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Abstract Attenuation of Gallid herpesvirus-2 (GaHV-2),
the causative agent of Marek’s disease, can occur through
serial passage of a virulent field isolate in avian embryo
fibroblasts. In order to gain a better understanding of the
genes involved in attenuation and associate observed
changes in phenotype with specific genetic variations, the
genomic DNA sequence of a single GaHV-2 virulent
strain (648A) was determined at defined passage intervals.
Biological characterization of these “interval-isolates” in
chickens previously indicated that the ability to induce
transient paralysis was lost by passages 40 and the ability
to induce persistent neurological disease was lost after
passage 80, coincident with the loss of neoplastic lesion
formation. Deep sequencing of the interval-isolates
allowed for a detailed cataloguing of the mutations that
exist within a single passage population and the frequency
with which a given mutation occurs across passages. Gross
genetic alterations were identified in both novel and well-
characterized genes and cis-acting regions involved in
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replication and cleavage/packaging. Deletions in genes
encoding the virulence factors vLipase, VvILS, and
RLORF4, as well as a deletion in the promoter of ICP4,
appeared between passages 61 and 101. Three mutations
in the virus-encoded telomerase which predominated in
late passages were also identified. Overall, the frequency
of mutations fluctuated greatly during serial passage
and few genetic changes were absolute. This indi-
cates that serial passage of GaHV-2 results in the gener-
ation of a collection of genomes with limited sequence
heterogeneity.

Keywords Marek’s disease - Marek’s disease virus -
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Introduction

Marek’s disease (MD) is a lymphoproliferative disease of
chickens responsible for great economic losses to the
poultry industry [1, 2]. The causative agent of the disease is
a Mardivirus, Gallid herpesvirus type 2 (GaHV-2), a
member of the Alphaherpesvirinae subfamily in the family
Herpesviridae [3]. GaHV-2 is the most oncogenic herpes-
virus known and represents the first of four neoplastic
diseases (including hepatocellular carcinoma: hepatitis B
virus; cervical carcinoma: human papilloma virus and
leukemia: feline leukemia virus) for which an effective
vaccine has been developed [4-6]. Many GaHV-2 vaccines
have been developed through extensive serial passage
(35-100 passages) of virulent field isolates in avian embryo
fibroblasts [7-10], but in vaccine trials all pale in com-
parison to the protection elicited by the avirulent strain
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CVI988 isolated from birds by Rispens et al. [11, 12]. To
determine the genetic changes responsible for attenuation
we have embarked on a study to identify the mutations that
accumulate during extensive serial passage of the very
virulent plus (vv+) strain of GaHV-2 known as 648A.
Previously, the pathogenesis of regular passage levels
(between 10 and 100) of this strain, propagated in avian
embryo fibroblasts, was characterized in 15 x 7 cross-bred
chickens [13]. These studies showed that the ability to
induce transient paralysis (TP) was dramatically reduced
between passages 30 and 40. However, persistent neuro-
logical disease (PND) was only reduced after an additional
ten passages (pS0) and disappeared between passages 80
and 90. The incidence of visceral tumors was also inves-
tigated and nearly 100 % of the chickens inoculated with
passages 10 through 50 of 648A developed tumors. This
frequency, however, dropped significantly between pas-
sages 50 and 60, and by passage 80 no tumors were
observed in inoculated chickens for the period of the trial
(12 weeks).

We have reported the genomic changes that occur
during low (pll) and high (p101) in vitro passages of
virulent plus strain 648A [14]. As a complementary study
the sequentially passaged virus preparations between pll
and pl01 were sequenced in a hope that a correlation
between phenotype (e.g., PND, tumor formation, etc.) and
genotype could be established. We have discovered that
varying populations of polymorphisms (point mutations,
deletions, and insertions) exist within the genomes at each
passage interval. In addition to describing the mutations
that occurs during serial-passage-induced attenuation of
“interval-isolates”, this paper describes the fluctuations in
the mutation frequencies for 14 single-nucleotide poly-
morphisms (SNPs) and details the nucleotide sequencing
evidence for intra-strain diversity within populations of
GaHV-2.

Methods
Virus and cells

Very virulent plus strain 648A of GaHV-2 isolated by Witter
[15] was used in these experiments. Serial passage of this
strain to generate virus stocks at passages 10, 20, 30, 40, 50,
60, 70, 80, 90, and 100 in line 0 chicken embryo fibroblast
(CEF) culture was described previously by Gimeno and
co-workers [13]. Secondary CEFs were used for a single
round of virus propagation prior to nucleocapsid DNA iso-
lation from passages 31, 41, 61, and 81 and were maintained
in Dulbecco’s modified essential medium (DMEM) sup-
plemented with 8 % fetal bovine serum as previously
described [14].

Isolation of DNA

Nucleocapsid DNA for each passage was isolated when the
cytopathic effect (CPE) reached >80 % with a protocol
originally described by Sinzger et al. [16] and modified by
Volkening and Spatz [17]. GaHV-2 infected cells were
trypsinized, centrifuged, and suspended in 320 mM
sucrose, 5 mM MgCl,, 10 mM TrisHCI (pH 7.5), and 1 %
Triton X-100. Nuclei were pelleted by centrifugation at
1,300xg and suspended in 10 mM Tris HCI (pH 7.5),
2mM MgCl,, and 10 % sucrose and mixed with an
equal volume of 2x nuclease buffer [40 mM PIPES
(pH 7.0), 7 % sucrose, 20 mM NaCl, 2 mM CaCl,, 10 mM
2-mercaptoethanol, and 200 uM PMSF]-containing 150 U
of micrococcal nuclease and 1.0 pl of RNase A (20 mg/ml).
Cellular and unpackaged viral nucleic acids were degraded
by incubation at 37 °C. After stopping the nuclease reaction
with EDTA, viral DNA was released from nucleocapsids by
incubation at 50 °C in a buffer-containing 100 mM NaCl,
10 mM TrisHCI (pH 8.0), 25 mM EDTA (pH 8.0), 0.5 %
SDS and 50 pg of proteinase K. The DNA was extracted
with phenol/chloroform and precipitated with 6.5 % (w/v)
PEG-8000 and 10 mM MgCl, at room temperature for
20 min. After centrifugation at 16,000x g for 40 min, the
pellets containing the high MW viral DNA were washed
with 500 ul 70 % ethanol and re-centrifuged at
16,000 g for an additional 20 min. High MW DNA pellets
were air-dried and dissolved in 1X TE buffer, pH 7.5.

DNA sequencing

Sequencing of 5.0 pg DNA from 648A passages 11, 31, 41,
61, 81, and 101 was carried out commercially on a Genome
Sequencer 20 (GS20) System (454 Life Science Corpora-
tion). DNA from each passage was contained within its
own section of the sequencing chip using an eight-lane
gasket. Genomic nucleotide consensus sequences were
assembled using the DS De Novo Assembler (454 Life
Sciences, Branford, CT) and the Sequencher program
(Gene Codes, Ann Arbor, MI). The average length of each
read was 179 nucleotides. The final sequences on average
represented a 47-fold coverage at each base pair. Prob-
lematic regions containing mononucleotide reiterations
were sequenced from PCR products generated in reactions
containing Platinum 7aq DNA polymerase (Invitrogen,
Carlsbad, CA) under standard PCR conditions. Sanger-
based DNA sequencing of these PCR products was per-
formed at the South Atlantic Area sequencing facility
(Athens, GA) using the BigDye terminator cycle
sequencing protocol and analyzed on a model ABI-3730
XL DNA Analyzer (Applied Biosystems, Foster City, CA).
DNA sequences were maintained and analyzed using
Lasergene (DNASTAR, Madison, WI), NCBI Entrez and
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other web-based tools. Origin of replication hairpins were
analyzed using the mfold WebServer at the Rensselaer
Polytechnic Institute, Troy, NY, USA [18]. Nucleotide
sequence data reported in this paper have been submitted to
GenBank and the accession numbers are as follows:
648Ap11-JQ806361; 648Ap31-JQ806362; 648Ap41-JQ80
9691; 648Ap61-JQ809692; 648Ap81-JQ820250, and 648
Ap101-JQ836662.

Polymerase chain reaction (PCR) conditions

Deletions in the GaHV-2 genomes first identified through
sequence analysis were verified using flanking oligonu-
cleotides and PCR. A 632 base pair deletion within the
ICP4 promoter (Md5 coordinates 151212-151845 and
166599-167232) was confirmed using 100 ng of nucleo-
capsid DNA from the six passages, one unit of Platinum
Taq polymerase (Invitrogen, Carlsbad, CA) and the primers
ir 94 (AACCGGATGGCGAACTTGC) and gap45-r
(GAAATCAGGCGGGTTGTC) at 400 nM. The reaction
contained 1x high fidelity buffer, 200 uM dNTP, 2 mM
MgSO,, and 5 % dimethylsufoxide. The cycling conditions
were as follows: templates were initially denatured at
94 °C for 2 min and then for 30 s at 94 °C at the beginning
of each cycle. Oligonucleotides were allowed to anneal for
30 s at 60 °C and nucleotides were incorporated at 68 °C
for 90 s. This cycle was repeated 34 additional times. PCR
products were resolved by electrophoresis in a 0.6 %
agarose gel with 1x TAE.

Results
DNA sequencing of attenuated passages
Since 454 pyrosequencing does not rely on cloned DNA,

microgram quantities of nucleocapsid DNA were needed.
To achieve this goal, between 8 and 16 flasks (75 sz) of

Table 1 454 Life sciences pyrosequencing results

chick embryo fibroblasts were infected at an m.o.i. of ~1.0
with individual passage level stocks. The hypotonic lysis
followed by micrococcal nuclease degradation provided a
clear improvement over classical hypotonic lysis followed
by sucrose gradient purification as reported previously
[19]. Depending on the passage level and the number of
cells infected, this protocol yielded 5-10 pg of DNA for
most passages. The quality of the DNA was assessed both
before and after PEG precipitation by separating restriction
endonuclease-digested aliquots (500 ng) on 0.6 % agarose
gels (data not shown).

Table 1 contains a summary of the pyrosequencing data
for the 648A passages. The average read length was 179
nucleotides with an average of 45,663 reads per GaHV-2
genome. The number of reads excludes those that were
avian specific (contaminating low MW host DNA). The
fold-coverage varied over a wide range from 25 to 75 fold
depending on the amount of contaminating avian DNA and
the number of successful reads. This latter parameter is
independent of the purity of the DNA and influenced by the
chemistries involved in pyrosequencing. For example, p11
contained only 2.32 % contaminating DNA but only pro-
duced 43,601 GaHV-2-specific reads for a 44-fold cover-
age while pl101-contained 20 % contaminating avian DNA
but generated 84,144 GaHV-2-specific reads for a 73-fold
coverage. Likewise p31 contained a lower percentage of
contaminating DNA than p61 but sequenced poorly with
only a 32.8 fold coverage relative to the 39.2 fold coverage
obtained with p61. In general, however, DNA preparations
with lower amounts of host DNA contamination yielded
higher fold coverage thus making contig assembly easier.

Accumulation of mutations during serial passage
Deletions

Mutations were identified in each passage by comparison
of DNA sequences to each other and the reference strain

Sample pll p31 p4l p61 p81 pl01
GaHV-2 reads # 43,601 55,550 75,127 67,898 78,813 84,144
Avian reads # 1,012 21,633 46,733 27,945 16,994 16,837

% GaHV-2 DNA 97.68 % 61.07 % 37.79 % 58.84 % 78.44 % 79.99 %
% Avian DNA 232 % 38.94 % 62.21 % 41.16 % 21.56 % 20.01 %
Number of nucleotides 7,793,787 5,816,766 4,514,646 6,951,822 11,961,977 13,057,558
Average read length 183 171.5 159 174 193.5 194

Fold coverage 43.9 32.8 254 39.2 67.4 73.6

Host cellular DNA contamination was present in the six samples (p11, p31, p41, p61, p81, and pl101) due to incomplete removal of the low
molecular weight DNA during 6.5 % PEG precipitation. All reads were mapped against Gallus gallus genome sequences with BLAST software
and contaminating sequences (non-GaHV-2 sequences) were removed prior to contig assembly. Fold coverage was calculated as the number of
GaHV-2 reads multiplied by the average read length and divided by the average length (177,500 bp) of the GaHV-2 genome
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Md5 [20]. These mutations were catalogued as deletions,
insertions, and single-nucleotide substitutions. Deletions
were identified in the unique long, repeat long regions and
the repeat short/unique short junctions (Fig. 1). As expec-
ted, deletions that occurred in genomes of early passages
were fairly well maintained in later passages (Fig. 2). A
632 base pair deletion at the repeat short/unique short
junction (MdS5 coordinates 151,212-151,845 and
166,599-167,232) was identified in the genomes of pas-
sages 41 through 101. This deletion mapped 444 bp
upstream of the ICP4 start codon within the 3’ terminus of
the overlapping 10 Kb LAT [21, 22]. Five short-novel open
reading frames (MDV084.5, 085, 085.3, 085.6 and 085.9)
also mapped within the deleted region [23]. As shown in
Fig. la, this deletion encompasses the Meq oncoprotein
binding site [24] and MDVO085.3 and alters the reading

frames of the novel short ORFs MDVO084.5, 085, 085.6,
and 085.9.

To investigate the proportion of genomes containing this
deletion within each individual passage, flanking oligonu-
cleotides were synthesized and used in Tagq polymerase
amplification reactions with DNA isolated from each
interval-isolate. As shown in Fig. 3, a 1.1 Kb PCR product
was generated in reactions containing DNA from early
passages. As the passage number increased beyond 41, two
PCR products (1.1 and 0.5 Kb) were generated. At passage
61, the predominating PCR product was the smaller 0.5 Kb
product and by passage 101 only trace amounts of the larger
1.1 Kb (non-deleted) product were detected. The intensity
of the PCR bands correlated well with the frequency of
individual sequences calculated from aligned reads. Based
on analysis of the sequencing data, the full-length

(a)
10 Kb LAT
I 1\ —
MDV083 MDV085.3 MDV086 MDvos7 MDV088 (US1)
[ > [
Internal Repeat Short Unique Short
! | | !
1Kb 2Kb 3Kb 4Kb
MDV084 (ICP4) MDV085 MDV085.6
< ) ] < ] <:|
MDV084.5 MDV085.9
Meg Binding
]
(b) Hypothetical protein (MDV008.8)
LORF2 (MDV008.4) Hypothetical protein (MDV011) Hypothetical protein (MDV012.8)
\ ——— — —
V-lipase (MDV010) LORF3 (MDV012)
= —— _
Unique Long Region
I | I I I
1Kb 2Kb 3Kb 4Kb 5Kb
Hypothetical protein (MDV012.4)
Hypothetical protein (MDV011.5)
(c)
RLORF3 (MDV003.2) RLORF5 (MDV003.6)
Terminal Repeat Long
I I I I I I I I I I
200bp 400bp 600bp 800bp 1Kb 1.2Kb 1.4Kb 1.6Kb 1.8Kb 2.0Kb

vIL8 RLORF2 (MDV003)

RLORF4 (MDV003.4)

RLORF5a (MDV003.8)

Fig. 1 Diagram of the locations of large deletions (>500 bp) in the
repeat short, unique long, and repeat long regions of the 648A
genome. Open reading frames are indicated by white arrowheads. The
black boxes denoted the position of the deletions. (a) The 3’ terminus
of the internal repeat short region showing the overlapping ICP4 and
10 Kb LAT genes and novel genes within the promoter of ICP4. The

632 bp deletion encompassing the Meq binding site (open box). b The
948 bp deletion at the 3’ termini of the overlapping LORF2 and
V-lipase genes within the unique long region. ¢ The 820 bp deletion
within the terminal repeat long region encompassing vIL8, RLORF4,
and RLORF5
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Fig. 2 Histograms showing the percentage of the 648A passages-
containing deletions. a ICP4 promoters. b Lipase (MDV010). ¢ vILS,
RLORF4, and overlapping RLORF5 genes. d diploid genes
MDV05.5/075.91. e Origin of lytic replication and f A-like sequence

sequences versus deleted sequences were present in the
following proportions: p11-100/0 %: p31-100/0 %: p41-
75125 %: p61-6.7/93.3 %: p81-5.3/94.7 %: and p101-2.2/
97.8 %.

Another large deletion (948 bp: MdS coordinates
16,401-17,348) was identified within the Uy region, at the
MDVO010 locus encoding the spliced virulence factor vLi-
pase [25]. Based on analysis of the sequencing data, this
deletion was found in 54 % of the pl01 genomes. The
deletion (Fig. 1b) removed 475 bp at the 3’ terminus of
MDVO010 and the resulting open reading frames codes for a
fusion polypeptide of 609 aa. Two vLipase proteins (a full-
length 756 aa protein and the COOH fusion form) are
therefore predicted for the p101 genomic populations.

A less predominant 820 bp deletion mapping to the Ry,
regions (MDS5 coordinates 3,455-4,274 and 137,346—
138,165) was identified in 3 % of the p81 sequences and
34 % of the pl01 sequences. As shown in Fig. lc this
deletion affects the genes MDV003/MDV078 and
MDV003.4/078.3 encoding the virulence factors vIL8
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involved in packaging. A 34 bp deletion was identified in all of the
648Ap101 populations. Black denotes the percentage of the popula-
tion containing the full-length sequence and gray denotes the
percentage of the population containing the deletion

(RLORF2) [26-28] and RLORF4 [29] as well as the 5
terminus of MDV003.6/078.2 encoding RLORFS.

A small deletion was identified in the novel gene
MDV05.5/075.91 within the Ry region of the pl01 gen-
ome. A missing thymidine residue (after nucleotide 8,062
in the Md5 genome) is predicted to generate an 81 aa
protein. A 99 aa protein is predicted from this gene within
the genomes of earlier passages. The role of the gene in
virulence is unknown.

In addition to deletions in protein coding regions, two
cis-acting sites (the origin of replication and the a-like
sequence) also contained deletions within the genomes of
later serial passages. A TTA deletion in the origin of rep-
lication’s hairpin structure was identified within the gen-
omes of passages 41 through 101. At passage 41, 9.5 %
percent of the sequences contained the deletion. By pas-
sages 61 and 81, 73.9 and 77.3 %, respectively, contained
the deletion. However, this deletion was not strictly main-
tained and by passage 101 only 64.2 % of the aligned reads
contained the deletion, suggesting that genomes containing
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deleted in the genomes of passage 61 though 101. The
genome of passage 101 also contained a 34 bp deletion
downstream from the 3’ DR1 sequence and a 22 bp
sequence (GTCATGTAGAGGGTCATGCGCG) repeated
14 times upstream of the 60 bp repeats. Deletions in this
region downstream from pac-2 have been reported in some
attenuated GaHV-2 strains [30].

Insertions

Insertions accumulated less frequently than deletions in the
serially passaged preparations. An insertion resulting in a
reading frame shift was identified in the U} gene encoding
the U3 nuclear phosphoprotein (MDV015:Md5 coordi-
nates 20,607-21,293). The mutation in this gene involved
an additional adenosine residue in a stretch of mononu-
cleotide reiterations (Md5 coordinates 21,039-21,046) that
in most GaHV-2 genomes sequenced to date contain eight
adenosine residues resulting in a 228 aa protein. Sixty-eight

Fig. 4 Computer generated representations and AG values of folded
hairpin structures at the origin of lytic replication within the genomes
of 648Apll, 648Apl101, IM/102W, and RM-1. The latter three
exhibit attenuated phenotypes. A three nucleotide deletion (arrow) is
present in the 648A genomes from passages 81 and 101. The shaded
boxes indicate the Uy 9 binding sites. A ten nucleotide deletion in the
origin of lytic replication in the genomes of JM102/W (atatattata) and
RM-1(tatattatat) maps to positions 30—-40 on the 648Apl1 structure.
The sequence of the origin of lytic replication of Md5 is the same as
648Apl1

percent of the genomes in passage 81 contained an extra
adenosine residue resulting in a frameshift that is predicted
to generate a 149 aa protein. This mutation was selected
against during additional passages and by pl01 all of the
reads contained the eight adenosine residues within this
region of the Up3 gene. Interestingly, this gene was also
mutated in the serially passaged virus 584Ap80 [9].
Variable thymidine reiterations of either seven (most
common) or six residues were identified in Up5 gene
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encoding the DNA helicase—primase-associated protein).
(MDVO017:MdS coordinates 22,669-25,245) of passages
11-101. The U5 gene within the genomes of passages
11-81-contained seven thymidine residues (Md5 coordi-
nates 24,772-24,779), and was predicted to generate a 858
aa protein. At passage 101 43 % of the U 5 genes con-
tained seven thymidine residues while the majority con-
tained a six thymidine stretch. It is predicted that genes
with only six thymidines would generate a 29 aa peptide,
but if a downstream start codon were used a 718 aa protein
with a proper COOH terminus would be generated.

Insertions were also identified within the MDV002.6/
078.5 diploid gene flanking the sequence CCCCCTTTTG
CACGAAGAGT (Md5 coordinates 2,543-2,562 and
139,058-139,077). An additional cytosine residue at the 5
end of the above sequence was present in the passage 81
genomes. This insertion would result is the production of a
51 aa protein, identical to the MDV002.6/078.5 protein of
another attenuated strain (584Ap80) [9]. Two additional
residues (cytosine and thymidine) at the 3’ end of the above
sequence were identified within the genomes of passage
101. This would generate a 60 aa protein, in contrast to the
99 aa protein predicted from the translation of this gene
within the genomes of the earlier passages as well as those
of other sequenced GaHV-2 genomes annotated in
GenBank.

Sequence variability was also identified in the
MDV03.6/078.2 gene encoding RLORFS5 (MdS5 coordi-
nates 4,154-4,327 and 13,7293-13,7466. Within the p101
genome, this gene contained extra guanosine and thymi-
dine residues after nucleotide 4,301 (Md5 coordinates).
This is predicted to generate a slightly larger protein (60
aa) than the RLORF5 homologues found within the gen-
omes of earlier passages (57 aa). This ORF is not believed
to be important in virulence since the region can be deleted
without loss of virulence [29] and RLORFS5 homologues in
other sequenced genomes are predicted to encode proteins
of varying lengths (57, 58, 59, 62, and 115 aa).

Single-nucleotide polymorphisms

With average fold coverage of 47, it was possible to
identify a collection of SNPs that exist in differing pro-
portions within a single-DNA preparation (Table 2).
Fourteen SNPs were identified in the genomes of passages
11 through 101. The proportion of each SNPs within the
genomes of each passage varied greatly. Only one G — A
transition, within the promoter region of MDV006.1/075.1
encoding the hypothetical protein B68 [31, 32] transitioned
completely by passage 101. The majority of the SNPs
fluctuated to varying degrees but the proportion of the
SNPs that predominated in the pl1 genomes were largely
inverted by passage 101. The changes were greatest for the
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SNPs found in MDV059 (Up 46 encoding the tegument
protein VP11/12), the untranslated 3’ end of MDV082/102,
the Val'*”' to Ala'"®"' polymorphism of MDV84/100
encoding the immediate early protein ICP4, and the thy-
midine to cytosine switch in the promoter of MDV086.1/
097.9. One polymorphism affecting three overlapping
genes (MDV008/073, 009, and 009.5/073.4) within the
repeat long region was present in roughly half the genomes
within each passage.

Discussion

Serial passage of virulent field isolates of GaHV-2 in cell
culture from various avian and non-avian species for the
purpose of attenuation has been reported over the last
40 years [35-40]. However, defining the mutations
involved in attenuation has only recently been attempted
through the generation of knockout mutants, primarily in
unique Mardivirus genes, and through whole genome
sequencing of virulent and attenuated strains [41-43]. This
study addresses the accumulation of attenuating mutations
by determining the nucleotide sequences at defined inter-
vals of the serially passaged very virulent plus virus 648A.
This collection was extensively characterized in MD sus-
ceptible chickens in an earlier report [13] and it is reported
that acute TP was lost after passage 30, classical TP was
lost after passage 40, and the ability to form tumors was
lost after passage 70. It was the hope of this study to also
match genetic mutations occurring at a specific passage
level with the loss of a virulent phenotype. The most
obvious and perhaps the easiest phenotype to correlate with
a genotype was the loss of tumor formation which occurred
after passage 70. Of the 140 genes encoded by GaHV-2, at
least three genes encoding the oncoprotein Meq, the viral
encoded RNA component of telomerase (vVTR), and the
large tegument protein Up36 have been identified as
playing a role in tumor formation in chickens infected with
GaHV-2 [44-46].

Analysis of the sequencing data for the Meq gene
(MDVO005/076) from each passage failed to identify a
single mutation that differed among the passages. No
mutations were identified in the ubiquitin-specific protease
(USP) domain of Uy 36. Differences were noted in the 3’
hypervariable domain of Uy 36 [30], but nevertheless the
genomes of each passage encoded a 3,327 aa U 36 protein.
Mutations were, however, identified in the diploid gene
encoding the viral encoded telomerase RNA subunit. Three
mutations within the pseudoknot, CR4 and CR7 domains
were identified within passages 81 and 101 genomes,
although at low frequencies. Two of these mutations within
the CR4 and CR7 domains are likely to affect stem struc-
tures based on the vTR model [33, 47] Kaufer et al. [48]
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Table 2 The identification of 14 SNPs and their proportions within each serial passage of 648A

Locati SNP 648 passage number C N
ocation m 31 a1 p7) a1 To1 ommon Name
MDV002/079 Arg'®0 100, RLORF!1 Arg-rich protein
0-
vTelomerase RNA G 50 L .—\ .—‘ -—\ | I .—\ RNA subunit of telomerase
100-
MDV003/078 Leu' 50 . . L L Spliced gene encoding VILS
: -
100-
MDV003/078 GIn% 504 . . L L Spliced gene encoding vILS
2 | i
5’MDV006.6/075.1 G 100+ B68, 14 KDA protein
3’ MDV007/074 i . . | ﬂ ﬂ ﬂ RLORF12
MDV008/073 Gly® 100+ RLORF14
MDV009 Prolt! 50, LORFI1
MDV009.5/073.4 | Arg Al EmB Bl =l el SN = RLORFI3
100-
MDV054 Val3¥ 50| . U, 41, virion host shutoff (VHS)
i il i o ml Sl -
MDV059 Glu% 50 . . . L r U, 46, VP11/12
0 -
100-
3’ MDV082/102 A 50- . . L L RSORF1
0 -
100-
MDVOS4/100  [Val's” 50] . . ﬂ r Immediate Early ICP4
0 IIII*AAAT llllﬁg;gw
100-
MDV084/100 Ser!641 50- . L Immediate Early ICP4
= TN N
MDV084/100 G'® 504 . Immediate Early ICP4
0 L | . ﬂ Il i—‘
5> MDV086.1/097.9 T 100
50-
3 MDV086.4/97.3 2 . . | S
100-
MDV088 Asp!® 50 . . . L t Immediate Early ICP22
0 | I
100-
MDV096 Ser20 504 l . .—‘ USS8, Glycoprotein E
2 |

The vertical bars represent the relative percentage of SNP or corresponding amino acids at each interval. The G'* — A'® transition in

MDVO084/100 is a silent mutation

have demonstrated that mutations of the template sequence
of MDV-encoded vTR completely abrogated virus-induced
tumor formation so it possible that the mutations we have
identified may contribute to the lack of tumor formation as
noted in the Gimeno study [13] after passage 70.

Based on the appearance of SNPs within the genomes of
passages that failed to generate tumors and their general-
ized shift to nearly 100 % by passage 101 (Table 2), two
candidates (Up46 and a non-coding sequence 3’ of
RSORF1) may be important in tumor formation. Uj46
encodes a tegument protein VP11/12 and it is highly
unlikely that this well-conserved herpesviral protein plays
a role in tumor formation. The point mutation downstream
of RSORF1 is more attractive since it occurs in a region
containing numerous microRNAs [49, 50]. However, it is
far more likely that the 632 bp deletion identified within
the promoter of ICP4 [51] plays a role in the lack of tumor
formation by retarding the in vivo replication of the viral
genome in passages p81 through p101 [52, 53]. A strong

correlation between the ability of the virus to replicate and
pathogenicity has been reported [54, 55] and the appear-
ance of the deletion correlates well with the disappearance
of tumor formation. However, since the deletion occurs in
the region that Meq binds [24] and binding to the ICP4
promoter is thought to repress expression and maintain
latency, it is counterintuitive to think that removal of a
repressor-binding site would further suppress expression.
This observation raises the possibility that the major role of
Meq in GaHV-2 replication involves binding at the origin
of replication [24].

Interestingly, mutations within the origin of replication
were identified in the genomes of passages (p81 and p101)
that reportedly were unable to generate tumors. These
mutations may play a significant role in curtailing efficient
replication by changing its tertiary structure to generate a
bulky loop consisting of 8 mismatched adenosine and
thymdine residues (Fig. 4) [56-59]. Similar positional
mutations (Fig. 4 positions 30—40) were identified within
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the origins of the attenuated GaHV-2 strains RM-1 and JM/
102W [34]. Studies to measure the replicative ability of
passages 81 and 101 in chickens are needed since the
preceding clinical study characterizing these interval pas-
sages only measured the in vivo replicative ability of 648A
in passages 10-50 [13].

Other virulent phenotypes that disappeared after passage
50 include acute transient and classical TP. Acute TP, the
hallmark of vv+ strains, was lost after passage 30, and
classical TP was lost after passage 40. Only one mutation
within the promoter of the diploid gene MDV006.6/075.1
and the 3’ untranslated region of hypothetical protein
MDVO007/074 appeared exclusively after passage 31
(Table 2). This guanosine to adenosine switch was present
in roughly 50 % of the genomes in passage 41, completely
transitioned to adenosine by passage 61 and was main-
tained through passage 101. It is therefore possible that this
mutation was responsible for the lack of acute TP in
chickens receiving passage 40 and later. Mutations in three
other proteins (VHS, RLORF1, and ICP4) appeared in the
p31 genomes and persisted through p101. The Ala**® Val
mutation in the virus host shutoff ORF (U 41) appeared to
fluctuate throughout later passages and it is unlikely to
affect the tertiary structure of the VHS protein. However,
the Arg'®® Pro mutation which occurred at p31 in the Arg-
rich protein (RLORF1) is more likely to affect its tertiary
structure. Likewise, the Ser'®*! Pro mutation in ICP4 which
appeared at passage 31 and predominated throughout
additional passages is also likely to affects its tertiary
structure. It is therefore hypothesized that the loss of
classical paralysis involved mutations in the Arg-rich
protein RLORF1 and immediate early protein ICP4 which
is essential for efficient replication.

One of the most interesting aspects of this study was the
discovery that mutations (deletions, insertions, and SNPs)
were present in differing proportions within individual
passages. Polymorphisms within genes, whether synony-
mous or non-synonymous, tended to fluctuate throughout
the passages (Table 2). Only one polymorphism (G — A)
within the intergenic region between MDV006.6/075.1 and
MDVO007/074 transitioned completely during the course of
serial passage. All others were in a state of dynamic
equilibrium during passage.

The discovery that GaHV-2 exists as a collection of
genomes with limited sequence heterogeneity has changed
our views on the stability of the DNA genomes of herpe-
sviruses. Recently it has been reported that other herpe-
sviruses exist as a complex mixture of genome types
[60, 61]. Mixed population of genome types or quasispe-
cies has been described for RNA viruses since 1978 (RNA
bacteriophage QB), [62] and later for most RNA viruses
(e.g., HCV, HIV HBV, and influenza), but only within the
last decade have viruses with small circular DNA genomes
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been reported to exist as quasispecies. Although most
reports have involved geminiviruses and mosaic viruses
that infect plants, some animal viruses within the family
Circoviridae have also been reported to exist as a collec-
tion of genomes with great sequence heterogeneity
[63, 64]. Our sequencing proof that an animal herpesvirus
exhibits sequence heterogeneity within a single population
has long been suspected by researchers in the field.
Research by Witter [65] has demonstrated that upon back
passage in vivo serially passaged attenuated viruses can
regenerate virus “revertants” with virulent phenotype.
Darwinian selection of minor virulent subpopulations was
hypothesized to be the likely mechanism for the gain in
virulence function. Silva et al. [66, 67] have shown that
upon serial passage a region in the repeat long, known as
the 132 bp repeat, is duplicated numerous times. When
these viruses are back passaged in bird, this region reverts
back to its low copy number. Preferential replication of
subpopulations with high copy numbers of the 132 bp
repeats also hinted at the existence of mixed genome
populations [68].

The nucleotide sequencing of GaHV-2 genomes as
bacterial artificial chromosomes (BACs) has also suggested
the mixed nature of Marek’s disease virus genomes. Pe-
therbridge et al. [69] have reported that recombinant BACs
generated from the virulent RB-1B strain exhibit distinctly
differing phenotypes in vitro and in vivo. These differences
were shown not to be due to cloning artefacts but rather due
to random cloning of genomes from a single-parental virus
stock [70]. One MDV-1 BAC (designated RB-1B-5) with
frameshift mutations in RLORF1, U 13, U; 44 (gC), and
Us6 (gD) when reconstituted, was unable to infect hori-
zontally. Interestingly the parental stock, which was hori-
zontal transmission competent, contained a mixed
population of genomes with wild type and mutant
RLORFI1, U 13, U 44 (gC), and Ugb (gD), genes [70, 71].
Barrow and Venugopal [72] have also noted that two BAC
clones of the virulent European strain C12/130, when
reconstituted, exhibit distinctly different phenotypes in
birds. Nucleotide sequencing of these BACs have identified
minor differences, [73] further supporting the hypothesis
that GaHV-2 exists as a collection of mixed genome
populations.

Because of the nature of the 454 pyrosequencing tech-
nology, linking mutations on the same genome molecule is
not easily accomplished. Since it is widely believed that
attenuation is multigenic, genetic linkage is very important.
To accomplish this, future comparative genomic studies are
needed that analyze viruses that are reconstituted from
bacterial artificial chromosomes with minimal in vitro
propagation. After serial passage of these reconstituted
viruses in cell culture it should be possible to recapture the
recombinant BACs from Hirt’s extracts and stably
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propagate them in E. coli. Determination of the nucleotide
sequences of theses GaHV-2 BACs prior to assessment of
their level of virulence upon transfection of isolated
chicken macrophages and injection back into the chicken
should allow for the identification of mutations, linked on
the same genome—that are involved in attenuation.
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