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Fragments of guinea pig cytomegalovirus (GPCMV) DNA produced by HindIII or EcoRI restriction
endonuclease digestion were cloned into vectors pBR322 and pACYC184, and recombinant fragments
representing ca. 97% of the genome were constructed. Hybridization of 32P-labeled cloned and gel-purified
HindIII, EcoRI, and XbaI fragments to Southern blots of HindIII-, EcoRI-, and XbaI-cleaved GPCMV DNA
verified the viral origin of cloned fragments and allowed construction of HindlIl, EcoRI, and XbaI restriction
maps. On the basis of the cloning and mapping experiments, the size ofGPCMV DNA was calculated to include
239 kilobase pairs, corresponding to a molecular weight of 158 x 106. No cross-hybridization between any
internal fragments was seen. We conclude that the GPCMV genome consists of a long unique sequence with
terminal repeat sequences but without internal repeat regions. In addition, GPCMV DNA molecules exist in
two forms. In the predominant form, the molecules demonstrate sequence homology between the terminal
fragments; in the minor population, one terminal fragment is smaller by 0.7 x 106 daltons and is not
homologous with the fragment at the other end of the physical map. The structural organization of GPCMV
DNA is unique for a herpesvirus DNA, similar in its simplicity to the structure reported for murine
cytomegalovirus DNA and quite dissimilar from that of human cytomegalovirus DNA.

Infection of guinea pigs with guinea pig cytomegalovirus
(GPCMV) causes a viremia followed by chronic, persistent
infection (27, 62) in salivary gland, pancreas, and lymphoid
tissues (23). GPCMV can cross the placenta and infect the
fetus (6, 34), can be transmitted by blood transfusion (2), is
immunosuppressive (72) and, therefore, is ideal for studying
parallel clinical manifestations caused by human cytomega-
lovirus (HCMV) infection of humans (16, 25, 45, 51, 65, 69).
In vitro, GPCMV can persistently infect guinea pig embryo
fibroblast cells and can transform guinea pig liver cells (29).
Insight into acute, latent, and persistent infections and into
the oncogenic potential of GPCMV could be extended if
more was known about the GPCMV genome and its gene
products. We recently reported that (i) infectious GPCMV
DNA can be purified in reasonable quantities, (ii) the virus
DNA has a guanine plus cytosine content of 54.1%, (iii) the
size of GPCMV DNA is ca. 120 x 106 daltons based on its
ability to cosediment with T4 DNA in a neutral sucrose
gradient, and (iv) restriction endonuclease cleavage of
GPCMV DNA with HindIll, XbaI, or EcoRI yields frag-
ments easily separable by agarose gel electrophoresis (28).
The technology for preparation of recombinant plasmids

containing HCMV DNA (17, 48, 61, 64) has made it possible
to generate restriction endonuclease maps and to understand
further the complex structural organization of the large
HCMV genome (22, 57, 64). The availability of large quanti-
ties of pure subgenomic HCMV DNA fragments has already
enabled study of the transcription of the immediately-early
genes of HCMV (10, 30, 42, 57, 60, 63, 68) and examination
of the sequences involved in transformation (46, 47).
Another animal cytomegalovirus used as a model for

HCMV infection, particularly with regard to latency (41) and
immunity (24, 31, 38, 39), is murine cytomegalovirus
(MCMV). Restriction fragments of MCMV representing
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most of the genome have been cloned by two groups of
investigators (13, 43). Physical mapping has revealed that
MCMV DNA is ca. 235 to 240 kilobase pairs in size, and
consists of a long unique sequence without large terminal or
internal repeat regions. The molecular weight determined by
mapping to be 155 x 106 is considerably larger than the
molecular weights of 132 x 106 (44) and 136 x 106 (36)
reported previously from velocity sedimentation studies.
HCMV DNA also consists of ca. 235 kilobase pairs;

however, the molecule contains two unique stretches of
DNA (a unique long segment of 195 kilobase pairs and a
unique short segment of about 40 kilobase pairs) bordered by
a pair of inverted repeats (11, 17, 19, 35, 36, 56, 64). Because
of the structural organization of the genome, HCMV DNA
molecules exist in four isomeric conformations, whereas
MCMV DNA only has one form. The organization of the
MCMV genome demonstrates major differences between
MCMV and HCMV DNAs even though extensive similar-
ities in the biology and pathogenicity of the two viruses have
been demonstrated. Because GPCMV infection of guinea
pigs so closely resembles the human system, we wanted to
determine the organization of the GPCMV genome so that it
could be compared with those of HCMV and MCMV. In this
paper, we describe cloning of the HindIII and EcoRI frag-
ments of GPCMV into plasmid vectors pBR322 and pA-
CYC184 and construction of HindIlI, EcoRI, and XbaI
cleavage maps for GPCMV DNA.

MATERIALS AND METHODS
Cells and virus. GPCMV strain 22122, generously provid-

ed by G. D. Hsiung (Veterans Administration Hospital,
West Haven, Conn.) or purchased from the American Type
Culture Collection (Rockville, Md.), was propagated in
guinea pig embryo fibroblast or line 104 clone 1 (104C1) cells
as previously described (28, 29). 104C1 cells, a benzo[a]py-
rene-transformed and cloned line derived from strain 2
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guinea pig embryo cells (15), were kindly provided by C. H.
Evans (National Cancer Institute, Bethesda, Md). Infectiv-
ity of GPCMV was measured by plaque assay (28).

Purification ofGPCMV DNA. Virus DNA was radioactive-
ly labeled in vivo by incubating infected cultures with 3 to 10
p.Ci of [3H]thymidine (80.1 Ci/mmol; New England Nuclear
Corp., Boston, Mass.) per ml of medium as described
previously (28). Virions were purified by centrifugation at
4,000 x g for 10 min (28). Virus DNA was extracted from
virions by a modification of the method of Stinski et al. (59).
The extraction buffer consisted of a 1% Sarkosyl solution
pretreated with proteinase K for 30 to 60 min at 37°C.
Purified virions were incubated with the extraction buffer
supplemented with an additional 150 ,ug of proteinase K per
ml. After incubation for 1 h at 37°C, an additional 200 ,ug of
proteinase K per ml was added, and the mixture was brought
to 0.5% with sodium dodecyl sulfate. Incubation at 37°C was
continued for 1.5 to 2.0 h. Released viral DNA was extracted
with phenol-chloroform-isoamyl alcohol (25:25:1). Sodium
acetate was added to the aqueous phase to a final concentra-
tion of 0.3 M, and the DNA was precipitated with 2 volumes
of isopropanol. The pellet was suspended in TE buffer (10
mM Tris-hydrochloride [pH 8.0] supplemented with 1 mM
EDTA), and the DNA was centrifuged in CsCl density
gradients (average density, 1.710 g/cm3). GPCMV DNA
peak fractions were pooled and dialyzed against TE buffer.

Exonuclease digestion. GPCMV DNA was incubated with
1.5 U of lambda exonuclease (BioLab, Inc., Beverly, Mass.)
per ,ug of DNA in the recommended buffer at room tempera-
ture for various times up to 60 min. The enzyme reaction was
terminated by extraction with an equal volume of chloro-
form-isoamyl alcohol (24:1), and the DNA was precipitated
with sodium acetate and isopropanol. The pellet was washed
with 70% and then with 100% ethanol, suspended in the
appropriate enzyme buffer, and cleaved with a specific
restriction endonuclease, and the fragments were separated
by agarose gel electrophoresis. Parallel sets of fragments
were subjected to electrophoresis on 0.4 and 1.0% agarose
gels to visualize the large and small DNA fragments, respec-
tively. Gels were stained with ethidium bromide (2 jig/ml)
and photographed under UV illumination on Polaroid type
667 film.

Construction of recombinant plasmids. Recombinant DNA
studies were conducted as described in the National Insti-
tutes of Health Recombinant DNA Research Guidelines.
The pBR322 (3) and pACYC184 (5) plasmids were propagat-
ed in Escherichia coli HB101 (recA) (4). Plasmid DNA
was extracted from bacteria and purified by equilibrium
cesium chloride-ethidium bromide centrifugation (8).
GPCMV, pBR322, and pACYC184 DNAs were indepen-
dently cleaved with Hindlll or EcoRI as previously de-
scribed for GPCMV DNA (28). After digestion, GPCMV
DNA was extracted with phenol-chloroform-isoamyl alcohol
(25:25:1). The DNA solution was adjusted to 0.3 M sodium
acetate, precipitated with isopropanol, and suspended in TE
buffer. Restriction endonuclease-cleaved pBR322 and pA-
CYC184 DNAs were treated with calf intestinal alkaline
phosphatase (Collaborative Research, Inc., Waltham,
Mass.) at a concentration of 0.28 U/jig of DNA according to
the manufacturer's recommended conditions. Calf alkaline
phosphatase-treated digested plasmid DNAs were extracted
with phenol-chloroform-isoamyl alcohol (25:25:1), precip-
itated with isopropanol, and suspended in TE buffer in the
same manner as for cleaved GPCMV DNA. Just before
ligation, virus fragments and plasmid DNAs were heated at
70°C for 3 to 5 min to assure the linearity of the DNAs.

GPCMV HindIII restriction fragments were ligated to the
vector by incubating 1 jig of GPCMV DNA, 0.32 jig of
pBR322 DNA, and 400 U of DNA ligase (BioLab, Inc.) in
0.05 M Tris (pH 7.8)-0.01 M MgCI-0.02 M dithiothreitol-
0.001 M ATP-bovine serum albumin (0.5 mg/ml) at 14°C
(+1°C) for 3 to 5 h. GPCMV EcoRI restriction fragments
were ligated to the pACYC184 vector by the same protocol
except that for each 1.0 jig of GPCMV DNA, 0.5 ,ug of
pACYC184 DNA was used. The ligated DNAs were trans-
fected into E. coli HB101 by the calcium shock method (40).
To isolate recombinants of pBR322 containing GPCMV

HindIII DNA fragment inserts, transformants were selected
on agar plates containing 100 ,ug of ampicillin per ml and
tested for sensitivity to 50 ,ug of tetracycline per ml. To
isolate recombinants of pACYC184 containing GPCMV
EcoRI DNA fragment inserts, transformants were selected
on agar plates containing 50 ,ug of tetracycline per ml and
tested for sensitivity to 10 ,ug of chloramphenicol per ml.
Positive colonies were picked and grown overnight in
NZYM medium (10 g of NZ amine, 5 g of NaCl, 5 g of yeast
extract, 2 g of MgSO4 * 7H20 per liter) with either 100 ,ug of
ampicillin or 50 ,ug of tetracycline per ml under continuous
agitation at 37°C. A portion of these cultures was mixed with
an equal volume of glycerol and stored at -20°C. DNA was
extracted from the remaining culture by the rapid method
(8). This procedure was used as the initial screen for
recombinants containing GPCMV DNA fragments.

Gel purification of GPCMV DNA fragments. In some
experiments, the GPCMV DNA fragments were fractionated
by size before ligation to plasmids. A modification of the
method of Dretzen et al. (12) was used for gel isolation of
specific DNA fragments. After restriction endonuclease
cleavage, the DNA was electrophoretically separated on 0.3
to 1.0% agarose gels depending upon the size of the desired
fragment. To recover sufficient quantities of specific frag-
ments, a 26-mm-wide gel lane (instead of 8 mm for analytical
gels) was used and fivefold more DNA was loaded than had
been used routinely for gel analysis. The gel was stained with
ethidium bromide (2 ,ug/ml) and observed under UV light.
Horizontal cuts below and above the band to be recovered
were made in the gel with a razor blade. A DEAE-NA45
membrane (Schleicher & Schuell, Inc. Keene, N.H.) was
placed into each cut, and the gel was replaced in the
electrophoresis apparatus and put in the dark, and electro-
phoresis was continued for 3 to 4 h. The membrane piece in
the cut below the desired band was removed, washed with
electrophoresis buffer, placed in a 1.5-ml conical tube con-
taining 0.5 ml of 0.02 M Tris (pH 7.5)-0.002 M EDTA-1.5 M
NaCl-0.05 M arginine, and incubated at 70°C for 4 to 5 h.
The eluate was extracted with n-butanol-saturated TE buff-
er. The solution was made 0.3 M with sodium acetate, and
the DNA was precipitated with isopropanol, washed with
ethanol, and suspended in the appropriate buffer.
Fragments purified by gel isolation were used to ligate to

plasmid DNA to clone fragments that were not obtained with
unfractionated GPCMV DNA. Gel-purified fragments were
recleaved with the same restriction endonuclease used ini-
tially, placed again in a large well on a second agarose gel,
reisolated, and used to prepare in vitro 32P-labeled probe
DNA for HindIII or EcoRI fragments that could not be
cloned and for specific XbaI fragments used for mapping.

Characterization of cloned inserts. Electrophoretically sep-
arated restriction endonuclease-cleaved GPCMV DNA was
denatured, neutralized in situ, and transferred from the gel
to nitrocellulose paper (Schleicher & Schuell, Inc.) by the
method of Southern (55) or to 2-aminophenylthioether (APT)
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TABLE 1. Size of HindlIl, EcoRl, and Xbal fragments of GPCMV DNA

Band Band Band

nomenclature Size of nomenclature Size of nomenclature Size of
(HindlI fragments (EcoRi fragments (XbaI digest) fragment
digest) (M,. x 106) digest) (M. x 106) (Mr X 106)

New Original" New Original New Original
A A 30.9 Ab A 27.9 A A 22.4
B B 18.0 Bb 27.2 B B 13.9
C C 14.1 C B 14.2 C C 13.6
D D 14.1 D C 13.0 D D 10.9
E E 12.7 E D 8.6 E E 8.2
F F 12.0 F E 8.0 Fb F 7.8
G G 11.6 G F1 6.9 Gb G 7.1
H H 10.4 H F, 6.9 H H 6.8
I 1 6.2 I F3 6.9 I I 5.9

J J 5.9 J G 6.3 J J 5.2
K K 5.6 K H 5.5 K K 4.7
L L 4.2 L I, 4.9 L L 3.8
Mb M 3.4 M l2 4.9 M M 3.5
Nb N 3.0 N J 4.3 Nb N 3.2
0 2.7 0 K1 3.9 0 0 2.8
P 0 2.7 P K2 3.9 P 02 2.8
Q P 2.5 Q L1 3.6 Q P51 2.6
R bQ 1.7 R L 3.6 R P2 2.6
S R 1.2 S x 3.0 S P3 2.6
T S 1.1 T M2 3.0 T Q 2.3
U T 0.5 U N1 2.0 U R 2.2

V N2 2.0 V S 1 2.0
W 0 1.9 W S2 2.0
X P 1.9 X T1 1.9
yb Q 1.8 Y T2 1.9
Z R 1.7 Z T 3 1.9
a S 1.5 aUe1 1.7
b T 1.4 bUT2 1.7
c U 1.3 c V 1.5
d V 1.2 d 1.3
e W 1.1 e W21.3
f X 1.0 f W31.3
g 0.7 g X 1.2
h 0.7 h Y1.2

Y3 ~~0.7 'V2 1.2
j ~~~~Z0.6 j Y 1.2

k Y41.2
1 z 1 ~~~~~~0.7
m Z2 0.7
n a 0.6

"See Isom et a]. (28).
"Terminal fragment.

paper as described previously (55, 67). APT paper was
prepared according to the procedure described by Seed (52).
After DNA transfer to nitrocellulose, the filters were baked
in a vacuum oven at 80°C for 2 h. Each nitrocellulose filter or
APT paper was prehybridized for 18 h at 46°C in a solution
containing 43% formamide, 5 x SSC (1 x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), 5x Denhardt solution (lx
Denhardt solution is 0.02% polyvinylpyrrolidone plus 0.02%
Ficoll), 0.05 M sodium phosphate (pH 6.5), 1.0% glycine,
and salmon sperm DNA (0.5 mg/ml). Cloned fragments to be
labeled and used as probe DNA were prepared and purified
by a modification of the method of Davis et al. (8). Purified
cloned DNA fragments and gel-isolated fragments were 32P
labeled in vitro (49) with DNA polymerase I (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.) and [a-
32P]dCTP and [a-32PJTTP (3,000 Ci/mmol; Amersham, Ar-
lington Heights, Ill.) to specific activities of 1 x 108 to 4 x
108 cpm/lLg of DNA. 32P-labeled DNA fragments were
hybridized to DNA bound to nitrocellulose filters or APT

paper at 46°C for 16 to 20 h in a solution containing 43%
formamide, 5x SSC, 1x Denhardt solution, 0.02 M sodium
phosphate (pH 6.5), salmon sperm DNA (0.1 mg/ml), and
10% dextran sulfate. After hybridization, DNA that failed to
anneal was removed by washing the filters or papers three
times with 2x SSC plus 0.1% sodium dodecyl sulfate at
room temperature (5 min per wash) and three times with
0.1 x SSC plus 0.1% sodium dodecyl sulfate at 50°C (30 min
per wash). The dried filters or papers were subjected to
autoradiography with intensifying screens and Kodak XAR-
film at -76°C.

RESULTS

Identification and size of GPCMV DNA fragments after
restriction endonuclease cleavage. We previously reported gel
patterns for GPCMV DNA fragments after cleavage with the
restriction endonucleases HindIII, EcoRI, and XbaI and
assigned letter designations to each fragment (28). These
values were obtained with DNA labeled in vivo. Cloning and
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FIG. 1. Identification of cloned GPCMV I
GPCMV DNA and HindIIl recombinant plasn
with HindIll and subjected to electrophoresis
ments B through N, larger than pBR322) and 1.C
through T, smaller than pBR322) agarose gels.
transferred to nitrocellulose filters and hybridize
labeled with 32P by nick translation.

> purified before ligation; however, attempts to clone these
fragments failed. The 0 and P fragments migrated as a

0s P Q S T doublet. Attempts to purify 0 from gels always yielded 0
0 P Q S T and P. HindIII-P was repeatedly cloned from the gel mix-

ture, but 0 was never obtained. P was also cloned from
unfractionated GPCMV DNA. The smallest fragment
(HindIII-U) was not cloned. Double digestion with HindIII
and EcoRI of a series of clones containing a GPCMV HindIlI
fragment (14.1 x 106 daltons) showed that two distinct
fragments (C and D) comigrated at this position in the gel
(Fig. 2). The identity of C and D was confirmed by the

'a inability of 32P-labeled C to hybridize to blot transfers of
HindlIl and to EcoRI double-digestion products of the D
fragment or of D to hybridize to cleavage products of C

* clones (data not shown). HindIII-C and -D were the only
comigrating fragments of the Hindlll digest of GPCMV.

4̂ Of the 36 GPCMV EcoRI fragments, 28 were individually
W cloned into the pACYC184 and pBR322 vectors. EcoRI-I

and -f were cloned by using gel-isolated fragments. The yield
do of transformed colonies was lower with gel-purified than

with unfractionated DNA, but greater than 50% of the
colonies tested contained the desired DNA fragment. Dou-
ble digestion and subsequent hybridization revealed that the
EcoRI digest of GPCMV DNA contained several sets of
overlapping fragments. The bands at 6.9 x 106 daltons
(EcoRI-G, -H, -I) and at 0.7 x 106 daltons (EcoRI-g, -h, -i)

HindIII fragments. each contained three comigrating fragments. Multiple at-
nids were digested tempts at cloning EcoRI-D or -E into the pACYC184 vector
on 0.5% (for frag- with unfractionated DNA or gel-purified DNA failed. This
)% (for fragments P was surprising since the larger EcoRI C fragment had been
The DNA was blot
d to GPCMV DNA

MT H M NM

Tl n- 1 T I Ir I
mapping of the genome identified comigrating fragments and
smaller fragments not found previously. The new and old
letter designations for the fragments as well as fragment
sizes are listed in Table 1. Cleavage of GPCMV DNA with
HindIII yielded 21 major fragments ranging in size from 0.5
x 106 to 30.9 x 106 daltons; EcoRI cleavage yielded 36 major
fragments ranging from 0.6 x 106 to 27.9 x 106 daltons; and
XbaI cleavage yielded 40 major fragments ranging from 0.6
x 106 to 22.4 x 106 daltons. The HindIII digest was selected
as.the first to be cloned because it had the fewest fragments
and the lowest number of low-molecular-weight fragments
with only one fragment smaller than 1 x 106 daltons.
Because we anticipated difficulty in cloning the larger
HindIll A fragment, we also cloned the EcoRI digest to
enable construction of an entire GPCMV DNA library and to
facilitate genome mapping.

Molecular cloning of GPCMV HindlIl and EcoRI restric-
tion endonuclease fragments. Molecular cloning of the
GPCMV HindlIl restriction fragments was carried out with
unfractionated GPCMV DNA and the pBR322 vector. The
cloned fragments were characterized by migration on ag-
arose gels and compared with restriction endonuclease-
cleaved virion DNA. Large fragments were subjected to
electrophoresis in 0.5% agarose gels, whereas small frag-
ments were analyzed in 1.0% agarose gels. The cloned
inserts were determined to be of viral origin by their ability
to hybridize with Southern (55) transfers of HindlIl-cleaved
virion DNA. A representative set of 15 clones containing 16
of the 21 HindIll fragments is shown in Fig. 1; the G + K
clone contains both the G and K fragments (see below). Four
of the remaining fragments (A, M, 0, and R) were gel

C

FIG. 2. Double digestion of GPCMV DNA Hindlll fragments C
and D. The HindlIl C and D fragments from recombinant plasmids
were digested with HindIl (lanes 1 and 3) and double digested with
HindIll and EcoRI (lanes 2 and 4) and subjected to electrophoresis
on 0.5% agarose gel. The gel was stained with ethidium bromide and
photographed under UV illumination to visualize the DNA bands.
The arrows indicate the pBR322 vector.
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easily and repeatedly obtained. When, however, the same
gel-purified preparations were ligated to pBR322, clones of
both fragments were obtained. When EcoRI-D was cloned,
19% of the colonies with insert-containing plasmids had the
desired fragment; for EcoRI-E, the value was 86%. A
representative set of the GPCMV EcoRI fragments is shown
in Fig. 3. EcoRI-T could not be cloned, perhaps because of a
peculiarity in the virus DNA structure at this position in the
genome; it is interesting that EcoRI-T is colinear with
HindIII-K, a fragment which has only been cloned along
with HindIII-G. EcoRI-A, -B, and -Y could not be cloned by
our routine procedures because they are terminal fragments
of the genome. The smallest EcoRI fragments, g, h, i, and j,
also were not cloned.

Identification of GPCMV DNA terminal fragments.
GPCMV DNA migrates as a broad band in alkaline sucrose
gradients, suggesting that GPCMV DNA, like other herpes-
virus DNAs (18, 32, 66), contains nicks and gaps. When
GPCMV DNA was treated with lambda exonuclease, incu-
bated with DNA polymerase I and [32P]dCTP and
[32P]TTP, digested with HindlIl or EcoRI, and subjected to
agarose gel electrophoresis, all of the fragments in each
digest were radioactively labeled. We wanted to identify the
terminal fragments of GPCMV DNA by digestion with
lambda exonuclease, which catalyzes the stepwise 5'--3'
removal of mononucleotides from double-stranded DNA
with a terminal 5' phosphate (37). If it is assumed that the
nicks and gaps are randomly distributed, then treatment with
lambda exonuclease will eventually result in digestion of all
HindIII, EcoRI, and XbaI fragments; however, the terminal

fragments should be digested more rapidly. GPCMV DNA
was incubated with lambda exonuclease at a constant con-
centration (1.5 U/Ipg of DNA) for differing lengths of time (0
to 60 min). The DNA was then digested with HindIII,
EcoRI, or XbaI and electrophoretically separated by agarose
gel electrophoresis, and the resulting fragments were com-
pared (Fig. 4). Lambda exonuclease treatment resulted in
the loss of the following GPCMV DNA fragments: HindIII-
M, -0, and -R; EcoRI-A and -Y; and XbaI-F, -G, and -N.
This result was consistent with the finding that none of these
fragments could be cloned.

Construction of HindIII, EcoRI, and XbaI cleavage maps of
the GPCMV genome. The locations of the restriction endonu-
clease fragments in the GPCMV genome was determined by
hybridizing 32P-labeled fragments to blot transfers of total
GPCMV DNA cleaved with HindIII, EcoRI, or XbaI. Identi-
cal digests ofGPCMV DNA were separated on 0.5% agarose
gels. The gels were stained and photographed, and the DNA
was transferred to nitrocellulose membranes or APT paper.
Individual gels included three sets of DNAs for each of the
three enzymes. One set was hybridized against 32P-labeled
total GPCMV DNA, and the other sets were hybridized
against 32P-labeled cloned or gel-isolated fragments (Fig. 5).
Each 32P-labeled cloned HindIII or EcoRI fragment hybrid-
ized only to a single band (identical to itself in electrophoret-
ic mobility) in its own digest. Cross-hybridization to multiple
bands in each of the other two digests made it possible to
align many of the fragments (Fig. 5; Table 2).
Use of only 32P-labeled cloned HindIII and EcoRI frag-

ments did not enable us to complete the linkage order. For

?CE)co C D E FG H IJ K L M N O P Q R S
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FIG. 3. Identification of cloned GPCMV EcoRI fragments. GPCMV DNA and EcoRI recombinant plasmids were digested with EcoRI and
subjected to agarose gel electrophoresis. EcoRI fragments B through S, larger than the vector, were subjected to electrophoresis on 0.5%
agarose gels. EcoRI fragments U through f, smaller than the vector, were subjected to electrophoresis on 1.0% agarose gels. The DNA was

blot transferred to nitrocellulose filters and hybridized to GPCMV DNA labeled with 32P by nick translation.
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this purpose, specific gel-isolated 32P-labeled HindIII,
EcoRI, and XbaI fragments were used. To reduce contami-
nation with neighboring fragments and partial digestion
products, each uncloned fragment was isolated from the gel,
redigested with the same restriction enzyme, rerun on a gel,
reisolated, and labeled with 32p to use as a probe. Data
obtained with the three gel-isolated XbaI fragments appear
in Table 3. When 32P-labeled cloned HindIII-B was used as a
probe, it hybridized with EcoRI-W, -Q, -G, -M, and -g and

a c

weakly with -A. Similarly, when gel-purified EcoRI-A was
used as the probe, it hybridized with HindIII-E, -I, -L, -0,
and -M and weakly with -B, suggesting that the HindIII and
EcoRI restriction sites were very close to each other in this
particular region. Because both HindIII-B and EcoRI-A
hybridized with XbaI-H, labeled XbaI-H was used as a
probe to verify the linkage order. This same strategy was
used for mapping regions involving HindIII-A and -K and
HindIII-S, -G, and -T.

e

A-O

b d f

N-

R-
Y_-m

FIG. 4. Identification of the terminal fragments of GPCMV DNA by lambda exonuclease digestion. GPCMV DNA was digested with
lambda exonuclease (1.5 U/,pg of DNA) for various times (0 to 60 min) and then digested with Hindlll (a, b), EcoRI (c, d), or XbaI (e, f) as de-
scribed in the text. DNA fragments were electrophoretically separated on 0.4% agarose gels (a, c, e) to identify the large fragments or on 1.0%
agarose gels (b, d, f) to identify the small fragments. The gels were stained with ethidium bromide and photographed under UV illumination to
visualize the DNA bands. Lettered arrows indicate the terminal fragments.
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FIG. 5. Autoradiogram of representative Southern blot hybrid-
ization used to align GPCMV DNA fragments on the restriction
endonuclease maps. GPCMV DNA was cleaved with HindIll (lanes
1, 4, and 7), EcoRI (lanes 2, 5, and 8), orXbal (lanes 3, 6, and 9) and
subjected to electrophoresis on a 0.5% agarose gel. DNA was blot
transferred to APT paper and hybridized to 32P-labeled cloned
HindIII-N (a), GPCMV DNA (b), or cloned EcoRI-J (c). HindIll
fragments are labeled to the left of the lanes, Xbal fragments to the
right, and EcoRI fragments in the center lanes are labeled with an
arrow. Both cloned fragments hybridized to the terminal XbaI N
fragment.

Organization and structure of the terminal fragments of the
GPCMV genome. GPCMV HindIII-M, -0, and -R, EcoRI-A
and -Y, and XbaI-F, -G, and -N were assumed to be terminal
fragments from the lambda exonuclease results and because
these fragments could not be cloned from unfractionated or
gel-purified DNA. Further analysis was necessary to estab-
lish a genome structure which was consistent with three
terminal fragments and would explain why two restriction
endonuclease digests demonstrated three terminal fragments
whereas the EcoRI digest had only two. Each putative
terminal fragment was twice purified from a gel, labeled, and
tested as a probe. HindIII-M hybridized not only with itself
but also with the HindIII-O and -R fragments in the same
digest (Fig. 6). That is, cross-hybridization within a digest
involved only terminal and not internal fragments. HindIII-
M hybridized with XbaI-F, -G, and -N and with EcoRI-A
and -Y. These cross-hybridizations between fragments in
different restriction endonuclease digests involved only the
putative terminal fragments and again included three frag-
ments in the HindIII and XbaI digests but only two frag-
ments in the EcoRI digest.
To verify the results, HindIII-R was isolated, labeled, and

used as a probe. HindIII-R hybridized to itself; to HindIII-M
but not to HindIII-O; to XbaI-N and -F but not to XbaI-G;

and to both EcoRI-A and -Y (Fig. 6). It was not possible to
isolate HindIII-O from a gel without simultaneously isolating
HindIII-P. However, since HindIII-P (an internal fragment)
had been cloned, we were able to test cloned HindIII-P and
gel-isolated HindIII-(P + 0) as probes to determine indirect-
ly which fragments hybridized to HindIII-O (Fig. 7).
HindIII-P hybridized only to itself in the Hindlll digest; to
EcoRI-P and -c; and to XbaI -Q and -e. HindIII-(P + 0)
hybridized to HindIII-P, -0, and -M; to EcoRI -P, -c, and -A;
and to XbaI-Q, -e, -G, and -F. Therefore, we concluded that
HindIII-O hybridized to HindIII-O and -M but not to -R; to
EcoRI-A but not to -Y; and to XbaI-F and -G but not to -N.
Gel-isolated EcoRI-A and -Y and XbaI-N, -F, and -G were
used as probes to complete the hybridization patterns for the
terminal fragments (Table 4). Because the XbaI-N fragment
is larger than the HindIII-R or the EcoRI-Y fragment, it
hybridized not only to these terminal fragments but also to
neighboring internal fragments HindIII-N and EcoRI-J.
Aligning HindIII-N and EcoRI-J next to the terminal frag-
ments was consistent with the finding that these fragments
disappeared more rapidly upon lambda exonuclease diges-
tion than other internal fragments. This result, confirmed
with cloned HindIII-N and EcoRI-J (Fig. 5) probes, indicat-
ed that the fragment order for one end of the GPCMV
genome is HindIII-R, HindIII-N, EcoRI-Y, EcoRI-J, XbaI-
N, and XbaI-R.
To complete the HindIlI restriction endonuclease map it

was necessary to identify locations for the HindIII-O and
HindIII-M terminal fragments. One possible explanation for
three terminal fragments would be a structure in which one
end of the molecule can invert to form two isomers as has
been reported for pseudorabies virus (1, 58) and varicella-
zoster virus (14) DNAs. In this model, the sequences for one
terminal fragment are also contained in an internal repeated
fragment. A two-isomer DNA structure of this nature is not
possible for the GPCMV genome because homology be-
tween a terminal fragment and an internal fragment was not
seen.

Further examination of the unassigned terminal frag-
ments showed that (i) both HindIII-O and XbaI-G were
present in apparently submolar concentrations; (ii) EcoRI-A
was present in supramolar concentration; (iii) the difference
in molecular weight between HindIII-M (3.4 x 106) and
HindIII-O (2.7 x 106) and between XbaI-F (7.8 x 106) and
XbaI-G (7.1 x 106) was exactly 0.7 x 106; and (iv) HindIII-O
hybridized with HindIII-M but not the assigned HindIII-R
terminal fragment, just as XbaI-G hybridized with the XbaI-
F fragment and not with the assigned XbaI-N terminal
fragment. These data are consistent with the following
genome structure' for the HindlIl and XbaI digests. There
are two populations of GPCMV molecules (Fig. 8). The
predominant population (ca. 70%) consists of molecules in
which both terminal fragments contain repeat sequences of a
maximum of 0.7 x 106 daltons (HindIII-R and HindIII-M,
and XbaI-N and XbaI-F). The minor population (ca. 30%)
consists of molecules in which one terminal fragment
(HindIII-R and XbaI-N) is identical to that in the predomi-
nant structural form, whereas the remaining terminal frag-
ment is identical except for the 0.7 x 106-dalton repeat
sequence (HindIII-O and XbaI-G). We therefore assume that
these structures were also present in the EcoRI digest;
however, a fragment 0.7 x 106 daltons smaller than EcoRI-A
was not identified because it was not separable from the
large EcoRI A fragment even with a 0.3% agarose gel (data
not shown). However, if EcoRI-A is purified from a gel and
cleaved with HindIII it should be possible to identify internal
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TABLE 2. Cross-hybridization between GPCMV EcoRI and HindlIl fragments

EcoRI HindlIl fragments
fragments Ra N D F H S G T J P Q K A C B E I U L Ma Oa

ya + +
J + +
e +
0 +
a +
K + +
N +
R +
I + +
z +
L + +
J +
U +
E +
V + + +
d +
h +
1 +
P + +
c + +
T + +
b +
x +
f +
D +
C +
H + +
S +
F +
w + +
Q +
G +
g +
M +
Aa + + + + + + + +
Ba + + + + + + +

a Terminal fragment.

fragments HindIII-E, -I, -U, and -L, and terminal fragments
-O and -M. This hypothesis was tested experimentally, and
both the M and 0 fragments were found (Fig. 9), suggesting
the existence of an EcoRI B fragment (0.7 x 106 daltons
smaller than the EcoRI A fragment). The data obtained from
hybridizations with cloned, gel-purified internal and terminal
fragments and from double cleavages (in particular for
overlapping fragments) allowed linear arrangement of all the
HindlIl fragments (Fig. 8). All but four of the EcoRI
fragments, EcoRI-e and -O and EcoRI-h and -i, were aligned.
In the XbaI restriction endonuclease cleavage map, there are
three regions of uncertainty; the XbaI-P, -Y, and -g frag-
ments, the XbaI-M, -L, j, and -n fragments, and the XbaI-l
and -k fragments could not be ordered.

TABLE 3. Cross-hybridization between GPCMV XbaI and
HindIII or EcoRI fragments

Hybridized to:
Xbal fragments' HindIll fragments EcoRI fragments

B S, G, T L, j, Ub, E, Vb
C K,A X,f,D
H B,E M,AC

a XbaI fragments were twice purified from gels as described in the text and
used as probes to complete and confirm mapping results. Each hybridization
was carried out two to three times, using independently isolated fragments as
probes.

b EcoRI-U and -V comigrate on the gel.
' Hybridization to EcoRI-A actually indicates hybridization to EcoRI-A and

-B.

DISCUSSION
To obtain adequate quantities of DNA, we prepared a

cloned library of the GPCMV genome and then constructed
recombinant fragments of GPCMV DNA representing ca.
97% of the total genome. Of the 21 fragments obtained after
digestion with HindIII, 5 fragments (the three terminal
fragments M, 0, and R, the largest fragment A, and the
smallest fragment U) could not be cloned. The 16 HindIII
fragments that were cloned represent 77% of the genome. Of
the 36 EcoRI fragments, 8 fragments (terminal fragments A,
B, and Y, the smallest fragments g, h, i, and j, and the T
fragment) could not be cloned. The 28 EcoRI fragments that
were cloned represent 78% of the genome. Failure to clone
the large HindIll A fragment was compensated by our ability
to clone EcoRI-D, -C, and -H, which are colinear with
HindIII-A.
We used the cloned DNA fragments as well as gel-purified

HindIII, EcoRI, and XbaI fragments to establish HindIII,
EcoRI, and XbaI restriction maps of the GPCMV genome.
Hybridization of radioactively labeled fragments to Southern
(55) blots of HindIII-, EcoRI-, and XbaI-cleaved GPCMV
DNA verified the viral origin of cloned fragments and
allowed construction of the physical maps of the genome.
Double digestion of fragments was carried out to eliminate
ambiguities. We derived two important conclusions from the
restriction enzyme cleavage maps: (i) the size of GPCMV
DNA is 158 + 4 x 106 daltons, which is considerably larger
than the value based on sucrose gradient sedimentation data
that we previously published (28); and (ii) GPCMV DNA
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exists in one conformation with no internal repeat se-

quences.
The particularly unique aspect ofGPCMV DNA structure

is that one end of the genome assumes two different confor-
mations, one in which the terminal fragment contains a 0.7 x
106-dalton repeat sequence homologous with the other termi-
nus of the molecule and a second in which this sequence is
missing. Support for this statement comes from the following
data. (i) Lambda exonuclease digestion indicated three ter-
minal fragments for the HindlIl and XbaI digests. (ii) The
same fragments identified as terminal fragments by lambda
exonuclease digestion could not be cloned regardless of
whether unfractionated or gel-purified DNA was used. (iii)
With 97% of the genome cloned, homology was not seen
between an internal fragment and any of the three terminal
fragments, indicating that the presence of three terminal
fragments is not indicative of a molecule that can assume
two isomeric forms. (iv) Only one of the three HindIll or
XbaI terminal fragments demonstrated sequence homology
with all three termini; the other two fragments each demon-
strated homology with only two fragments. (v) Only one of
the three HindIll and XbaI terminal fragments was apparent-
ly present in submolar quantities. (vi) The third EcoRI
terminal fragment was not detected only because of the
technical difficulty in separating two large fragments (27.9 x
106 and 27.2 x 106 daltons) that differ by only 0.7 x 106
daltons. (vii) The existence of a third terminal fragment,
EcoRI-B, that comigrates with EcoRI-A was verified by
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FIG. 7. Hybridization of terminal HindIll 0 fragment. GPCMV
DNA was cleaved with HindIll (lanes 1 and 4), EcoRI (lanes 2 and
5), and XbaI (lanes 3 and 6) as described in the legend to Fig. 5.
Hybridization was to 32P-labeled cloned HindIII-P (a) or gel-isolated
HindIII-(P + 0) (b). The fragments are identified as described in the
legend to Fig. 5.
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FIG. 6. Hybridization of terminal Hindlll M and R fragments to
HindIII (lanes 1, 4, and 7)-, EcoRI (lanes 2, 5, and 8)-, and XbaI
(lanes 3, 6, and 9)-cleaved GPCMV DNA. Blot transfers of restric-
tion endonuclease-cleaved GPCMV DNA were generated as de-
scribed in the legend to Fig. 5 and hybridized to 32P-labeled HindIll-
M (a), GPCMV DNA (b), or HindIII-R (c). HindIII-M and
-R were isolated from gels, as described, before labeling. The
fragments are identified as described in the legend to Fig. 5.

double digestion of the gel-isolated band containing both
fragments.
We cannot totally exclude the possibility that the minor

population of GPCMV DNA represents defective molecules,
but this probably is not the case for the following reasons. (i)
The conclusions about the termini enumerated above were
verified by several independently purified preparations of
virus DNA. In all cases, HindIII-O and XbaI-G were appar-
ently present in submolar quantities. (ii) Most of our studies
were carried out with GPCMV strain 22122 obtained directly

TABLE 4. Identification of terminal fragments of GPCMV DNA

Probe Fragments hybridized to probe
HindIll EcoRI XbaI

HindIII-R M, R A, Y F, N
HindIII-O M, 0 A" F, G
HindIII-M M, O, R A", Y F, G, N

EcoRI-Y M, R A, Y F, N
EcoRI-Ab M, 0, R (E, I, L)c d A", Y F, G, N (H, M,

L,j, n, b, K)

XbaI-N M, R (N) A, Y (J) F, N

XbaI-F M, O, R (L)d A', Y F, G, N

XbaI-G M, O (L)d Aa F, G
a Hybridization to EcoRI-A actually indicates hybridization to EcoRI-A

and -B.
b EcoRI-A was isolated from a gel, and therefore is actually EcoRI-A and

EcoRI-B.
c Hybridization to internal fragment HindIII-U was not seen because of the

size of U. However, when HindIII-U was used as a probe it hybridized to
EcoRI-A (and -B) and XbaI-F, -G, and -K.

d Internal fragments which also hybridized are listed in parentheses.
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FIG. 8. Schematic diagram of the GPCMV genome with restriction sites for HindIll, EcoRI, and XbaI. Parentheses indicate that the order
of fragments in this region is unknown. Open rectangles at the termini indicate regions containing sequence homology.

from G. D. Hsiung. We also obtained GPCMV strain 22122
from the American Type Culture Collection and prepared
GPCMV DNA with this virus to initiate the infection. Once
again HindIII-O and XbaI-G were present in submolar
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---A
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quantities and identical hybridization data for the terminal
fragments were obtained. (iii) If the finding reflects the
presence of defective GPCMV DNA, we would expect the
results to be variable and the difference between defective
and nondefective DNA to be greater than 0.7 x 106 daltons.
GPCMV DNA can now be compared with other cytomeg-

alovirus and other herpesvirus DNAs. The molecular weight
of the HCMV genome is 150 x 106 to 160 x 106, that of
MCMV is 155 x 106, and that of GPCMV is 158 x 106; within
error of measurement, the HCMV, MCMV, and GPCMV
genomes are the same size. In contrast, the organization of
the three genomes is unique for each cytomegalovirus DNA.
HCMV DNA exists as four isomers (17, 35, 56, 64, 70) and as
such is similar to herpes simplex virus DNA (9, 50, 53, 54,
71). MCMV DNA has a long unique sequence of DNA
without large terminal or internal repeat regions and can,
therefore, exist only in one conformation. Epstein-Barr virus
DNA also does not isomerize but does contain tandem
repeats of a 500-base-pair sequence at the termini (21, 33)
and a series of internal clusters of 3.1-kilobase-pair repeat
units (7, 20, 26). The genomic organization of GPCMV DNA
is most like that of MCMV DNA in that it is far simpler than
that of its human counterpart and does not isomerize.
Further experiments will have to be carried out to establish
whether the terminal repeat sequences of GPCMV DNA are
direct or inverted repeats.
We have previously reported that GPCMV can malignant-

ly transform guinea pig liver cells (29) and that sequence
homology between GPCMV and HCMV DNAs exists (28).
The availability of cloned GPCMV DNA fragments will
enable us to determine whether GPCMV-transformed cells
retain any virus DNA sequences and to identify sequences in
the GPCMV genome required for immortalization or trans-

FIG. 9. Double digestion of EcoRI-A (and -B) with EcoRI and
HindIII. EcoRI-A (and -B) was purified from gels. Lane 1, GPCMV
DNA cleaved with Hindlll; lane 2, cloned HindIII-E cleaved with
HindIII; lane 3, cloned HindIII-I cleaved with Hindlll; lane 4,
cloned HindIII-L cleaved with Hindlll; lane 5, gel-isolated EcoRI-A

(and -B) cleaved with EcoRI and Hindlll; lane 6, gel isolated EcoRI-
A (and -B) cleaved with EcoRI; lane 7, GPCMV DNA cleaved with
EcoRI. Restriction endonuclease-cleaved GPCMV DNA, cloned
GPCMV fragment DNA, and gel-purified GPCMV fragment DNA
were subjected to electrophoresis in 0.5% agarose gels, transferred
to nitrocellulose filters, and hybridized to 32P-labeled GPCMV
DNA.
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formation or both. The availability of cloned GPCMV DNA
fragments and knowledge of the restriction endonuclease
cleavage maps will enable us to examine more closely the
extent of homology between HCMV and GPCMV DNAs
and to locate the regions of homology on the GPCMV
genome.

ACKNOWLEDGMENTS

We thank Tony Dobson for technical assistance, Richard Hyman
and Thomas Jones for helpful discussions, and Fred Rapp for his
continued interest and support. In addition, we are grateful to Mary
Judith Tevethia for providing simian virus 40 DNA.

This investigation was supported in part by grants CA 18450, CA
27503, and CA 23931 awarded by the National Cancer Institute.
H.C.I. is the recipient of Public Health Service Research Career
Development Award CA 00759 from the National Cancer Institute.

LITERATURE CITED

1. Ben-Porat, T., F. Rixon, and M. Blankenship. 1979. Analysis of
the structure of the genome of pseudorabies virus. Virology
95:285-294.

2. Bia, F. J., K. Hastings, and G. D. Hsiung. 1979. Cytomegalovi-
rus infection in guinea pigs. III. Persistent viruria, blood trans-
mission and viral interference. J. Infect. Dis. 140:914-920.

3. Bolivar, F., R. L. Rodriguez, P. J. Greene, M. C. Betlach, H. L.
Heyneker, and H. W. Boyer. 1977. Construction and character-
ization of new cloning vehicles. II. A multipurpose cloning
system. Gene 2:95-113.

4. Boyer, H. W., and D. Roulland-Dossoix. 1969. A complementa-
tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41:459-472.

5. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and
characterization of amplifiable multicopy DNA cloning vehicles
derived from the P1SA cryptic miniplasmid. J. Bacteriol.
134:1141-1156.

6. Choi, Y. C., and G. D. Hsiung. 1978. Cytomegalovirus infection
in guinea pigs. 11. Transplacental and horizontal transmission. J.
Infect. Dis. 138:197-202.

7. Dambaugh, T., C. Beisel, M. Hummel, W. King, S. Fennewald,
A. Cheung, M. Heller, N. Raab-Traub, and E. Kieff. 1980.
Epstein-Barr virus (B95-8) DNA. VII. Molecular cloning and
detailed mapping of. Proc. Natl. Acad. Sci. U.S.A. 77:2999-
3003.

8. Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced
bacterial genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

9. Delius, H., and J. B. Clements. 1976. A partial denaturation map
of herpes simplex virus type 1 DNA: evidence for inversion of
the unique DNA regions. J. Gen. Virol. 33:125-133.

10. DeMarchi, J. M. 1983. Post-transcriptional control of human
cytomegalovirus gene expression. Virology 124:390-402.

11. DeMarchi, J. M., M. L. Blankenship, G. D. Brown, and A. S.
Kaplan. 1978. Size and complexity of human cytomegalovirus
DNA. Virology 89:643-646.

12. Dretzen, G., M. Bellard, P. Sassone-Corsi, and P. Chambon.
1981. A reliable method for the recovery of DNA fragments
from agarose and acrylamide gels. Anal. Biochem. 112:295-298.

13. Ebeling, A., G. M. Keil, E. Knust, and U. H. Koszinowski. 1983.
Molecular cloning and physical mapping of murine cytomegalo-
virus DNA. J. Virol. 47:421-433.

14. Ecker, J. R., and R. W. Hyman. 1982. Varicella-zoster virus
DNA exists as two isomers. Proc. Natl. Acad. Sci. U.S.A.
79:156-160.

15. Evans, C. H., and J. A. DiPaolo. 1975. Neoplastic transforma-
tion of guinea pig fetal cells in culture induced by chemical
carcinogens. Cancer Res. 35:1035-1044.

16. Fenoglio, C. M., M. W. Oster, P. Lo Gerfo, T. Reynolds, R.
Edelson, J. A. K. Patterson, E. Madeiros, and J. K. McDougall.
1982. Kaposi's sarcoma following chemotherapy for testicular
cancer in a homosexual man: demonstration of cytomegalovirus
RNA in sarcoma cells. Hum. Pathol. 13:955-959.

17. Fleckenstein, B., K. Muller, and J. Collins. 1982. Cloning of the
complete human cytomegalovirus genome in cosmids. Gene
18:39-46.

18. Frenkel, N., and B. Roizman. 1972. Separation of the herpesvi-
rus deoxyribonucleic acid duplex into unique fragments and
intact strand on sedimentation in alkaline gradients. J. Virol.
10:565-572.

19. Geelen, J. L. M. C., C. Walig, P. Wertheim, and J. van der
Noordaa. 1978. Human cytomegalovirus DNA. I. Molecular
weight and infectivity. J. Virol. 26:813-816.

20. Given, D., and E. Kieff. 1979. DNA of Epstein-Barr virus. VI.
Mapping of the internal tandem reiteration. J. Virol. 31:315-324.

21. Given, D., D. Yee, K. Griem, and E. Kieff. 1979. DNA of
Epstein-Barr virus. V. Direct repeats of the ends of the Epstein-
Barr virus DNA. J. Virol. 30:852-862.

22. Greenaway, P. J., J. D. Oram, R. G. Downing, and K. Patel.
1982. Human cytomegalovirus DNA. BamHI, EcoRl and PstI
restriction endonuclease cleavage maps. Gene 18:355-360.

23. Griffith, B. P., H. L. Lucia, F. J. Bia, and G. D. Hsiung. 1981.
Cytomegalovirus-induced mononucleosis in guinea pigs. Infect.
Immun. 32:857-863.

24. Hamilton, J., and J. C. Overall, Jr. 1978. Synergistic infection
with murine cytomegalovirus and Pseudomonas aeruginosa in
mice. J. Infect. Dis. 137:775-782.

25. Hanshaw, J. B. 1978. Congenital cytomegalovirus. Major Probl.
Clin. Pediatr. 17:97-152.

26. Hayward, S. D., L. Nogee, and G. S. Hayward. 1980. Organiza-
tion of repeated regions within the Epstein-Barr virus DNA
molecule. J. Virol. 33:507-521.

27. Hsiung, G. D., Y. C. Choi, and F. Bia. 1978. Cytomegalovirus
infection in guinea pigs. 1. Viremia during acute primary and
chronic persistent infection. J. Infect. Dis. 138:191-196.

28. Isom, H. C., M. Gao, and B. Wigdahl. 1984. Characterization of
guinea pig cytomegalovirus DNA. J. Virol. 49:426-436.

29. Isom, H., J. Mummaw, and J. Kreider. 1983. Malignant trans-
formation of guinea pig cells after exposure to ultraviolet
irradiated guinea pig cytomegalovirus. Virology 126:693-700.

30. Jahn, G., E. Knust, H. Schmolla, T. Sarre, J. A. Nelson, J. K.
McDougall, and B. Fleckenstein. 1984. Predominant immediate-
early transcripts of human cytomegalovirus AD 169. J. Virol.
49:363-370.

31. Kelsey, D. K., G. A. Olson, J. C. Overall, Jr., and L. A.
Glasgow. 1977. Alteration of host defense mechanisms by
murine cytomegalovirus infection. Infect. Immun. 18:754-760.

32. Kieff, E. D., S. L. Bachenheimer, and B. Roizman. 1971. Size,
composition, and structure of the deoxyribonucleic acid of
herpes simplex virus subtypes 1 and 2. J. Virol. 8:125-132.

33. Kintner, C., and W. Sugden. 1979. The structure of the termini
of the DNA of Epstein-Barr virus. Cell 17:661-671.

34. Kumar, M. L., and G. A. Nankervis. 1978. Experimental
congenital infection with cytomegalovirus: a guinea pig model.
J. Infect. Dis. 138:650-654.

35. LaFemina, R. L., and G. S. Hayward. 1980. Structural organiza-
tion of the DNA molecules from human cytomegalovirus. ICN-
UCLA Symp. Mol. Cell. Biol. 18:39-55.

36. Lakeman, A. D., and J. E. Osborn. 1979. Size of infectious DNA
from human and murine cytomegaloviruses. J. Virol. 30:414-
416.

37. Little, J. W., I. R. Lehman, and A. D. Kaiser. 1967. An
exonuclease induced by bacteriophage. J. Biol. Chem. 242:672-
678.

38. Loh, L., and J. B. Hudson. 1980. Immunosuppressive effect of
murine cytomegalovirus. Infect. Immun. 27:54-60.

39. Loh, L., and J. B. Hudson. 1981. Murine cytomegalovirus
infection in the spleen and its relationship to immunosuppres-
sion. Infect. Immun. 32:1067-1072.

40. Mandel, M., and A. Higa. 1970. Calcium dependent bacterio-
phage DNA infection. J. Mol. Biol. 53:159-162.

41. Mayo, D., J. A. Armstrong, and M. Ho. 1978. Activation of
latent murine cytomegalovirus infection: cocultivation, cell
transfer and the effect of immunosuppression. J. Infect. Dis.
138:890-896.

42. McDonough, S. H., and D. H. Spector. 1983. Transcription in

J. VIROL.



GPCMV GENOME 447

human fibroblasts permissively infected by human cytomegalo-
virus strain AD169. Virology 125:31-46.

43. Mercer, J. A., J. R. Marks, and D. H. Spector. 1983. Molecular
cloning and restriction endonuclease mapping of the murine
cytomegalovirus genome (Smith strain). Virology 129:94-106.

44. Mosmann, T. R., and J. B. Hudson. 1973. Some properties of the
genome of murine cytomegalovirus (MCMV). Virology 54:135-
149.

45. Nieman, P. E., W. Reeves, G. Ray, N. Flournoy, K. G. Lerner,
G. E. Sale, and E. D. Thomas. 1977. Prospective analysis of
interstitial pneumonia and opportunistic viral infection among
recipients of allogenic bone marrow grafts. J. Infect. Dis.
136:754-767.

46. Nelson, J. A., B. Fleckenstein, D. A. Galloway, and J. K.
McDougall. 1982. Transformation of NIH 3T3 cells with cloned
fragments of human cytomegalovirus strain AD169. J. Virol.
43:83-91.

47. Nelson, J. A., B. Fleckenstein, G. Jahn, D. A. Galloway, and
J. K. McDougall. 1984. Structure of the transforming region of
human cytomegalovirus AD169. J. Virol. 49:109-115.

48. Oram, J. D., R. G. Downing, A. Akrigg, A. A. Dollery, C. J.
Duggleby, G. W. G. Wilkenson, and P. J. Greenaway. 1982. Use
of recombinant plasmids to investigate the structure of the
human cytomegalovirus genome. J. Gen. Virol. 59:111-129.

49. Rigby, P. W. J., M. Dieckman, C. Rhodes, and P. Berg. 1977.
Labelling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase I. J. Mol. Biol.
113:237-251.

50. Roizman, B. 1979. The structure and isomerization of herpes
simplex virus genomes. Cell 16:481-494.

51. Rubin, R. H., A. B. Cosimi, N. E. Tokloff-Rubin, P. S. Russell,
and M. S. Hirsch. 1977. Infectious disease syndromes attribut-
able to cytomegalovirus and their significance among renal
transplant recipients. Transplantation 24:458-464.

52. Seed, B. 1982. Diazotizable arylamine cellulose paper for the
coupling and hybridization of nucleic acids. Nucleic Acids Res.
10:1799-1810.

53. Sheldrick, P., and N. Berthelot. 1975. Inverted repetitions in the
chromosome of herpes simplex virus. Cold Spring Harbor
Symp. Quant. Biol. 39:667-678.

54. Skare, J., and W. C. Summers. 1977. Structure and function of
herpesvirus genomes. II. EcoRI, XbaI, and HindIll endonucle-
ase cleavage sites on herpes simplex virus type 1 DNA. Virolo-
gy 76:581-595.

55. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

56. Spector, D. H., L. Hock, and J. C. Tamashiro. 1982. Cleavage
maps for human cytomegalovirus DNA strain AD169 for restric-
tion endonucleases EcoRI, BgII, and HindIlI. J. Virol. 42:558-
582.

57. Stenberg, R. M., D. R. Thomsen, and M. F. Stinski. 1984.

Structural analysis of the major immediate early gene of human
cytomegalovirus. J. Virol. 49:190-199.

58. Stevely, W. 1977. Inverted repetition in the chromosome of
pseudorabies virus. J. Virol. 22:232-234.

59. Stinski, M. F., E. S. Mocarski, and D. R. Thomsen. 1979. DNA
of human cytomegalovirus: size heterogeneity and defective-
ness resulting from serial undiluted passage. J. Virol. 31:231-
239.

60. Stinski, M. F., D. R. Thomsen, R. M. Stenberg, and L. C.
Goldstein. 1983. Organization and expression of the immediate
early genes of human cytomegalovirus. J. Virol. 46:1-14.

61. Tamashiro, J. C., L. J. Hock, and D. H. Spector. 1982. Con-
struction of a cloned library of the EcoRI fragments from the
human cytomegalovirus genome (strain AD169). J. Virol.
42:547-557.

62. Tenser, R. B., and G. D. Hsiung. 1976. Comparison of guinea pig
cytomegalovirus and guinea pig herpes-like virus: pathogenesis
and persistence in experimentally infected animals. Infect.
Immun. 13:934-940.

63. Thomsen, D. R., R. M. Stenberg, W. F. Goins, and M. F.
Stinski. 1984. Promoter-regulatory region of the major immedi-
ate early gene of human cytomegalovirus. Proc. Natl. Acad.
Sci. U.S.A. 81:659-663.

64. Thomsen, D. R., and M. F. Stinski. 1981. Cloning of the human
cytomegalovirus genome as endonuclease XbaI fragments.
Gene 16:207-216.

65. Tyms, A. S. 1982. Diseases of the fetus and neonate due to
human cytomegalovirus: a laboratory perspective. Med. Lab.
Sci. 39:257-286.

66. Wadsworth, S., G. S. Hayward, and B. Roizman. 1976. Anatomy
of herpes simplex virus DNA. V. Terminally repetitive se-
quences. J. Virol. 17:503-512.

67. Wahl, G., M. Stern, and G. Stark. 1979. Efficient transfer of
large DNA fragments from agarose gels to diazobenzyloxy-
methyl-paper and rapid hybridization by using dextran sulfate.
Proc. Natl. Acad. Sci. U.S.A. 76:3683-3687.

68. Wathen, M. W., and M. F. Stinski. 1982. Temporal patterns of
human cytomegalovirus transcription: mapping of viral RNAs
synthesized at immediate early, early, and late times after
infection. J. Virol. 41:462-477.

69. Weller, T. H. 1971. The cytomegaloviruses: ubiquitous agents
with protean clinical manifestations. N. Engl. J. Med. 285:203-
214.

70. Westrate, M., J. Geelen, and J. van der Noordaa. 1980. Human
cytomegalovirus DNA: physical maps for the restriction endo-
nucleases BgII, HindlIl and XbaI. J. Gen. Virol. 49:1-21.

71. Wilkie, N. M. 1976. Physical maps for herpes simplex virus type
1 DNA for restriction endonucleases Hindlll, Hpa-1. and X.
bad. J. Virol. 20:222-233.

72. Yourtee, E. L., F. J. Bia, B. P. Griffith, and R. K. Root. 1982.
Neutrophil response and function during acute cytomegalovirus
infection in guinea pigs. Infect. Immun. 36:11-16.

VOL. 52, 1984


