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The structure of the encapsidated DNA genome of ground squirrel hepatitis
virus (GSHV) has been examined by restriction endonuclease cleavage, nucleic
acid hybridization, and molecular cloning. GSHV virion DNA is a relaxed circular
molecule of approximately 3,200 bases in length; most molecules harbor an
extensive single-stranded region which is largely confined to one-half of the
genome. The full-length viral DNA strand is covalently bound to protein. The
single-stranded region can be repaired in vitro by the action of the endogenous
virion polymerase, exogenously added DNA polymerase from avian myeloblasto-
sis virus, or both. Restriction enzyme cleavage of viral DNA from different
isolates demonstrated that multiple variants of GSHV exist in nature. The
genomes of two such strains have been cloned in Escherichia coli, and their
physical maps have been determined. Nucleic acid hybridization studies revealed
that the strains share sequence homology with the DNA of human hepatitis B
virus. Regions homologous to the coding regions for the surface and core antigens
of human hepatitis B virus have been localized on the GSHV chromosome.
Molecular cloning experiments have also led to the identification of a region of the

viral genome which is altered in a procaryotic host.

Ground squirrel hepatitis virus (GSHV) is a
small DNA virus first isolated from the blood of
chronically viremic animals by Marion and co-
workers (13). These investigators have demon-
strated that the virus bears close morphological
(13) and biochemical (7, 17) resemblance to the
hepatitis B virus (HBV) of humans. Both are
surrounded by an outer protein coat comprised
primarily of a single polypeptide, termed surface
antigen; the surface antigens of the two agents
share a number of common tryptic peptides and
are weakly cross-reactive in immunological tests
(4, 7). The inner core of GSHV, like HBV, was
shown to harbor a 3,200-base pair (bp) relaxed
circular DNA molecule whose circularity is
maintained by 5’-cohesive termini of about 300
bp in length (17). The molecules found in the
virions have an extensive single-stranded region
of fixed polarity, whose extent varies from mole-
cule to molecule. Associated with this structure
is a viral DNA polymerase, which is capable of
repairing this gapped region in vitro to generate
fully double-stranded relaxed circular genomes
(13, 17). Siddiqui et al. (17) have recently cloned
GSHYV virion DNA in Escherichia coli and pre-
sented a physical map of their isolate.

t Present address: Columbia University College of Physi-
cians and Surgeons, New York, NY 10036.

In this paper, we further characterize the
properties of GSHV DNA, as purified from the
serum of infected animals. Virion DNA of
GSHYV, like its HBV counterpart (8), contains
protein covalently linked to its intact (long)
strand. We also demonstrate by restriction en-
donuclease cleavage analyses that multiple vari-
ants of this agent exist, even among animals
residing in the same field. Molecular cloning
experiments confirm these differences and have
allowed construction of physical maps of the
genomes of two strains. In addition, GSHYV is
shown to harbor a small genomic region which
apparently undergoes alteration in a procaryotic
host.

MATERIALS AND METHODS

Virus stocks. Sera were obtained by heart puncture
of anesthetized animals and tested for hepatitis B
surface antigen (HBsAg) cross-reactivity by solid-
phase radioimmunoassay (6); positive sera were stored
at —70°C until ready for use. All experiments were
done on virions purified from the sera of single ani-
mals; sera were never pooled.

Enzymatic repair of viral DNA. The preparation of
viral pellets and performance of the endogenous poly-
merase reaction are described in the accompanying
paper (6). In our hands, the endogenous polymerase
reaction rarely resulted in complete repair of the
single-stranded region of the genome. To complete the
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repair, phenol-extracted viral DNA was incubated in
an avian myeloblastosis virus (AMV) polymerase re-
action in the presence of unlabeled deoxynucleoside
triphosphates, exactly as described by Summers et al.
19).

Restriction endonuclease cleavage. Restriction en-
zymes and T4 DNA ligase were purchased from New
England Biolabs, Inc. (Beverly, Mass.), or BRL, Inc.
(Bethesda, Md.), and reactions were conducted as
recommended by the vendor.

Gel electrophoresis, DNA transfer, and hybridiza-
tion. DNA samples in 40 mM Tris (pH 8)-5 mM NaAc-
1 mM EDTA (1x TAE buffer) were made 10% in
sucrose and loaded into the wells of horizontal agarose
slab gels, cast in 1x TAE buffer. Gels were generally
run for 6 to 9 h at 25 mA and room temperature. DNA
bands were visualized by staining for 20 to 40 min with
1 pg of ethidium bromide per ml, followed by exami-
nation under a UV light source (UV Products, San
Gabriel, Calif.).

For DNA transfer experiments, DNA in gels was
denatured, neutralized, and transferred to nitrocellu-
lose sheets as described by Southern (18). The filters
were then baked for 2 h at 80°C in vacuo.

For DNA hybridization under stringent conditions,
filters were preincubated at 41°C in 50% formamide-
3x SSC (SSC = 0.15 M NaCl plus 0.015 M sodium
citrate)-0.0S M HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethane-sulfonic acid) (pH 7)-200 pg of salmon
sperm DNA per ml-150 pg of yeast RNA per ml-1Xx
Denhardt solution. After 30 to 120 min, 1 X 10°to 1.5
x 10° cpm of 3?P-labeled DNA (generally 5 to 10 x 107
cpm/pg) was added to each filter in the same solution.
After hybridization, filters were washed with 0.1x
SSC-0.1% sodium dodecyl sulfate (SDS) for 2 h at
50°C and then air dried and autoradiographed.

Low-stringency hybridization was carried out as
above, except that the formamide concentration in the
annealing mix was reduced to 25%. Filters were
washed in 4x SSC-0.1% SDS for 2 to 3 h at 50°C.

Preparation of 3*P-labeled DNA. Cloned DNA frag-
ments were radiolabeled in vitro by incubation with
[*2P]dCTP, unlabeled dATP, dGTP, and dTTP, ran-
dom primers of calf thymus DNA, and AMV polymer-
ase, as previously described (16). The labeled product
DNA was separated from unincorporated isotope by
gel filtration over a column of Sephadex G-50. Column
fractions were monitored by Cerenkov counting, and
the void volume was pooled and concentrated by
precipitation with 2 volumes of ethanol at —20°C.

HBsAg-specific probe was prepared by radiolabel-
ing a 700-bp fragment of cloned HBV DNA extending
from its unique Xbal site to its unique Hpal site (20).
Hepatitis B core antigen (HBcAg)-specific probe was
prepared by radiolabeling the purified 400-bp Bglll
fragment of cloned HBV DNA (20).

Molecular cloning. For cloning in bacteriophage, the
vector AgtWES-AB was used (12). The central region
of the vector chromosome was excised by EcoRI
digestion, and the flanking ‘‘arms’’ were purified by
sucrose gradient sedimentation. For cloning, approxi-
mately 20 ng of EcoRI-digested 32P-labeled GSHV
virion DNA was annealed and ligated to 2.0 ug of A
arms. One-half of the ligation mix was then packaged
into A phage heads in vitro as previously described (1),
and the resulting stock was plated on lawns of E. coli
strain DP50 supF in 150-mm petri dishes. Recombi-
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nant phage were identified by plaque hybridization (2)
with 32P-labeled HBV DNA under low-stringency con-
ditions, as defined above. Where indicated, isolates
were plaque purified and rescreened several times in
this fashion.

For cloning directly from virion DNA into plasmid
vectors, 10 ng of 3?P-labeled strain 36 DNA was
cleaved with EcoRI, phenol extracted, and then an-
nealed and ligated for 18 h at 4°C to 100 ng of EcoRI-
linearized pBR328 DNA which had been pretreated
with alkaline phosphatase. The ligation products were
introduced into E. coli strain HB101 by CaCl,-mediat-
ed DNA transformation, and the entire transformation
mix was plated on Luria-Bertani (LB) medium agar
containing 50 pg of ampicillin per ml. Transformants
were then screened for chloramphenicol sensitivity on
LB medium agar with 25 pg of chloramphenicol per
ml.

RESULTS

Characterization of virion DNA. As described
in the preceding paper (6), sera obtained from
two naturally infected animals (numbers 27 and
36) were used to transmit infection by inocula-
tion to a group of captive ground squirrels.
When recipients developed high circulating ti-
ters of surface antigen, they were bled and
virions were pelleted from serum as described in
Materials and Methods. Virus stocks obtained
from animals infected with serum 27 were stud-
ied separately from stocks derived from serum
36.

To determine whether GSHV DNA shared
sequence complementarity with HBV DNA and
to assess the configuration of GSHV virion
DNA before in vitro polymerase repair, GSHV
DNA was extracted directly from a viral pellet
after disruption of the virion with SDS and
proteinase K. The viral DNA was electrophor-
esed through a 1% agarose gel, transferred to
nitrocellulose paper (18), and annealed to cloned
32p_labeled HBV DNA, under conditions of re-
duced hybridization stringency (Fig. 1A). Unre-
paired GSHV DNA (lane b) is seen to be quite
heterogeneous and migrates even more rapidly
than unrepaired HBV DNA (lane a). As for
HBYV, no GSHV DNA is observed in the region
of the gel where fully duplex, relaxed circular
molecules would be expected to migrate. Similar
results have been obtained with DNA from all
four ground squirrel sera studied in this fashion
(data not shown). This is in contrast to the
situation which obtains for the recently de-
scribed duck hepatitis B virus, in which a signifi-
cant proportion of virions harbor fully duplex
genomes (W. Mason, J. Taylor, G. Seal, and J.
Summers, in H. Alter, J. Maynard, and W.
Szmuness, ed., Proceedings of the 1981 Sympo-
sium on Viral Hepatitis, in press).

Figure 1B shows the results obtained when
GSHV DNA is repaired in vitro. Virions from
animals infected with sera 27 (lane a) and 36
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FIG. 1. Hybridization of unlabeled HBV and
GSHYV virion DNA with 32P-labeled HBV DNA (A)
and radiolabeling and Ps¢I cleavage of GSHV virion
DNA (B). (A) Virions concentrated from 0.2 ml of
infected human or ground squirrel serum were treated
with 1% SDS and 1 mg of proteinase K per ml, and
viral DNA was extracted as in the text. Ten percent of
each sample was electrophoresed through 1% agarose,
transferred to nitrocellulose paper after denaturation,
and hybridized to 10° cpm of 3?P-labeled HBV DNA.
Lane a, HBV DNA; lane b, GSHV DNA from animal
PO33; lane ¢, 50 pg of EcoRI-cleaved plasmid pEC63
DNA. pEC63 is a recombinant plasmid pBR325 deriv-
ative harboring the 3.2-kb HBV genome cloned at its
unique EcoRI site. (B) Virions of strain 27 (lanes a to
c) or strain 36 (lanes d to f) were labeled with
[*?P]dCTP in an endogenous polymerase reaction,
product DNA was extracted as in the text, and ali-
quots were electrophoresed through 1% agarose gels
(lanes a and d). The remainder of each DNA sample
was repaired with AMV polymerase and unlabeled
triphosphates and similarly electrophoresed (lanes b
and e). Aliquots of AMV-repaired DNA digested with
Pstl were electrophoresed in parallel (lanes ¢ and f).
After electrophoresis, the gel was dried and autoradio-
graphed for 12 h at —70°C with an intensifying screen.
In this figure and others, the numbers alongside the
autoradiograms refer to the sizes (in kilobases) of
linear forms of marker DNAs included in the experi-
ments.

(lane d) were incubated in an endogenous poly-
merase reaction with [>?P]JdCTP, and viral DNA
was extracted and electrophoresed. In these
cases, the repair reaction did not appear to
proceed to completion, but these partially re-
paired forms could be fully repaired by subse-
quent incubation with AMV reverse transcrip-
tase and excess unlabeled deoxynucleoside
triphosphates (lanes b and e). This reveals that
repaired molecules derived from both isolates
are similar in size (3.2 kilobases [kb]). Cleavage
of either preparation with PstI (lanes ¢ and f)
reveals an identical set of labeled products, with
major products of 2.7 and 0.5 kb in length and
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minor bands at 3.2 and approximately 1.7 kb.
These restriction products will be considered
more fully below.

We next sought to determine whether encapsi-
dated GSHV DNA, like HBV DNA, is covalent-
ly linked to protein. As previously described for
HBYV (8), phenol extraction of GSHV virions
results in the loss of viral DNA from the aqueous
phase, unless the virions are first digested with
proteolytic enzymes (Fig. 2). Virions pelleted
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FIG. 2. Protein covalently linked to GSHV DNA.
(A) Virions were pelleted from 0.2 ml of serum from an
animal infected with a strain 27 GSHYV isolate, and a
brief endogenous polymerase reaction with [*?P]JdCTP
was performed as in the text. Virions were disrupted
with 0.5% SDS-5% mercaptethanol at 55°C for 30 min.
Ten percent of the sample was used for each analysis.
Aliquots were electrophoresed without further treat-
ment (lane 1), after phenol extraction (lane 2), after
proteinase K treatment (lane 3), and after proteinase K
treatment followed by phenol extraction (lane 4).
Autoradiograms were prepared after electrophoresis
as in the legend to Fig. 1. (B) Aliquots of [*’P]DNA-
protein complex prepared as in (A) were first boiled
for 45 s, quick-chilled on ice, and then electrophoresed
without treatment (lane 1), after phenol extraction
(lane 2), after proteinase K digestion (lane 3), or after
proteinase K digestion followed by phenol extraction
(lane 4). (C) Virions pelleted from 0.1 ml of serum from
a GSHV-infected animal were disrupted with 0.5%
SDS-5% B-mercaptoethanol without prior repair of
the viral DNA. Aliquots (20% of the total sample)
were used for each of the following analyses. Aliquots
were electrophoresed after boiling for 45 s followed by
phenol extraction (lane 1) or after proteinase K diges-
tion followed by boiling and phenol extraction (lane 2).
After electrophoresis, DNA was transferred to nitro-
cellulose sheets and annealed to cloned 2P-labeled
GSHYV DNA under stringent conditions, and the filters
were autoradiographed as in the legend to Fig. 1B.
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from serum and radiolabeled in vitro in an
incomplete endogenous polymerase reaction
were examined in the phenol extraction assay.
Before treatment with proteinase K, DNA ex-
tracted from virions lysed with 1% SDS migrates
slowly and heterogeneously in a 1% agarose gel
(Fig. 2A, lane 1); after phenol extraction, no 32P-
labeled GSHV DNA remains in the aqueous
phase (Fig. 2A, lane 2). When the lysed virions
are first incubated with proteinase K, the viral
DNA is seen to migrate more rapidly in the gel
(Fig. 2A, lane 3), and it remains in the aqueous
phase after phenol extraction (Fig. 2A, lane 4).
Thus, protein(s) bound to GSHV DNA can
result in its extraction from the aqueous phase.
To determine which strand of the viral DNA was
associated with protein, the radiolabeled viral
DNA was denatured by boiling (in 1% SDS)
before phenol extraction. This dissociates the
short (S) strand, which has been elongated with
radiolabeled nucleotides, from the long (L)
strand, which remains unlabeled. The mobility
of the radiolabeled S strand is the same irrespec-
tive of proteinase K digestion or phenol extrac-
tion (Fig. 2B). This strongly suggests that pro-
tein is associated with the long L strand,
although it does not rule out the possibility that
S-strand-bound protein is removed by boiling in
SDS. To further define the site of protein attach-
ment, we examined unrepaired DNA extracted
directly from virions. Unlabeled GSHV virions
were lysed with 1% SDS, and their DNA was
denatured by boiling and then phenol extracted;
DNA remaining in the aqueous phase was elec-
trophoresed through 1% agarose, transferred to
nitrocellulose filters, and hybridized with 3?P-
labeled GSHV DNA. Figure 2C (lane 1) shows
that, as before, only the heterogeneous (S)
strands remain in the aqueous phase. However,
if the preparation is protease treated before
phenol extraction, an additional discrete band
representing the viral L strand can be observed
(Fig. 2C, lane 2). This indicates that the protein
is attached to the L strand and that the DNA-
protein bond is stable to boiling in SDS and
mercaptoethanol.

Multiple strains of GSHV. When virion DNA
preparations radiolabeled as in Fig. 1B were
cleaved with the enzyme EcoRlI, clear differ-
ences in the sizes of the major products were
noted between stocks derived from serum 27
and those derived from serum 36 (Fig. 3). Before
cleavage, all samples appear similar in size
(lanes a, c, and e), as noted above. Cleavage of
viral DNA from a recipient of serum 27 (lane b)
reveals the major product to be a 3.2-kb linear
species, indicating that the parental population
is composed chiefly of molecules harboring a
single EcoRI recognition site. In contrast, EcoRI
cleavage of viral DNA from two animals infect-
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FIG. 3. EcoRI cleavage analysis of GSHV DNA of
strains 27 and 36. Virion DNA was extracted from the
sera of animals infected with serum 27 (lanes a and b)
or 36 (lanes c to f) and radiolabeled and repaired as in
the legend to Fig. 1B. The repaired DNAs (lanes a, c,
and e) were cleaved with EcoRI (lanes b, d, and f,
respectively) and electrophoresed through 1% agarose
gels, which were then autoradiographed as in the
legend to Fig. 1.

ed with serum 36 shows the major radiolabeled
product to be a single band of approximately 1.5
kb. This indicates that most molecules in these
sera harbor at least two EcoRI sites. Since
radiolabel is only incorporated into the (re-
paired) single-stranded region, fragments de-
rived predominantly from the duplex portion of
the unrepaired molecule are underlabeled in this
analysis and may not be detected. (In both
cases, minor radiolabeled products are again
visible [discussed further below].) We have sub-
sequently examined sera from three individuals
inoculated with serum 27 and from three recipi-
ents of serum 36; in all cases, there was com-
plete concordance of EcoRI restriction pattern
with the lineage of the isolate (data not shown).
Serial inoculation experiments described in the
preceding paper demonstrated that viral infec-
tion could be further transmitted to a second
cohort of susceptible recipients (6). When viri-
ons from such recipients were similarly exam-
ined, the respective EcoRI cleavage patterns
were again preserved (M. A. Schofield and D.
Ganem, unpublished data). Thus, these restric-
tion pattern differences behave as stable genetic
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markers during serial passage of these GSHV
variants.

The GSHYV isolate described by Marion et al.
(13) gives two radiolabeled fragments of 1.75 and
1.5 kb after EcoRI cleavage, with the larger
fragment being significantly underlabeled. The
published restriction map of this isolate (17; Fig.
4) differs slightly from that of our strain 36 (see
below). We have trapped a single naturally in-
fected animal whose virions displayed two
bands of 1.75 and 1.5 kb after EcoRI digestion;
in this instance, however, the smaller fragment
was underlabeled, implying that the position of
the EcoRlI sites relative to the gap may differ

A.
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between these two isolates. We have not further
characterized this isolate.

Molecular cloning of GSHV genomes. Exami-
nation of the restriction patterns of virion DNAs
presented in Fig. 1B and 3 reveals the frequent
presence of minor products. For instance,
EcoRI cleavage of DNA from one strain 27 stock
produces minor fragments of 2.8 and 2.3 kb in
length, in addition to the major 3.2-kb linear
product (Fig. 3). Similarly, complete EcoRI
cleavage of DNA from sera of several (but not
all) strain 36 recipients reveals minor products of
3.2 and 2.9 kb (Fig. 3). To further characterize
the strain differences noted above and to deter-
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FIG. 4. Restriction maps of cloned GSHYV isolates. (A) Restriction map of the 3.2-kb strain 27 GSHV insert
(line i), of the 1.5-kb strain 36 subgenomic EcoRI fragment (line ii), and of the 1.65-kb strain 36 subgenomic
EcoRI fragment (line iii). Line iv depicts the locations of the GSHV DNA sequences homologous to the coding
regions for HBsAg and HBcAg. The approximate position of the single-stranded region is indicated by the
dashed line. (B) Restriction map of the GSHYV isolate cloned by Siddiqui et al. (17). Abbreviations: A, Aval; B,
BstEllL; H, Hincll; K, Kpnl; P, Pstl; Pv, Pvull; R, EcoRI; S, Sacl. *Position of the Clal site in strain 27 virion
DNA. [This site is not represented in the clones shown in (A).]
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mine the origin of the frequently observed minor
restriction products, molecular cloning of
GSHYV genomes was undertaken with DNA pu-
rified from the serum of one animal infected with
strain 36 and one animal infected with strain 27.
Radiolabeled, repaired DNA of strain 27 (pre-
pared from the serum of animal P015) was
cleaved with EcoRI, and the limit products (Fig.
SA, lane b) were cloned into the EcoRI site of
AgtWES-AB. Ten isolates were plaque purified
and analyzed for GSHYV inserts; all 10 proved to
harbor full-length (3.2-kb) GSHV genomes. Ex-
tensive characterization of three such inserts
showed them to be indistinguishable, and one
was then subcloned into the EcoRlI site of plas-
mid pBR328 (Fig. 6B, lane a).

For strain 36 cloning, repaired virion DNA
from animal P052 was cleaved with EcoRI. One-
half of the sample was cloned into the EcoRlI site
of pBR328; the remainder was cloned into the
EcoRI site of AgtWES-AB (see Materials and
Methods). Three pBR328 clones were positive
for GSHV DNA sequences; two harbored in-
serts of 1.5 kb, and one contained a 1.65-kb
insert (Fig. 6A). (The two 1.5-kb inserts proved
to be identical by restriction mapping.) Interest-
ingly, no inserts of 1.5 or 1.65 kb were recovered
in AgtWES. Six of the 210 GSHV-positive
plaques were screened, and all six harbored 2.9-
kb inserts of GSHV DNA (Fig. 6B); the origin of
the 2.9-kb inserts is considered below (see Dis-
cussion). We presume that the absence of 1.5-
and 1.65-kb inserts from this small collection
reflects inefficient packaging or propagation of
inserts of this size in the AgtWES vector.

Fine structure of cloned GSHV DNA. The full-
length GSHYV clone from strain 27 and the 1.65-
and 1.5-kb inserts from strain 36 have been
physically mapped with a variety of restriction
endonucleases. The maps of these three cloned
DNAs are shown in Fig. 4A, aligned to empha-
size regions of similarity. Fortunately, the obvi-
ous homologies of recognition sites between the
two strains allows the correct orientation of the
subgenomic fragments of strain 36. In Figure 4B,
these maps are compared with the map of a
GSHYV clone independently derived by Siddiqui
et al. (17). Again, although the maps display
overall similarity, clear differences exist. For
example, two regions (map positions 0.65 and
2.2) of the clone of Siddiqui et al. harbor Hincll
sites not present in either strain 27 or strain 36.

Radiolabeled GSHV DNA prepared from the
3.2-kb GSHYV clone from strain 27 has been used
to further investigate the nature of the DNA in
strain 36 virions. Unlabeled, repaired strain 36
virion DN A was digested with EcoRI; the cleav-
age products were electrophoresed as before
and annealed to cloned *?P-labeled GSHV DNA,
yielding the expected two bands of 1.65 and 1.5
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kb (Schofield and Ganem, unpublished data). That
only the 1.5-kb fragment is radiolabeled in the
endogenous polymerase reaction (Fig. 3) local-
izes the single-stranded region predominantly to
this portion of the molecule. Cleavage of radiola-
beled genomes with PstI (Fig. 1B), BstEII, or
Aval (data not shown) is also consistent with
this assignment. However, since repair of this
region by the endogenous polymerase was gen-
erally incomplete (see above), extension of the
gap region 0.2 to 0.3 kb beyond the central
EcoRI site of Fig. 4A is not excluded. The
position of the cohesive 5’ termini on the
genome (see below) makes it likely that this is
indeed the case.

Previous work in several laboratories has lo-
calized the coding regions for the surface and
core antigens of HBV on the physical map of the
cloned HBV genome (5, 15, 20). We have used
this information to locate the homologous re-
gions on the GSHV map. This was done by
preparing radiolabeled HBV probes specific to
the HBsAg and HBcAg coding regions (see
above) and annealing these DNAs to subge-
nomic fragments of the strain 36 GSHV clones.
All HBsAg coding region homology was local-
ized to a 700-bp Aval-EcoRI fragment (Fig. 4A).
Thus, as for HBV, the putative surface antigen
coding region falls within the single-stranded
portion of the genome. Homology with the
HBcAg probe was similarly determined to be
restricted to the 1.05-kb Pvull-EcoRI fragment
(Fig. 4A), but the paucity of restriction sites in
this region of the map precluded more precise
localization. While this work was in progress,
similar results were reported by Siddiqui et al.
an.

Marion et al. (13) have previously shown that
circular GSHV DNA can be reversibly convert-
ed to a linear form by gentle heat treatment,
implying the presence of cohesive termini as
previously noted in HBV DNA (16a). We have
mapped the location of this site (in strain 27) to
the region of the unique Pvull site by cleavage of
the linear molecules so generated with a variety
of restriction enzymes (data not shown). Siddi-
qui et al. (17) have demonstrated that the cohe-
sive ends of the genome are similarly located in
their GSHYV isolate.

Region of GSHV DNA which is unstable in
procaryotic hosts. When virion DNA from the
serum of a strain 27 carrier is radiolabeled in an
endogenous reaction and cleaved with the en-
zyme Clal, all molecules are cleaved at a unique
site to generate 3.2-kb linear molecules. Diges-
tion with both Clal and EcoRI yields a major
radiolabeled product of 2.3 kb (Fig. SA). How-
ever, during restriction mapping of the cloned
strain 27 isolate, we noted that the expected Clal
recognition site was not present in the cloned
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FIG. 5. Detection of GSHV recombinants harboring the Clal recognition site. (A) Virion DNA from animal
P015 (bearing strain 27) was extracted and radiolabeled as in the legend to Fig. 1B. A total of 10* trichloroacetic
acid-precipitable cpm of this material were electrophoresed through 1.4% agarose without further treatment (lane
a), after cleavage with EcoRI (lane b), or after cleavage with EcoRI and Clal (lane ¢). Gels were autoradio-
graphed as in the legend to Fig. 1B. (B) Stocks of AgtWES-GSHV recombinants derived from the cloning of the
material shown in (A) (lane b) were prepared from the initial recombinant plaques without further plaque
purification. DNA (0.2 ug per lane) from five such stocks was cleaved with either EcoRI alone (lanes a, c, e, g,
and i) or EcoRI and Clal (lanes b, d, f, h, and j). The products were electrophoresed through 1.4% agarose gels,
transferred to nitrocellulose paper, and annealed with 10° cpm of *2P-labeled GSHV DNA. Fragments of 2.3 kb
were detectable in trace amounts in lanes b and d in the original autoradiogram, but the bands are difficult to

visualize after photographic reproduction.

DNA. Examination of several other plaque-
purified isolates from the same cloning experi-
ment likewise demonstrated the absence of this
site. However, when the initial isolates were
examined before plaque purification, different
results were obtained. Phage DNA prepared
directly from these isolates was digested with
EcoRI to excise the 3.2-kb GSHYV insert. A
portion of each preparation was then exposed
to Clal, and the limit digestion products of
both reactions were electrophoresed in parallel
through 1% agarose gels. GSHV-specific se-
quences were identified by annealing with
cloned 3?P-labeled GSHV DNA; the results of
this experiment are shown in Fig. SB. Of eight
isolates so examined (of which five are shown in
Fig. 5B), five revealed variable amounts of the
expected 2.3-kb fragment, in addition to the
major Clal-resistant species, indicating that
some molecules retaining the Clal site were still
present at this level of passage. (The other [0.8-
kb] EcoRI/Clal product was also visualized in
stocks harboring higher quantities of Clal-sensi-
tive species.) Two separate attempts to subclone

such molecules into pBR328 from a stock in
which almost 40% of the molecules were Clal
sensitive yielded only Clal-resistant species in
25 of 25 independent subclones (Schofield and
Ganem, unpublished data).

Like the strain 27 clones just described, all
clones derived from strain 36 also lack recogni-
tion sites for Clal (Fig. 4A) despite the presence
of this site in the starting material. The position
of the Clal site in strain 27 has been approxi-
mately localized by restriction cleavage analysis
of a A\-GSHV isolate harboring both GSHV
species; this site is denoted by the asterisk in
Fig. 4 (line i).

We presume that the absence of the Clal site
in our most purified stocks reflects the loss or
alteration of this site during cloning, rather than
sequence heterogeneity of the starting material,
because of (i) repeated failures to obtain Clal-
sensitive molecules in individual clones, (ii) the
high proportion of initial plaques harboring both
species, and (iii) the absence of demonstrable
Clal-resistant species in the starting DNA puri-
fied from serum. The nature of the event result-
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FIG. 6. Molecular clones isolated from GSHV
DNA. (A) pBR328-containing recombinant plasmids
(0.3 pg per lane) bearing inserts of 1.5 (lane a) and 1.65
(lane b) kb were cleaved with EcoRlI, electrophoresed
through 1.3% agarose gels, transferred to filters of
nitrocellulose, and annealed to 10° cpm of 3?P-labeled
HBYV DNA under conditions of reduced hybridization
stringency. Numbers in (A) and (B) indicate the length
(in kilobases) of size markers included in a parallel
lane. (B) pBR328-containing recombinant plasmid
(pBA131) bearing the 3.2-kb GSHYV insert from strain
27 (lane a) and a AgtWES recombinant phage bearing a
2.9-kb strain 36 insert (lane b) were cleaved with
EcoRl, electrophoresed and transferred as in (A), and
then annealed to 10° cpm of 32P-labeled pBA131 DNA.

ing in the elimination or modification of the Clal
site is unknown (see below).

DISCUSSION

Genome structure of GSHV. In agreement with
earlier reports by Robinson and co-workers (13,
17), the experiments presented here document
that the encapsidated genome of GSHV resem-
bles that of HBV in terms of (i) its overall
configuration (partially duplex circular DNA of
3.2 kb, with an extensive single-stranded region;
Fig. 1) and (ii) the disposition of its putative sAg
and cAg coding regions relative to the gap (Fig.
S5A). In addition, several further features of the
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GSHV genome are reported here. First, like
HBV, GSHYV harbors a protein covalently asso-
ciated with the L strand of the viral DNA; this
protein results in the extraction of viral DNA
from aqueous solution by phenol. The site of
attachment of this protein to the GSHV L strand
remains to be defined. Our experiments do not
exclude the possibility that protein(s) may also
be attached to the S strand. However, such
protein-S strand interactions, if present, either
are unstable to boiling in SDS or do not affect
the behavior of the DNA in phenol extraction.

Second, work presented in this and the pre-
ceding paper documents the existence of multi-
ple variants of GSHYV, first detected by their
differing restriction endonuclease cleavage pat-
terns. These cleavage differences are stable on
serial propagation in animals and are faithfully
reflected in the molecularly cloned genomes
depicted in Fig. 4. No major biological differ-
ences between strains have yet been discerned
(6). In these respects, the restriction site vari-
ants of GSHV resemble the described subtypes
of HBV. However, we have not yet determined
whether antigenic differences between these
strains can be identified, as for the HBV sub-
types.

Third, molecular cloning experiments have
led to the generation of detailed restriction maps
of two GSHYV strains. With these maps, we have
been able to localize two important topographi-
cal landmarks of the genome, the cohesive ter-
mini and the single-stranded gap. This informa-
tion, in turn, has helped clarify the origins of
many of the minor DNA products of restriction
endonuclease cleavage of uncloned virion DNA.

Minor restriction products of virion DNA.
Cleavage of radiolabeled virion DNA with re-
striction enzymes gives rise principally to the
species predicted by the restriction maps of the
cloned genomes (Fig. 1 and 3). However, nu-
merous minor products are also observed. These
minor products can be divided into three class-
es.
(i) The first (and usually most abundant) class
consists of molecules which probably arise from
disruption of the cohesive terminus before or
after cleavage. Examples of such fragments in-
clude the 2.3-kb EcoRI fragment of strain 27
(Fig. 5A) and the 1.7-kb PstI fragment of either
strain (Fig. 1B). Several lines of evidence indi-
cate that these fragments derive from disruption
of the cohesive ends of the molecule. First, their
sizes are consonant with this mechanism and the
intensity of their radiolabeling corresponds to
the proportion of the gap region they would be
expected to harbor. Second, their relative
amounts among the products are proportional to
the amounts of linear molecules in the undigest-
ed stock (cf. for example, the relative amounts
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of the 1.7-kb Pstl fragment in the two reactions
of Fig. 1B, or the relative amounts of the 2.3-kb
EcoRI fragment in Fig. 3 and 5A). Third, if the
cohesive ends of the genome are deliberately
heat denatured after cleavage, these fragments
become the major products observed (unpub-
lished data).

Another piece of evidence supporting this
origin for these fragments is derived from molec-
ular cloning. Restriction fragments derived by
disruption of the cohesive ends should have
heterologous (noncomplementary) termini; such
molecules should not be readily cloned in stan-
dard cloning vectors. The EcoRI products of a
strain 27 isolate are shown in Fig. SA; in this
stock, the minor (2.3-kb) EcoRI fragment repre-
sents over one-third of the product. However, in
accord with expectation, none of the 12 GSHV-
specific clones recovered from this stock in
AgtWES were of this size.

We do not know how linear molecules are
generated in stocks of virion DNA without appli-
cation of denaturating conditions. It is possible
that varying amounts of gapped linear molecules
are encapsidated in vivo and that in vitro repair
of these molecules gives rise to the correspond-
ing radiolabeled linear duplexes. Alternatively,
they could be derived from circular genomes by
repair of the cohesive termini in vitro, in either
the endogenous polymerase reaction or exoge-
nous repair with AMV polymerase. Interesting-
ly, Mason et al. (14) have noted that incubation
with AMV polymerase can linearize relaxed
circular genomes of the duck HBV.

(ii) A second class of minor restriction prod-
ucts probably results from incomplete repair of
the gap region. An example of such a product
would be the 3.2-kb fragment seen after cleavage
of some strain 36 preparations with EcoRI (Fig.
3). A fragment of this size cannot result from
disruption of the cohesive termini. The amounts
of fragments of this class vary between prepara-
tions, depending on the degree of repair of the
molecule. Because of this, we presume that they
result from incomplete repair, which leaves one
(or more) restriction site single stranded and
thus inaccessible to cleavage with the appropri-
ate enzyme. This phenomenon has also been
noted in similar analyses of HBV DNA (11).

(iii) Infrequently, a third class of fragments is
observed, for which we have as yet no clear
explanation. The sizes of these fragments are
such that they cannot be accounted for by either
disruption at the cohesive ends of the genome or
incomplete repair. Examples of this class in-
clude the 2.8-kb EcoRI fragment seen in some
strain 27 preparations, the 2.9-kb fragment
sometimes seen after EcoRI cleavage of strain
36 (Fig. 3), and the 2.9-kb Eco fragment repeat-
edly cloned from strain 36 DNA (Fig. 6B). Such
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fragments were usually present in very low
amounts and only in certain preparations of
virion DNA. They could, in principle, reflect
DNA sequence heterogeneity present in the
uncloned viral stocks; such heterogeneity has
been observed in other systems, e.g., the human
papovavirus BK (9). An alternative explanation
for the 2.9-kb cloned DN A might be that it arose
by rearrangement of GSHV DNA sequences
during cloning, since examination of both virion
and intrahepatic DNA from the animal from
whose serum this clone was obtained has shown
no product of 2.9 kb after EcoRI digestion (B.
Weiser and D. Ganem, unpublished data).

A specific region of the GSHV genome is altered
during molecular cloning. In this work we also
have identified a region of the GSHV genome
which is unstable in E. coli. This region (in strain
27) contains a Cla site and is located adjacent to
the unique Pvull site, within or close to se-
quences which anneal to HBcAg coding se-
quences (see Fig. 4 and reference 17). The size
of this unstable region is not precisely known
but is presumably less than 100 to 150 bp, since
molecules lacking the Clal site comigrate elec-
trophoretically with those retaining it (Fig. 5B).
The nature of the alteration occurring within this
region is as yet unknown. It could represent
chemical modification (e.g., methylation), point
mutation, or a small sequence rearrangement
(deletion/insertion); recent work in E. coli has
demonstrated that regions flanked by direct re-
peats of base sequences are often highly unsta-
ble and undergo frequent spontaneous deletion
3).

The presence of this unstable region empha-
sizes the need for caution in the evaluation of
eucaryotic sequences cloned in E. coli. The
strain 27 clones we obtained appeared to be of
wild-type size; only the fortuitous occurrence of
a unique restriction site in the altered region
allowed us to identify this change. In the last
analysis, only the demonstration of biological
activity is proof that a cloned sequence retains
all of the essential features of the parental mole-
cule. At present, although several clones of
HBYV and GSHYV have been described (5, 15, 17,
20), proof of biological activity has not been
presented for any cloned genome, including
those reported here.

Regardless of their biological activity, howev-
er, the cloned genomes described here serve as
useful reagents for the detection of virus-specific
nucleic acid sequences in infected animals. Us-
ing these molecules as hybridization probes, we
have demonstrated that GSHV, like its human
counterpart, is strongly hepatotropic (6). Studies
of the structure of intracellular viral DNA and
RNA, using these reagents, are presently in
progress in our laboratory.
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