gene (Baigent et al. 2016). Our results show 
pp38 to be a highly conserved gene between different populations 
of CVI988 and Md5, with no minor variant positions coinciding 
with this gene. This not only confirms the robustness of qPCR 
assays based on the SNP #320 of pp38 but also establishes pp38 
as a locus with high levels of within-strain conservation. Overall, 
our study provides a solid starting point for assessing intrastrain 
diversity in MDV strains. However, access to additional consen-
sus genomes of CVI988 and Md5 will still be required in order to 
obtain the complete picture of MDV intrastrain diversity, as well 
as resequencing other virulent and attenuated MDV strains.

Among our most significant findings was the discovery of 19 
SNPs present in the unique regions of CVI988GenBank.BAC but absent 
in the two new CVI988 consensus genomes sequenced as part of 
this study. These 19 SNPs were also not present as minor vari-
ants in the CVI988Pirbright.lab viral population, where these positions 
were sequenced at an average depth of >10 000×. CVI988GenBank.BAC

was sequenced by Spatz et al. (2007a) from a BAC clone of CVI988 

at 6× coverage (Table 1). This BAC clone was derived by Pether-
bridge et al. (2003) from a commercial vaccine supplied by Fort 
Dodge Animal Health. As part of the cloning process, a BAC vector 
was inserted into US2, and the missing region was later recon-
structed using PCR and wild-type CVI988 DNA. While explaining 
the origin of these 19 SNPs in CVI988GenBank.BAC is beyond the 
scope of this study, our results suggest that consensus genomes 
of CVI988 obtained from cultured stocks need not differ from 
virulent strains such as Md5, 648a, or RB-1B in any of these 
positions.

The implications of these findings are multiple. First, these 19 
SNPs have been reported as differences between CVI988 and viru-
lent strains like Md5, RB-1B, GA, and Md11 by many prior studies, 
starting with the original publication by Spatz and Silva (2007), 
Spatz et al. (2007b), and Spatz and Rue (2008). Second, the 16 
SNPs in US of CVI988GenBank.BAC impacting US2, US3, SORF4, and 
US6/gD have been previously proposed as evidence of naturally 
occurring recombination between CVI988 and virulent strains
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Figure 5. Minor variant distribution in Pirbright CVI988 and Md5 populations. For each strain (CVI988 = blue/top panel, Md5 = red/bottom panel), a 
single viral population was ultra-deep sequenced (>1000×) to enable identification of minor variants (Table 1). Positions outside of tandem repeats and 
homopolymers where the minor allele was present in ≥2% of the reads were identified as minor variants. Each minor variant was classified depending 
on its relative location to ORFs and its impact on the resulting amino-acid sequence (when applicable). ORFs associated with minor variants are 
labeled and highlighted beneath the graph using the same criteria.

(He et al. 2018). To date, a total of seven isolates from China have 
been described as natural recombinants of CVI988, or “CVI988-
like” variants, largely on the basis of these 16 SNPs (He et al. 
2018, 2020, Zhang et al. 2022). The two new consensus genomes of 
CVI988 generated as part of this study share the same nucleotides 
in all 16 positions with these isolates, calling into question 

whether they are in fact natural recombinants of CVI988. An 
alternative explanation could be that these isolates are examples 
of circulating CVI988 that have regained some level of virulence 
(Zhang et al. 2022). In such a scenario, the remaining nucleotide 
differences between these isolates and our two new CVI988 con-
sensus genomes could yield valuable information regarding loci 
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associated with virulence. On the other hand, these isolates could 
also correspond to vaccine CVI988 reisolated from vaccinated 
birds. Either way, confirming the status of these seven isolates 
will require additional consensus genomes of CVI988, ideally from 
vaccine samples currently being distributed in China. Overall, 
these findings suggest that a heavy reliance on the published 
CVI988 consensus genome may have led to a historical over-
estimation of genomic divergence between CVI988 and virulent
strains.

Finally, it is worth mentioning that current Illumina-based 
approaches do not provide insight into certain regions in MDV 
genomes where additional intrastrain variation is likely to be 
found. Specifically, tandem repeats have been suggested to be an 
important source of diversity in herpesviruses, yet they remain 
mostly inaccessible to NGS strategies at both the consensus and 
sub-consensus levels (van Belkum et al. 1998, Renner et al. 2018). 
The use of long-read technologies (e.g. Oxford Nanopore and 
Pacific Biosciences) could potentially help to overcome these limi-
tations and make it possible to reliably assess intrastrain variation 
at tandem repeats and homopolymers (Rhoads and Au 2015, Wang 
et al. 2021). In addition, the use of long reads could enhance our 
ability to link minor variant positions into proper haplotypes and 
help us to better understand the real-world biology of MDV strains.

In conclusion, by sequencing multiple viral stocks and field 
isolates of the vaccine strain CVI988 and the very virulent strain 
Md5, we have shown that consensus genomes of these strains 
can differ in multiple positions across all genomic regions. We 
have also established that these differences are most likely made 
possible by fluctuations in a mixed population of viral genomes, 
the existence of which we have demonstrated using ultra-deep 
Illumina sequencing in combination with oligo-bait-based enrich-
ment of MDV. In addition, we have shown that not accounting for 
the intrinsic genomic heterogeneity of MDV strains may have led 
to a historical overestimation of divergence between CVI988 and 
virulent strains, providing an alternative explanation for sequenc-
ing data that were previously used to suggest naturally occurring 
recombination between the two. In doing so, we have demon-
strated the value of working with multiple consensus genomes per 
strain and challenged prevailing notions regarding the genomic 
stability of DNA viruses.
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