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DNA was extracted from [3Hjthymidine-labeled Marek's disease virus (MDV)
and purif'ied by two cycles of CsCl gradient centrifugation in a fixed-angle rotor.
The DNA was transcribed in vitro into 32P-labeled complementary RNA (cRNA).
MDV cRNA did not hybridize with DNA from chicken embryo f'ibroblast
cultures or from chicken spleen, but hybridized efficiently with DNA from MDV
particles or MDV-infected cell cultures. Five Marek's disease tumors from

different chickens and diff'erent organs (ovary, liver, testis) were all found to
contain MDV DNA sequences. The relative amount of MDV DNA varied from
tumor to tumor and was between 3 and 15 virus genome equivalents per cell. The
content of virus DNA per cell in spleens from tumor-bearing chickens was much
lower than in tumors from the same animals. MDV-infected cell cultures
contained a large proportion (28-59%7c) of virus antigen-positive cells, as measured
by immunofluorescence, but tumor cells were negative in this respect ( <0.02`%r
positive cells). These data indicate that MDV is present in a provirus form in
tumor cells.

Marek's disease (MD) is a neoplastic disor-
der of chickens (2) and is caused by a herpes-
virus (4, 18). However, many investigators have
failed to detect virus-specific antigens or virus
particles in hundreds of tumors examined. The
mechanism by which MD tumors develop,
therefore, has remained unclear. It has been
proposed (22) that MD tumors could be caused
by an "intrinsic" mechanism, in which abor-
tively infected lymphoid cells become trans-
formed, resulting in a massive prolif'eration. As
no direct proof of the presence of' virus f'oot-
prints has been demonstrated in tumor cells, it
has also been suggested (22) that the lymphoid
proliferation in MD may be a secondary event
mediated by the host response to an "extrinsic"
factor such as virus-infected or antigen-bearing
cells. Recently, it was shown (12) that lymphoid
tissues from tumor-bearing chickens had a sig-
nificantly higher rate of' DNA synthesis than
lymphoid cells from healthy or nontumor-bear-
ing MD virus (MDV)-inoculated chickens.

Cells transformed by several DNA viruses,
i.e., SV40, adenoviruses, and Epstein-Barr virus
(EBV), retain virus DNA sequences as shown by
nucleic acid hybridization (5, 28, 31). In the
present work, we have used this method to

'Present address: U.S. Dept. of Agriculture. Regional
Poultry Research Laboratory, East Lansing. Mich. 4882:3.

search for the presence of MDV DNA in virus-
induced tumors in chickens.

MATERIALS AND METHODS
Reagents. Nucleoside triphosphates were obtained

from Schwarz Mann. [(X- 32PJCTP (20 Ci/mmol) was a
git't from P. Reichard, l3Hjthymidine (14 Ci/mmol)
was purchased from NEN Chemicals, and 32P f'rom
AB Atomenergi, Sweden. Calf thymus DNA was
obtained from Worthington Biochemical Corp., and
highly purit'ied yeast tRNA was made as described
(15). E. coli RNA polymerase (1,000 U/mg) was
obtained f'rom General Biochemicals, pancreatic
DNase (RNase-tree) from Worthington, and Pronase
from Calbiochem. The Pronase was preincubated as a
0.5%7r solution in 0.05 M Tris-hydrochloride. pH 7.5,
for 2 h at 37 C before use. Membrane f'ilters (Selec-
tron-Filter BA 85) were purchased from Schleicher
and Schuell. SSC is 0.15 M NaCl, 0.015 M sodium
citrate.

Viruses. The GA strain of' MDV in its 22nd cell
culture passage and the FC-126 isolate ot' herpesvirus
of turkeys (HVT) were used. 'I'his MDV strain was
originaily isolated (6) f'rom an acute case ot' MD and
has been clone puritfied in cell culture (26). It has
retained its oncogenicity to this passage level. HVT
was originally isolated f'rom turkeys (29) and was
found apathogenic for both turkeys and chickens.

Cell culture. Duck embryo f'ibroblast (DEF) and
chicken embryo fibroblast (CEF) cultures were used
for propagation of the viruses and preparation of
DNA. Procedures and media were previously de-
scribed (16).
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Tumors. One-day-old White Leghorn chicks were
intraabdominally inoculated with 2.5 x 105 MDV-
infected cells in 0.2 ml of phosphate buffered saline,
pH 7.4 (PBS). At 4 to 6 weeks postinoculation,
chickens with clinical symptoms of the disease were
sacrificed and tumors and spleens were removed.
Tumors were lymphoid in appearance and were well
isolated from the adjacent tissues. Spleens were
normal in appearance and had no detectable lymph-
oid infiltrations. Spleens were also removed from
control uninoculated chickens of the same age. These
were also normal in appearance and size.

Propagation and purification of the viruses. The
viruses were propagated in roller bottle cultures of
DEF or CEF as described previously (13).

The culture medium was decanted 2 days after
infection and was replaced with fresh thymine-free
medium 199 with 1% dialyzed calf serum, supple-
mented with 5 uCi of [3Hjthymidine per ml. Medium
from 12 infected roller bottle cultures (total of 600 ml)
was harvested 72 h after infection, chilled to 4 C, and
centrifuged at 7,000 rpm f'or 10 min in a Sorvall GSA
rotor in order to remove the cellular debris. The
supernatant fluid was further centrif'uged at 21,000
rpm for 1 h in a Spinco 21 rotor. Pellets were
suspended in 10 ml of' fresh medium without calf
serum and centrifuged at low speed (2,000 rpm, 10
min). This was followed by two cycles of centrifuga-
tion at 25,000 rpm in a Spinco SW27 rotor, with a
low-speed centrifugation between each run. The final
pellet was suspended in 1 ml of PBS.

Extraction and purification of DNA. The MDV
concentrate (1.2 ml) was lysed by addition of 60
Aliters of 1 M Tris-hydrochloride, 0.2 M EDTA (pH
8.5), and 25 gliters of 25% sodium dodecyl sulfate,
followed by heating at 55 C for 5 min. The solution
was then incubated at 37 C with 1 mg of Pronase per
ml for 2 h. After cooling to 20 C, an equal volume of
redistilled, buffer-saturated phenol was added, and
the phases were gently mixed. The material was
chilled and centrifuged at 10,000 x g for 15 min at
4 C. The aqueous phase was recovered and dialyzed
against several changes of 1 M NaCl, 0.01 M Tris-
hydrochloride, and 0.001 M EDTA (pH 8.0), for 4
days at 4 C, followed by dialysis overnight against the
same buffer without NaCl. The DNA solution was
adjusted to a volume of 4.5 ml and a density of 1.710
g/cm3 by the addition of dialysis buffer and solid
CsCl. Two nanograms of 32P-labeled E. coli DNA was
added as a marker, and the solution was centrifuged
at 32,000 rpm for 65 h at 20 C in a Spinco type 40
fixed-angle head rotor. Centrifuge tubes contained
paraffin oil on top of the CsCl solutions. At the end of
centrifugation, fractions were collected from the bot-
tom of the tube and assayed for radioactivity. Frac-
tions of density 1.706 to 1.711 g/cm3 were pooled,
recentrifuged in CsCl, and recovered in the same
fashion. The 3H-labeled MDV DNA was dialyzed
against 0.2 M KCl, 0.01 M Tris-hydrochloride and
1041 M EDTA (pH 8.0), for 2 days at 4 C.
DNA preparations from chicken cells, tissues, and

tumors were made by standard procedures employing
Pronase treatment and phenol extraction (Pettersson
and Sambrook, 1973). "P-labeled E. coli DNA (106)
was prepared according to Grossman (9).

Preparation of complementary RNA. The reac-

tion mixture (0.79 ml) contained [3HJMDV DNA [0.21
,ug), 0.15 M KCl, 0.04 M Tris-hydrochloride (pH 8.0),
0.01 M MgCl2, 5 x 10- M dithiothreitol, 10-4 M
EDTA,6 x 10-4MATP,2 x 10-4MGTP,2 x 10-4M
UTP, 4 x 10' M [a-32PJCTP (20 Ci/mmol), 10%
glycerol, and 8 ,ug of RNA polymerase. After incuba-
tion at 35 C for 3 h, the solution was chilled to 20 C,
and 10 ,uliters of' 0.5% yeast tRNA, 5 ,liters of 0.02 M
CaCl2, and 10 pliters of 0.1% pancreatic DNase were
added. This reaction mixture was incubated for 30
min at 20 C to degrade the DNA, and then 60 ,uliters
of 0.2 M EDTA (pH 7.0), 10 gliters of 10% sarcosyl,
and 0.8 ml of' buffer-saturated phenol were added.
After two phenol extractions, the solution was ex-
tracted four times with ether and freed from ether by
bubbling through nitrogen. The complementary RNA
(cRNA) was subsequently purified by gel filtration on
Sephadex G 75 (1 by 20 cm) in one-tenth-strength
SSC and stored at -70 C.

Nonradioactive cRNA from E. coli was prepared in
the same fashion, except that the reaction mixture
contained 30 jig of E. coli DNA per ml, instead of' the
MDV DNA, and 2 x 10-4 M nonradioactive CTP.
DNA-cRNA hybridization. The procedures were

essentially those described by Birnstiel et al. (3). A
10-jig amount of' denatured DNA, fixed to a 13-mm
filter, was incubated with 0.4 ng of [32P]MDV cRNA
and 300 ng of E. coli cRNA in 0.3 ml of 6 x SSC and
50% formamide for 72 h at 42 C. All data were
corrected for [32P]decay, and all hybridization experi-
ments were completed within 3 weeks after the
preparation of [32P]MDV cRNA.

Immunofluorescence technique. MDV-infected
and control CEF cultures, MD tumors, and spleen
tissues from tumor-bearing and control chickens were
suspended in PBS at a concentration of approxi-
mately 5 x 105 cells per ml. Individual smears were
made on clean slides by using a 20-pliter pipette.
Smears were allowed to dry at room temperature and
were then fixed in chilled acetone for 10 min. These
were then indirectly stained (25) with a chicken serum
known to be positive for MDV-specific antibodies.
Slides were examined for the presence of virus specific
immunofluorescent (IF) antigens.

Electron microscopy. Negatively stained prepara-
tions of virus concentrates were made in 2% potassium
phosphotungstate and were examined as previously
described (17).

RESULTS
Purification of MDV and HVT. In previous

experiments on MDV DNA, MDV nucleocap-
sids from the cytoplasm of lysed, virus-infected
cells were used as starting material (14). Be-
cause we encountered difficulties in freeing such
preparations from cellular DNA, virus-contain-
ing medium from highly infected cultures was
instead used as starting material in the present
work. Such media contain relatively large num-
bers of virus particles (13). Both viruses were
concentrated and partially purified by three
cycles of high- and low-speed centrifugation.
This procedure resulted in relatively clean virus
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concentrates, as determined by electrl
copy. Large numbers of predominan
nucleocapsids were observed, with
contamination of amorphous cellular

Purification of virus DNA. In vi
small amount of' virus available, it wa.
to be difficult to localize virus DNA b)
spectral methods. We have, theref
3H-labeled virus and perf'ormed the I
tion experiments with 32P-labeled cR

In comparison to chicken DNA, th
MDV and HVT contain a slightly h
portion of guanine and cytosine base
14). As very high resolution can be ob
CsCl density gradient equilibrium c
tion in fixed-angle head rotors (7),
separation of' MDV DNA from hosi
possible by this technique. The pro
chicken DNA in such a gradient are
Fig. 1. The DNA bands at a buoyant
1.702 g/Cm3, at a position clearly difft
that of the marker DNA, E. coli DN.
g/Cm3, although some overlapping of'
occurs. When the [3H]DNA from ly
concentrates was centrituged, 70%/( of
rial banded as a peak at a buoyant
1.708 g/Cm3, and this DNA was furthe
by recentrifugation (Fig. 2). The der
served here for chicken DNA and for N
are close to the previously reported
1.701 and 1.706 g/cm3, respectively (1
DNA directly detectable by UV absor
found in the position of cellular DNA
of the centrifugation experiments
DNA, precluding heavy contaminati

A ocn
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FIc.. 1. CsCI density gradient equilibriur
gation of a mixture of 80 mg of chicken sp

and 3 ng of 32P-labeled E. coli DNA in a f
head rotor (Spinco Type 40). Fractions wer(
from the bottom of the tube, and the refrac
of euery fifth fraction was measured. All
were diluted uith 2 vol of 0.01 M Tris-hyd
(pH 7.5) and analyzed for UV absorption an

tivity.

on micros-
itly naked
very little
material.
iew of the
s expected
y standard
tore, used
hybridiza-
NA.
Le DNA ot'
igher pro-
pairs (13,
)tained by
entrifuga-
a partial

t DNA is
perties ot'
shown in
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FiGc. 2. CsCI density gradient equilibrium centrifu-
gation of 3H-labeled MDV DNA and 32P-labeled E.
coli DNA in a fixed-angle head rotor. Conditions uere
as in Fig. 1. Fractions 15 to 17 were pooled and used
for preparation of cRNA.

density of' [3H ]MDV-DNA with nonradioactive host DNA.
?rent from The UV absorption of the purified MDV DNA
A of 1.7 10 was measured against an appropriate blank, a
the bands CsCl solution dialyzed against the same butfer
sed MDV as the MDV DNA. The absorbancy measured at
the mate- 260 nm (A260) of the [3H]MDV DNA was 0.012,
density of corresponding to -0.6 mg of DNA per ml. In
?r purified view of the large potential error of concentration
isities ob- estimates from such low absorption values, an
IDV DNA attempt was made to obtain more accurate data
values of by studying the ability of' the DNA preparation
4, 27). No to serve as a template for E. coli RNA polymer-
ption was ase. Under the conditions used for preparation
i in either of' cRNA, a reaction mixture containing the
on virus MDV DNA solution yielded 149 pmol of 32P per
ion of the ml in acid-insoluble form. When calf thymus

DNA was instead transcribed in the same
fashion, 0, 0.1, 0.2, 0.4, 0.8, and 20 jig of DNA
per ml gave 22, 45, 84, 123, 262, and 3,060 pmol
of 32P per ml in acid-insoluble f'orm, respec-
tively. With the assumption that MDV DNA

CPM and calf thymus DNA are transcribed equally
400 eff'ectively by the heterologous RNA polymerase

under the conditions used here, a concentration
of 0.42 gg/ml was obtained f'or the MDV DNA

4 200 solution, in f'air agreement with the spectral
data, and this value was used.

Properties of MDV cRNA. Most of' the
purified MDV DNA was used for the prepara-
tion of cRNA. Because of the small amount of'

25 DNA in the reaction mixture, only 0.3% polym-
erization of the radioactive precursor was ob-

n centrifu- tained, and the total yield after purif'ication by
leen DNA gel filtration was 0.03 Mtg of' [32P]cRNA, as
ixed-angle derived from the total acid-insoluble radioactiv-
e cllndexed ity and the calculated specif'ic activity of' the

I fractions cRNA of' 7 x 107 counts per min per Ag.
trochloride When 0.4-ng samples of the cRNA were
id radioac- added to a series of filters containing DNA trom

various sources, no significant hybridization
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(<0.1%) was observed with CEF DNA above
that obtained with heterologous DNA (Table 1).
In contrast, a large proportion of the cRNA (up
to 28% during the 72-h incubation period)
hybridized to the filter when DNA preparations
from several different batches of virus-infected
cells were employed (Table 1). It is evident from
these results that the cRNA preparation was
satisfactory for the detection of MDV DNA
sequences in the presence of a large excess of
host cell DNA.

Filters containing different amounts of MDV
DNA were also incubated with the cRNA prepa-
ration. As expected, the amount of hybridiza-
tion was directly proportional to the amount of
MDV DNA on the filter (Fig. 3). The MDV
DNA preparation used in this work contained a
trace (0.4%) of E. coli DNA, which had been
added as a marker in the centrifugation experi-
ments. A large excess of nonradioactive E. coli
cRNA (1 Ag/ml) was, therefore, added to the
hybridization mixtures as a safety measure
against binding of a minor proportion of the
[32P]cRNA to non-MDV DNA in this calibra-
tion experiment.

Properties of HVT cRNA. We prepared
HVT DNA from approximately the same num-
ber of infected cells as used for the preparation
of MDV by identical procedures. The yield was
only 0.11 mg of DNA, as determined from the
amount of cRNA obtained after transcription.
This cRNA showed little or no preferential

TABLE 1. Hybridization of [32P]MDV cRNAa with
DNA from MD tumors, MDV-infected cells, and

control cells

[32PJMDV MD

IF cRNA MDV

antigen bound genome

DNA source (% posi- per10Dg equival-
tive of DNA ents per

cells) (counts/ diplold

Salmon sperm 126, 144b
CEF <0.02 138, 148
MDV-infected CEF (1) 28 2907
MDV-infected CEF (2) 59 7894
MDV-infected CEF (3) 56 5648

Normal chicken spleen < 0.02 156, 154
Ovary tumor (bird no. 1) <0.02 517, 505 11
Spleen (bird no. 1) < 0.02 170, 196 0-2
Liver tumor (bird no. 2) <0.02 299, 333 5
Spleen (bird no. 2) < 0.02 160, 170 0-2
Testis tumor (bird no. 3) <0.02 234, 250 3
Liver tumor (bird no. 4) <0.02 606, 639 15
Ovary tumor (bird no. 5) <0.02 486, 546 11

a 28,000 counts per min per 0.3 ml of incubation
mixture.

b Results of two independent experiments.
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FIG. 3. Hybridization calibration of 32P-labeled
MDV cRNA with homologous DNA. Known quan-
tities of MDV DNA were mixed with 10 jg of salmon
sperm DNA, denatured, and fixed to nitrocellulose
membranes. Filters were then incubated with MDV
cRNA as described in the text. The amount of 32p
bound to filters containing only salmon DNA (140
counts/min) has been subtracted from all values.

TABLE 2. Hybridization of [32P]HVT cRNAa with
DNA from control, HVT-, and MDV-infected CEF

[32PJHVT cRNA
bound per 10 pg of

DNA source DNA (counts/min),
duplicate determi-

nations

Salmon sperm ................. 187, 209
Normal CEF .................. 237, 255
HVT-infected CEF ............. 3962, 3378
MDV-infected CEFb ........... 5146, 5288

a 43,000 counts per min per 0.3 ml of incubation
mixture.

b The slightly higher hybridization with the MDV-
infected CEF than with the HVT-infected CEF is
probably due to a more efficient infection of the cells
in the former case.

binding to host cell DNA over that observed
with heterologous DNA, but hybridized well
with DNA from HVT-infected cultures (Table
2). The HVT cRNA also hybridized with DNA
from MDV-infected cultures, which qualita-
tively demonstrates the presence of homologous
DNA sequences in these two viruses. It is
noteworthy, in this connection, that HVT has
been found to be antigenically related to MDV
and protective against exposure to oncogenic
MDV (21). The amount of HVT cRNA was
insufficient for further work, however, and the
point we wish to make here is that, of 0.11 Og of
HVT DNA obtained in this preparation, a large
proportion was clearly due to virus DNA and
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not cellular DNA, in spite of the small amount
of total DNA.

Hybridization with MD tumor DNA. DNA
was isolated from five different MDV-induced
lymphoid tumors, each from a single chicken.
DNA preparations were also made from the
spleens of two of these chickens and from the
spleen of a healthy, uninoculated chicken. Sam-
ples (10 Mg) of the different DNA preparations
were denatured, fixed to membrane filters, and
incubated with MDV cRNA. The DNA from all
MD tumors clearly contained variable amounts
of virus DNA but there was no obvious correla-
tion between the size of the tumor and the
amount of MDV DNA present. The spleen
DNA from diseased chickens contained much
less MDV DNA than the tumors. The present
results are consistent with a small amount of
virus DNA also being present in such spleens,
but the sensitivity of the filter hybridization
technique is hardly sufficient to prove this
point. Using the molecular weights of 1.0 x 108
for MDV DNA (11) and 1.7 x 1012 for chicken
cell DNA (1), the numbers of virus genome
equivalents per tumor cell were estimated to
range between 3 and 15.

All tumors and spleens from inoculated and
control chickens were negative for MDV-
specific immunofluorescent antigens (Table 1).
The absence of such virus antigens in tumor
cells is in agreement with previous findings by
other investigators and is indicative of the
absence of virus particles in the tumors.

DISCUSSION
The five MD tumors investigated here con-

tained different amounts of virus DNA. Similar
observations have been made in the analysis of
EBV DNA in biopsies from Burkitt's lymphoma
and nasopharyngeal carcinoma (19, 30). The
significance of this apparent variation in virus
DNA content between tumors is not known.
The proportion of virus DNA in MD tumors,
0.01 to 0.1%, is of the same order as that
observed in biopsies of EBV-associated tumors.
However, as chicken cells contain less than half
as much DNA as mammalian cells (1) whereas
MDV DNA and EBV DNA are of very similar
size (11, 14), the numbers of virus genome
equivalents per cell are smaller in the present
system.
The cRNA filter hybridization technique has

been found to give the same results as the
technique of DNA-DNA reassociation kinetics
for herpesvirus DNA (20). Therefore, systematic
errors in the calibration experiments, which
have been troublesome in work with small DNA
viruses (10), should not have been present here.
However, the exact number of MDV genome

equivalents per cell are somewhat difficult to
evaluate. The estimate of 3 to 15 virus genome
equivalents per cell in various tumors is thus
based on the assumption that the MDV DNA
used in the hybridization calibration experi-
ment was completely free from contaminating
cellular DNA, and that the concentration of this
very diluted DNA solution was correctly evalu-
ated. It seems quite possible that the potential
error introduced by non-ideality in these two
respects could be as large as 50%. Thus, our
estimate of, e.g., 15 virus genome equivalents
per cell in one of the tumors would indicate the
presence of 10 to 22 MDV genome equivalents in
this case.
For these estimates, it has been assumed that

all MD tumor cells contain virus DNA se-
quences. MD tumors are almost exclusively
composed of lymphoid cells of different sizes
(23). In view of the fact that virus antigens were
not detected in any of the tumors, the data
indicate that MDV is present in tumor cells as a
provirus, presumably in the form of uncoated
virus DNA. This presence would correspond to
the "intrinsic" model proposed by Payne (22).
Of course, we can not exclude that most cells in
the tumor may lack virus DNA, whereas a
minority would replicate virus DNA without the
production of detectable virus antigens; this
situation would have to be postulated on the
basis of the "extrinsic" model (22) that regards
the tumor as a proliferative response to virus-
producing cells. This appears to be an unlikely
model, however, since the accumulation of virus
antigen, detectable by immunofluorescence,
precedes the replication of virus DNA in the
other two lymphotropic herpesvirus systems,
EBV and Herpesvirus saimiri (8; G. Klein, G.
Pearson, A. Robson, D. V. Ablashi, L. A. Falk,
L. Wolfe, F. Deinhardt, and H. Barin, Int. J.
Cancer, in press). Application of the comple-
ment-fixing immunofluorescence technique for
detection of a nuclear antigen analogous to the
EBV determined nuclear antigen (B. M. Reed-
man and G. Klein, Int. J. Cancer, in press)
and/or in situ nucleic acid hybridization could
serve to further clarify this point. Further exper-
iments are also needed to determine whether
MDV DNA is present in the free or integrated
state in MD tumor cells.
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