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An unusually high incidence of interviral recombination was found in the process of integration of the
polyomavirus genome concomitant with neoplastic transformation of nonpermissive cells. Transformants were
isolated after mixed infections of Fischer rat cells with two mutants lacking restriction endonuclease sites and
were analyzed for the presence of unselected integrated recombinant restriction fragments. A large fraction of
the transformants isolated (38% of the 64 transformed cell lines studied) contained recombinant viral genomes
that had undergone recombination in a 1.3-, 1.7-, or 3.6-kilobase-pair interval. More than 90% of these
recombinant transformants showed evidence of crossovers in multiple intervals. To our knowledge, the
recombination frequencies observed in these experiments represent the highest frequencies of homologous
recombination reported for a mitotic mammalian system that does not involve transfection. In contrast to the
elevated level of recombination in the integrated viral genomes, no evidence of recombination was obtained
among the replicated unintegrated pool of viral genomes isolated from the same population of infected cells
from which the recombinant transformants were derived. Either of two hypotheses can provide an explanation
for the segregated recombination: either recombination occurs at elevated levels in a small, recombination-
prone fraction of the population destined to become transformed, or recombination occurs only among those
viral genomes which are engaged in the process of integration and thus interact with a recombinogenic host

machinery (for example, the host scaffold). We favor the latter hypothesis.

During the events leading to neoplastic transformation of
nonpermissive cells by polyomavirus and simian virus
(SV40), the viral genome becomes integrated into the host
DNA by a mechanism that is facilitated by a viral protein,
large T antigen (9, 24). Usually, the integrated viral DNA is
present in head-to-tail tandem copies of the viral genome (1,
2, 4), and integration can occur at multiple sites in the
genome of the transformed cell (1, 4). Integration occurs by
nonhomologous recombination with host DNA and is appar-
ently random with respect to both viral and host sequences
(2, 4). At the virus-host junctions, homologies of 2 to 5 base
pairs (bp) have been found (5, 19, 25). Rearrangements and
"deletions of host DNA are usually associated with the
integration events (26, 28).

Models to explain the tandem topology of integrated viral
genomes have invoked a role for either replication (e.g.,
rolling-circle type) (7, 8) or recombination (11, 15). Basilico
and collaborators have shown that the large-T-antigen func-
tion (9) and the viral origin of replication (8) are required for
tandem formation, consistent with a role for viral DNA
replication. A replication step has also been postulated for
SV40 by Chia and Rigby (7), based on the existence of
unintegrated high-molecular-weight species of viral DNA,
which were assumed to represent the unintegrated precur-
sors of the transforming viral genomes and which were
predominantly (but not exclusively) nonrecombinant. Such
replication models have suggested rolling-circle replication
for the generation of multimeric DNA. Although support for
low-level rolling-circle replication has been obtained in in-
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fections of permissive cells by polyomavirus (3), rolling
circles were not seen in Fischer rat cells in preliminary
experiments using the electron microscope (E. Boy de la
Tour and M. M. Fluck, unpublished data). Furthermore,
very high molecular weight unintegrated replication interme-
diates (larger than 20 kbp) were not detected in infections of
Fischer rat cells during an extensive search using sucrose
gradient separation (17).

Support for involvement of intervirus recombination in
tandem formation comes from studies of integrated viral
genomes. Previous results from our laboratory based on
studies of transformants derived from mixed infections, have
suggested that two parental genomes can cointegrate during
the integration process (11, 15). To directly analyze and
quantitate the role of intervirus recombination in the process
of integration-transformation of the polyomavirus genome in
nonpermissive cells, we performed mixed infections with a
pair of mutants which lack restriction endonuclease sites and
followed the generation of recombinant wild-type restriction
fragments in the population of cells early after infection as
well as in the transformed cells derived from this population.
We show that integrated recombinant restriction fragments
were present in a high percentage of the transformed cells.
No evidence of recombination was observed, however, in
the population of unintegrated viral genomes at early times
after infection. The results suggest an important role for
recombination in the integration pathway of polyomavirus.

MATERIALS AND METHODS

Cells and viruses. Fischer rat F-111 cells (14) were cultured
as previously described (29). Before infection, the cultures
were either maintained as actively dividing cells or allowed
to reach confluency and held in that state for 24 h before
passage for infection.

Polyomavirus mutants MOP1033 (27) and ts3 (10) were
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FIG. 1. Partial restriction maps of parental virus strains and potential recombinants. (A) Mutant MOP1033, which lacks both Aval sites
at nucleotides 672 and 1031 as well as the Bgll site at nucleotide 102 (numbered as in reference 16). (B) Mutant ts3, which lacks the BamHI
site at nucleotide 4647. (C) Wild-type or double-recombinant genome. The sizes of the three possible Aval-BamHI fragments are given. I, I,
and III refer to the three Aval-BamHI intervals in which recombination can occur. The results of a conservative and reciprocal crossover in
each of these three intervals are shown, presented as the simplest recombination products between monomeric circles (the input DNA) which
would produce multigenomic DNA (as found to be the product of the integration event). The integration event will open such dimers. Sizes
of the Ava. -BamHI fragments of these recombinants are given. The map also shows the locations of Hpall-5 () and the EcoRI-Xbal
fragment ([1) used as hybridization probes. Closed and open symbols for Bgll, BamHI, and Aval represent wild-type and mutant sites,

respectively.

gifts of W. Eckhart. Stocks of these mutant strains were
grown on baby mouse kidney cultures from plaque-purified
virus as described previously (30). MOP1033 was derived
from a wild-type strain by site-directed mutagenesis of
nucleotide 1033 (29) (numbered as in reference 16). The point
mutation introduced into the middle-T-antigen reading frame
produced a transformation-defective virus and eliminated
the Aval site which starts at position 1031. The mutation at
nucleotide 1033 also introduced a proline-to-leucine change
in large T antigen, which still allowed normal large-T-antigen
function of this mutant as judged by its normal growth
pattern (27). As discussed in Results, we believe that the
large-T-antigen mutation is irrelevant in the experiments
described below. The Aval restriction site at nucleotide 672
in the large-T-antigen intron is also absent in MOP1033 (Fig.
1A). This mutation alters the middle-T-antigen sequence
without altering its transformation potential, since repair of
MOP1033 at the 1033 position restores the transforming
potential of this strain (27). The results presented below
clearly confirm this point.

The ts3 mutant (10) was derived from a wild-type virus
(strain LP, related to A2) by bisulfite mutagenesis. A muta-
tion within the VP2 gene that prevents decapsidation at the
nonpermissive temperature was obtained. Since ts3 lacks the
BamHI site (nucleotide 4647), also located within the VP2
coding region, it is assumed that the BamHI site is the site of
the decapsidation mutation, although this has not been
proven (W. Eckhart, personal communication). ts3 trans-
forms normally after a short decapsidation period at 33°C
10, 12).

Isolation of transformed cells. F-111 cells seeded at a

density of 10° cells per 60-mm culture dish were coinfected
with MOP1033 and ts3 at a 1:1 ratio or infected with either of
these two mutants alone. The total multiplicity of infection
for the coinfections was 200 PFU per cell except when noted
otherwise. The multiplicities of the single parent infections
were 100 PFU per cell except when noted otherwise. Infec-
tions were carried out at 33°C for 90 min. Cells were then fed
with Dulbecco modified Eagle medium with 5% heat-inacti-
vated calf serum and antibiotics. To ensure decapsidation of
the ts3 parent, infected cells were maintained at 33°C for 24
h after infection. Some of the infected cultures were then
moved to 37°C, while the others were maintained at 33°C for
the duration of the experiment. Transformed foci which
overgrew the monolayer were transferred to 35-mm culture
dishes and grown in Dulbecco modified Eagle medium with
5% heat-inactivated calf serum. In some cases, the trans-
formed cells isolated from foci were cloned in agar.

Preparation and analysis of DNAs. For analysis of integra-
tion sites, approximately 107 cells from each cell line were
lysed with 0.2% sodium dodecyl sulfate, 10 mM Tris hydro-
chloride (pH 7.5), and 10 mM EDTA (2 to 3 ml/100-mm
dish). Total cellular DNA was extracted as previously de-
scribed (15). For hybridization analysis, 10 ng of total
cellular DNA was digested with a combination of Aval and
BamHI. Digested DNAs were electrophoresed on 0.7%
agarose gels and transferred to nitrocellulose (23). Hybrid-
ization was carried out in 2X SSC (SSC is 0.15 M NacCl plus
0.015 sodium citrate)-1x Denhardt solution (0.1 ml/cm?) at
65°C for 36 to 48 h, using 5 X 10° to 10 x 10° cpm/ml of
hybridization solution.

For analysis of recombination at early times after infec-
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tion, viral DNA was isolated from infected cells by the
procedure of Hirt (20). Rat F-111 cells were plated and
infected as described above. At each time point, viral DNA
was extracted from one 60-mm dish. One-tenth of the DNA
from each plate was digested with a combination of Aval and
BamHI. Gel electrophoresis and DNA transfer were per-
formed as described above. Hybridization was conducted at
65°C for 18 to 24 h, using 5 X 10° cpm/ml of hybridization
solution.

For analysis of the presence of the recombinant viral
genomes as integrated structures, low- and high-molecular-
weight DNA from recombinant transformant M/t III-1A (see
Results) was prepared as described elsewhere (20). The
high-molecular-weight DNA fraction was digested with Bg/II
and then fractionated on a 10 to 40% sucrose gradient. The
sucrose solution was made up in 20 mM Tris hydrochloride
(pH 8.0)-1.0 M NaCl-5 mM EDTA. Centrifugation was at
23,000 rpm for 24 h at 20°C in an SW27 rotor. Fractions of 1
ml were collected and pooled as described in Results. The
pooled DNAs were digested with EcoRI or with a combina-
tion of Aval and BamHI and analyzed as described above.
Hybridization was to the complete polyomavirus genome.

Hybridization probes were labeled to a specific activity of
1 x 10° to 2 X 10° cpm/pg of [*?P]dCTP (3,000 ci/mmol),
using a multiprime DNA-labeling kit (Amersham Corp.,
Arlington Heights, Ill.). Hpall-5 and EcoRI-Xbal restriction
fragments (Fig. 1) and the EcoRI-digested polyomavirus
genome were isolated in low-melting-point agarose (FMC
Bioproducts, Philadelphia, Pa.) before labeling.

RESULTS

Description of the recombination assay. To determine the
frequency of intervirus recombination in the process of
integration of the polyomavirus genome in nonpermissive
cells, we coinfected Fischer rat F-111 cells with two restric-
tion site-minus mutant strains (MOP1033 [27] and ts3 [10]), a
scheme previously used by Chia and Rigby for SV40 (7).
MOP1033 lacks the two Aval restriction sites located at
nucleotides 672 and 1031 in the early region of the viral
genome (Fig. 1A). The mutation at 672 alters the middle-
T-antigen sequence without altering its transformation po-
tential, as previously described (27) and as confirmed by the
results presented here. The point mutation within the second
site (at nucleotide 1033) causes premature termination of
middle T antigen and therefore a defect in cell transforma-
tion. This mutation also alters the large-T-antigen sequence
without altering its function in replication, since the
MOP1033 mutant strain grows normally (27). The second
mutant strain, ts3, lacks the BamHI restriction site in the late
region of the genome (nucleotide 4647) (Fig. 1) and harbors
a mutation which prevents decapsidation of the virus at the
nonpermissive temperature. The mutation at the BamHI site
may be the cause of the decapsidation defect. Transforma-
tion rates with ts3 are normal as long as the infected cells are
maintained at 33°C for the decapsidation period (the first 24
h), regardless of the incubation temperature beyond this time
(see Table 2) (10, 12). As argued and demonstrated below,
we reason that recombination between these two strains
should not generate a strain with a transformation potential
greater than that of the ts3 parent and thus does not offer a
selective advantage for transformation.

Recombination between the two viral genomes can be
assessed by analysis with restriction endonucleases. Trans-
formation-competent recombinants must carry the normal
Aval site at nucleotide 1031. Digestion of those recombi-
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nants with a combination of BamHI and Aval will produce
restriction fragments of 3,616 bp if homologous recombina-
tion has occurred in the large Aval-BamHI interval and
fragments of 1,317 or 1,676 bp if the two parental genomes
have recombined in the small Aval-BamHI interval or be-
tween the two Aval sites, respectively (Fig. 1). Reciprocal
recombination events would produce fragments of 3,971,
4,933, 6,603, and 8,908 bp (Fig. 1). The two parental ge-
nomes can also be detected, since codigestion with Aval and
BamHI will produce a single genome-size restriction frag-
ment (5,292 bp) from the MOP1033 genome and two frag-
ments, 4,933 and 359 bp, from the ts3 genome. In these
experiments, the 359-bp fragment was usually electro-
phoresed past the end of the gel. The presence of the
3,616-bp Aval-BamHI fragment was traced by hybridization
with the polyomavirus 917-bp EcoRI-Xbal fragment (Fig.
1C), and the 1,317- and 1,676-bp Aval-BamHI fragments
were detected by using the polyomavirus Hpall-5 400-bp
fragment (Fig. 1C). Reciprocal recombinant fragments, ex-
cept the 3,971-bp fragment, can be detected by either probe;
the 3,971-bp fragment can be detected only by the EcoRI-
Xbal probe.

Absence of recombination in the population of unintegrated
viral genomes. Monolayers of Fischer rat F-111 cells were
infected with a combination of MOP1033 and ts3 as de-
scribed in Materials and Methods. After the decapsidation
period, the monolayers were maintained at either 33 or 37°C.
Intervirus recombination in the population of unintegrated
viral genomes (replicated or parental) was monitored from
the time of infection until the time when transformed foci
appeared in the monolayers. Viral DNA was extracted by
the Hirt separation method (as described in Materials and
Methods) and digested with a combination of Aval and
BamHI. Results of a typical experiment using hybridization
with the EcoRI-Xbal probe are shown in Fig. 2. The parental
restriction fragments (5.3- and 5-kbp fragments of MOP1033
and ts3) but no recombinant Aval-BamHI fragment (3.6 kbp)
were present at detectable levels in the population of in-
fected cells at the times indicated. The same was true for the
1.3- and 1.7-kbp recombinant fragments detected by the
Hpall-5 probe (not shown). This result was obtained even
when longer film exposures were used. From a reconstruc-
tion experiment, we estimate that we would be able to detect
a 5% level of recombinant wild-type fragment (not shown).
Viral DNA replication occurred at both 37 and 33°C, as
evidenced by the increase in hybridization intensities over
the input signal, and replication was higher at 33 than at 37°C
(Fig. 2), a common finding in Fischer rat cells (17, 18).

High level of recombination in integrated genomes. Inde-
pendent transformed foci arising from the infections de-
scribed above were visible by 10 and 17 days postinfection
for the 37 and 33°C cultures, respectively. After the foci
were isolated, total DNA was extracted from the transform-
ants and analyzed for integrated recombinant viral genomes
as described above. The integration analysis confirmed the
independent derivation of the transformed foci.

(i) Recombination in the 3.6-kbp Aval-BamHI interval.
Recombination in the 3.6-kbp interval was analyzed by
hybridizing blots of the Aval-BamHI digestions with the
polyomavirus EcoRI-Xbal probe. The results for nine trans-
formants are shown in Fig. 3A. Seven transformants from
this set had acquired a 3.6-kbp fragment, indicating that
recombination between the two had occurred. The 3.6-kbp
Aval-BamHI restriction fragment was present in 23 (35%) of
the 65 cell lines analyzed (Table 1). In addition to the
recombinant fragment, either or both of the 5.0- and 5.3-kbp
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FIG. 2. Analysis of recombination in unintegrated viral genomes. F-111 cells were infected with MOP1033 or ts3 alone or in combination,
using a multiplicity of 50 PFU of each per cell. The results shown are from experiment 6 (Table 1). For each time point, the viral DNA from
one plate of infected cells was extracted by the Hirt procedure as described in Materials and Methods. One-tenth of each sample was digested
with a combination of Aval and BamHI and hybridized with the EcoRI-Xbal probe. Lane M represents wild-type DNA. Relevant sizes
(determined with markers) are shown: the 3.6-kbp Aval-BamHI wild-type fragment, the MOP1033 genome-size (5.3-kbp) fragment, and the
large (5.0-kbp) ts3 fragment. The input concentration was determined at 24 h, when no replication had yet occurred.

fragments from the two parental viral genomes were also
visible in many cases (Fig. 3A, lanes 1, 3, and S5). Both
parental genomes were present in 14 of 23 cell lines, and a
single parental genome was present in 6 of 23 cell lines.
Usually, the parental genomes were present at lower levels
than were the recombinant genomes.

(ii) Recombination in the 1.3- and 1.7-kbp Aval-BamHI
intervals. Blots from the analysis described above were
washed and then hybridized with Hpall-5 to probe for
recombination within the small Aval-BamHI interval or
between the Aval sites (Fig. 3B). In many of the cell lines,
both the 1.3- and 1.7-kbp restriction fragments were present.
As discussed above, the 5.0- and 5.3-kbp fragments from the
two parental genomes were also visible. Either the 1.3- or
the 1.7-kbp fragment was present in 24 (37%) of the 65 cell
lines analyzed. In all, 25 (38%) of the 65 transformants
contained at least one of the three fragments that was
diagnostic of recombination between MOP1033 and ts3. In
most cases, more than one of the recombinant restriction
fragments was present in a given transformant. For example,
all seven recombinant transformants shown in Fig. 3 con-
tained the 3.6-kbp fragment in addition to either or both of
the 1.3- and 1.7-kbp fragments.

Structure of the integrated viral genomes. The transform-
ants in which the parental genomes had undergone recom-
bination had the following hallmarks of normal polyomavirus
transformants: head-to-tail tandem integration of the recom-
binant genomes, as evidenced by the presence of 5.3-kbp
genome-size restriction fragments in digestions with a single
cutter such as EcoRI or BamHI (one example is shown in
Fig. 4A, lane 3), multiple sites of integration, as shown by
the presence of multiple restriction fragments in digests with
a zero cutter such as Bgl/lI (Fig. 4B), and free viral DNA, as
shown by the presence of genome-size supercoiled (form I)
polyoma DNA in digests with the zero cutter Bg/II (Fig. 4A,
lane 4). Along with recombinant viral genomes, parental
genomes were also present in most of the transformants. The
parental genomes were integrated as head-to-tail tandems, as
evidenced by the presence of genome-size restriction frag-

ments (5.0 and 5.3 kbp) in the products of codigestions with
Aval and BamHI (Fig. 3).

The following set of experiments was designed to ensure
that the recombinant viral sequences were present in inte-
grated form in the host genome rather than produced in
postexcision recombination events between genomes of pa-
rental type generated from integrated parental sequences in
those cell lines. For this purpose, one cell line (M/t III-1A)
containing all three recombinant fragments was analyzed
further by first separating the DNA into high- and low-
molecular-weight fractions by the Hirt procedure (20). To
eliminate trapping of unintegrated low-molecular-weight vi-
ral sequences in the high-molecular-weight fraction, the
latter was digested with Bgl/II (which does not cleave poly-
omavirus DNA) and then fractionated by using a sucrose
gradient. DNA sizes were determined by gel electrophore-
sis, and fractions representing DNA larger than 15 kbp and
those of sizes between 4 and 15 kbp were pooled separately.
The >15-kbp fraction was electrophoresed under two con-
ditions. On a 0.7% agarose gel (short electrophoresis), this
fraction contained polyomavirus sequences which migrated
as a major broad band at limit entry (Fig. 4A, lane 1). This
band separated into four to five bands of sizes larger than 22
kbp in a longer electrophoresis on a 0.4% agarose gel (Fig.
4B). As expected, very little genome-size (unintegrated)
DNA was present in the high-molecular-weight (>15 kbp)
fraction (Fig. 4A, lane 1, and 4B). The 4- to 15-kbp fraction,
on the other hand, contained mostly free viral DNA, as
evidenced by bands migrating at the position of linear and
supercoiled polyoma DNA (Fig. 4A, lane 4). When the
DNAs from the two fractions were digested with a combi-
nation of Aval and BamHI, identical patterns were obtained;
that is, the three recombinant restriction fragments were
generated (3.6, 1.7, and 1.3 kbp), as well as a fragment of
polyomavirus size (Fig. 4A, lanes 2 and 5; the 1.3-kbp band
is visible in lane 2 upon longer exposure). Conversion of the
high-molecular-weight species of the polyomavirus genome,
which was presumably integrated, into the three recombi-
nant bands seen in lane 2 strongly suggested that the
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FIG. 3. Recombination in integrated viral genomes. (A) Recom-
bination in the 3.6-kbp Aval-BamHI interval. Total cellular DNA (10
ng) was digested with a combination of Aval and BamHI. Hybrid-
ization was to the polyomavirus EcoRI-Xbal probe. The cell lines
shown in the nine lanes were established from the 37°C coinfections
in experiments 6 and 7 (Table 1). Locations of the 3.6-kbp Aval-
BamHI fragment, the MOP1033 genome-size (5.3-kbp) fragment,
and the large (5.0 kbp) Aval fragment from ts3 are shown. (B)
Recombination in the 1.3-kbp Aval-BamHI and 0.3-kbp Aval inter-
vals. Conditions were as described above. Locations of the 1.3- and
1.7-kbp Aval-BamHI fragments are shown, except that hybridiza-
tion is to Hpall-5.

recombinant genomes were integrated. Since this particular
transformant apparently contained only one of the parents
(MOP1033), the hypothesis that the recombinant genomes
were indeed integrated is given further support. The analysis
also demonstrates that the unintegrated viral sequences
represented a faithful copy of the integrated sequence. Given
the apparently high number of integration sites, it is very
interesting that the recombinant sequences predominated
over the parental sequences (as mentioned above. a low

RECOMBINATION IN POLYOMAVIRUS GENOME INTEGRATION 999

TABLE 1. Summary of recombination events in
transformed cell lines

Transformants with Aval-BamHI fragment” at a temp of:

Expt no.t 33°C 37°C
13 17 36 13 17 36
kbp kbp kbp 1o koo kpp  kbp 1o
1 2/6 0/6 2/6 2/6
2 s o5 Us 15
3 0/3 0/3 0/3 0/3 2/10 1/10 2/10 2/10
4 07 07 07 07 34 34 34 34
5 24 04 V4 24 34 24 N4 34
6 0/5 1/5 1/5 1/5 3/6 4/6 4/6 4/6
7 s 25 US 25 56 Sl6 56 56

Total 224 324 3/24 5/24 18/41 15/41 20/41 20/41

53 events/20 trans-
formants

8 events/S trans-
formants

“ For experiments 1. 3. 5. and 7. the cell cultures were confluent before
passage for infection. For experiments 2. 4. and 6. the cell cultures were
exponentially grown before passage for infection. See Materials and Methods
for details.

® Presence of the 1.3- and 1.7-kbp Aval-BamHI restriction fragments was
detected by hybridization to the Hpall-5 probe. Presence of the 3.6-kbp
fragment was detected by hybridization to the EcoRI-Xbal probe. See Fig. 1
for identification of these fragments. Overall. experiments at 33°C gave 8
events per S transformants and those at 37°C gave 53 events per 20 transform-
ants.

level of the MOP1033 parent could be detected in this cell
line [Fig. 4A)). Similar results have been obtained for other
cell lines in less extensive analyses.

Conditions which affect recombination. Previous results
from this laboratory have shown that the level of viral DNA
replication in nonpermissive cells is higher at 33 than at 37°C
(17, 18). The same results were obtained in this experiment
(Fig. 2). To determine whether the level of replication affects
recombination, we isolated transformants from cells main-
tained at either 33 or 37°C after the 24-h decapsidation
incubation at 33°C. Of the 24 cell lines isolated from 33°C
infections, 5 (21%) were positive for one of the recombinant
fragments, whereas at least one of these fragments was
detected in 20 (49%) of 41 cell lines isolated from cultures
switched to 37°C (Table 1), corresponding to a 2.4-fold
increase in recombination in the latter group over the for-
mer. The total number of recombination events per recom-
bination-positive transformant followed the same pattern: 8
recombination events in 5 recombinant transformants at
33°C versus 53 events in 20 transformants in the 33-to-37°C
switch, i.e., a 1.7-fold increase in the latter group.

To begin analyzing which factor(s), if any, may affect
recombination, cells were maintained in different growth
states before infection (Table 1). For exponential cells, the
cultures were maintained in a state of active cell division
before passage for infection. For confluent cells, the cultures
were allowed to become confluent and were maintained this
way for 24 h before passage for infection. This population of
cells was thus essentially synchronized at the time of infec-
tion (though not rigorously so). These two protocols did not
noticeably alter the recombination frequency (Table 1).
Interestingly, the transformation rates in recombination-
dependent (crosses with two transformation-defective mu-
tants) and recombination-independent (infections with wild
type) transformation events peaked at the same phase of the
cell cycle (H. H. Chen and M. M. Fluck, manuscript in
preparation).
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FIG. 4. Further demonstration that the recombinant viral sequences are integrated. Hirt-fractionated high-molecular-weight DNA from
transformant M/t I1I-1A was digested with BglII and further fractionated by using a sucrose gradient. (A) 0.7% agarose; DNA from fractions
containing restriction fragments larger than 15 kbp (lanes 1 through 3) and from fractions of 4 to 15 kbp (lanes 4 through 6). Lanes 1 and 4
were Bglll digested; lanes 2 and 5 were BglIl, Aval, and BamHI digested; lanes 3 and 6 were BgllII and EcoRI digested. LE, Limit entry. (B)

0.4% agarose; BgllIl digested. The arrow points to the genome size.

Analysis of ts3 and MOP1033 viral stocks. Several ap-
proaches were used to ensure that the wild-type fragments
observed in the transformed cell lines were indeed generated
by recombination rather than due to a wild-type contamina-
tion of one of the viral stocks. First, genomic DNA from cell
lines transformed by ts3 alone were analyzed by codigestion
with Aval and BamHI. The blots were hybridized with the
Hpall-5 (Fig. 5) and the EcoRI-Xbal (not shown) probes. Of
the 17 cell lines studied, none contained the 1.3-, 1.7-, or
3.6-kbp Aval-BamHI restriction fragment. Second, no trans-
formants were ever obtained from infections with MOP1033,
an indication that the stock of this nontransforming virus
does not harbor a wild-type contaminant. Finally, analysis of
the input viral DNA by codigestion with Aval and BamHI
(Fig. 2) did not reveal the presence of any of the recombi-
nation-diagnostic restriction fragments.

Transformation frequencies in mixed infections with
MOP1033 and ts3. To ascertain that recombination between
the two parental genomes had no selective advantage over
infection by the ts3 parent alone, transformation frequencies
were measured in single and mixed infections (Table 2). The
presence of the nontransforming virus decreased the trans-
formation rate of the ts3 virus by 1.5- to 17-fold at 37°C. This
effect (a dominant lethal effect) of a nontransforming parent
in mixed infections has been previously noted (12) and is
described in detail elsewhere (Chen and Fluck, in prepara-
tion). The transformation frequency at 33°C was 1.5- to
2-fold higher than at 37°C for the mixed infections, as is
typical for cell transformation by polyomavirus (9, 17). In
the recombination events depicted in these experiments, the
ts3 parent must retain the wild-type transforming sequence
at 1033 and acquires the Aval-BamHI sequence of the

MOP1033 parent, spanning nucleotides from upstream of
either 1033 or 672 (toward the origin on the early side) to
beyond 4647 (away from the origin on the late side). Thus,
the recombinant never acquires the large-T-antigen altera-
tion of MOP1033 at site 1033, and it may or may not acquire
the middle-T-antigen alteration at 672. It has been demon-
strated that the middle-T-antigen mutation at 672 has no
noticeable effect on transformation (27). Our results are in
agreement with this observation. Furthermore, since recom-
binants both with and without acquisition of the middle-
T-antigen 672 mutation have been observed, there is no
reason to believe that acquisition of the mutant sequence at
672 represents a selective advantage. Similarly, acquisition
of the BamHI site at 4647 (which may represent the decap-
sidation mutation site in ts3) is not believed to present a
selective advantage. By the time recombination occurs,
decapsidation of ts3 must have already taken place. Further-
more, as discussed above, a short incubation at 33°C by-
passes the decapsidation problem of ts3. Further evidence to
support the hypothesis that the elevated level of recombina-
tion observed in the cross between MOP1033 and ts3 is not
an artifact for these specific mutants or of the conditions in
which these experiments were carried out is presented
below.

DISCUSSION

The experiments described above were designed as an
inquiry into the involvement of recombination between viral
genomes in the process of the integration of the viral genome
into the host genome concomitant with neoplastic transfor-
mation by polyomavirus. This inquiry originates from the
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FIG. 5. Analysis of ts3-transformed cell lines. Transformants
were established from infections with ts3, and total cellular DNA (10
ng) from these cell lines was digested with a combination of Aval
and BamHI. Results for six cell lines are shown. Hybridization was
to the Hpall-S probe. Locations of the 1.3-kbp Aval-BamHI frag-
ment and the large (5.0-kbp) Aval fragment from ts3 are indicated.

observation that integrated genomes are organized in tandem
arrays; intervirus recombination may provide a mechanism
by which such tandems are formed. The design makes use of
restriction endonuclease polymorphisms between different
virus strains and avoids selection for intervirus recombina-
tion. One of the parental strains, ts3 (which lacks the unique
BamHI site), transforms normally, whereas the other,
MOP1033 (which lacks the two Aval sites), is a transforma-
tion-defective mutant. Transformants were isolated from
mixed infections and analyzed for the presence of unselected

TABLE 2. Transformation rates

No. of transformants®

Expt no.? MOP1033 x ts3

MOP1033¢ ts3¢ _—
33°C 37°C¢

3 0 32 26 17

4 0 19 22 14

5 0 100 10 6

6 0 56 33 15

7 0 75 15 8

“ Experiments are numbered as in Table 1.
b Based on infection of 10° cells at a multiplicity of 50 PFU per cell.
< Cultures were maintained at 37°C after the decapsidation period.
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recombinant viral sequences. Our results can be summarized
as follows.

(i) Recombinant viral genomes were observed at very high
frequency among the transformants. Overall, 38% of the 64
transformants analyzed contained recombinant viral ge-
nomes. The fraction of recombinant transformants was
somewhat variable from experiment to experiment and
reached 83% (i.e., five of six independent transformants
analyzed) in one experiment.

(ii) Recombinant viral genomes were integrated into the
genome of the transformed cell lines.

(iii) The recombinant transformants contained all of the
usual hallmarks of polyomavirus transformants: integration
at apparently multiple sites of the host genome, integration
of head-to-tail tandem arrangements of the viral genome, and
production of unintegrated viral genomes.

(iv) The unintegrated population of viral genomes, pre-
sumably excised after in situ replication of the integrated
genomes (4), faithfully reflected the integrated genomes.

(v) The recombinant transformants, which, as mentioned
above, showed evidence for integration at multiple sites in
the host genome, contained a predominance of recombinant
over parental viral sequences, which suggests that most of
the integration sites in these cell lines contained recombinant
rather than parental genomes.

(vi) Many recombinant transformants contained evidence
for three recombination events representing at least two
types of recombinant genomes.

(vii) The frequency of recombinant transformants varied
somewhat with the experimental conditions. Infected cells
generated a 2.4-fold-higher level of recombinant transform-
ants when shifted from 33 to 37°C past the decapsidation
period than was generated upon continuous incubation at
33°C. Furthermore, the minimum number of recombination
events in the 37°C recombinant transformants was also
higher (by 1.7-fold) than in those isolated at 33°C.

(viii) The intervirus recombination assayed in this exper-
iment was homologous by the criterion of generation of
recombinant fragments of wild-type size and of genomes
with transforming potential. Reciprocal recombination
events have not been recovered in any of the recombinant
transformants analyzed.

(ix) In contrast to the situation for the viral genomes
integrated in transformed cells, no evidence for recombina-
tion was obtained in the pool of unintegrated viral genomes
(replicated and parental) present in the same population of
infected cells from which the transformants were isolated, at
all times postinfection, up to the time when transformed foci
started appearing in the infected monolayer.

High frequency of intervirus recombination in the integra-
tion pathway of polyomavirus. Our experiments demonstrate
clearly that during infection of nonpermissive cells, viral
genomes in the process of integration-transformation un-
dergo very elevated levels of recombination. Intervirus
recombination has been observed in many other virus sys-
tems (for a review, see reference 22). Our results for
polyomavirus differ from those obtained with other viruses
at least in that recombination is not seen in the whole
population of viral genomes but only in those which become
integrated in the host genome. As discussed in Results, there
appears to be no selective advantage for recombination in
the transformants resulting from mixed infections in this
particular cross, since (i) one of the parents (ts3) can
transform by itself, (ii) the addition of the MOP1033 parent in
fact depresses the transformation level, and (iii) the acquisi-
tion of sequences from the MOP1033 strain by the ts3 strain
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cannot confer a selective advantage to the recombinant. The
elevated level of recombination observed in crosses between
these mutants is in no way unique to this situation. Although
recombination levels appear to vary from experiment to
experiment (for this particular cross as well as others), the
results from the experiments described here can be general-
ized, since we have documented elevated intervirus recom-
bination in integrated viral sequences derived from multiple
crosses in which recombination does or does not present a
selective advantage (C. Priehs, S. Kalvonjian, M. M. Fluck,
manuscript in preparation; Hacker and Fluck, unpublished
data; 11, 15).

These results indicate that a very high level of intervirus
recombination generally accompanies integration of the viral
genome. For example, in the case of transformants derived
under usual conditions (37°C), half of those analyzed (and
five of six in one experiment) contained at least one recom-
binant viral genome, and most contained multiple recombi-
nant fragments. In most cases (18 of 20), recombination
occurred in a short 359-bp interval (as well as in other
intervals [Hacker and Fluck, manuscript in preparation]). To
our knowledge, the values obtained in this cross represent
the highest level of recombination reported in mitotic cells.
Given that transformants represent at most 1% of the popu-
lation of infected cells, it is not possible at this time to know
how this factor should enter into estimates of overall recom-
bination frequency, since we do not know the rate-limiting
step(s) for transformation.

Most of the reports of elevated recombination in animal
cells have come from transfection experiments. For exam-
ple, Folger et al. (13), using thymidine Kinase as a selectable
marker, obtained 122 transformants from 10* microinjected
cells, versus 7 per 2 X 107 injected cells when recombination
between two mutants separated by 417 bp was required. In
this comparison, the recombination frequency would be
approximately 0.5% per polyomavirus-infected cell in an
interval of 359 bp of (nucleosome-loaded) chromatin versus
0.35% per microinjected cell in an interval of 417 bp of naked
DNA. This comparison is particularly interesting since it has
been suggested (13) that only nucleosome-free DNA can
participate in elevated recombination in the microinjection
process.

Such high levels of recombination might imply that recom-
bination is required for the integration-transformation pro-
cess. The existence of apparently nonrecombinant trans-
formants does not totally rule out this possibility, since these
transformants might have arisen by recombination with self
or have lost recombinant sequences in the process of inte-
gration. The observation that transformation does not de-
pend quadratically on the multiplicity of infection in recom-
bination-dependent as well as in wild-type transformation
events (Priehs et al., in preparation) tends to make this
hypothesis unlikely but again does not rule it out.

Models for integration-linked recombination. The two con-
trasting situations, i.e., the undetectable level of recombina-
tion in the unintegrated (replicated, parental, or both) viral
genomes present in the infected cell population versus the
elevated level found in the integrated genomes present in
transformed cells, are open to two alternate interpretations.
Either recombination occurs only in a small, recombination-
prone fraction of the infected cell population, which is
destined to become transformed, or recombination occurs
only among those viral genomes which are engaged in the
process of integration. The available data do not favor one or
the other model at this stage. The former hypothesis would
suggest that recombination acts like a competence factor for
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transformation. This hypothesis has four attractive features:
(i) it offers a rationale for the low transformation frequency
of polyomaviruses, (ii) it provides an explanation for the
differences in recombination levels between the unintegrated
and the integrated genomes in the infected cells, (iii) it is
apparently compatible with the requirements for host-virus
recombination in the integration process, and (iv) it is
compatible with reports of other elevated recombination
processes (such as sister chromatid exchange) in trans-
formed cells. However, the following qualifications should
be added to this potential model. (i) The characteristics of
intervirus recombination are different from those typical of
recombination between the host and the viral genome. The
latter involves very short stretches of homologies (5, 19, 25)
and large deletions of host sequences (26, 28), whereas the
former involves strong and long homologies. Whether the
viral partners lose sequences during intervirus recombina-
tion is not known at this time. (ii) As revealed superficially
by a test for the organization of the immunoglobulin G gene,
there is no generalized rearrangement of the host genome
(Hacker and Fluck, unpublished data). (iii) If recombination
does provide a competence factor for transformation, it is
short-lived, since recently transformed cells do not induce
high levels of intervirus recombination when infected with
exogenous and marked viral genomes (Chen and Fluck,
unpublished data). (iv) Polyomavirus integration patterns in
cells that are not transformed do not appear to differ from
those seen in transformants, particularly with respect to the
presence of tandem repeats of the viral genome (21). Unfor-
tunately, none of these observations rules out the hypothesis
under scrutiny. The other hypothesis, which is equally
attractive to us, is that only those viral genomes which are
engaged in the process of integration interact with a highly
recombinogenic machinery (for example, the host scaffold).
Further experiments will be required to differentiate be-
tween these hypotheses.

Given the asymmetric distribution of the recombinant
viruses to the integrated genomes of the transformed cells,
the experiments described here also allow us to infer that the
fraction of the infected cell population in which DNA
synthesis occurs at an elevated level (determined to be less
than 1% [17)) is not likely to represent the precursors of the
transformed cells.

Role of intervirus recombination in the integration of head-
to-tail tandem repeats of the viral genomes. The experiments
described here were designed to test the role of intervirus
recombination in the generation of the tandem integration
topology. Some time ago, Chia and Rigby (7) showed that in
the case of SV40 infections of nonpermissive BALB 3T3
cells, apparently unintegrated high-molecular-weight inter-
mediates of the viral genomes (larger than 50 kbp) could be
detected by 5 days postinfection. These were assumed to
represent the unintegrated precursors of the viral genomes
present in the transformants. To determine the role of
intervirus recombination in their formation, use was made of
mutants marked by the absence of restriction endonuclease
sites. The results showed that most of the sequences present
in these high-molecular-weight intermediates were of nonre-
combinant type, although recombinant sequences were also
present (at a calculated level of 20%). Because of the
predominance of the nonrecombinant sequences, Chia and
Rigby inferred (but did not confirm) that the vast majority of
the transformants recovered from such mixed infections
would be nonrecombinant, and they proposed that the
mechanism by which integrated tandems are formed is DNA
replication of a rolling-circle type. In the case of polyoma-
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virus, the unintegrated viral sequences are monomeric and
are of (absolute) nonrecombinant predominance; further-
more, a very high proportion of the transformants contain
sequences of recombinant type. One can certainly question
whether this might also have been the situation in the SV40
transformants.

It has become clear in hindsight that whereas our experi-
ments are powerful in uncovering a strong involvement of
intervirus recombination in the generation of the integrated
viral genome, they fail to conclusively demonstrate at this
stage that recombination is responsible for the tandemization
of the viral genome. The simplest mode of production of
dimeric (or multimeric) genomes by recombination from
monomers would involve double-reciprocal crossovers and
thus would be expected to generate reciprocal crossover
fragments (i.e., fragments of 3.95, 5.0, 6.6, or 8.9 kbp; Fig.
1). The fact that these fragments (except for a 5.0-kbp
fragment which may also represent a parental genome) are
not recovered may reflect the fact that most of the reciprocal
recombinant fragments from a dimeric recombinant (i.e.,
both the 6.6- and 8.9-kbp fragments as well as either the 5.0-
or 4-kbp fragment) would be expected to disappear in the
integration process of a dimeric reciprocal recombinant (Fig.
1). The apparent absence of reciprocal recombinant frag-
ments may also reflect the absence of this process or, finally,
the occurrence of nonconservative recombination events in
which some of the parental viral sequences are digested (6).
Further analysis of the integrated viral sequences after
cloning may clarify this point. Furthermore, the recovery of
both a 3.6-kbp fragment and either a 1.7- or 1.3-kbp fragment
in most transformants leaves open the possibility that wild-
type recombinants of single genome size are formed by two
resolving crossovers in two adjacent intervals. To generate
tandem genome integration, these would have to recombine
further with other genomes or be replicated in the process of
integration. However, until the integrated sequences are
cloned (in progress), the recovered 3.6 kbp and 1.7- or
1.3-kbp fragments cannot be proven to be contiguous, since
the transformants appear to have multiple integration sites.
Since we have previously demonstrated the occurrence of
integrated tandems of dual-parent origin (11, 15), it is safe to
conclude that at least a fraction of the integrated tandems
must owe their origin to recombination. Preliminary analysis
from cloned integration sites suggests that this is the case.
Thus, cloning of the integrated viral genomes should allow
us to clarify what kind of recombination events generated
the integrated viral genomes.

An intriguing role for large T antigen in tandem formation
has been previously demonstrated (9); at this point, we
cannot prove whether T antigen is involved in the recombi-
nation process, a replication process, or both; however,
some of our results are compatible with a role for large T
antigen in the intervirus recombination process (Kalvonjian
and Fluck, in preparation).
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