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ABSTRACT Retroviral transduction of cellular nucleic
acid sequences requires illegitimate RNA or DNA recombina-
tion. To test a model that postulates transduction via efficient
illegitimate recombination during reverse transcription of viral
and cellular RNAs, we have measured the ability of Harvey
sarcoma viruses (HaSVs) with artificial 3' termini to recover a
retroviral 3' terminus from helper Moloney virus (MoV) by
illegitimate and homologous recombination. For this purpose,
mouse NIH 3T3 cells were transformed with Harvey proviruses
and then superinfected with MoV. The proviruses lacked the 3'
long terminal repeat and an untranscribed region of the 5' long
terminal repeat to prevent virus regeneration from input
provirus. Only 0-11 focus-forming units of HaSV were gen-
erated upon MoV superinfection of 3 x 106 cells transformed
by Harvey proviruses with MoV-unrelated termini. This low
frequency is consistent with illegitimate DNA recombination
via random Moloney provirus integration 3' of the transform-
ing viral ras gene in the 10'-kilobase mouse genome. When
portions of murine viral envelope (env) genes were attached 3'
of ras, 102-105 focus-forming units of HaSV were generated,
depending on the extent of homology with env of MoV. These
recombinants all contained HaSV-specific sequences 5' and
MoV-specific sequences 3' of the common env homology. They
were probably generated by recombination during reverse
transcription rather than by recombination among either input
or secondary proviruses, since (i) the yield of recombinants was
reduced by a factor of 10 when the env sequence was flanked
by splice signals and (ii) HaSV RNAs without retroviral 3'
termini would be inadequate templates for provirus synthesis.
We conclude that there is no efficient illegitimate recombina-
tion in retroviruses. In view ofknown precedents of illegitimate
DNA recombination, the structure of known viral onc genes,
and our evidence for illegitimate DNA recombination via
provirus integration, we favor the DNA model of transduction
over the RNA model.

Retroviral transduction of oncogenic sequences requires
either RNA- or DNA-mediated illegitimate recombination.
Based on an experimental system that appeared to involve
"6surprisingly efficient" illegitimate recombination by RNA
template switching during reverse transcription (1), the RNA
model is currently favored (1-11). This model holds that a
retrovirus would integrate upstream of a proto-onc gene,
spontaneously lose its 3' terminus, or fail to terminate during
transcription (9), and produce a 5' viral-3' proto-onc mRNA.
In a second step, the cellular 3' region of this hybrid RNA
would recombine with the nonhomologous 3' region of an
intact (helper) retrovirus during reverse transcription in order
to obtain a retroviral 3' terminus. A competing DNA model
holds that all steps of retroviral transduction are mediated by
illegitimate primary DNA recombination (12).

The experimental system on which the RNA model is
based showed efficient regeneration of Harvey murine sar-
coma virus (HaSV) from cells that were transformed by a
3'-truncated Harvey provirus and then superinfected with
Moloney virus (MoV). The mechanism was assumed to
reflect efficient illegitimate recombination between HaSV
RNA and MoV RNA during reverse transcription (1). How-
ever, this system did not exclude HaSV regeneration involv-
ing recombination between elements of the input Harvey
provirus alone. Indeed, the truncated input provirus con-
tained an intact 5' long terminal repeat (LTR), a packaging
sequence, and a complete transforming ras gene (1) and thus
all the elements essential for regeneration of infectious
HaSV.
A reinvestigation of the above system demonstrated that

the efficient regeneration of HaSV in this system depended
entirely on an untranscribed U3 region from the 5' LTR ofthe
truncated provirus (12). Since the RNAs transcribed from
Harvey provirus with an intact 5' LTR, which did regenerate
transforming virus, and from provirus with a truncated 5'
LTR, which did not regenerate transforming virus, were
identical, we concluded that HaSV regeneration did not
involve illegitimate recombination with MoV during or after
reverse transcription. Instead we proposed that HaSV was
regenerated from truncated proviral DNA elements with
intact 5' LTRs by illegitimate recombination during trans-
fection (12). The high frequency of this process was sug-
gested to reflect tandem integration during transfection ofthe
Harvey provirus (12). Indeed, multiple Harvey proviruses
were originally observed in cells transformed by 3'-truncated
Harvey proviruses (1, 13).

In an effort to distinguish between the two models of
transduction, we have determined conditions under which a
Harvey provirus with an artificial 3' terminus can recover a
correct retroviral 3' terminus from MoV by illegitimate and
homologous recombination. HaSV regeneration from input
provirus was precluded by studying proviruses with a single
truncated, instead of a complete, 5' LTR (12).

MATERIALS AND METHODS
Defective Harvey sarcoma proviruses with and without env-
related sequences were constructed as follows (Fig. 1).
Harvey proviral plasmid pR5T was derived from pHl/

RSNhe (12). The 1.1-kilobase (kb) Xba I [-1511-Sac II [940]
restriction fragment, containing the presumed Harvey RNA
packaging signal (14, 15), was removed from pH1/RSNhe,
and the remaining Sac II site [940] was modified by attach-
ment of an Xba I linker to make pR5NASX. The numbers in
brackets refer to sequence positions of HaSV (15). The

Abbreviations: HaSV, Harvey sarcoma virus; MoV, Moloney virus;
LTR, long terminal repeat; ffu, focus-forming unit(s); pfu, plaque-
forming unit(s).
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FIG. 1. Genetic structures of truncated Harvey sarcoma provi-
ruses and their ability to recombine with MoV. The Harvey provi-
ruses differ with regard to the presence or absence of artificially
added sequences that are homologous to the env gene of MoV 3' of
the ras coding region and with regard to the HaSV- or MoV-derived
('I) origin of their RNA packaging sites. The single 5' LTRs (gray)
of all Harvey proviruses are truncated up to the EcoRV site (marked
by ajagged line) of the U3 region (15). Transcription originates from
the repeat (R) region within the LTR (15), which is marked by two
vertical bars. Restriction enzyme sites (RV, EcoRV; HIII, HindIII;
Sac, Sac II) essential for the construction and definition of the
proviruses are indicated (Materials and Methods). SD is a splice
donor and SA a splice acceptor. Focus-forming units (ffu) of recom-
binant HaSV obtained 3 days after superinfection of transformed
cells with helper MoV are either from single determinations (sd) or
means ± standard deviation of four determinations. The titers of
MoV were 106-107 plaque-forming units (pfu)/ml, as determined by
the XC plaque assay (21), in each of the experiments for which ffu
are recorded.

716-base Xba I-Pst I restriction fragment from a proviral
MoV clone, pZAP (12, 16), which includes the MoV RNA
packaging site (14, 15), was modified by placing Xba I linkers
on the blunt-ended Pst I site. The modified fragment, IV, was
then inserted into the Xba I site ofpRSNASX to make pR5T.
Plasmid pR5PH was made from pR5P by inserting an Nco

I linker into theBamHI site ofpBR322, 1% bases 3' of the ras

gene, to create pR5NASXN, and then putting the 1.2-kb Nco
I env restriction fragment from pZAP into this Nco I site.
pHl/RSNheH was made from pR5T by replacing the 1.7-kb
EcoRV-Nhe I region with the 1.9-kb EcoRV [-232}-Nhe I

[1695] fragment from pHI/RSNhe. pR5TABH was made by
partial BamHI digestion and religation of pR5TH, which
contains three BamHI sites, two overlapping the Nco I
linkers flanking the env region and one in the env region itself.
A clone with a deletion from the BamHI site in env to the 3'
BamHI site was selected and termed pR5TABH. It had lost
the 690 bases at the 3' end of the env homology of pR5TH.
pR5TAH was constructed by Nhe I and Hpa I digestion of
pR5TH and religation after modification of the Nhe I site
with Klenow polymerase to create a blunt end. pR5TAH

RESULTS
Rare Illegitimate Recombination Between HaSV and MoV.

To test the frequency of illegitimate recombination between
HaSV and MoV, we measured regeneration of HaSVs from
Harvey proviruses with artificial, heterologous 3' termini by
recombination with MoV. The Harvey proviruses pHi/
RSNhe and pR5T each lacked the 5'-most 215 nucleotides of
the 5' LTR, up to the 3'-most EcoRV site of the U3 region
(15), and all retroviral sequences 3' of ras (Fig. 1). These
defective Harvey proviruses were transfected into mouse
NIH 3T3 cells (12, 19) together with pSV2neo, a plasmid
carrying a neomycin-resistance gene, so that cells that had
not taken up transfected DNA could be rapidly eliminated by
selection with the neomycin analogue G418 (20). Two weeks
after transfection, foci of morphologically transformed,
G418-resistant cells were observed. These results confirmed
and extended our previous observations that despite trunca-
tion of the 5' LTR up to the EcoRV site, the Harvey
proviruses tested expressed sufficient viral ras RNA for cell
transformation and packaging by helper MoV (12) (see be-
low).

Clonal cultures of morphologically transformed 3T3 cells
were then prepared from isolated foci and HaSV regeneration
was measured 3 days after superinfection of about 3 X 106
transformed cells with MoV. In most such experiments no
HaSV was recovered and in some low yields were observed.
For example, 11 ffu/ml were recovered in one experiment
from cells transformed by pH1/R5Nhe and 8 ffu/ml from
cells transformed by pRSI (Fig. 1). These results extended
our previous study in which no measurable titer ofHaSV was
observed, possibly because fewer cells were studied in fewer
experiments (12). Indeed, the recovery of HaSV observed
here was dependent on particular cell clones. The frequency
of this event was about 1000-fold lower than previously
reported for Harvey proviruses with intact 5' LTRs (1, 12).
The titer of helper MoV was 106-107 pfu/ml as measured by
the XC plaque assay (21) (Fig. 1). The low yields ofHaSV are
consistent with illegitimate recombination between the inte-
grated Harvey provirus and Moloney provirus via random
provirus integration into the 106-kb mouse genome (see
Discussion).

Efficient Homology-Dependent Recombination Between
MoV and HaSV with Artificial MoV-Related Sequences. To

Biochemistry: Goodrich and Duesberg



3606 Biochemistry: Goodrich and Duesberg

determine the efficiency with which Harvey proviruses with
a nonviral 3' terminus may acquire an authentic retroviral
terminus from a helper virus by homologous recombination,
we studied Harvey proviruses that carried defined sequences
homologous to MoV 3' of their selectable, transforming ras

genes. The Harvey proviruses pHl/R5NheH and pR5TH
each carried a 1.2-kb Nco I-resistant restriction fragment of
the Moloney proviral env gene, which had been inserted 3' of
their ras genes. The Harvey constructs pR5IABH and
pRSAH contained 512 and 32 bases, respectively, of the env
gene of MoV. Each ofthese proviral plasmids also lacked the
5'-most 215 nucleotides of the 5' LTR, up to the 3'-most
EcoRV site ofthe U3 region (15), and all retroviral sequences

3' of the added env region (Fig. 1). Plasmids pR5*H,
pRSAH, and pR5IABH differed from pHl/R5NheH in that
a 1.1-kb DNA region that included the presumed RNA
packaging site (I) of Harvey virus was replaced by the
equivalent from Moloney proviral DNA (14-16). These pack-
aging variants were constructed to avoid a possible bias of
helper MoV against packaging HaSV RNA and hence against
RNA-mediated recombination.
Three days after superinfection with MoV, clonal cultures

of3T3 cells transformed by Harvey proviruses pHl/RSNheH
and pR5IH, which contained 1.2 kb of the MoV env gene,

generated HaSV at 3 ± 1.6 x 104 ffu/ml and MoV at 106-107
pfu/ml. The Harvey clone with 512 bases of the MoV env

gene, pRSIABH, gave rise to HaSV at 6.4 ± 5 x 103 ffu/ml,
and the Harvey clone with 32 bases of the MoV env gene,

pR5IAH, generated 1.6 ± 0.8 x 102 ffu ofHaSV per 106-107
pfu of MoV (Fig. 1).
We also tested HaSV regeneration by recombination be-

tween MoV and Harvey proviruses lacking retroviral 3'
termini but carrying env regions derived from the AKR and
NZB murine retroviruses (15, 17, 18) 3' of ras (Fig. 1). The
env sequences from these viruses are about 50% related to
MoV (15, 17, 18). The Harvey provirus with a 610-base Bgl
II-resistant fragment from the env gene of AKR virus,
pRSAKR, generated 1.9 x 102 ffu of HaSV per 106-107 pfu
of MoV. Similarly, a Harvey provirus with a 636-base Bgl
II-EcoRV fragment from the env gene of NZB virus,
pR5*NZB, generated 1.3 x 103 ffu of HaSV per 106 107 pfu
of MoV (Fig. 1).

It follows that efficient, homologous recombination had
occurred between HaSV and MoV and that the efficiency of
recombination was proportional to the extent of sequence
homology between the respective HaSV construct and MoV.
The Harvey proviruses that differed only with regard to the

MoV versus the HaSV origin of the RNA packaging sites,
pHl/RSNheH and pR5H, generated virtually identical
yields of recombinants, namely, 3 ± 1.6 versus 4.7 ± 3.1 x

104 ffu/ml (Fig. 1). This result indicated that the helper MoV
did not discriminate between HaSV RNAs on the basis of
these different packaging sites.
Mechanism of Homologous Recombination. The homolo-

gous recombination observed here could occur at three
distinct stages after infection: (a) between the input Harvey
provirus and unintegrated or integrated Moloney provirus,
(b) between two viral RNAs generating a recombinant cDNA
during reverse transcription in a newly infected cell, or (c)
between secondary proviruses generated in newly infected
cells. Three groups of experiments were carried out to
distinguish between these alternatives.

(i) Since the removal of homology by splicing would lower
the probability of recombination between viral RNAs or
between DNAs transcribed from viral RNA, but not that
between input DNAs, two Harvey proviruses were compared
that differed only in the presence of splice signals flanking an

otherwise identical MoV-derived env sequence, pR5NSH
and pR5NASA (Fig. 1). Recombinant HaSV at about 3.3 x

103 ffu/ml was obtained from the provirus with a spliceable

env region, compared to 3.9 x 104 ffu/ml from the provirus
without two splice signals (Fig. 1). Thus, HaSV regeneration
was decreased about 10-fold, probably by a 90% efficient
removal of the env sequences from pR5NSH by splicing.
HaSV regenerated from pR5NSH still contained the env
region (data not shown), indicating that these viruses arose
from unspliced RNA. Indeed, splicing from env splice signals
was expected to be leaky, as in natural provirus transcription
(15). It appears that homologous recombination in our system
occurred after provirus transcription.

(ii) If homologous recombination occurred between the
common env regions of the input Harvey provirus (e.g.,
pR5TH) and Moloney provirus, recombinant proviruses and
viral RNAs of about 3.9 kb would be expected in provirus-
transfected cells after superinfection with MoV. The 3.9-kb
size is the sum of the HaSV-specific region and the MoV-
specific region that lie 5' and 3', respectively, of their common
env homology (Fig. 1). To test for such a recombinant provirus
the DNA from cells transformed by pR5TH and superinfected
with MoV was digested with restriction enzymes HindIII and
Cla I to generate a recombinant-specific 2.4-kb DNA fragment
from the predicted 3.9-kb recombinant provirus (Fig. 1). After
electrophoresis in 1% agarose the DNA was blotted onto
nitrocellulose and hybridized with a 1.3-kb BamHI- and Nhe
I-resistant HaSV ras-specific [32P]DNA (see pHI/R5NheH,
Fig. 1) according to published procedures (22). Consistent with
the splicing experiment described above, no recombinant-
specific 2.4-kb DNA was found in such cell DNA under
hybridization conditions that detect single-copy genes in mam-
malian cells-namely, hybridization of 5 ,g of cell DNA with
108 cpm of ras-specific [32P]DNA of >108 cpm/,ug (Fig. 2A,
lane 1).

Instead, ras-containing pR5TH DNA fragments of unpre-
dictable sizes were present in well over two copies per cell,
based on comparison to a probable proto-ras restriction
fragment of about 5 kb (see below). Their concentration also
exceeded the concentration of the Harvey proviral DNAs
found in virus-infected cells (Fig. 2A, lane 2). As expected
from the transformed phenotype of these cells, the ras gene
of pR5TH was intact, generating a 1.1-kb HindIII-resistant
fragment (Fig. 2A, lane 1) that initiated in pBR322 just 5' of
the EcoRV site of the truncated LTR and terminated at the
HindIII site of ras (Fig. 1).

Further, we tested whether 3.9-kb recombinant HaSV
RNA was detectable in virus released by provirus-trans-
formed cells superinfected with MoV. The viral RNAs were
prepared from virus harvested at 12-hr intervals to avoid
thermal degradation (23). Despite these precautions against
degradation, heterogeneous HaSV RNAs of >9 to <2 kb
were observed in virus from pR5'TH-transformed 3T3 cells
superinfected with MoV (Fig. 2B, lane 1). The heterogeneity
of this RNA is probably genuine, because in the absence of
an authentic 3' terminus the RNAs from the truncated
Harvey proviruses terminate at nonspecific sites in plasmid
or cellular DNA sequences. Clearly this experiment does not
exclude a small amount of3.9-kb recombinantRNA obscured
by the high background of heterogeneous HaSV RNAs.

Since the probability of HaSV recombination was reduced
by elimination of homology with MoV through splicing and
since no recombinant HaSV DNA or RNA was found in
provirus-transformed cells, we conclude that there is no
detectable homologous recombination between truncated
input Harvey proviruses and MoV.

(iii) If recombination in our system occurred during or after
reverse transcription, cells infected and transformed with
virus released from pR5TH-transformed and MoV-infected
cells, termed R5TH 10 virus, would be expected to contain
3.9-kb recombinant proviral DNA and to release virus with
3.9-kb recombinant RNA. As shown in Fig. 2A, lane 2, a
HindIII/Cla I digest of the DNA from R5TH 10 virus-
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DNA was isolated from nuclei of cells disrupted
detergent Nonidet P-40 (22) and was digested wi
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hybridized with a 1.3-kb BamHI- and Nhe I-resi
specific [32P]DNA (Fig. 1), and then autoradiogi
DNA probe was 32P-labeled with a commercial nix
(Amersham N 5000) to a specific activity of >108 cr
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HindIII-digested A phage DNA markers (BRL). (a
from virus released by mouse NIH 3T3 cells ti
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fected with MoV. RNA was prepared from purific
electrophoresed, in 1% agarose containing 1% form
parallel with commercial RNA size markers (BRL
phoresis the RNA was transferred to nitrocellulose,
[32P]DNA probe, and subsequently autoradiograph
2 were probed with the ras [32P]DNA described in A.
probed with a 1.2-kb Nco I-resistant env [32P]DN)
provirus (Fig. 1).

transformed cells contained the HaSV-MoV
specific 2.4-kb DNA fragment, in addition to
about 5 kb. Since this larger fragment was
pRSTH-transformed cells at the same relative
(Fig. 2A, lane 1), it appears to be from a cell
sequence.

Consistently, cells infected by R5TH 10
derived from four independent clonal culture
transformed NIH 3T3 cells, each released virus
recombinant HaSV RNAs (Fig. 2B, lanes 2-'
trophoresis in 1% agarose the RNA ofone recc
was hybridized with the above described
[32P]DNA (Fig. 2B, lane 2). The RNA of three
binant HaSVs was hybridized with the 1.2-kb
env fragment (Fig. 1) shared by pR5TH and A~
lanes 3-5). We conclude that homology-direct
tion occurred between HaSV and MoV RNAs
or after reverse transcription (see below).

In view of the infectious titers reported in
unexpected that the 8.5-kb MoV RNA was bar
with the env [32P]DNA probe and that the 3-k
was not detectable against the trailing backg
3.9-kb recombinant HaSV RNA signals (Fig. 2.
According to these titers an excess of MoV ov
expected. The result may reflect different sensi
different assays used to titer HaSV and Mol
legend) or may reflect an early, nonfinal titer
binant HaSV at the time it was titered, 3 day:
infection with MoV (Fig. 1).
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DISCUSSION

- 95 Homology Dependence of Retrovirus Recombination. The
experiments reported here confirm and extend our proposal

- 7.5 that retroviruses do not efficiently and reproducibly recom-
bine with heterologous sequences upon simultaneous infec-

- tions (12). However, in the same system, efficient recombi-
ft _ 44 nation was observed between homologous retroviral se-

quences. We conclude that efficient retroviral recombination
* 5 depends on, and is directed by, sequence homology between
35wparental viral genomes and that there is no efficient illegiti-

2.4 mate retroviral recombination.
* 7 - 2.4 Our results are at variance with a previous hypothesis that

recombination among retroviral genomes during reverse
4 5 transcription is "surprisingly efficient" even in the absence
DNAs and viral of homology (1). A plausible resolution of this discrepancy
ransformed by the suggests that virus regeneration in that system was initiated
)f 3T3 cells trans- during transfection by tandemly integrated, truncated Har-
ransformed cells. vey proviruses (see Introduction). Recombination and con-
by the nonionic catenation of input DNAs are known artifacts of the trans-

ith restriction en- fection method used to introduce DNA into cells (3, 24, 25).
gest was electro- Under our conditions, which prevented HaSV regeneration
rocellulose filter, by recombination of input Harvey proviruses during trans-

stante HaS). ra- fection but allowed sufficient transcription for transformationraphed (22). The and efficient packaging of transcripts (Fig. 2B), HaSV re-

pm/,ug. The sizes generation by recombination with MoV was very inefficient
ns of commercial (see below).
B) Lane 1, RNA Homologous Recombination During Reverse Transcription.
ransformed with The efficient homologous recombination observed here could
Iwith MoV; lanes have occurred during reverse transcription or between pro-
fected with virus viral DNAs. Since the HaSV RNAs with MoV-related se-
dependent clonal quences 3' of ras lack a retroviral 3' terminus, cDNA can be

ad viruas (23) and initiated only by the retroviral RNA primer (15) but cannot bealdvirs (23) and extended from the 5' repeat (R) region to the missing 3' repeatlaldehyde (22) in
i). After electro- (Fig. 1). Thus the truncated HaSV RNA will not be converted
hybridized with to a cDNA that could recombine or integrate and hence be

ied. Lanes I and further replicated by helper virus, except by template switch-
Lanes 3-5 were ing of cDNA initiated from the 3' terminus of MoV RNA. It
A from Moloney is consistent with this view that HaSV RNA without a

retroviral terminus is not infectious and not, or practically
not, subject to recombination with helper MoV [see pH/
R5Nhe and pR5P (Fig. 1) and ref. 121. It follows that most if

a fragment of not all homologous recombination observed here occurred
also seen in during reverse transcription. Indeed, homologous recombi-
concentration nation during reverse transcription between the same HaSV
lular proto-ras and MoV RNAs that were studied here in vivo has recently

been directly demonstrated in vitro (26).
virus stocks, Mechanism of Retroviral Transduction. Since there is now

e.s of pRSH- no experimental evidence for the RNA model oftransduction
ses with 3.9-kb via efficient, illegitimate retroviral recombination during re-
5). After elec- verse transcription, the DNA model appears preferable on
imbinant virus three grounds.
I ras-specific (i) It is based on known precedents of illegitimate DNA
other recom- recombination such as chromosomal DNA rearrangements
Vco I-resistant and integrations of deleted or permuted proviruses (12).
4oV (Fig. 2B, (ii) The low level ofHaSV regeneration observed here in the
ed recombina- absence ofhomology with MoV is numerically consistent with
either during illegitimate DNA recombination by random provirus integra-

tion. The chances for a superinfecting Moloney provirus to
Fig. 1, it was integrate 3' of the transforming ras gene ofa truncated Harvey
ely detectable provirus are about 1 in 106, considering that the mouse genome
;b env mRNA measures about 2 x 106kb (11) and that multiple proviruses are
ground of the present per cell (Fig. 2A). HaSV would then be regenerated
B, lanes 3-5). spontaneously by transcription beginning in the 5' LTR of the
Fer HaSV was truncated Harvey provirus and terminating in a Moloney
itivities of the proviral LTR. Thus, the yields of HaSV regeneration in the
V (see Fig. 1 absence of homology 3' of ras observed here, 0-10 ffu/ml per
of the recom- 3 x 106 cells, are entirely consistent with this mechanism.
s after super- Studying a similar system, we found previously that truncated

Rous sarcoma virus can also be recovered from about 1 in 106
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transformed cells by insertional recombination with helper
virus (27). This phenomenon generates a predictable back-
ground that sets the upper limit for the sensitivity of this assay
to detect illegitimate recombination.

Nevertheless, it may be argued that illegitimate RNA
recombination was responsible for the low yields of HaSV
regeneration in the absence of homology with MoV. This
seems unlikely, however, because the frequency of illegiti-
mate recombination between related retroviruses is much
lower than the limit of sensitivity of the assay described here.
This assertion is based on numerous observations that non-
defective Rous sarcoma virus (RSV) or Moloney sarcoma
virus (MoSV) was never generated in coinfections of either
defective RSV (28, 29) or MoSV (30) with their helper
viruses. Thus, illegitimate RNA recombination is numeri-
cally unlikely to be the source of the HaSVs generated here
in the absence of homology with MoV. The RNA recombi-
nation model predicts that recombinant sequences immedi-
ately upstream of the 3' LTR of regenerated HaSV would
frequently be derived from MoV, whereas the DNA recom-
bination model via random Moloney provirus integration
predicts HaSV- or cell-derived sequences upstream of the
MoV-derived 3' LTR. Therefore, analysis of the recombinant
RNAs could identify their origin.

(iii) The DNA model provides more plausible explanations
for key observations in retroviral transduction than the RNA
model. For example, a stretch of 10 adenine residues in the
RNA of avian sarcoma virus PRCII, following the 3' border of
a transduced proto-fps sequence, has been interpreted in
support of the RNA recombination model. It was postulated
that the 10 adenines were derived from recombination with the
poly(A) terminus of proto-fps mRNA (7). However, the 10
adenines could have been derived from the transducing ret-
rovirus instead. This is especially likely since the 3' junctions
of thefps sequences of this virus and Fujinami sarcoma virus
are exactly the same (31), and since the 3'fps region of neither
virus functions as a polyadenylylation signal. Further, a
stretch of 10 adenines is not compelling evidence for an origin
from the 3' terminus ofamRNA; for example, HaSV and avian
musculo-aponeurotic fibrosarcoma virus each contain one (15)
or even two (32) internal poly(A) regions of 24-38 adenines far
from borders of cell- and retrovirus-derived sequences. More-
over, no oligo(A) or poly(A) regions are found at the interfaces
between transduced cellular and retroviral sequences of over
50 other oncogenic retroviruses (15), although most of the
respective recombinations must have occurred 3' ofthe proto-
onc coding regions and thus near polyadenylylation sites,
because most viral onc proteins are coterminal with proto-onc
proteins (15, 33, 34). Thus, a single case of 10 adenines at the
proto-onc retroviral border does not lend compelling support
to the RNA model and certainly does not exclude the DNA
model.

Clearly the DNA model provides the only plausible expla-
nation for the existence of at least six oncogenic retroviruses
with two distinct heterologous sequences: E26, AEV, MH2,
GR-FeSV, HaSV, and KiSV (in fact, three heterologous
sequences are present in HaSV and KiSV) (15). To explain the
origin of these viruses in terms of the RNA model, one would
have to postulate that after acquiring one heterologous se-
quence by illegitimate RNA recombination, the same retrovi-
rus subsequently acquired a second (and third) one, again by
illegitimate recombination. This is highly improbable because
retroviruses transduce heterologous sequences very rarely-
so far, fewer than 100 oncogenic viruses with transduced
sequences, including 6 with ras sequences, have been de-
scribed (15, 33, 35)-and because all transduced and hence
nonessential sequences have half-lives of only several repli-
cative cycles in the retrovirus vector (33, 34). By contrast,
illegitimate DNA recombinations can be stored in cells as
chromosomal abnormalities that are consistently found in

tumor cells and also occur in normal tissue (33, 36). Indeed,
untransduced recombinant retroviral-proto-onc genes such as
the LTR-proto-myc genes of certain chicken leukemias with
and without transforming function have been identified (37).

It follows that the DNA model is more plausible than the
previously favored RNA model (1-11) of transduction. In the
hypothetical case of a fortuitous homology between a proto-
onc gene and a transducing retrovirus, RNA recombination
would be a plausible mechanism of transduction, as shown
here and previously (26), although DNA recombination
would benefit equally from such homology.
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