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RB1BUS6lacgpt, a Marek’s disease virus (MDV) mutant having a disrupted glycoprotein D (gD) homolog
gene, established infection and induced tumors in chickens exposed to it by inoculation or by contact.
Lymphoblastoid cell lines derived from RB1BUS6lacgpt-induced tumors harbored only the mutant virus. These
results provide strong evidence that an intact gD homolog gene is not essential for oncogenicity or horizontal
transmission of MDV.

Marek’s disease virus (MDV) is an avian herpesvirus prin-
cipally known for causing T-cell lymphomas and/or nerve le-
sions in chickens (4, 27). In commercial poultry operations,
Marek’s disease (MD) has been controlled since the early
1970s by vaccination with live, nononcogenic strains of MDV
and/or a related virus, herpesvirus of turkeys. MDV was orig-
inally classified as a gammaherpesvirus based on its biological
properties; however, its genome organization and content
more closely resemble those of the alphaherpesviruses (3).
Thus, even though MDV is somewhat difficult to manipulate
experimentally, it has emerged as a most interesting herpesvi-
rus, having molecular ties to the alphaherpesviruses but bio-
logical similarities to the gammaherpesviruses.

This report focuses on the MDV glycoprotein D (gD) ho-
molog gene. The predicted MDV protein shows 43.8, 42.9, and
41% homology to the gD homologs of herpes simplex virus
type 1 (HSV-1), pseudorabies virus (PRV), and equine her-
pesvirus type 1, respectively (31). It has been hypothesized that
the MDV gD homolog is not essential for cell-to-cell spread of
MDV but is important for the generation of cell-free infectious
MDV from feather follicle epithelium. This hypothesis was
based on the observations that (i) expression of an MDV gD
homolog in cell culture where only cell-associated virus is pro-
duced has not been demonstrated; (ii) the gD homolog gene
appears to be nonessential for cell culture propagation of
MDV (11, 25); (iii) gp50, the gD homolog of PRV, is not
required for cell-to-cell spread of PRV in a noncomplementing
cell line or in mice (2, 20, 28); and (iv) varicella-zoster virus,
also a strictly cell-associated virus, lacks a gD gene altogether
(6). The hypothesis that MDV gD functions to produce cell-
free virus from feather follicle epithelium predicts that the
MDV gD gene would be important for horizontal transmission
of MD during a natural infection but not for cell culture prop-

agation of MDV or manifestation of disease in inoculated
chickens.

Construction of the RB1BUS6lacgpt mutant. MDV strain
RB1B (32) at passage level 18 (RB1Bp18) was the parent
strain for mutant construction. A mutagenesis cassette (Fig.
1A) containing the Escherichia coli lacZ and gpt genes was
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TABLE 1. Incidence of tumors in chickens exposed
to RB1BUS6lacgpt

Virus and dose(s)a

Inoculates Contacts

No. of
chickens

% with
MDb

No. of
chickens

% with
MD

Expt 1
None 17 0 9 0

RB1Bp18
110 PFU 23 78 8 88

RB1Bp29
80 PFU 25 28 8 0

700 PFU 18 72 8 0

RB1BUS6lacgpt
60 PFU 21 62 10 30

580 PFU 19 42 10 60

Expt 2
None 9 0 5 0

RB1Bp18
120 PFU 20 85 12 75

1,200 PFU 18 100 13 77

RB1Bp29
60 PFU 16 25 10 0

600 PFU 19 68 9 0

RB1BUS6lacgpt
50 PFU 19 47 9 55

560 PFU 20 45 10 60

a For inoculates, the dose in PFU per chicken is indicated. For contacts, the
indicated dose is that inoculated into cagemates.

b Number of chickens with gross MD lesions/total 3 100.
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constructed by inserting a lacZ cassette (34) into pVEC12, a
plasmid derived from pSV2gpt (21), which contains the E. coli
gpt gene expressed from the simian virus 40 early promoter.
The resulting plasmid, pMD181, contains the gpt and lacZ
genes expressed in opposite orientations toward the bidirec-
tional transcriptional terminator that was part of the original
lacZ gene from pCH110. Plasmid pMD183 was made essen-
tially as described for pMD175, the GAUS6lac transfer vector
(25), except that the lacZ-gpt cassette from pMD181 was used
instead of the lacZ cassette.

Cotransfection of 0.5 mg of pMD183 and 12 mg of RB1B
DNA into secondary chicken embryo fibroblasts (CEF) was
done as detailed previously for the construction of MDV mu-
tants (5, 26), with some modifications, since we could select for
the gpt gene (15, 22). The selective medium used consisted of
M199 supplemented with 1% calf serum, 100 IU of penicillin G
per ml, 100-mg/ml dihydrostreptomycin, 250-mg/ml xanthine,
13.6-mg/ml hypoxanthine, 8-mg/ml thymidine, 10-mg/ml glycine,
2-mg/ml aminopterin, and 1 to 10-mg/ml mycophenolic acid,

FIG. 1. (A) Diagram of the 4.9-kb mutagenesis cassette containing both the
lacZ and gpt genes of E. coli. These genes are expressed from simian virus 40
(SV40) early promoter sequences and share a bidirectional transcription termi-
nator. (B) Diagram of the relevant region of the MDV genome for the RB1B
parent and the RB1BUS6lacgpt mutant. The positions of the gD-specific and
lacZ-specific probes, as well as the KpnI sites, are shown. (C) Southern hybrid-
ization analysis of the RB1BUS6lacgpt mutant and corresponding parent strains.
Approximately 10 mg of DNA from MDV-infected CEF was KpnI digested, and
the resulting fragments were separated on a 0.6% agarose gel and transferred to
nitrocellulose. The MDV gD-specific probe used for the Southern analysis was a
1-kb AvaI fragment purified from pMD100 (5) which traverses the AvrII inser-
tion site. The cassette-specific probe was a 2.4-kb EcoRV fragment purified from
pMD181 which spans the junction between the gpt and lacZ genes. Probe DNA
fragments were gel purified and biotin labelled with the Gene Images random-
primed DNA labelling kit (United States Biochemical Corp., Cleveland, Ohio).
Lanes: 1 and 9, uninfected CEF DNA; 2 and 10, RB1Bp18-infected CEF DNA;
3 and 11, RB1Bp29-infected CEF DNA; 4 and 12, RB1BUS6lacgpt-infected CEF
DNA; 5 and 13, DNA from RB1Bp29 reisolated from inoculated chickens onto
CEF; 6 and 14, DNA from RB1BUS6lacgpt reisolated from inoculated chickens
onto CEF; 7 and 15, DNA from RB1BUS6lacgpt reisolated from contact-ex-
posed chickens onto CEF; 8 and 16, DNA from virus reactived from the MDCC-
UD29 lymphoblastoid cell line, a cell line derived from an RB1BUS6lacgpt-
induced tumor present in a contact-exposed chicken. Lanes 1 to 8 were probed
with the gD-specific probe, and lanes 9 to 16 were probed with the lacZ-gpt
cassette-specific probe. Sizes are indicated in kilobase pairs.

FIG. 2. Northern hybridization analysis of RB1BUS6lacgpt mutant and cor-
responding parent RNAs. Approximately 10 mg of total RNA from each sample
was separated on a 1.2% agarose-formaldehyde gel and transferred to nitrocel-
lulose. The gD-specific probe was a T7-derived riboprobe made from pMD168
by in vitro transcription with [32P]CTP. Plasmid pMD168 contains the 0.7-kb
AvrII-BamHI fragment from pMD100 (5) and covers the 39 half of the US6
coding region. The lacZ-specific probe was identical to that used for Southern
hybridization. (A) Diagram of the relevant region of the MDV genome showing
the positions of known open reading frames and the previously described 6.2-kb
transcript that spans the gD coding region. (B) Northern blot analysis. Lanes: 1
and 5, uninfected CEF RNA; 2 and 6, RB1Bp18-infected CEF RNA; 3 and 7,
RB1Bp29-infected CEF RNA; 4 and 8, RB1BUS6lacgpt-infected CEF RNA.
Lanes 1 to 4 were probed with the gD-specific probe, and lanes 5 to 8 were
probed with the lacZ-gpt cassette-specific probe. The positions of the 6.2-kb
transcript and the 4.0-kb lacZ-specific transcript are indicated.
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depending on how efficient the selection appeared to be. The
final mutant stock, RB1BUS6lacgpt, was obtained at passage
level 29. A derivative of the original parent virus passed along-
side the mutant during its construction was designated
RB1Bp29.

Southern hybridization of KpnI-digested DNA from unin-
fected CEF or CEF infected with RB1Bp18, RB1Bp29, or
RB1BUS6lacgpt indicated that the mutant stock was free of
detectable contaminating parent virus (Fig. 1). In particular, a
4.7-kb KpnI fragment present in the parent viruses was absent
in the mutant virus stock and this band was replaced by the
expected 3.2-kb and 2.3-kb species (Fig. 1C, lane 4). The lacZ-
specific probe detected an expected 4.1-kb band (Fig. 1C, lane
12). DNA from CEF infected with RB1BUS6lacgpt reisolated
from chickens or reactivated from MDCC-UD29, a lympho-
blastoid cell line established from an RB1BUS6lacgpt-induced
tumor, had indistinguishable hybridization patterns (Fig. 1C,
lanes 6 to 8 and 14 to 16). Additional Southern hybridizations
using different restriction enzyme digestions and PCR analysis
indicated that while no parental sequences were present in the
mutant stock, a minor population of genomes had the mu-
tagenesis cassette in the opposite orientation.

The AvrII insertion site, which was disrupted in the
RB1BUS6lacgpt mutant, is positioned approximately one-third
of the way into the MDV US6 coding sequence. It is possible
that a truncated version of gD containing the first 154 amino
acids but lacking the 249 carboxy-terminal amino acids could
be produced. Based on the similarity of the coding sequence to

that of HSV-1 gD, it is extremely unlikely that such a truncated
gD protein could function. The predicted gD homologs of
MDV and HSV-1 are strikingly similar with regard to the
positioning of the six essential cysteine residues in HSV-1 gD.
Two independent studies (7, 19) have demonstrated that de-
letions in the region containing these cysteine residues result in
nonfunctional gD.

RNA expression in the RB1BUS6lacgpt mutant. Northern
hybridizations using RNA from uninfected CEF or CEF in-
fected with RB1Bp18, RB1Bp29, or RB1BUS6lacgpt indicated
that a 6.2-kb transcript present in RB1Bp18- or RB1Bp29-
infected CEF was missing in cells infected with the mutant
stock (Fig. 2, lane 4). This transcript has been reported previ-
ously to be present in CEF infected with an attenuated MDV,
namely, GAatt85 (25), and it is believed to encode the US3
homolog or sorf4 gene product, both of which map 59 to the gD
homolog gene. The 4.0-kb lacZ transcript was present only in
RNA from mutant-infected CEF (Fig. 2, lane 8).

Reisolation of RB1BUS6lacgpt from infected chickens. Two
experiments were done to assess the phenotype of the
RB1BUS6lacgpt mutant in inoculated and contact-exposed
chickens. Briefly, 1-day-old specific-pathogen-free single-comb
white Leghorn chickens (SPAFAS, Norwich, Conn.) were in-
oculated intra-abdominally with cell-associated RB1Bp18,
RB1Bp29, or RB1BUS6lacgpt at the doses indicated in Table
1. At approximately 1, 2, and 3 weeks postinoculation (p.i.),
spleen cells and peripheral blood lymphocytes (PBL) were
isolated from three chickens per group as described previously

FIG. 3. Virus reisolations from chickens inoculated with the RB1BUS6lacgpt and corresponding parent strains. Shown are results of virus reisolations from
splenocytes (A and B) or PBL (C and D) of chickens inoculated with mock-infected CEF, RB1Bp18-infected CEF, RB1Bp29-infected CEF, or RB1BUS6lacgpt-infected
CEF. Virus doses in PFU per chick are indicated in parentheses. Data from chickens inoculated with RB1Bp29 or RB1BUS6lacgpt at relatively low (A and C) or
relatively high doses (B and D) are shown. Data are expressed as PFU obtained on the reisolation dishes per 106 cells.
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(26). Two weeks after the initiation of the experiment, 1-day-
old chicks were placed in the isolation units with the 14-day-old
inoculates. These birds were exposed to MDV only by contact
with the previously inoculated chickens, which at that time
should have been shedding MDV. Over a 10-week period,
chickens were observed daily for signs of MD, and at the end
of the experiment, all remaining chickens were euthanized and
representative tissues were processed for histological evalua-
tion.

MDV was reisolated from both spleen cells and PBL of

chickens inoculated with the RB1BUS6lacgpt mutant or with
either of the control RB1B strains (Fig. 3). In most cases, virus
reisolations were most efficient at 18 days p.i. of the three time
points tested, the exception being PBL reisolations from chick-
ens inoculated with a relatively high dose of the RB1BUS6
lacgpt mutant. For chickens inoculated with the low doses (Fig.
3A and C), the RB1BUS6lacgpt mutant appeared to be more
efficiently recovered than either parent virus at 18 days p.i.,
whereas for chickens inoculated with the high doses (Fig. 3B
and D), the opposite occurred. These differences are probably
of little importance, since cells were derived from only three
chickens and one or more animals having high or low levels of
spleen infection could alter the results obtained.

Five weeks after contact-exposed chickens were placed in
cages with inoculates, virus isolation attempts were made.
MDV was isolated from splenocytes and PBL of chickens ex-
posed by contact to either RB1BUS6lacgpt or RB1Bp18; how-
ever, no virus was detected in spleen cells or PBL of chickens
exposed by contact to RB1Bp29 (data not shown and see
below).

Regardless of whether the RB1BUS6lacgpt strain was reiso-
lated from inoculates or contact-exposed chickens, all plaques
on the reisolation dishes were Lac1. Southern hybridization
and PCR on DNA prepared from reisolated viruses indicated
that no detectable parent virus was present (Fig. 1C, lanes 6
and 7), the mutant retained the expected genomic structure
after passage through the chicken, and the reisolated virus
stocks continued to contain both genomic isomers with regard
to the orientation of the lacZ-gpt cassette.

Oncogenicity of the RB1BUS6lacgpt insertion mutant. Tu-
mors were evident in all groups inoculated with the various
RB1B strains, including RB1BUS6lacgpt (Table 1). Chickens
exposed to RB1BUS6lacgpt by contact also sustained tumors.
This result clearly indicated that an intact gD gene is not
required for horizontal transmission of virulent MDV. It was
interesting that the RB1Bp29 equally passaged parent did not
cause tumors in contact-exposed chickens. This result, coupled
with the observation that this derivative could not be reisolated
from spleens or PBL of contact-exposed chickens, led us to
believe that it had sustained some attenuation during cell cul-
ture passage.

Establishment of lymphoblastoid cell lines from RB1BUS6
lacgpt-induced lymphomas. Lymphoblastoid cell lines were es-
tablished from mutant-induced lymphomas as previously de-
scribed (26). Eight lymphoblastoid cell lines were established
from RB1BUS6lacgpt-induced tumors. The tumors from which
these cell lines were derived were removed from five different
chickens, namely, three inoculates and two contact-exposed
chickens. PCR indicated that DNA present in all of the lym-
phoblastoid cell lines did not contain detectable parent virus,
and data from four of these cell lines are shown in Fig. 4, lanes
1, 4, 7, and 10. Furthermore, these cell lines continued to
contain both populations of the mutant with respect to the
orientation of the lacZ-gpt cassette (Fig. 4, lanes 2, 3, 5, 6, 8, 9,
11, and 12). MDV that was spontaneously reactivated from
these cell lines (26) was exclusively Lac1. PCR results obtained
by using DNA purified from CEF infected with reactivated
viruses were identical to those shown in Fig. 4.

The nature of so-called cell-free MDV produced in feather
follicle epithelium needs to be briefly discussed. We noted the
presence of both mutant isomers in DNA purified directly
from lymphoblastoid cells established from contact-exposed
chickens, as well as in virus reactivated from the cells. These
results indicate that even in a contact-exposed chicken, target
cells for transformation are infected with more than a single
viral particle. One explanation for this is that the infectious

FIG. 4. PCR analysis of DNA from lymphoblastoid cell lines derived from
RB1BUS6lacgpt-induced tumors. (A) Diagram of the structure of the RB1B
parent and both isomers of the RB1BUS6lacgpt mutant with regard to the
relevant region of the genome. The orientations of the mutagenesis cassette in
the major and minor populations of the mutant are indicated. The positions of
PCR primers, as well as the sizes of the predicted products, are shown. Primers
1 and 2, which flank the AvrII insertion site, should direct amplification of a
1.0-kb product from DNA purified from parent-infected CEF but no product
from DNA purified from mutant-infected CEF under the PCR conditions used.
(B) Southern blot of PCR products from analysis of lymphoblastoid cell line
DNAs. PCR products were separated by agarose gel electrophoresis, transferred
to nitrocellulose, and probed with the gD-specific probe described in the legend
to Fig. 1. The primer pairs used are indicated above the lanes. Templates used
are as follows: lanes 1 to 3, MDCC-UD23 DNA; lanes 4 to 6, MDCC-UD26
DNA; lanes 7 to 9, MDCC-UD28 DNA; lanes 10 to 12, MDCC-UD29 DNA;
lanes 13 to 15, RB1BUS6lacgpt-infected CEF DNA; lanes 16 to 18, RB1Bp29-
infected CEF DNA; lanes 19 to 21, RB1Bp18-infected CEF DNA. Sizes are
indicated in kilobase pairs.
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unit released from feather follicles contains more than a single
viral particle. In the contact-exposed chicken, this dust particle,
or infectious unit, may be phagocytosed or otherwise taken
into cells as infection proceeds. If this is so, then the cell-free
MDV released from feather follicles differs significantly from
cell-free herpesvirus particles in general. Our results could also
be explained if the lacZ-gpt mutagenesis cassette is continually
isomerizing within the MDV genome. If this isomerization
occurs, however, it does so to a relatively constant equilibrium
between the amounts of the two isomers present, since the
relative proportions of the two isomers did not change among
the mutant stocks and reisolated viruses. In addition, this
isomerization does not result in detectable loss or alteration of
the mutagenesis cassette.

It is indeed unusual for a herpesvirus gD gene, if present, to
be nonessential or without apparent function. Homologs of
HSV-1 gD (16, 38) have been reported for HSV-2 (17, 37),
PRV (29), bovine herpesvirus type 1 (36), and equine herpes-
virus type 1 (1, 35, 40). In all cases, the glycoprotein is essential
for productive infection (8, 10, 28, 30, 40). Much effort has
been placed on elucidating the function of gD. HSV-1 gD is
not required for virus binding to heparin sulfate but is neces-
sary for fusion and penetration into cells (9, 12–14, 24). The
structure-function relationships of domains of gD-1 are com-
plex, with different structural domains being important in dif-
ferent functional assays (23). Recent work indicates that gD
binds directly to herpesvirus entry mediator (HVEM), a mem-
ber of the tumor necrosis factor/nerve growth factor receptor
family, to mediate HSV entry into cells (18, 39). In the case of
MDV, other glycoproteins may have evolved to compensate
for lack of gD expression. Such appears to be the case for
gD-negative derivatives of PRV (2, 20, 28) and bovine herpes-
virus type 1 (33).

In summary, the RB1BUS6lacgpt mutant was able to effi-
ciently establish infection in chicken spleen cells and PBL,
induce tumors in inoculated chickens, and spread horizontally,
causing tumors in contact-exposed animals. In addition, lym-
phoblastoid cell lines established from tumors present in con-
tact-exposed chickens harbored only the mutant virus. These
results provide compelling evidence that an intact gD gene is
not required for MDV oncogenicity or horizontal transmission.
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