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ABSTRACT

Marek’s disease (MD) is a lymphoproliferative disease of chickens caused by the oncogenic Gallid herpesvirus 2, commonly
known as Marek’s disease virus (MDV). MD vaccines, the primary control method, are often generated by repeated in vitro serial
passage of this highly cell-associated virus to attenuate virulent MDV strains. To understand the genetic basis of attenuation, we
used experimental evolution by serially passing three virulent MDV replicates generated from an infectious bacterial artificial
chromosome (BAC) clone. All replicates became completely or highly attenuated, indicating that de novo mutation, and not se-
lection among quasispecies existing in a strain, is the primary driving force for the reduction in virulence. Sequence analysis of
the attenuated replicates revealed 41 to 95 single-nucleotide variants (SNVs) at 2% or higher frequency in each population and
several candidate genes containing high-frequency, nonsynonymous mutations. Five candidate mutations were incorporated
into recombinant viruses to determine their in vivo effect. SNVs within UL42 (DNA polymerase auxiliary subunit) and UL46
(tegument) had no measurable influence, while two independent mutations in LORF2 (a gene of unknown function) improved
survival time of birds but did not alter disease incidence. A fifth SNV located within UL5 (helicase-primase subunit) greatly re-
duced in vivo viral replication, increased survival time of birds, and resulted in only 0 to 11% disease incidence. This study
shows that multiple genes, often within pathways involving DNA replication and transcriptional regulation, are involved in de
novo attenuation of MDV and provides targets for the rational design of future MD vaccines.

IMPORTANCE

Marek’s disease virus (MDV) is a very important pathogen in chickens that costs the worldwide poultry industry $1 billion to $2
billion annually. Marek’s disease (MD) vaccines, the primary control method, are often produced by passing virulent strains in
cell culture until attenuated. To understand this process, we identified all the changes in the viral genome that occurred during
repeated cell passage. We find that a single mutation in the UL5 gene, which encodes a viral protein necessary for DNA replica-
tion, reduces disease incidence by 90% or more. In addition, other candidate genes were identified. This information should lead
to the development of more effective and rationally designed MD vaccines leading to improved animal health and welfare and
lower costs to consumers.

Marek’s disease virus (MDV; also called Gallid herpesvirus 2)
is an oncogenic alphaherpesvirus that causes Marek’s dis-

ease (MD) in chickens, which is characterized by T-cell lympho-
mas, nerve lesions, and death in affected birds. MD costs the
worldwide commercial poultry industry $1 billion to $2 billion in
losses annually (1); therefore, control of MD is vital for economic
viability. Vaccines have been successfully used to control MD
since 1970 with the introduction of HVT, a related turkey herpes-
virus (2). Since then, additional vaccines with better efficacy have
been introduced to combat field strains that evolved to overcome
existing vaccinal protection (3). This continuous need to improve
MD vaccines is likely driven by the fact that MD vaccines are
nonsterilizing and, thus, do not prevent vaccinated birds from
becoming infected with virulent field strains that collectively rep-
licate and evolve within the same bird (4). Therefore, new vaccines
must be periodically developed and introduced to combat the
evolution of more-virulent strains of MDV. Currently, the most
protective vaccine, known as Rispens or CVI988, is an attenuated
MDV strain developed from in vitro serial passage of a virulent
virus until the resulting isolate became avirulent (5).

The process of attenuation via in vitro serial passage has been
used to successfully generate candidate vaccines against MD since
1969 (6). Despite this widespread and well-established history of
use, the underlying mechanism(s) behind attenuation remains
poorly understood. Expansion of 132-bp repeats within the in-
verted repeat regions flanking the unique long region of the MDV
genome has been consistently observed during serial passage of
MDV strains and, therefore, was once postulated to be a driving
cause for attenuation. Despite the ubiquitous nature of this
132-bp repeat region expansion, this phenomenon is correlated
with, but not causal for, attenuation because recombinant viruses
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completely lacking the 132-bp repeat region are still virulent and
able to become attenuated via serial passage in vitro (7). Recently,
next-generation sequencing (NGS) has led to a massive expansion
in sequencing power, allowing characterization at the molecular
genetic level of the complete genomes for many viruses and
strains, including serially passed MDV strains such as 648A (8)
and several classical MD vaccines, including Rispens and SB-1 (9,
10). This increase in sequencing power allows comparisons for
identification of a range of polymorphisms among strains that
might account for differences in virulence, and yet connecting
genetic variation with phenotypic differences still remains an ad-
ditional and necessary step to understand attenuation at the ge-
netic level.

To determine the genetic basis of attenuation, viral popula-
tions generated from the same infectious Md5 bacterial artificial
chromosome (BAC) clone of MDV were serially passed in vitro to
generate three attenuated replicates. For each replicate, the lowest
attenuated passage was sequenced to �250 to 1,000� depth of
coverage via NGS. The resulting sequence information allowed us
to accurately identify even low-frequency mutations and track
their occurrence within the viral populations as they evolved from
the virulent parental virus and increased in frequency throughout
the population. Furthermore, an additional benefit of using a
BAC-derived MDV, besides ensuring initially uniform replicates
before passage, is that candidate mutations identified in the seri-
ally passed attenuated replicates could be incorporated via Red-
mediated recombination into the cloned viral genome, allowing
us to generate near-isogenic viruses. These recombinant viruses
were then tested in bird trials in order to measure the phenotypic
effects of candidate mutations. This approach led to the identifi-
cation of several mutations that increased survival time of infected
birds and, most notably, a mutation within UL5, the helicase-
primase subunit, which reduced MDV replication levels in vivo
and lessened virulence, resulting in a reduction in disease inci-
dence by over 90%.

MATERIALS AND METHODS
Tissue culture. Chicken embryo fibroblasts (CEFs) and duck embryo
fibroblasts (DEFs) were used to culture viruses. Cultures were maintained
in a 1:1 mixture of Leibovitz’s L-15 and McCoy’s 5A (LM) medium sup-
plemented with fetal bovine serum (FBS), 200 U/ml penicillin, 20 �g/ml
streptomycin, and 2 �g/ml amphotericin B in a 37°C, 5% CO2 incubator.
Cells were plated with 4% FBS LM medium and maintained in 1% FBS
LM medium. For storage as viral stocks, infected cells were suspended in
freezing medium composed of 10% dimethyl sulfoxide (DMSO), 45%
FBS, and 45% LM medium and kept in liquid nitrogen.

Viruses. A virulent Md5 BAC-derived virus stock was generated by
transfecting Md5B40BAC, an infectious pBeloBAC11 clone that contains
the complete MDV Md5 genome (11), into CEFs. Md5B40BAC-derived
virus clone 1 (Md5B40BAC-c1) at passage 4 (p4) was used as the parental
virus to infect three separate CEF plates with 200 PFU of virus. These three
replicates were designated Rep 1 p5, Rep 2 p5, and Rep 3 p5. The original,
uncloned Md5 strain p11 was also used to infect an additional plate of
CEFs with 200 PFU of the virus and passed as a positive control. Plates
containing a confluent monolayer of CEFs in 4% LM medium were in-
fected with the appropriate viral stock, and after 24 h, the medium was
changed and cells were maintained in 1% medium. When cytopathic ef-
fects developed on the entire monolayer, the viruses were passed by
trypsinizing the monolayer and collecting infected cells in 1% LM me-
dium before coculturing infected cells with fresh CEFs. Ten percent of the
total cells harvested were transferred to a new plate containing a confluent
monolayer of CEFs in 4% LM medium to complete one passage. This

process was conducted repeatedly on the three Md5B40BAC-c1 replicates
and the Md5 strain for 100 passages. At every 10 passages (i.e., p15, p25,
p35, etc., for BAC-derived replicates and p21, p31, p41, etc., for the Md5
strain), viral stocks were saved for in vivo bird trials to determine virulence
levels and identify the earliest passage at which attenuation occurred in
each replicate.

In vivo virulence trials. In order to determine virulence, viral stocks
were used to challenge ADOL 15I5 � 71 maternal-antibody-negative
chicks. A minimum of 17 day-old chicks were challenged intra-abdomi-
nally with 500 PFU of the designated virus and housed for 8 weeks in
Horsfall-Bauer (HB) units. Moribund birds, or those that survived up to 8
weeks postchallenge, were terminated and examined via necropsy for
signs of MD, including tumors and nerve enlargement. All experiments
were approved by the USDA Avian Disease and Oncology Laboratory
(ADOL) Animal Care and Use Committee (ACUC). The ACUC guide-
lines established and approved by the ADOL ACUC (April 2005) and the
Guide for the Care and Use of Laboratory Animals published by the Insti-
tute for Laboratory Animal Research (2011) were followed throughout
the experiments.

Virulence trials of mixed virulent and avirulent MDV. Viral mix-
tures containing various known quantities of virulent Md5B40BAC-c1 p5
and avirulent �MeqBAC, a recombinant virus lacking both copies of the
Meq (R-LORF7) oncogene (12), were used to infect birds. Mixtures con-
taining 5, 10, 25, or 50 PFU of the virulent Md5B40BAC-c1 p5 were mixed
with �MeqBAC to yield a total of 500 PFU of virus to challenge each bird.
An additional series of birds were infected with the same quantity of
Md5B40BAC-c1 p5 as before (5, 10, 25, and 50 PFU) but without the
addition of �MeqBAC. Birds were challenged and disease incidence was
measured as described previously.

Sequencing of viral stocks. To identify changes in both the genome
and gene expression of the attenuated replicates relative to the virulent
progenitor virus, DNA and RNA of the lowest attenuated passage for each
replicate, as well as the Md5 strain p11 and Md5B40BAC-c1 p5 parental
viruses, were sequenced using the Illumina GAIIx platform (San Diego,
CA). DNA from heavily infected plates was extracted and enriched for
viral DNA using a micrococcal nuclease protocol (13), while RNA was
extracted using the Stratagene Absolutely RNA kit (Agilent Technologies,
Santa Clara, CA). Library preparation and sequencing were conducted by
the Michigan State University Research Technology and Support Facility
(www.rtsf.msu.edu).

Identification of mutations. After processing, filtering, and trimming
of reads based on quality scores, Illumina reads were mapped to the se-
quenced Md5B40BAC reference genome (HQ149526.1) using BWA (14).
Single-nucleotide variants (SNVs) present in attenuated replicates were
called using VarScan (15) with a P value of �0.005. SNVs were identified
from RNA sequence data according to the same procedure described
above, with analysis for differential expression utilizing BWA for map-
ping, followed by processing with Cufflinks (16).

Tracking SNV kinetics. Primers were designed to amplify eight re-
gions of the MDV genome containing 16 candidate SNVs identified via
sequencing present at �20% in the attenuated replicates (Table 1). Tem-
plate DNA was obtained from viral stocks of the serially passed replicates
saved every 10 passages (from p15 to final attenuated passage of p65, p75,
or p85 depending on the replicate). SNV-containing regions were ampli-
fied using Phusion High-Fidelity DNA polymerase (New England Bio-
Labs, Ipswich, MA), and the resulting amplicons were barcoded and
pooled for Illumina GAIIx sequencing. Sequenced reads were processed as
previously described to determine SNV frequency at each passage level in
the replicates.

Pathway analysis of mutated genes. The Database for Annotation,
Visualization and Integrated Discovery (DAVID) (17, 18) was used to
identify gene pathways that were enriched for mutations in the attenuated
viruses. A list of genes that contained mutations at 20% or greater fre-
quency in any of the four serially passed replicates (Rep 1 to Rep 3 and
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Md5 strain) was submitted to DAVID for analysis using the default pa-
rameters.

Generation of defined recombinant viruses. Single point mutations
in UL42, UL46, and UL5 and two different mutations within LORF2 (also
called MDV012) were incorporated individually into the parental BAC
using two-step Red-mediated recombineering (19). Phusion High-Fidel-
ity DNA polymerase (New England BioLabs) and primer sets (Table 2)
were used to mutate Md5B40BAC, yielding five independent recombi-
nants: Mut UL42-D207G, Mut UL46-Q117R, and Mut UL5-I682R and
two involving LORF2, referred to as LORF2-Promoter and LORF2-In-
tron. Mutations in the BAC were verified in the bacterial stocks via Sanger

sequencing before transfecting purified BAC DNA into DEFs using the
calcium phosphate method (20) to create viral stocks, which were again
sequenced to confirm the desired mutation.

In vivo characterization of mutant viruses. Day-old, 15I5 � 71 ma-
ternal-antibody-negative chicks were infected with 500 PFU of the recom-
binant MDV. Eighteen infected chicks were housed in one HB isolator to
measure MD incidence, while an additional 21 infected chicks were
housed separately in another HB isolator with six uninfected contact
chicks to test for horizontal transmission of recombinant viruses between
birds. Additionally, one HB isolator containing uninfected negative-con-
trol birds and another containing positive controls challenged with 500

TABLE 1 Genomic regions and PCR primers used for targeted resequencing of SNVs

Genomic region Primer name Primer sequence Genome region amplified
SNV nucleotide position: amino
acid changea

Block C C-f CAACTTCGCGGGTATGAATC LORF2 (MDV012) 17359: promoter
C-r ACGCTCCCTAGATCGACTCC 17521: synonymous

17545: intronic

Block D D-f ACGGCCATTTTTAGTTCGTG UL5 (MDV017) 23201: I682R
D-r TGCGAAATTAGAAGCCAAC

Block Pre-E Pre-E-f CCGTATGACAGCGAACAAAG UL41 (MDV054) 98690: R17stop
Pre-E-r CATCTGGCTAAGCTATGTGCAA

Block E E-f CATTAAACAAACAACAATTGAGC UL42 (MDV055) and UL43 (MDV056) 100014: D207G
E-r GCCAAGATGTGAACAACGATT 101786: A375T

Block F F-f AGAGAAACCAACGCGACAAT UL46 (MDV059) 106639: Q117R
F-r ATAATGAAGCGGCTCAGCTC

Block B/G G-f AAATTCGCACTTGAGTGTTGG Between R-LORF11 and R-LORF12 12990/128612: intergenic
G-r TCTCATGAAACATACCCCTTCC 12986/128616: intergenic

12114/129489: intergenic

Block I I-f TCAATCACATATATGGGTCTCAGG ICP4 (MDV084/MDV100) 145864/178590: S1630P
I-r TCGCGTGGTATCACTGATTG

Block J J2-f CAGGTGAGGTGGAAGTAGG ICP4 (MDV084/MDV100) 149985/174469: L256S
J2-r CTGTTCATGTCGGAGGTCTG 150169/174285: T195A

150563/173891: Q63H
150567/173887: G62V

a Nucleotide position in Md5B40BAC-c1 reference genome HQ149525.1 followed by amino acid change and its position in protein. SNVs in repeat genes have both equivalent
positions listed within internal repeat long (IRL)/terminal repeat long (TRL) or internal repeat short (IRS)/terminal repeat short (TRS) indicated.

TABLE 2 Mutational primers for generation of recombinant viruses

Recombinant virus Primer name Primer sequencea

Mut UL42-D207G MDV055 D207G-f TTGAAAGCTGAAGGAGGTTTTTATGCCGGAACGATTTGTGgTGTGATAAGTTTTGATATAGtagggataacagggtaatcgattt
MDV055 D207G-r TTGGACCATTGCGCTTCCATCTATATCAAAACTTATCACAcCACAAATCGTTCCGGCATAAgccagtgttacaaccaattaacc

Mut UL46-Q117R MDV059 Q117R-f ACACCTGCGGTGGTAAAAGACTACTACACAGACTCGTATCgGCGCTATGTCTGTAAGCGGCtagggataacagggtaatcgattt
MDV059 Q117R-r ATCAACACAAGGTATACGCCGCCGCTTACAGACATAGCGCcGATACGAGTCTGTGTAGTAGgccagtgttacaaccaattaacc

Mut UL5- I682R MDV017 I682R-f GATAGTTATGTCGATAATGTGAGTTCGAGAGGATGTGAGAgATTCATAAACAACATGCGAGtagggataacagggtaatcgattt
MDV017 I682R-r AGCAAGGGATAACATTCCCCCTCGCATGTTGTTTATGAATcTCTCACATCCTCTCGAACTCgccagtgttacaaccaattaacc

Revt UL5-R682I MDV017 revertant R682I-f GATAGTTATGTCGATAATGTGAGTTCGAGAGGATGTGAGAtATTCATAAACAACATGCGAGtagggataacagggtaatcgattt
MDV017 revertant R682I-r AGCAAGGGATAACATTCCCCCTCGCATGTTGTTTATGAATaTCTCACATCCTCTCGAACTCgccagtgttacaaccaattaacc

LORF2-Promoter Rep2 LORF2/17359-f TCTCGCACAATCTATGCAGAAACAGATAATCTAGGGTGTGtGCGGTGCTTTGTACTTCCTAtagggataacagggtaatcgattt
Rep2 LORF2/17359-r TTTTTATAACTGATCCGACGTAGGAAGTACAAAGCACCGCaCACACCCTAGATTATCTGTTgccagtgttacaaccaattaacc

LORF2-Intron Rep3 LORF2/17545-f TTTCCGTCGTGAATTTGTACGCCAAATTTTACAACGTGAGaTTATATTGTTTGAAATTTCAtagggataacagggtaatcgattt
Rep3 LORF2/17545-r ACGATAAAGATAATATACATTGAAATTTCAAACAATATAAtCTCACGTTGTAAAATTTGGCgccagtgttacaaccaattaacc

a Nucleotides in uppercase denote the portion of the primer designed to target the MDV genome. The desired point mutation to be incorporated is designated by a bold, underlined
lowercase letter. Nucleotides in lowercase indicate the portion of the primer annealing to the plasmid template region containing the kanamycin cassette.
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PFU of the parental Md5B40BAC-c1 virus were included for each trial.
For each recombinant virus, five birds were sacrificed at 7, 14, and 21 days
postinfection (dpi) to collect spleen samples for quantitative PCR
(qPCR). All surviving birds after 10 weeks postinfection were euthanized
and examined via necropsy. Recombinant viruses that showed altered
disease incidence in preliminary trials were used to challenge two more
isolators each with a minimum of 17 day-old, 1515 � 71 maternal-anti-
body-negative chicks with 500 PFU of the virus, as previously described,
in order to replicate measures of disease incidence.

In vivo replication of MDV. DNA extracted from spleens of in-
fected birds was used to assay the in vivo replication levels of serially
passed replicates and recombinant viruses relative to control virulent
Md5B40BAC-c1 p5. Extracted DNA was used to quantify the relative copy
number of MDV genomes present via qPCR using primers for chicken
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and MDV gB with
the TaqMan Fast Universal PCR kit (Applied Biosciences, Foster City,
CA) as described by Gimeno et al. (21).

RESULTS
Attenuation of serially passed replicates. To assess the ability to
identify de novo mutations in the MDV genome, three replicates
derived from the virulent Md5B40BAC-c1 virus and one from the
Md5 parental strain (p11), the strain originally used to clone the
MDV genome, were serially passed in vitro. To determine the ear-
liest passage at which viral attenuation occurred, birds were chal-
lenged with the passed MDV replicates and MD incidence was
measured. As expected, the genetically heterogeneous Md5 p11
strain became attenuated at p61, with no virulence observed after
50 serial passages (Fig. 1). In addition, all passed replicates became
attenuated, with complete attenuation occurring at passages 65
and 75 for Rep 2 and Rep 3, respectively, while Rep 1 retained low
levels of virulence (6% MD) even at passage 85, indicating that the
rate of attenuation is a variable process even among initially iden-
tical replicates (Fig. 1).

MD incidence in defined mixtures. Defined mixtures contain-
ing known quantities of virulent Md5B40BAC-c1 p5 and avirulent
�MeqBAC were used to simulate intermediate time points of the
serially passed replicates, which were mixed populations com-
posed of both attenuated and virulent viruses at various frequen-

cies. Additionally, PFU of virulent Md5B40BAC-c1 p5 equal to
that used in the mixed populations, but without addition of
�MeqBAC, were used as a comparison to determine if virulence
was simply a matter of the raw quantity of virulent MDV used to
infect a bird, or if infectivity would be influenced by the presence
of additional avirulent �MeqBAC virions. Increasing the percent-
age of virulent virus within a total dose of 500 PFU increased the
MD induced by mixtures of Md5B40BAC-c1 and �MeqBAC, as
expected, but the same pattern did not hold for birds infected with
identical levels of Md5B40BAC-c1 alone (Fig. 2). For example,
infection of birds with 5 PFU of the virulent Md5B40BAC-c1
along with 495 PFU of the avirulent �MeqBAC resulted in �15%
of the birds developing MD, yet challenge of birds with 5 PFU of
Md5B40BAC-c1 by itself resulted in over 90% of birds developing
MD (Fig. 2). Thus, our test for virulence is very sensitive, being
virtually saturated at 5 PFU of Md5B40BAC-c1. While the quan-
tity of additional avirulent virus reduces disease incidence follow-
ing challenge with a mixed viral population, we still detect MD,
even after infection with a population in which 1% of the PFU
derives from virulent MDV. Therefore, mutations that lead to
attenuation in our samples should exist in the population at sub-
stantial frequencies in order to explain the loss of virulence for the
population as a whole.

Next-generation sequencing analysis of attenuated repli-
cates. Based on the results of tests above, the completely attenuated
Rep 2 p65, Rep 3 p75, and Md5 strain p61, as well as the �90%
attenuated Rep 1 at p75 and p85, were chosen for NGS to identify and
quantify mutations in the attenuated viral genomes. The parental
Md5B40BAC-c1 p5 virus used to generate the three replicate strains
was also sequenced to determine any differences from the previously
published Md5B40BAC reference sequence (GenBank accession no.
HQ149525.1). This screening also allowed us to identify mutations
already present in the progenitor virus prior to passage to eliminate
preexisting SNVs from consideration as causative mutations for at-
tenuation. Analysis of the data identified six SNVs fixed at 100% in
the sequenced Md5B40BAC-c1 p5 viral stocks that differed from the
reference. Due to the presence of these variations in the progenitor

FIG 1 Virulence of MDV replicates derived from a serially passed, BAC-cloned virus. Two bird trials (A and B) were conducted for Reps 1, 2, and 3 each at p55,
p65, and p75, e.g., R1-A is replicate 1, trial A, at the indicated passages. In addition, the control strain Md5 was tested at p41, p51, and p61.
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stock and, consequently, all resulting BAC-derived replicates, these
SNVs were excluded from further analysis. While the number of
SNVs identified in the sequenced viruses varied among replicates, 19
to 68% of called SNVs were present at frequencies of less than 2% in
the viral populations (Table 3). To screen for the optimal candidate
mutations involved in attenuation and eliminate false SNV calls due
to sequencing error, mutations present at less than 2% were excluded
from further analysis; the standard error of the frequency estimate
was 0.9% and 0.4% for 250� and 1,000� depths of coverage, respec-
tively. The total number remaining ranged from 41 to 95 SNVs, de-
pending on the replicate (Table 4). These SNVs occurred within both
coding and noncoding regions of the MDV genome, and of those
within coding regions, over 60% were nonsynonymous mutations.

Among attenuated replicates, eight identical nucleotide
changes were present at frequencies greater than 2% in at least two
of the four attenuated viruses (data not shown). Five of the eight
identical nucleotide changes were instances in which one viral
replicate had the mutation at a high frequency while other repli-
cates containing the same mutation were at low frequencies,
�10%. Only three mutations were present at moderate or high
frequencies in two or more of the attenuated viral replicates. One

mutation at moderate frequencies in two replicates was present at
nucleotide 171661, which is located downstream of SORF2a. This
mutation occurred at frequencies of 22% and 27% in Rep 1 and
Rep 3, respectively. Of the two high-frequency mutations, one was
identified within the three regions of the a-like sequence at posi-
tions 897, 140705, and 183749, occurring at rates between 50 and
89% in the four attenuated replicates, while the final point muta-
tion at nucleotide 100014 in UL42 was found at rates of 84% and
85% in Rep 1 and Md5 p61, respectively. Due to the logistical
complexity of incorporating mutations within the three a-like re-
gions present within herpesvirus genomes, that mutation was not
considered for creation as a recombinant virus, while the muta-
tion within UL42 was deemed an excellent candidate.

Besides SNV mutations, we looked for changes in gene copy
number variation reflected by differences in the depths of se-
quenced coverage over the MDV genome of attenuated replicates
versus virulent virus. Previous studies of the MDV 132-bp repeats
have shown this region to greatly expand in copy number during
serial passage, although this increase in copy number is not caus-
ative for the loss of virulence (7). In the virulent Md5B40BAC-c1
p5 virus before passage, the depth of coverage across the entire
MDV genome was fairly consistent, with the only exception being
a larger number of reads mapping to the inverted repeat region
containing the a-like sequences and telomeric repeat regions
(mTMR) (Table 5). This expansion involving the repetitive a-like
sequence and mTMR was also present in the three attenuated
replicates. After serial passage, a 7- to 58-fold increase in depth of
coverage corresponding to the 132-bp repeat regions was ob-
served in the attenuated viruses, as would be expected (Table 5).

Candidate attenuation-causal genes were identified by screen-
ing for genes mutated more than once among the serially passed
populations. Seventy-four percent of genes containing nonsyn-
onymous mutations were mutated exclusively within only one of
the three Md5B40BAC-c1 replicates (Fig. 3). Five genes had non-
synonymous mutations in two of the three replicates: UL5 (heli-
case-primase helicase subunit), US8 (gE), US1 (ICP22), R-LORF4
(unknown function), and UL46 (VP11/VP12). There were only
two genes with missense mutations in all three replicates: UL26
(VP24), which had an identical but low-frequency (�5%) muta-
tion in all three replicates at nucleotide 59317, and RS1 (ICP4). A

TABLE 3 Mutations in sequenced viral stocks

Mutation frequency in
total viral population
(%)

No. of SNVs in virus:

Md5B40BAC-c1
p5

Rep 1
p75

Rep 1
p85

Rep 2
p65

Rep 3
p75

�2 33 23 21 16 36
3–10 3 53 55 23 45
11–20 2 9 11 4 7
21–30 1 4 3 4 1
31–40 2 2 1 2 0
41–50 0 4 4 1 4
51–60 0 4 5 3 0
61–70 1 6 2 1 3
71–80 1 6 1 0 1
81–90 0 5 1 2 3
91–100 6 2 2 1 3

Total no. of mutations
identified

49a 118 106 57 103

a Six mutations in Md5B40BAC-c1 p5 were fixed at 100% in our viral stocks relative to
the reference Md5B40BAC sequence. Considering that these mutations were present in
the parental virus preparations, and therefore all serially passed replicates, these
mutations were not considered in any further SNV analysis in the attenuated replicates.

FIG 2 Disease incidence in chickens challenged with defined mixtures of virulent and avirulent MDV. Bird trials conducted in duplicate are indicated by “A” and
“B,” e.g., 5:495-A was trial A where the inoculation consisted of 5 PFU of B40-derived MDV and 495 PFU of rMd5�Meq.
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third gene, LORF2, also contained unique mutations within all
three BAC-derived replicates, although these mutations were not
all nonsynonymous changes affecting protein sequence. Gener-
ally, mutated genes contained only one to two unique polymor-
phisms within a gene per replicate. Only ICP4 contained multiple,
nonsynonymous mutations in all replicates (Table 6). In the com-
pletely attenuated Rep 2 and Rep 3, both replicates had multiple,
high-frequency, nonsynonymous ICP4 SNVs such as G62V (Rep
2, 83.8%), T195A (Rep 2, 39.8%), Q63H (Rep 3, 100%), L256S
(Rep 3, 65.9%), and S1630P (Rep 3, 85.7%). These mutations
suggest ICP4 as a top candidate gene. The three Md5B40BAC-c1
replicates were not the only attenuated viruses containing high-
frequency mutations within ICP4. The serially passed Md5 strain
also possessed the SNV Y60C at 93%. All fully attenuated virus
stocks except Rep 1 contained a high-frequency SNV in ICP4
within bases that encode amino acids 60 to 63, including the com-
pletely fixed mutation in Rep 3 encoding amino acid 62, suggest-
ing that mutations within this region in particular may play an
important role in attenuation.

Following sequencing of DNA to identify mutations in the at-
tenuated replicates, SNVs were also called in the sequenced RNA
isolated from infected plaques grown on CEFs. While SNVs were
first called in genomic DNA data, those mutations may not nec-
essarily be expressed in mRNA, so the frequency of SNVs in DNA
was compared to their frequency in RNA. Frequencies of muta-
tions first identified in DNA were extremely consistent and com-
parable to their frequencies in RNA (Table 7). On the whole, SNV
frequencies in RNA did not differ by more than 5% from their
measured frequency called in DNA. Of the top candidate muta-
tions identified, the sole exception to this trend was LORF2 in Rep
2 p65, which had the greatest difference in SNV frequency be-
tween RNA and DNA, 8.8%. This provides confirmation of the
accuracy of the sequencing and variant calling, as well as indicat-
ing that there was no apparent preferential expression of wild-type
or mutated alleles within a viral population.

RNA data were then analyzed to determine if there was differ-
ential gene expression between attenuated and virulent viruses.
Comparing each attenuated replicate to the virulent parental virus
identified 5 to 14 genes that had significantly differential expres-

sion (Table 8). Analyzing genes that are differentially expressed
among the attenuated replicates showed that one gene, UL45 (en-
velopment protein), was differentially expressed in all attenuated
replicates with at least a 1.5- to 2.9-fold increase in all attenuated
viruses. In addition to UL45, R-LORF2 (viral interleukin-8 [vIL-
8]) was also differentially expressed in all replicates, although for
Rep 1 there was differential expression only at p85. Despite the
differential expression of these genes, there were no mutations
within coding regions or nearby promoter regions of the genes
themselves that occurred at frequencies exceeding 20%.

Analysis for gene pathways that were enriched for mutations
among the attenuated replicates using DAVID found only one
annotated cluster of functional genes that was enriched (DAVID
enrichment score, 0.56) for the attenuated replicates. This cluster
contained genes involved in transcriptional regulation and regu-
lation of RNA metabolic processes (GO:0006355 and GO:
0051252), including the genes UL46 and ICP4, previously identi-
fied as candidate genes for attenuation.

Candidate mutations and characterization of recombinant
viruses. Given that sequence analysis identified only a modest
number of nonsynonymous mutations in genes and the fact that
the isolates were either completely or very highly attenuated, we
further narrowed our focus to those mutations whose frequency
exceeded 20% in the attenuated populations. We conducted tar-
geted resequencing of 16 candidate SNVs identified in the atten-
uated replicates at consecutive 10-passage intervals from p15 until
attenuation. This allowed us to estimate when these mutations
first occurred and correlate increases in candidate SNV frequen-
cies with decreasing virulence in vivo. Mutations that were at high
frequencies in the final, attenuated population and whose increase
in frequency occurred roughly around passages 55 to 65, when a

TABLE 4 SNVs identified in serially passed Md5B40BAC replicates

Virus

No. of SNVs
% nonsynonymous
mutations�2% Noncoding Coding Synonymous Nonsynonymous

Rep 1 p75 95 67 28 7 21 75
Rep 1 p85 85 57 28 10 18 64
Rep 2 p65 41 22 19 7 12 63
Rep 3 p75 67 43 24 5 19 79

TABLE 5 Depth of coverage for sequenced viruses

MDV region

Fold depth of coverage

Md5B40BAC-c1
Rep 1
p75

Rep 1
p85

Rep 2
p65

Rep 3
p75

Md5
p11

Md5
p61

Whole genome 246 1,011 909 357 600 406 213
132 bp in TRL 200 11,855 11,460 5,796 3,549 365 2,556
132 bp in IRL 208 11,892 11,505 5,817 3,542 353 2,578
a-like sequence 796 2,390 3,256 3,667 2,358 2,246 2,259
132-bp repeats 204 11,874 11,482 5,806 3,546 359 2,567

FIG 3 Genes with nonsynonymous mutations within attenuated MDV repli-
cates. Serially passed MDV replicates were compared to identify commonly
mutated genes shared among attenuated replicates.
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drop in virulence of the serially passed populations was most pre-
dominant when tested in vivo (Fig. 1), were identified as top can-
didates, particularly if they were nonsynonymous mutations (Fig.
4). Of the candidate SNVs included in targeted resequencing, five
mutations were picked as the top candidates to first test as recom-
binant viruses due to their location within either the unique long
or the unique short region of the MDV genome (Fig. 4). Based on
mutation frequencies and a concentration of high-frequency non-
synonymous mutations clustered around amino acids 60 to 63 in
ICP4, ICP4 appears to be a top candidate for involvement in at-
tenuation. However, ICP4 was not included among the five mu-
tations initially tested using recombinant viruses due to its loca-
tion within the repeat regions of the herpesvirus genome, as
additional recombineering steps would have been required for
mutating both copies of ICP4, instead of a single mutation neces-
sary for genes located in unique regions. Despite this complica-
tion, characterization of ICP4 mutations via recombinant viruses
is under way.

These five mutations within four genes were incorporated into
Md5B40BAC to generate the following recombinant viruses: Mut
UL42-D207G, Mut UL46-Q117R, Mut UL5-I682R, Mut LORF2-
Promoter, and Mut LORF2-Intron. The first three recombinant
virus mutations altered amino acids within the double-stranded
DNA (dsDNA)-binding protein/DNA polymerase processivity
subunit, the VP11/VP12 tegument protein, and the helicase-pri-
mase subunit, respectively, while the two final mutations both are
noncoding mutations that may affect expression of a fourth gene
of unknown function, known as LORF2.

In vivo bird trials of the five recombinant viruses indicated that
two of the mutations, UL42-D207G and UL46-Q117R, had no
effect on survival or MD incidence (Fig. 5 and Table 9). Three
recombinant viruses, Mut LORF2-Promoter, Mut LORF2-Intron,
and Mut UL5-I682R, all increased length of survival in birds chal-
lenged with the recombinant viruses relative to the virulent

Md5B40BAC-c1, but upon termination and examination via nec-
ropsy, both LORF2 mutants exhibited 100% MD incidence, al-
though, interestingly, Mut LORF2-Intron did not appear to trans-
mit horizontally. Only Mut UL5-I682R not only influenced
survival time but also resulted in an almost complete reduction in
virulence. Birds infected with Mut UL5-I682R survived to the end
of the 10-week experiment, and upon termination, only 11% of
infected birds developed any symptoms of MD, in comparison to
100% of control Md5B40BAC-c1-infected birds (Table 9). Fur-
ther independent trials measuring disease incidence of Mut UL5-
I682R resulted in 0% (0/17 birds) and 6% (1/18 birds) of birds
developing MD.

To determine if attenuated replicates and recombinant viruses
retained the ability to replicate in vivo or if loss of oncogenicity
resulted from loss of viral replication in vivo, splenic DNA from
infected birds was extracted to measure MDV replication in birds
using qPCR ratios comparing copy numbers of viral gB DNA ver-
sus copies of chicken GAPDH genes averaged over the three col-
lection time points (Fig. 6). The average relative number of gB/
GAPDH copies in Md5B40BAC-c1 ranged from 0.14 to 0.33,
based on four separate bird trials. The three serially passed
Md5B40BAC-c1 replicates exhibited about a 10-fold reduction in
viral replication, while the recombinant Mut UL5-I682R also had
a ratio comparable to those of these attenuated viruses of 0.016
(Fig. 6). The two virulent recombinant viruses, Mut UL42-D207G
and Mut UL46-Q117R, had ratios comparable to that of the viru-
lent virus (Fig. 6). The LORF2 mutations, which resulted in
greater survival for challenged birds yet still exhibited 100% MD
incidence, exhibited values of 0.13 to 0.14, which were toward the
lower range of values observed with Md5B40BAC-c1. Virulent
viruses, such as Md5B40BAC-c1, Mut UL42-D207G, Mut UL46-
Q117R, and both Mut LORF2 recombinants, all exhibited signif-
icantly higher levels of MDV than did the three serially passed
attenuated viruses or Mut UL5-I682R. While attenuated viruses
had low levels of replication compared to virulent viruses, their
levels of replication were higher than the background of unin-
fected controls, indicating that they still replicated in vivo. Not
only was a low level of MDV detectable via qPCR in attenuated
viruses, but viable viruses were able to be reisolated from periph-
eral blood lymphocytes of infected, but MDV-negative, birds
challenged with the attenuated viruses when plated on DEFs to
produce plaques (data not shown), further supporting the idea
that these attenuated viruses replicated in vivo.

Based on the dramatic decrease in virulence due to the UL5
mutation, a revertant of Mut UL5-I682R called Revt UL5-R682I
was created. This revertant virus not only replicated at high levels

TABLE 7 Top candidate mutation frequencies in DNA versus RNA

Mutation location Mutation DNA (%) RNA (%)

UL5, Rep 2 p65 I682R 66.7 71.0
UL42, Rep 1 p85 D207G 84.7 83.3
UL46, Rep 2 p65 Q117R 99.5 98.4
LORF2, Rep 2 p65 17359 56.0 64.8
LORF2, Rep 3 p75 17545 94.8 97.3
ICP4, Rep 2 p65 T195A 39.4 41.0
ICP4, Rep 2 p65 G62V 83.8 81.3
ICP4, Rep 3 p75 S1630P 85.7 81.4
ICP4, Rep 3 p75 L256S 65.9 63.8
ICP4, Rep 3 p75 Q63H 100 100

TABLE 6 ICP4 mutations in attenuated viruses

Virus Amino acid change % frequency

Rep 1 p75 L47P 2.02
I228V 2.16
C844R 7.13
L2163P 4.71

Rep 1 p85 L47P 2.99
I228V 3.70
C844R 9.26
L2163P 9.25

Rep 2 p65 G62V 83.76
T195A 39.76

Rep 3 p75 Q63H 100.00
L256S 65.94
Y271C 3.14
D1483V 2.22
S1630P 85.70

Md5 strain p61 Y60C 96.70
Y271C 6.87
1631a 8.14
H1670R 2.77

a Indicates synonymous mutation.
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in vivo but also restored levels of virulence comparable to that of
the wild-type, Md5B40BAC-c1 virus (Fig. 6 and Table 9).

DISCUSSION

This work shows that attenuation of a genetically homogeneous
MDV reproducibly occurs after repeated serial passage in vitro,

indicating that de novo mutations arising during passage are suf-
ficient to generate new, avirulent viral populations. A variety of
mutations were identified within each attenuated MDV replicate
relative to the parental virulent virus, of which several candidate
mutations were found within genes of interest, including ICP4
(transcriptional transactivator), UL42 (DNA polymerase sub-
unit), UL46 (VP11/VP12 tegument protein), UL5 (helicase-pri-
mase subunit), and LORF2 (unknown function). In particular, no
single mutation rose to high frequency in every attenuated repli-
cate, nor was any single gene mutated at high frequencies in every
replicate. Two genes, ICP4 and UL26, were mutated in all attenu-
ated replicates, but at least in Rep 1, the frequencies of the respec-
tive mutations suggest that they are not solely responsible for at-
tenuation. Furthermore, we experimentally identified individual
mutations in UL5 and, to a lesser extent, in LORF2, which resulted
in a phenotypic change that contributed to attenuation, while mu-
tations within UL5 have been shown to result in a reduction in
virulence in other herpesviruses, suggesting that UL5 is a factor in
virulence of herpesviruses (22, 23).

While attenuation of a virulent virus via serial passage in vitro is
not a new or unusual phenomenon unique to MDV, the use of
virus generated from a BAC-cloned MDV in this study allowed for
a more detailed insight into the mechanism(s) of attenuation than
that in previous studies (6, 8). When trying to understand the
driving mechanism that causes a virulent viral population to be-
come avirulent, the two most probable explanations are selection
and mutation. Like many viruses, MDV strains, even those that
are plaque purified, are often described as quasispecies composed

TABLE 8 Significantly differentially expressed genes in attenuated MDV
replicates versus virulent MDV

Virus and passage Genea Fold change P value

Rep 1 p75 LORF3 1.01 2.68E�03
UL8 �1.06 1.80E�03
UL26.5 �1.43 4.57E�04
UL40 �1.33 2.64E�03
UL44 1.91 6.37E�13
UL45* 2.89 1.16E�07
UL47 1.52 2.22E�04

Rep 1 p85 LORF3 0.80 7.50E�03
UL5 �0.90 7.63E�03
UL10 1.22 1.59E�03
UL26.5 �1.19 1.79E�03
UL33 �0.94 6.00E�03
UL39 �1.42 1.19E�03
UL40 �1.29 6.37E�04
UL44* 2.16 3.75E�13
UL45* 2.83 1.06E�10
UL47 1.37 1.04E�04
R-LORF2* 2.16 1.42E�05
US1 �1.86 1.07E�06
US10 �1.79 1.88E�03
US2 �1.24 4.80E�04

Rep 2 p65 R-LORF2* 2.07 2.29E�07
UL45 1.52 2.50E�04
US1* �2.78 8.89E�12
US10* �2.81 0.00E	00
US2 �1.55 1.19E�04

Rep 3 p75 R-LORF2 1.95 2.79E�98
UL10 1.09 5.73E�04
UL45* 2.00 1.77E�10
UL47 1.14 3.57E�04
SORF3 1.25 4.99E�04
R-LORF4 0.76 3.09E�03

a Genes marked with an asterisk display more than a 2-fold significant difference in
expression between attenuated and virulent viruses.

FIG 4 Kinetics of candidate single-nucleotide polymorphism frequencies
over serial passage. Targeted resequencing of candidate single-nucleotide
polymorphisms allowed for the frequency of each mutation to be determined
from the earliest passage in which the mutation occurred until attenuation.

FIG 5 Survival of birds challenged with recombinant MDVs. Mortality due to
MD over the course of the 10 weeks was determined for the five recombinant
viruses and the virulent B40-derived MDV positive control.

TABLE 9 MD incidence due to candidate recombinant viruses

Virus

No. of MD	 birds/total no. of birds in
group:

Challenged Contact

Mut UL42 20/20 6/6
Mut UL46 15/15 5/6
Mut UL5 2/18 0/6
Revt UL5 17/17 5/5
LORF2-Promoter 17/17 5/5
LORF2-Intron 19/19 0/4
Md5B40-c1 18/18 3/6
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of genetically diverse genotypes existing within a strain population
(8, 11). Thus, while the viral strain may be described as a virulent,
there can be unique subpopulations that do not share the same
degree of virulence compared to the whole population. Therefore,
viral attenuation could be driven by selection for preexisting vari-
ation of low-frequency, avirulent genotypes within a strain. A sec-
ond explanation proposes that de novo mutations that occur dur-
ing viral replication over serial passage generate new avirulent
genotypes to attenuate the virus. Therefore, by passing both a
traditional virulent MDV strain and viruses from a BAC-derived
clone, we could distinguish whether attenuation requires preex-
isting variation within a strain, or if normal mutation rates occur-
ring during serial passage are sufficient to generate avirulent vi-
ruses de novo from the genotypically homogenous virus. Not only
did the Md5 strain become attenuated, as expected, but the three
serially passed Md5B40BAC-c1 replicates became attenuated as
well. This result shows that, despite beginning from a single viru-
lent genotype, de novo mutation is sufficient to generate avirulent
viruses, and attenuation is not simply selection upon preexisting
variation within quasispecies. However, as the Md5 strain became
attenuated at earlier passages, it is possible that selection of preex-
isting variants in the population may also be a contributing mech-
anism.

To better understand attenuation, we then compared dura-
tions of time before attenuation between the serially passed repli-
cates, and the first noticeable difference was that time until atten-
uation varied between replicates. While a reduction in virulence
occurred in all replicates, attenuation did not occur simultane-
ously in all replicates despite being derived from identical BAC-
derived virus stocks before passage. Rep 2 was completely attenu-
ated at p65, Rep 3 was completely attenuated at p75, and the
virulence of Rep 1 was greatly reduced, but not completely atten-
uated, at p85. Despite these differences, all replicates showed dra-
matic decreases in virulence, with a 50 to 80% decrease in MD
incidence within a span of �10 passages. This rapid change sug-
gests that a small number of mutations with strong effects are
likely responsible for attenuation. In contrast, if attenuation were

the result of an accumulation of many small, additive mutations
that progressively accrued over time, we would have expected a
slower, more gradual decline in virulence (24, 25).

From a simple look at the total number of mutations that oc-
curred at �2% in the viral population, it is seen that no replicate
had greater than 100 mutations, with the number of SNVs in the
three replicates ranging from 41 to 95. While this is a relatively
small number of mutations within a genome of �184 kb, the
actual number of candidate mutations is reduced even further to
yield a combined list of only 16 candidate SNVs from the three
Md5B40BAC-c1 replicates when considering only mutations oc-
curring at high frequencies exceeding 20% in the population,
which is still a conservative cutoff value. As a result, we conclude
that there are only a few probable candidate mutations occurring
at high frequency to cause attenuation of the population. Further
filtering of these SNVs based on frequency kinetics in relation to
decreasing virulence identified five candidate mutations and
genes underlying attenuation.

Further comparisons among the three attenuated replicates to
find commonly mutated genes identified ICP4 as a prime candi-
date gene. ICP4 contained several nonsynonymous candidate
SNVs at frequencies greater than 60% in the completely attenu-
ated MDV replicates, including one mutation completely fixed at
100% in a replicate. As ICP4 is an immediate early transcriptional
regulator that controls expression of other immediate early, early,
and late genes, it is reasonable that mutations altering normal
ICP4 function could have a cascade effect, altering regulation of
many downstream genes. Transcriptome sequencing analysis of
attenuated viruses identified 5 to 14 genes that were differentially
expressed, but compared to the list of SNVs identified, there were
no mutations within the genes themselves to explain their differ-
ential expression. Instead, mutations within upstream regulators,
such as ICP4, could explain this observation in which mutations
within ICP4 could lead to larger, widespread effects within the
population resulting from relatively few mutations occurring
within ICP4.

The results of in vivo trials of recombinant viruses involving a

FIG 6 Comparison of in vivo replication rates for attenuated replicates and recombinant viruses. Due to housing and chick availability, recombinant viruses were
tested incrementally; therefore, positive (Md5B40-c1) and negative (uninfected) controls are matched to the respective recombinant viruses tested collectively by
matched symbols (i.e., *, �, #, etc.). Trials for Mut UL5 were conducted in duplicate, and each trial indicated is by “A” or “B.”
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single SNV within UL5 encoding the helicase-primase subunit
showed that a single mutation can have a substantial impact on the
phenotype of recombinant viruses. Unlike the other four recom-
binant viruses that retained 100% disease incidence in vivo, the
UL5 I682R mutation reduced MD incidence by at least 89% or
more, depending on the trial. This mutant virus also had much
lower levels of viral replication in vivo than did the virulent
Md5B40BAC-c1. All serially passed replicates had comparable
levels of MDV replication in vivo, as did the Mut UL5-I682R. As a
result of this dramatic phenotypic change due to the mutation
within UL5, we created a revertant virus to verify that the results of
in vivo trials could be attributed to the desired single point muta-
tion and not extraneous changes that may have occurred unbe-
knownst to us during recombineering and generation of viral
stocks. Challenging birds with this virus clearly showed that the
reversion restored a wild-type phenotype for survival, levels of in
vivo replication, and disease incidence, confirming our conclusion
that the single point mutation within Mut UL5-I682R was respon-
sible for the observed phenotypic changes. While this single mu-
tation did not cause complete attenuation of the virus, it does
show that even a single nucleotide change is capable of causing
dramatic changes in virulence. This result clearly warrants further
study to determine if introduction of additional candidate muta-
tions, such as the next-highest-frequency candidate mutation
within UL46 (VP11/VP12 tegument protein) identified within the
same replicate, is able to have an additive or epistatic influence to
cause complete attenuation in a recombinant virus.

This dramatic decrease in disease incidence exhibited by the
mutation within UL5-helicase-primase within this study indicates
the importance of this gene as a factor in virulence. Sequence
comparison of Gallid herpesvirus 1, an alphaherpesvirus also
known as infectious laryngotracheitis virus (ILTV), identified a
nonsynonymous mutation within UL5 that was unique to the vac-
cine strain and enabled the attenuated virus to be distinguished
from four other virulent ILTV strains (26). Mutations within UL5
have been shown to cause a reduction in virulence in herpesvi-
ruses other than Gallid herpesviruses as well. Studies involving
herpes simplex virus 1 (HSV-1) have identified several mutations
within UL5 that have been determined to cause a reduction in
virulence (27). Biochemical analysis of the UL5 Gly 815 mutant
shows a decrease in binding affinity of single-stranded DNA and
reduced turnover rate (28). This mutation in HSV-1 was unable to
replicate in vivo alone, but when additional purified components
of the heterotrimeric complex were provided, the mutant was able
to perform normal helicase-primase functions. While the three
components of the functional complex, UL5, UL8, and UL52, are
all necessary for normal function in vivo, during in vitro replica-
tion UL8 is not. Growth curves measuring the in vitro replication
for our Mut I682R relative to the Md5B40BAC-c1 are yet to be
conducted, but it is clear that the recombinant Mut UL5 replicates
in vitro to form plaques and generates high viral titers. Despite this
ability to replicate in vitro, its ability to replicate in vivo is severely
reduced compared to that of the virulent wild type, which has been
observed in other UL5 mutants. Since serial passage of MDV in
tissue culture drives selection for improved in vitro replication, it
would be anticipated that the mutation within UL5 would not
detrimentally affect in vitro replication or even that, as a result of
selection for improved in vitro growth, the observed Mut I682R
could potentially improve in vitro growth. Whether in vitro repli-
cation is altered by the UL5 mutation compared to the wild-type

BAC, growth curves quantifying replication of the Mut UL5-
I682R virus may offer an explanation for how this mutation rose
to a high frequency in the attenuated populations.

While this high-frequency SNV in UL5 resulting in greatly re-
duced virulence was present only in Rep 2, three additional mu-
tations within UL5 were also found within Rep 1, although these
SNVs were present at much lower frequencies than was the muta-
tion found within Rep 2. As seen in ICP4, it appears that identical
mutations shared among replicates are rare, but there were several
commonly mutated genes between attenuated replicates, such as
with ICP4, UL5, and LORF2. Experimental evolution studies in-
volving over 100 replicates of Escherichia coli have shown high
degrees of convergent evolution between replicates at the level of
genes and pathways, while identical nucleotide mutations were
rarely shared among the replicates (29). Based on these conclu-
sions, we looked for commonly mutated pathways among atten-
uated replicates to determine if there were key pathways involved
in attenuation. After screening all mutations for the most proba-
ble candidates, we identified five top candidate genes, two of
which were genes involved in DNA replication: a mutation within
UL5 and a second one within UL42. Considering that mutations
within genes involving DNA replication are probable targets for
selection to cause adaptation of viruses during in vitro growth,
wider inspection of all mutations within attenuated replicates of
the seven genes required for DNA replication in herpesviruses
(UL5, UL8, UL9, UL29, UL30, UL42, and UL52) revealed multi-
ple mutations within genes involved in DNA replication, espe-
cially within Rep 1. Of these genes, we found eight mutations at
frequencies of �2% within all seven genes required for DNA rep-
lication within Rep 1 p85. Clustering of mutations within DNA
replication genes, such as the UL5 (helicase-primase) and UL42
(DNA polymerase subunit), as well as the significant phenotypic
effect of the mutation tested within UL5, suggests that mutations
in the genes associated with the DNA replication pathway are
targeted for selection during serial passage, leading to attenuation
of the virus. To further identify commonly mutated pathways, we
used DAVID to determine pathways that were enriched for mu-
tants in the attenuated replicates. Considering only high-fre-
quency, nonsynonymous mutations at �20% in the four attenu-
ated viral populations, we found that pathways containing genes
involving transcriptional regulation were enriched for mutations.
It is possible that pathways involving transcriptional regulation, at
both the DNA-dependent and RNA metabolism levels, are mech-
anisms which, when disturbed, can lead to attenuation. The find-
ing of enrichment for pathways involving transcriptional regula-
tion due to multiple mutations within genes involved in DNA
replication, such as Mut I682R in UL5, supports our hypothesis
that serial passage in vitro selects for increased replication and
adaptation for growth in tissue culture. Mutations altering normal
interactions of these gene products would impact viral replication
and lead to the changes in phenotype observed in attenuated vi-
ruses.

In conclusion, our results show that it is possible to attenuate
viral BAC-derived clones as a result of de novo mutation and that
it is apparent that there is variation among viruses in the manner
in which they become attenuated. All serially passed replicates
contained unique candidate mutations, and while there may be
commonly mutated genes among attenuated viruses, such as
ICP4, it appears that there is no single route that all viruses must
follow to become attenuated. Multiple candidate mutations have
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been identified and tested to determine their effect within genes of
known and unknown function, such as LORF2, DNA polymerase
subunit, VP11/VP12 tegument protein, and helicase-primase sub-
units. Singly, no one mutation was able to cause complete atten-
uation, yet one SNV within the helicase-primase subunit had a
dramatic decrease in virulence, indicating an important role for
this gene in MDV attenuation. Additional work to further char-
acterize candidate mutations identified in this study may identify
a minimum number of mutations required to create a fully avir-
ulent virus through changing only a few, perhaps 2 to 3, key mu-
tations. This could allow the precise engineering of avirulent vi-
ruses for production of candidate vaccines via mutation of critical
genes involved in attenuation, without relying on blind serial pas-
sage and random chance to generate the next superior MD vaccine
candidate.
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