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Marek’s disease (MD), a highly infectious disease caused by an oncogenic herpesvirus, is one of the few
herpesvirus diseases against which live attenuated vaccines are used as the main strategy for control. We have
constructed bacterial artificial chromosomes (BACs) of the CVI988 (Rispens) strain of the virus, the most
widely used and effective vaccine against MD. Viruses derived from the BAC clones were stable after in vitro
and in vivo passages and showed characteristics and growth kinetics similar to those of the parental virus.
Molecular analysis of the individual BAC clones showed differences in the structure of the meq gene, indicating
that the commercial vaccine contains virus populations with distinct genomic structures. We also demonstrate
that, contrary to the published data, the sequence of the L-meq of the BAC clone did not show any frameshift.
Virus stocks derived from one of the BAC clones (clone 10) induced 100 percent protection against infection
by the virulent strain RB1B, indicating that BAC-derived viruses could be used with efficacies similar to those
of the parental CVI988 vaccines. As a DNA vaccine, this BAC clone was also able to induce protection in 6 of
20 birds. Isolation of CVI988 virus from all of these six birds suggested that immunity against challenge was
probably dependent on the reconstitution of the virus in vivo and that such viruses are also as immunogenic
as the in vitro-grown BAC-derived or parental vaccine viruses. Although the reasons for the induction of
protection only in a proportion of birds (33.3%) that received the DNA vaccine are not clear, this is most likely
to be related to the suboptimal method of DNA delivery. The construction of the CVI988 BAC is a major step
towards understanding the superior immunogenic features of CVI988 and provides the opportunity to exploit
the power of BAC technology for generation of novel molecularly defined vaccines.

Herpesviruses are important pathogens associated with a
wide range of diseases in humans and animals. Unlike a lot of
human herpesvirus diseases for which safe attenuated vaccines
are not available, control of many important herpesvirus dis-
eases in veterinary medicine is dependent primarily on the use
of vaccines. Most of the herpesvirus vaccines used in animals
are derived from live viruses attenuated by classical methods.
Although these vaccines are effective in inducing protection,
there is a general desire to improve the effectiveness and safety
of these vaccines, taking advantage of the advances in recom-
binant DNA technology. Recent applications of bacterial arti-
ficial chromosome (BAC) technology in cloning large DNA
virus genomes have opened new avenues for reverse and for-
ward genetics in basic herpesvirus research (1). While the use
of BAC clones of herpesviruses is proving to be a powerful tool
for the study of viral gene functions or for the identification of
pathogenic determinants (22), this novel technology has not
been examined for the improvement of herpesvirus vaccines.
Recent success with the use of a BAC clone as an effective
DNA vaccine in a mouse model of herpes simplex virus infec-
tion (16) validates the usefulness of this technology for the

generation of novel herpesvirus vaccines. Such developments
will have a huge impact and immediate application in veteri-
nary medicine, where herpesvirus vaccines are already used
extensively.

One of the most successful and widely used live herpesvirus
vaccines is the one against Marek’s disease (MD), a lympho-
proliferative disease of poultry caused by a highly contagious
oncogenic virus of the family Herpesviridae (20). In the last 30
years, these vaccines have dramatically reduced losses from
MD by more than 99%. Today, the world poultry industry, with
a yearly production of more than 30 billion birds, relies heavily
on the sustained use of MD vaccines. Although largely suc-
cessful, MD vaccines are under extreme pressure from severe
virus challenges from the heavily contaminated poultry houses
where tens of thousands of birds are housed together imme-
diately after vaccination, even before the development of adap-
tive immune responses. Even though MD vaccines have been
able to keep up with these challenges, the evolution of mutant
viruses with greater virulence, as defined by their ability to
break through the vaccine-induced protection, is threatening
the sustainability of MD vaccines (26). The steady increase in
disease severity is correlated with the increasing virulence of
MD virus (MDV) strains, which are ranked into virulent
(vMDV), very virulent (vvMDV), or very virulent plus
(vv�MDV) pathotypes (23, 25). This increase in virulence has
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necessitated the introduction of newer generations of vaccines
at regular intervals. These include the herpesvirus of turkey
vaccine, introduced in 1970, the bivalent SB-1 and herpesvirus
of turkey vaccine, introduced in the 1980s, and the CVI988
vaccine, introduced in the United States in the early 1990s (25).

The CVI988 strain (also called Rispens strain), developed
from a natural isolate of low oncogenicity (11), is the most
widely used MD vaccine, either alone or in combination with
other vaccines. It is thought that approximately 5 billion doses
of the CVI988 vaccine are used annually worldwide (Ian
Tarpey, Intervet UK, personal communication). In spite of its
widespread usage and exceptional protective efficacy, concerns
do exist that the continued evolution of MDV towards greater
virulence could lead to the failure of CVI988 vaccine in the
future, in the same way that the evolution of MDV has reduced
the useful life of the previous generations of MD vaccines.
Since it is the only effective vaccine against many of the recent
vvMDV and vv�MDV pathotypes (24), the emergence of
MDV strains that can break through the CVI988 vaccine-
induced immunity can have devastating effects on the poultry
industry.

In order to meet the challenges raised by the continuing
increase in virulence of MDV strains, an understanding of the
determinants for the superior immunogenic properties of vac-
cines such as CVI988 is important. As a first step towards
dissecting the functional properties of this most widely used
vaccine, we have cloned the genome of the CVI988 strain as a
stable infectious BAC clone. The virus rescued from the BAC
provided complete protection against virulent MDV, demon-
strating that the BAC-derived virus is biologically similar to the
parental virus. Furthermore, we show that the use of BAC
clone DNA as a vaccine capable of inducing protection, possi-
bly through the reconstitution of live virus in vivo, represents a
new generation of DNA-based vaccines against herpesviruses.

MATERIALS AND METHODS

Virus and cells. Commercial MD vaccine strain CVI988 (11), obtained from
Fort Dodge Animal Health, was used in this study. Both CVI988 and challenge
virus stocks of the highly oncogenic MDV strain RB1B (13) were propagated in
chicken embryo fibroblast (CEF) cultures prepared from 10-day-old specific-
pathogen-free chicken embryos (12). In order to maintain the virulence of the
challenge virus stocks, a low (fourth) passage stock of RB1B virus was used. We
have used this virus stock consistently to induce a high incidence (more than
80%) of MD in susceptible lines of chickens.

Construction of CVI988 BAC. The construction of CVI988 BAC was carried
out essentially as described previously by the insertion of the F plasmid in the
US2 region (14). Briefly, secondary CEF were cotransfected by the calcium
phosphate precipitation method with CVI988 genomic DNA and transfer vector
pDS-pHA1 (14). Genomic DNA extracted from infected CEF after four rounds
of selection in medium containing mycophenolic acid, xanthine, and hypoxan-
thine was electroporated into Escherichia coli DH10B cells. Chloramphenicol-
resistant colonies were analyzed for infectivity by transfecting 1 to 2 �g of DNA
into CEF and examining for virus growth (12).

DNA analyses. The analysis of the DNA was carried out by PCR as well as
Southern blotting. Genomic regions of CVI988 viral and BAC DNA were am-
plified under standard PCR conditions using the following oligonucleotide
primer pairs (5�-3�): Meq, GCACTCTAGAGGTGTAAAGAGATGTCTCAG
and TAACTCGAGGAGAAGA AACATGGGGCATAG; pp38, TTGTCTT
TCTGCCCGCACCG and TCGCACTGCT GGGCAAGCTC; 132-bp region,
TACTTCCTATATAGATTGAGACGT and GAGAT CCTCG TAAGGTGTA
ATATA; gpt, ATGAGCGAAAAATACATCGTC and TTAGCG ACCG
GAGATTGGCGG.

For Southern blot hybridization, BamHI and PstI restriction enzyme digests of
the DNA from parental CVI988 virus or the pCVI988 clones were separated on

0.8% agarose gels and transferred to Duralon-UV membranes (Stratagene Eu-
rope, Amsterdam, The Netherlands). Digoxigenin-labeled (Roche Diagnostics,
Lewes, East Sussex, United Kingdom) 0.5-kbp PstI-BamHI fragment of the
PCR-amplified meq gene from pCVI988 clone 10 was used as the probe.

Vaccination and virus challenge. The vaccination efficacy of pCVI988 clone 10
was tested in 1-day-old specific-pathogen-free HPRS Rhode Island Red chicks.
In the first group, the protective efficacy of the BAC-derived virus stocks was
examined. For this, CEF transfected with the BAC DNA was subcultured for
three to four passages to allow the virus to grow to sufficient titers. One-day-old
chicks (n � 19) were injected intra-abdominally with 1,000 PFU of pCVI988-
derived virus. Control birds (n � 19) were injected with an equal number of
uninfected CEF or tissue culture medium. Vaccine contact birds (n � 16) were
kept in the same cages as the vaccinated birds. In the second group, the ability
of the naked DNA of the pCVI988 clone 10 to protect against challenge was
examined. BAC DNA diluted in phosphate-buffered saline (PBS) was inoculated
intramuscularly into 1-day-old chicks at doses of 5 �g (n � 10) or 10 �g (n � 9).
Control birds were injected with 5 �g (n � 9) or 10 �g (n � 8) of the transfer
vector pDS-pHA1. BAC DNA contact birds (n � 9) were kept in the same cages
as the pCVI988-injected birds. Seven days after vaccination, all birds were in-
jected intra-abdominally with a fourth CEF passage stock of virulent RB1B
strain (1,000 PFU) and monitored for 8 weeks. The numbers of birds that
developed MD on the basis of gross and histological lesions in different groups
were used to calculate the cumulative disease or survival rates, which were used
as a measure of the protective efficacy of the vaccines.

Nucleotide sequence accession numbers. GenBank accession numbers for
sequences determined in this study were AY164639 (S-meq) and AY164640
(L-meq).

RESULTS

pCVI988-derived viruses show characteristics similar to
those of parental CVI988 virus. Transfection of CVI988 viral
DNA together with pDS-pHAI DNA into CEF and subse-
quent growth in selection medium showed evidence of virus
infection, indicating the presence of recombinant viruses. Elec-
troporation of the DNA extracted from these CEF into E. coli
DH10B cells produced several chloramphenicol-resistant col-
onies. Three of these colonies (pCVI988 clones 6, 10, and 19)
that contained high-molecular-weight DNA were selected for
further analysis. Transfection of BAC DNA from these clones
into primary CEF produced MDV-specific plaques visible from
about 3 days, demonstrating their infectivity. The morphology
and size of the plaques from each of the pCVI988 BAC clones
were indistinguishable from those produced by the parental
CVI988 strain (Fig. 1). Analysis of the in vitro replication of
the parental CVI988 or the viruses derived from the BAC
clones by plaque titration or by measuring the amount of viral
DNA using a real-time quantitative PCR (Taqman) assay did
not show significant differences (data not shown). Virus stocks
from BAC clone 10 were examined for their stability by con-
tinuous passage in vitro in CEF, and DNA extracted from
infected cells at passage levels 5 and 10 were electroporated
into E. coli. The appearance of chloramphenicol-resistant col-
onies indicated that the recombinant BAC MDV clones were
stable at these passage levels. In addition, the effect of in vivo
passage of the virus in birds vaccinated with pCVI988 (clone
10) was examined by inoculating lymphocytes collected from
the spleen, either 7 days (one bird) or 48 days (three birds)
after vaccination onto CEF. Virus plaques reminiscent of those
induced by parental CVI988 virus could be seen at 4 to 5 days
after inoculation.

Molecular characteristics of pCVI988 clones. DNA isolated
from pCVI988 clones 6, 10, and 19 exhibited identical BamHI
digestion patterns that resembled the digestion pattern of the
GA strain of MDV (6), indicating that the three BAC clones
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contained the entire CVI988 genome. Positive PCR tests for
the gpt gene for the BAC vector further confirmed the speci-
ficity of the pCVI988-derived viruses. PCR analysis of the pp38
gene also gave products of identical sizes from both parental
and pCVI988-derived viruses. Compared with the other sero-
type 1 MDV strains, the pp38 gene of CVI988 strain has a
single G-to-A base substitution at coding position 320 that
eliminates an epitope designated H19 in the protein sequence
(3). We have noted that this mutation also eliminates a unique
TspRI restriction site. PCR products of the pp38 gene from
both parental and BAC-derived CVI988 viruses, unlike that of
the oncogenic RB1B strain, shared this polymorphism (Fig.
2B). Another characteristic feature of CVI988 virus, used

widely as a tool for the molecular identification of attenuated
MDV strains such as CVI988, is the increase in the number of
units of 132-bp tandem repeats in the BamHI-D/H region (4).
Agarose gel separation of PCR products amplified from the
132-bp repeats showed multiple banding patterns, indicating
expansion of the 132-bp repeat region in both the parental and
pCVI988-derived viruses (Fig. 2A). Compared to this, the vir-
ulent RB1B strain and a field MDV isolate showed a major
band representing two copies of these repeat sequences, al-
though weak bands representing expansion of the region could
also be seen (Fig. 2A). Sequence analysis of the BamHI-D/H
region of the pCVI988 clone 10 showed eight tandem 132-bp
repeats (unpublished data). Identical banding patterns of the

FIG. 1. Morphology of plaques induced by parental CVI988 (panel 1) and viruses derived from pCVI988 clones 6, 10, and 19 (panels 2, 3, and
4, respectively).

FIG. 2. (A) PCR of the 132-bp region from BAC-derived and wild-type CVI988 viruses. (B) TspRI restriction digestion profile of pp38 PCR
product. Lane M, HindIII-EcoRI-digested lambda DNA molecular weight markers; lane F, field MDV isolate; lane R, RB1B virus; lane 1, BAC6;
lane 2, BAC19; lane 3, BAC10; lane 4, BAC10, fifth passage; lane 5, BAC10, 10th passage; lanes 6 to 9, viruses isolated from birds 241 (BAC
virus-infected), 932, 933, and 941 (BAC DNA-infected), respectively; lane 10, wild-type CVI988 virus.
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132-bp PCR on pCVI988 clone 10-derived virus stocks pas-
saged in CEF as well as birds (Fig. 2A) indicated that the
numbers of these repeat sequences remain stable after in vitro
and in vivo passages.

CVI988 virus stocks contain subpopulations differing in the
meq gene. PCR amplification of the meq gene from the paren-
tal CVI988 virus gave two products, including a normal 1.0-kbp
small meq (S-meq) product and an additional, larger, 1.2-kbp
large meq (L-meq) product that contained a 178-bp insertion
(8). However, it was unclear whether the two forms of the meq
gene were located in the repeat regions of the same viral
genome or whether they represented independent virus sub-
populations. PCR tests showed differences in the meq gene
between the parental CVI988 and the BAC clones (Fig. 3A).
BAC clone 6 gave only a single 1.0-kbp product of S-meq, while
clone 10 gave a single 1.2-kbp L-meq product. PCR on clone 19
gave products representing both S-meq and L-meq, indicating
that the copies of meq in the internal and terminal repeat
regions of virus clone 19 are different in relation to the inser-
tion. The presence of the two different meq gene structures in
the three BAC clones was also confirmed by Southern blot
analysis. Hybridization of the PstI- and BamHI-digested DNA
with the meq probe detected single bands representing L-meq
and S-meq in pCVI988 clones 6 and 10, respectively, while
pCVI988 clone 19 and the parental CVI988 showed both L-
meq and S-meq hybridizing fragments (Fig. 3B). However, in
comparison to BAC clone 19, where both S-meq and L-meq
bands were present in equimolar amounts, the S-meq band in
the parental CVI988 was much weaker than the L-meq band,
suggesting that viruses harboring S-meq represented a minor
population.

The insertion in meq does not disrupt the open reading
frame. In order to further characterize the structures of the
meq gene in the different pCVI988 clones, we determined the
sequences of S-meq and L-meq from pCVI988 clones 6 and 10,
respectively. The S-meq sequence showed only four nucleotide
changes, including an insertion of three nucleotides compared
with the published S-meq sequences in the CVI988 virus (ac-
cession no. AF493555). In the L-meq gene of the parental
CVI988 virus, it has been reported that the 178-bp insertion
caused a frameshift in the coding region of the proline-rich
repeat region of the transactivation domain (8). In addition,
this also shifted the stop codon 13 nucleotides upstream,
thereby truncating the protein. The sequence of L-meq of the
pCVI988 BAC clone 10 showed seven nucleotide differences
(Fig. 4) from the published CVI988 sequence (accession no.
AB033119). One of these differences was a single G deletion
from a stretch of GGGGG at positions 609 to 613 of the
published L-meq sequence. The deletion of this single G, leav-
ing a stretch of only GGGG at that position, restores the
reading frame despite the insertion of 59 amino acids.

BAC-derived CVI988 virus induces protection against viru-
lent MDV infection. Since the CVI988 vaccine provides the
most effective protection against MD, we examined the pro-
tective ability of the pCVI988-derived virus stocks against the
virulent RB1B strain. Evidence of MD could be observed in
the unvaccinated control birds from 3 weeks after infection,
and postmortem examination revealed atrophic changes of the
bursa and thymus, enlargement of peripheral nerves, and tu-
mors of visceral organs. Histological examination demon-
strated lymphoid infiltration in the nerves and neoplastic lym-
phoid proliferation in visceral organs, such as the liver, spleen,
ovary, and kidney (not shown). All the birds in the unvacci-
nated control and contact exposure group developed the dis-
ease, demonstrating that the virulent RB1B strain induced MD
in 100 percent of nonimmunized birds (Fig. 5). Compared with
this, none of the birds that were vaccinated with the BAC-
derived CVI988 virus developed MD during this period. These
results demonstrated that the pCVI988-derived virus is similar
to the parental vaccine virus in inducing protection against
challenge infection with virulent MDV.

Protection by BAC DNA vaccine shows correlation with vi-
rus replication. Having demonstrated the ability of pCVI988-
derived virus to induce protection against MD, we examined
whether pCVI988 BAC could be used as a DNA vaccine to
induce protection against RB1B virus challenge. Birds injected
with control DNA developed MD with characteristic gross and
histological lesions. In addition, all birds in the pCVI988 DNA
contact exposure group also developed the disease, with the same
kinetics seen in nonimmunized birds (Fig. 5). In the two groups of
birds that were injected with pCVI988 DNA in doses of 5 or 10
�g, 7 out of 10 and 6 out of 9 birds, respectively, developed MD
during the course of the experimental period. The three remain-
ing birds in each of these two groups did not develop MD during
this period, and postmortem examination did not reveal any gross
or histological lesions in these birds. These studies thus demon-
strate that CVI988 BAC injected as naked DNA in doses of 5 to
10 �g induced protection in a proportion (30 to 33.3%) of birds
against virulent MDV challenge.

Because pCVI988 DNA is infectious and contains the com-
plete viral genome, the DNA-mediated protective responses

FIG. 3. (A) Ethidium bromide-stained agarose gels showing 1.0-
and 1.2-kbp PCR products of meq gene from the parental CVI988 or
pCVI988-derived viruses. HindIII-EcoRI-digested lambda DNA is
shown as marker. (B) Southern blot showing the L-meq and S-meq
fragments. PstI-BamHI-digested DNA from CEF infected with paren-
tal and BAC-derived CVI988 viruses probed with digoxigenin-labeled
meq-DNA probe is shown. One hundred-base-pair DNA ladder (Pro-
mega) was simultaneously hybridized with digoxigenin-labeled ladder
to visualize size markers.
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could be induced either through the expression of the immu-
nogenic viral genes or after replication of the reconstituted
infectious virus. In order to examine the latter possibility for
the induction of partial protection by the pCVI988 DNA, we
attempted to isolate the virus from the spleens of all the six
birds that survived RB1B challenge. Inoculation of spleen lym-
phocytes from these birds onto CEF produced CVI988 virus-
like plaques in all cases. PCR tests that amplified the gpt gene,
which identifies only pCVI988-derived virus and not the viru-
lent RB1B challenge virus, confirmed that these isolates rep-
resented CVI988 virus reconstituted from the injected BAC
DNA. This was also confirmed by the successful transforma-
tion of E. coli DH10B cells with the DNA extracted from the
CEF infected with the recovered viruses.

DISCUSSION

Full-length infectious BAC clones of several herpesviruses
are used as powerful tools for studying herpesvirus biology and

pathogenesis. In the case of MDV, BAC clones of an attenu-
ated MDV strain, 584Ap80C, have been used to investigate
various gene functions (5, 14–15, 18). Among the different
generations of MD vaccines, CVI988 (11) is the most widely
used vaccine, mainly because of its exceptional protective ef-
ficacy, particularly against vvMDV and vv�MDV pathotypes
(24). As a first step for studying the molecular basis for the
unique features of this MDV strain as an effective vaccine, we
have generated several infectious BAC clones of CVI988 from
a commercially available vaccine. Transfection of the DNA
prepared from three of these clones in CEF resulted in the
rescue of infectious viruses with plaque morphology and
growth kinetics indistinguishable from those of parental virus
despite the presence of the BAC vector sequences. The orig-
inal CVI988 isolate has undergone several passages, and the
commercial vaccine is thought to be a pool of several viruses
(7). Cloning of individual MDV genomes from these virus
pools provides the opportunity to examine the properties of
each of the viruses. Such studies could lead to the identification

FIG. 4. Alignment of the L-meq sequences from pCVI988 clone 10 with the published CVI988 (accession no. AB033119) sequences. The
178-bp insertion in L-meq is shown in bold. The position of the deletion of the single G residue in the pCVI988 sequence is shown by vertical arrow.
Frameshift in the CVI988 sequence is underlined.
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of virus strains with desirable characteristics, including higher-
level growth or immunogenicity, that could be used as seed
vaccine stocks. The pCVI988 clone showed remarkable stabil-
ity during both in vitro and in vivo passages, despite insertion
of the BAC vector into the genome. This was confirmed by the
detection of the intact gpt gene by PCR on DNA samples from
viruses passaged in cell culture and in birds. Furthermore, the
DNA samples produced chloramphenicol-resistant colonies in
E. coli, confirming the presence of mini-F-vector sequences in
pCVI988-derived viruses. Although the BAC clones of many
herpesviruses are stable (22), the influence of the vector se-
quences on the stability or growth rate varies with different
viruses. For example, the presence of vector sequences had
destabilizing effects on the BAC clones of pseudorabies virus
(17) and mouse cytomegalovirus (21), resulting in spontaneous
deletions of the BAC vector and neighboring viral sequences.
However, since the vector sequences do not appear to affect
the stability of the pCVI988 clones, they would be useful for
maintaining as seed stocks.

Even though the individual BAC clones could not be differ-
entiated based on BamHI restriction digestion pattern or by
the PCR tests of pp38 or the 132-bp repeat sequences, they
could be distinguished by the differences in the meq gene
structure. In the parental CVI988 vaccine, two forms of the
meq gene have been demonstrated (8). The major population
was thought to contain L-meq, while a minor population con-
tained either S-meq or both forms. Since L-meq was originally
observed only in CVI988, it was thought to be associated with
loss of oncogenicity (8). However, subsequent studies also de-
tected the L-meq gene in oncogenic strains Md5 and RB1B,
although its detection, unlike that in CVI988, was restricted to
specific periods after infection (2). On this basis, it was spec-
ulated that a shift in the population of viruses with L-meq and

S-meq sequences may play a role in establishing latency and/or
tumorigenic transformation (2). Although such a hypothesis
still needs to be proven, these studies further established that
MDV strains do exist as pools of virus populations with distinct
genomic structures and perhaps with distinct functions. Since
each BAC clone represents individual viruses in these pools,
they are valuable in delineating any functional differences be-
tween viruses. The three pCVI988 clones with distinct meq
structures did not show significant differences in growth kinet-
ics in vitro, demonstrating that meq variation probably is not
important for replication in cultured cells. In birds infected
with pCVI988 clone 10, only L-meq could be detected after in
vivo passage, indicating that generation of virus pools contain-
ing both meq variants probably requires continuous passage
over a long period of time. Even if such variations do arise
during continuous passage, the stable BAC DNA offers the
opportunity to generate new uniform virus stocks with the
original characteristics.

The published sequence of L-meq from parental CVI988
virus indicated that the 178-bp insertion resulted in a frame-
shift of the C-terminal region of the Meq protein (8). Since this
region contains an important transactivation domain (10), the
frameshift could interfere with the function of Meq as a tran-
scription factor. However, the deletion of G in the poly(G)
tract (at positions 609 to 613) of the pCVI988 BAC clone 10
restores the reading frame even though it introduces a 59-
amino-acid repeat in the proline-rich region. It is not clear
whether this expansion of the proline-rich region would mod-
ulate the functions of Meq. However, based on the observation
that only one proline-rich repeat is necessary for the transac-
tivation function of Meq (9), one could speculate that the
insertion of the 59-amino-acid repeat sequence is unlikely to
influence Meq function. The inserted sequence, which is almost

FIG. 5. Protection induced by pCVI988 (clone 10) against virulent RB1B infection. Groups of 1-day-old birds immunized with pCVI988-
derived viruses or DNA were challenged with the virulent RB1B strain of MDV. The cumulative number of birds that developed the disease was
used to calculate the percent survival rates for different groups.
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identical to a tandem repeat observed in the meq gene of the GA
and Md5 strains, increases the number of tandem repeats to three
in the CVI988 genome. Similar expansions of tandem repeat
sequences, such as those seen with the 132-bp repeat, are thought
to occur during viral replication in cultured cells.

Virus derived from pCVI988 (clone 10) is as highly immu-
nogenic as the parental vaccine, since it induced 100 percent
protection against virulent RB1B challenge, demonstrating that
MDV BAC clones could be developed as commercial vaccines. In
addition, BAC DNA was able to induce protection in 6 of 20 birds
even at relatively low doses of 5 to 10 �g, proving that it retains
immunogenicity even as a DNA vaccine. However, unlike the
virus stock derived from the BAC clone, which induced 100 per-
cent protection, the BAC clone used as a DNA vaccine was able
to induce protection only in a proportion of birds. Although the
reasons for this difference are not clear, this is most likely to be
related to the suboptimal DNA delivery methods, since the im-
munogenicity of DNA vaccines is dependent on the efficiency of
uptake into the cells. Administration of higher doses or adopting
more efficient DNA immunization strategies could further im-
prove the efficiency of these novel DNA vaccines. Advantages of
stability and the ease of handling would make such vaccines very
attractive compared to the currently used MD vaccines, which
require the mass production of primary CEF cultures and the
maintenance of the liquid nitrogen cold chain for their transpor-
tation. We were able to isolate BAC-derived viruses from the
spleens of all birds that were protected by the DNA immuniza-
tion, suggesting that replication of the reconstituted virus is prob-
ably a requirement for protection. However, since we did not
examine the tissues of all the DNA-vaccinated birds for evidence
of virus replication, it is difficult to make such a conclusion. Fur-
thermore, confirmatory evidence for the need for virus replication
can be obtained only by examining whether the DNA from a
replication-defective BAC clone of CVI988 could induce any
protection. A recent study demonstrating the inability of a gE-
deletion mutant BAC clone of MDV strain 584Ap80C to induce
protection against virulent EU1 MDV challenge (19) supports
the suggestion that protective immune responses against MD are
dependent on virus replication.

The current vaccination strategy for control of MD is at a
critical juncture. A major shift in virulence of MDV isolates in the
last 30 years has been clearly documented (23), and the CVI988
strain is the only effective vaccine against many of the most re-
cently emerged MDV pathotypes. Construction of infectious
BAC clones of CVI988 is an important step in understanding the
determinants for its superior immunogenic features. Additionally,
it also provides the opportunity to develop this highly immuno-
genic virus as an expression vector for the delivery of immuno-
modulatory molecules or protective immunogens.
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