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One model for retroviral transduction suggests that template switching between viral RNAs and polyade-
nylation readthrough sequences is responsible for the generation of acute transforming retroviruses. For this
study, we examined reverse transcription products of human immunodeficiency virus (HIV)-based vectors
designed to mimic postulated transduction intermediates. For maximization of the discontinuous mode of DNA
synthesis proposed to generate transductants, sequences located between the vectors’ two long terminal repeats
(vector “body” sequences) and polyadenylation readthrough “tail” sequences were made highly homologous.
Ten genetic markers were introduced to indicate which products had acquired tail sequences by a process we
term transductive recombination. Marker segregation patterns for over 100 individual products were deter-
mined, and they revealed that more than half of the progeny proviruses were transductive recombinants.
Although most crossovers occurred in regions of homology, about 5% were nonhomologous and some included
insertions. Ratios of encapsidated readthrough and polyadenylated transcripts for vectors with wild-type and
inactivated polyadenylation signals were compared, and transductive recombination frequencies were found to
correlate with the readthrough transcript prevalence. In assays in which either vector body or tail could serve
as a recombination donor, recombination between tail and body sequences was at least as frequent as
body-body exchange. We propose that transductive recombination may contribute to natural HIV variation by
providing a mechanism for the acquisition of nongenomic sequences.

Retroviral transduction of cellular genes is well documented
(5, 58) and was best characterized by the discovery of the
cellular counterparts of the oncogenes in acute transforming
retroviruses (49). These oncogenes were found embedded in
viral genomes, replacing part of the viral coding sequences and
rendering most acute transforming retroviruses replication de-
fective. Scattered evidence, including a drug-resistant patient
isolate and vectors studied in cultured cells, suggests the pos-
sibility of transduction by human immunodeficiency virus type
1 (HIV-1) (43, 53), but the ability of HIV to perform the
specific steps required for transduction has not been addressed
experimentally.

Several models have been proposed for oncogene transduc-
tion (4, 15, 16, 19, 29, 38, 41, 44, 50, 54, 56, 61). Most suggest
that the fusing of host and viral sequences resulted from a
series of rare events that are intrinsic to the viral replication
strategy (52). One model for transduction is as follows. First, a
retrovirus integrates just upstream of the sequence that will be
transduced. Retroviral polyadenylation signals are leaky (18),
and readthrough of such signals fuses sequences adjacent to
the proviral insertion to the viral genomic RNA’s 3� end. Such
readthrough transcripts can be encapsidated and serve as tem-
plates for normal reverse transcription products whose synthe-
sis bypasses the RNA readthrough 3� ends (19, 55). Alternately
and on rare occasions, cellular sequences at the 3� ends of
readthrough RNAs become patched into the retroviral ge-
nome via nonhomologous recombination between a viral

genomic RNA and the readthrough RNA or its alternately
spliced derivative, resulting in host gene transduction (29, 54,
62).

For this study, reverse transcription products of HIV-1-
based vectors designed to mimic the readthrough RNAs of
putative transduction intermediates were analyzed. The vec-
tors used in this study were composed of two parts: a body,
defined as the genetic elements between 5� and 3� long termi-
nal repeats (LTRs), and a tail, composed of sequences that
formed a 3� extension when 3� LTR polyadenylation signals
were read through (Fig. 1A). Experimental evidence suggests
that homologous retroviral recombination is 2 to 3 orders of
magnitude more frequent than nonhomologous recombination
(1, 62). Thus, to enhance the frequency of transduction-type,
or transductive, recombination, these vectors were designed
with extended homologies between donor sequences in the
vector 3� tail regions and acceptor sequences in vector bodies.

For the studies presented here, vector bodies contained a
selectable marker gene and a lacZ expression cassette in which
coding sequences were disrupted by a 117-base deletion (this
disrupted gene was designated licZ). The 3� tail contained a
2.6-kb internal portion of lacZ, which included and flanked the
117-base region deleted from the body. If two template
switches occurred between licZ in a vector’s body (the recom-
bination acceptor region) and the fragment of lacZ at the 3�
end of either the same or the copackaged RNA (the recombi-
nation donor), a functional lacZ gene could be generated (Fig.
1B). This would yield drug-resistant colonies that stained blue
with X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyrano-
side), which would be diagnostic of transductive recombina-
tion. Transductive recombination was assessed both by X-Gal
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staining, which monitored a form of recombination that has
been called patch repair (27, 45), and by the segregation of
markers engineered to differentiate between vector body and
tail sequences. The prevalence of packaged polyadenylation
readthrough transcripts was compared to transductive recom-
bination rates, and the effects of donor sequence context were
assessed.

MATERIALS AND METHODS

Plasmids. The HIV-1 helper pCMV�R8.2 (28) encodes all trans-acting pro-
teins except the envelope protein. For the generation of the vector used in this
study, LicPuro-äc, the 3� LTR polyadenylation sequence in LicPuro-ac, previ-
ously called HIV LˆcPuro-ac (31), was deleted. This caused a constitutive
readthrough into tail sequences, including a 2.6-kb FspI-BsiWI fragment of lacZ
and a simian virus 40 (SV40) polyadenylation signal. The tail lacZ allele was
marked with 10 point mutations (represented by “ä” in the vector name), cre-

FIG. 1. HIV-1 homologous transduction vector and protocol for determining template switch junctions. (A) Constitutive readthrough vector.
The vector illustrated is LicPuro-äc with a downstream lacZ marked by synonymous point mutations (indicated by 10 asterisks). The 117-bp
internal deletion in the body lacZ is indicated by a filled box and designated licZ. �, packaging signal; MA, matrix coding sequence with frameshift
mutation; RRE, Rev-responsive elements; PCMV, cytomegalovirus immediate-early promoter; lacZ, �-galactosidase gene; PSV40, SV40 early
promoter; puroR, puromycin resistance gene. (B) Transductive recombination. A predicted template switch pattern for the generation of a blue
provirus is shown. PCR1 to PCR4 indicate the products used for the analyses described below. (C) Restriction pattern for a white proviral clone
(left) and a blue proviral clone (right). Each of the four PCR products was digested with the indicated restriction enzymes. Undigested DNA was
loaded as a size control (lane �) for each sample. Note that the sense primer for PCR1 and the antisense primer for PCR4 were located in 5�-
and 3�-terminal regions of lacZ that were absent from the tail. All digestion products of each PCR product in the left panel retained the size of
the undigested control, indicating that none of the tail genetic markers was present and that this was a nonrecombinant clone. In the right panel,
most PCR products remained undigested except for those in the HindIII and KpnI lanes of PCR2. Digestion with these indicated the presence
of tail-derived sequences, demonstrating that the provirus had the structure of the last of the two-crossover blue clones represented in Fig. 2B. M,
DNA size marker pUC19/ApaLI�pUC19/HaeIII.
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ating sites for PstI, XbaI, NheI, HindIII, KpnI, PvuII, NcoI, MfeI, AclI, and BclI.
Intervals between markers ranged from 175 to 287 bp. The native polyadenyla-
tion signal vector, LicPuro(pA)äc, was derived from LicPuro-äc by restoring the
3� LTR polyadenylation signal. In the double pA vector, LicPuro(2pA)äc (2pA
stands for double pA), an SV40 polyadenylation signal was placed immediately
downstream of the 3� LTR of LicPuro(pA)äc, before the lacZ-containing tail.
LicPuro was identical to HIV LacPuro except for a 117-bp internal lacZ deletion;
these have been described previously (31). The trans repair vector HIV ac-äc
contained two copies of a 1.8-kb FspI-SacI fragment of lacZ that differed from
one another by a synonymous point mutation within the region corresponding to
the 117-bp deletion. Construction details are available upon request.

Transfection and virus harvesting. All cells were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum (Gemini).
Virions were generated by transiently transfecting ET cells with pCMV�R8.2
(28) and transducing vector expression plasmids by calcium phosphate precipi-
tation (9). ET cells are a 293T derivative that constitutively express an ecotropic
envelope (35). The medium was replaced at 16 to 24 h post transfection, and
virion-containing medium was collected at 36 to 48 h posttransfection. Residual
cells were removed by centrifugation at 4°C for 5 min at 3,000 � g. Virus stocks
were stored at �70°C prior to use. At least two stocks from separate transfec-
tions were prepared for each vector.

Infection and lacZ activity assay. mATRC1/293 cells (293 cells that stably
express an ecotropic receptor [25]) were infected for 1 h in the presence of 8 �g
of Polybrene (Sigma)/ml. Puromycin (Sigma) selection, cell fixation, and X-Gal
(Sigma) staining were performed as described previously (35), except that in-
fected cells in each 60-mm-diameter dish were subcultured into two 100-mm-
diameter dishes before selection. Blue and white colonies from all dishes were
summed for each infection experiment. Infections with each stock were per-
formed in duplicate or triplicate.

Cell cloning, PCR, and restriction analysis. For the isolation of cell clones,
infections were performed at a very low multiplicity of infection so that well-
dispersed colonies formed, and puromycin selection was performed without prior
subculturing. Clones were transferred to 24-well plates and subsequently ex-
panded. lacZ expression was assayed by X-Gal staining of cells in duplicate
dishes. Each clone’s DNA was isolated by use of a Wizard Genomic DNA
purification kit (Promega). For the determination of the structures of integrated
proviruses, four separate PCRs for each DNA preparation were performed for
30 cycles each with the Expand long template system (Roche). PCR products
were digested with appropriate restriction enzymes, resolved in 1% agarose gels,
and visualized by ethidium bromide staining.

RNA quantification. Virion RNAs were purified from filtered media as de-
scribed previously (47) and were assayed by RNase protection assays to quantify
ratios of copackaged RNA segments. Phosphorimager background values were
subtracted and molarities were normalized by dividing the values by the number
of radiolabeled residues in each product, as previously described (47). For the
differentiation of two RNAs with a single probe, the probe spanned and included
sequences that were complementary to the licZ deletion (31).

Calculations. (i) lacZ inactivation. Blue colony frequencies were corrected for
lacZ inactivation as described previously (31). Briefly, the proportion of LacPuro
single replication cycle products that remained unstained by X-Gal was deter-
mined for parallel controls. These values were used to calculate an inactivation
baseline to adjust observed staining values for the percentage of white colonies
predicted to arise independent of recombination status.

(ii) Normalizing transductive recombination frequencies. For the generation
of Fig. 3A, restriction enzyme cutting frequencies at each position were initially
summed separately for blue and white clones. Data from white and blue clones
were then weighted to reflect blue clones among the total clone ratios within
large populations, and the values for white and blue products were summed. To
account for differing interval lengths, we divided the target sequence into 10
regions, with each centered at the restriction site and extending to the midpoints
between adjacent sites. Region lengths ranged from 171 to 263 bp (225 bp on
average). Thus, frequency data were divided by 225 and multiplied by 100 to
derive the relative cleavage frequency at each position per 225 bases (see Fig.
3A). Values ranged from 4.6 to 33.4%, averaging 22.4%.

(iii) Crossover interval distribution. For Fig. 3C, the numbers of entering and
leaving points were tabulated for each region for all blue clones and all white
clones, respectively, and were summed after the data were normalized to reflect
blue clone/total clone ratios in larger populations. Since the 11 regions varied in
length, the values were divided by the interval length to yield the probability of
a template switch per 100 bases.

RESULTS

Genetic recombination using a vector resembling a trans-
duction intermediate. A specialized vector was constructed to
allow the comprehensive detection of transductive recombi-
nants (Fig. 1A). This vector was designed to assay the repair of
the inactivated lacZ allele (termed licZ) in the vector body by
two crossovers between the vector body and homologous se-
quences engineered into the tail of the same or copackaged
RNA (Fig. 1B). The tail lacZ sequences of this vector, LicPuro-
äc, were genetically marked with 10 synonymous single base
substitutions (indicated by 10 asterisks in Fig. 1A and by “äc”
in the vector name). The mutations were relatively evenly
spaced and introduced 10 restriction sites separated by an
average of 239 bp. Target cells were transduced by HIV virions
containing this vector, and ratios of X-Gal-stained to total
(stained plus unstained) puromycin-resistant colonies were de-
termined. The rate of blue colony formation for LicPuro-äc
was 24.6%, which was slightly lower than values reported for a
parental vector without markers (31), possibly reflecting the
suppressive effects of genetic heterogeneity on recombination
(the body and tail lacZ alleles differed by 	1%) (1, 37).

These assays were performed with lentiviral vectors that
included sequences engineered downstream of proviral struc-
tures, and thus expression cassettes for these vectors could not
readily be introduced into cells by retroviral transduction, the
favored method for establishing vector expression in many
retroviral genetic recombination studies. Because the assays
for this study relied on transient transfections for vector ex-
pression plasmid introduction, DNA-level recombination was
a major concern and a potential confounding factor. Thus, the
following controls were performed to assess how much LacZ-
positive signal could be ascribed to DNA-level recombination
during transfection. The first involved the cotransfection of a
tail-less lacZ deletion-containing LicPuro vector expression
plasmid and the pCMV�R8.2 helper plasmid with a molar
excess of the nonretroviral mammalian lacZ expression plas-
mid pCH110 and the determination of the blue colony titer of
the resulting virions as previously described (31). This control
for possible DNA-level recombination between markers on
two cotransfected plasmids yielded a very low (
0.1%) level of
blue colony formation in the cells that were subsequently in-
fected with the resulting virions. The blue colony formation
rate of these control cotransfections was �250-fold lower than
the level observed for products of the LicPuro-äc vector. This
control suggested that low levels of DNA-level recombination
did occur. However, even when the DNA-level recombination
donor was present at higher ratios to the acceptor than would
occur in the LicPuro-äc transductive recombination experi-
ments, the level of DNA recombination was only about 0.25%
of that which resulted from template switching during reverse
transcription.

A second control for DNA-level recombination involved a
new vector, LicPuro(2pA)äc, which differed from LicPuro-äc
only by the insertion of two polyadenylation signals—that of
the native HIV LTR and a secondary one from SV40—into the
region between the body and tail portions of LicPuro-äc (Fig.
1A). This design was intended to minimize the formation of
readthrough tail-containing transcripts while leaving the puta-
tive substrates for DNA-level recombination of LicPuro-äc
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unchanged. LicPuro(2pA)äc was cotransfected with the
pCMV�R8.2 helper, and blue colony titers for products of the
resulting virions were determined. Blue colonies were ob-
served in roughly 0.3% of all LicPuro(2pA)äc products, or
nearly 100-fold less frequently than for LicPuro-äc. Because
blue colonies due to DNA-level recombination during trans-
fection should arise at the same frequency for both
LicPuro(2pA)äc and LicPuro-äc, this control suggests that no
more than roughly 1% of the recombinants could possibly be
ascribed to two crossovers at the DNA level. However, even
the 1% figure is likely an overestimate of DNA-level recom-
bination, since among LicPuro(2pA)äc products, blue colonies
could result from either DNA-level recombination or from
residual polyadenylation signal readthrough and transductive
recombination. As further addressed below, low levels of poly-
adenylation readthrough were detectable for LicPuro(2pA)äc.

Taken together, these controls suggest that although some
plasmid DNA-level recombination occurred when the reported
transient transfection approaches for vector expression plas-
mid introduction were taken, �99% of the recombinants stud-
ied here resulted from viral replication processes.

Transductive template switch frequencies and provirus
structures. The LicPuro-äc assay for transductive recombina-
tion was designed with no selective advantage for blue colony
formation. Thus, it appeared likely that blue colony frequen-
cies would underestimate transductive recombination, because
the staining phenotype would not differentiate any recombi-
nant products that contained the body-derived deleted interval
from nonrecombinant white colonies. For use of the intro-
duced genetic markers to more accurately quantify transduc-
tive recombinants, 103 individual proviral products were sin-
gle-cell cloned and mapped with restriction enzymes as follows.
Genomic DNAs from each of 32 blue and 71 white clones were
amplified by use of four primer pairs to generate four consec-
utive end-overlapping lacZ PCR products (Fig. 1B, PCR1
through -4). Uninfected cell DNA served as a negative control
and generated no PCR products. The vector PCR products
were digested with restriction enzymes that were diagnostic of
each of the 10 genetic markers and separated in 1% agarose
gels to deduce crossover intervals. Sample gels for one blue
and one white clone are shown in Fig. 1C. The structure of a
clone that remained unstained with X-Gal yet which the ge-
netic markers revealed to be recombinant is used as an exam-
ple of the resulting product structures (Fig. 2A).

Marker segregation results for all 32 of the analyzed blue
clones are schematically presented in Fig. 2B. All deduced
structures were consistent with the prediction that blue colony
formation would require at least two template switches be-
tween body and tail lacZ alleles in regions flanking the 117-
base deletion. Of the 32 blue clones, 81% (26 of 32) had two
template switches and 19% (6 of 32) had four crossovers (Fig.
2B).

Structures of the 71 white clones are summarized in Fig. 2C.
For 64 of these 71 clones, the lengths of all four PCR products,
including the one with the 117-base deletion, were the same as
those of the parental vector’s body. For 41 of these 64, all
restriction patterns were identical to those for the body, sug-
gesting that no crossovers between the body and tail had oc-
curred. For the remaining 23 clones whose PCR product
lengths resembled those of the vector body, the 117-base de-

letion was retained but two or four crossovers were detected in
regions flanking the deletion. The remaining seven white clone
proviruses had abnormal structures in that they failed to be
amplified by at least one of the four PCRs; the structures of
these clones were determined separately by sequencing and
are further described below. Of the white provirus-containing
clones, 58% (41 of 71) displayed no evidence of template
switches, 30% (21 of 71) had two crossovers, 3% (2 of 71) had
four crossovers, 6% (4 of 71) had an odd number of template
switches, and 4% (3 of 71) contained deletions (Fig. 2C).

These marker segregation data were used to calculate trans-
ductive recombination frequencies. The ratio of blue colonies
to the total number of puromycin-resistant colonies for Lic-
Puro-äc was 24.6%. For the generation of a more accurate
figure that included the prevalence of transductive recombi-
nants among white colonies, this phenotypic recombinant rate
was integrated with the restriction analysis data. Because the
blue and white clones analyzed above were not sampled in the
same proportions as they arose in larger populations of trans-
ductants, the recombinant data were weighted to reflect the
24.6% blue composition of larger pools (see Materials and
Methods). Such calculations suggested that overall, 56% of all
puromycin-resistant products of LicPuro-äc were transductive
recombinants (Table 1).

The restriction data were also used to compare the fre-
quency of template switching in these assays to reported re-
combinogenic template switch rates for HIV-1 that were de-
termined by other means. On average, reverse transcriptase
(RT) switched templates 1.3 times during the replication of the
2.6-kb lacZ target sequence (Table 1), which is equivalent to at
least four crossovers per wild-type length of the HIV-1 genome
(9.2 kb). This value is consistent with recombination frequen-
cies reported for two-vector body-body recombination assays
(21, 31).

Figure 3A displays the average frequencies at which tail
allele sequences were observed in various portions of proviral
lacZ for intervals that spanned the genetic markers, as shown
in Fig. 3B (calculations are described in Materials and Meth-
ods). The allele prevalence data in Fig. 3A fit a fairly normal
distribution. However, the additional analysis described below
was necessary to address crossover frequencies at specific in-
tervals.

Distribution of template switch sites. It has been suggested
that template switches do not occur at uniform frequencies but
are highly context dependent (2, 60). To address whether or
not template switch hot spots within the lacZ target were
detectable, we classified crossover sites as either entering or
leaving points, with entering points defined as sites at which
RT switched to the tail and leaving points defined as sites
where synthesis switched back to the body (Fig. 3D). Among
the 11 regions delimited by the target’s 5� and 3� ends and by
the 10 restriction markers, the probabilities of a template
switch ranged from 1.8 to 11.3%, with a 4.8% average value
(Fig. 3C). Values for most intervals were close to the average.
However, regions 5 (2.4%) and 11 (1.8%) were twofold below
average. The low value for region 5 was likely due to the
presence of the 117-base deletion in one lacZ allele, and that
for region 11 likely reflected its location at the 3� end of lacZ.
The template switch probability for region 9 was 2.4-fold above
average, suggesting that it may be a hot spot.
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Structures of the seven aberrant white clone proviruses.
Provirus structures for the seven abnormal clones first detected
by the PCR analyses described above are presented in Fig. 4.
Sequencing analysis revealed that transductive recombination
had occurred for clones 70, 92, 62, and 6 but that DNA syn-

thesis at the tail had proceeded beyond the region where the
tail and body were homologous. For three of these, a subse-
quent nonhomologous switch between extended tail sequences
and the vector body contributed to proviral synthesis.

Clone 70 was unique among those studied here in that the
vector’s original 3� LTR was present between the product’s two
terminal LTRs, thus constituting a third central LTR in the
provirus. Its formation likely involved a template switch from
the body lacZ of one genomic RNA template to the tail of the
copackaged RNA, followed by minus-strand synthesis through
the 3� LTR and the puromycin resistance cassette and into the
3� end of the body lacZ. We detected only one three-LTR
structure among the 103 clones analyzed. Similar three-LTR
structures are frequent products in avian retrovirus nonho-
mologous transduction assays (A. Doshi and J. Coffin, personal
communication).

The remaining three white clone proviruses contained lacZ-

FIG. 2. Schematic representation of template switch patterns from restriction and sequencing analyses. (A) Schematic drawing of one of the
white clone products with four crossovers. Origins of regions are indicated by shading. Uncolored boxes represent regions from the body allele,
and shaded regions were derived from the tail lacZ. Short vertical lines mark restriction sites. (B) Profiles for 32 blue clones. (C) Profiles for 71
white clones. Each horizontal bar represents the region of lacZ from an individual proviral clone that was characterized by restriction analysis, and
for some, by sequencing. Deletions are shown as filled (black) regions. For the final seven white clones, the clone numbers used in Fig. 4 are
indicated to the right.

TABLE 1. Frequency of template switching in characterized
proviral clones

Category No. of
clones

No. of crossovers
per clone (total no.

of crossovers)

Recombinant prevalence (%)
(no. of recombinant clones)

Blue 32 2.4 (76) 100 (32)
White 71 0.9 (67) 42 (30)

Totala 93 1.3 (118) 56 (52)

a Values in the total category were standardized according to the blue/white
ratio of clones from large-scale infections (0.305).
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disrupting deletions. Nonhomologous junctions fell into the
following three groups: those with short stretches of sequence
identity (seven nucleotides in clones 6 and 62 and one nucle-
otide in clone 92), those that lacked any homology at switch
junctions (clones 15 and 70), and those with sequence inser-
tions (clones 64 and 20). Two separate pairs of identical tem-
plate switch junctions were observed among the seven inde-
pendent proviruses containing deletions: one involved
microhomology (clones 6 and 62) while the other contained no
junctional homology (clones 15 and 70).

Frequencies of native HIV-1 polyadenylation signal
readthrough and transductive recombination. The high fre-
quency of transductive recombination observed with this sys-
tem allowed us to modify the vectors to test the hypothesis that
transductive recombination frequencies correlate with the ef-
ficiency of polyadenylation readthrough. The vector used for
these experiments, LicPuro(pA)äc, differed from LicPuro-äc
by the presence of a wild-type polyadenylation signal (desig-
nated pA) in the 3� LTR (Fig. 5A). The intention was for most
transcripts to be cleaved and polyadenylated at the 3� LTR but
for some readthrough transcript formation and polyadenyla-
tion at the downstream SV40 polyadenylation signal to occur.
Upon infection of fresh cells, recombination between this vec-
tor’s body and a rare encapsidated readthrough tail should
generate blue colonies after puromycin selection and X-Gal
staining.

The ratio of body-only to readthrough LicPuro(pA)äc RNAs
in the virion population was determined by an RNase protec-
tion assay (Fig. 5B) and was compared to controls (Fig. 5A).
One control vector was LicPuro(2pA)äc (Fig. 5A; also de-
scribed above), which contained both the wild-type 3� LTR pA

signal and an SV40 polyadenylation signal between the body
and tail lacZ alleles. For the LicPuro(pA)äc wild-type 3� LTR
vector, the prevalence of readthrough transcripts among pack-
aged RNAs was about 7% that of the LicPuro-äc constitutive
readthrough vector. The readthrough signal of the two-cen-
tral-pA vector, LicPuro(2pA)äc, was about 2.8-fold lower than
that of LicPuro(pA)äc (Fig. 5A).

Transductive recombination with these vectors was com-
pared by using the blue-white colony phenotype assay. The
frequency of transductive recombination with native polyade-
nylation signal vectors, as measured by X-Gal staining, was
about 1%, which was roughly 4% as frequent as that with the
constitutive readthrough vector. As noted above, the frequency
of blue colony formation for the vector with two polyadenyla-
tion signals between the body and tail was approximately 0.3%.

Tail sequences are highly accessible to the recombination
machinery. The donor template regions in the extended 3� tails
of the vectors used here were located outside of the RNA
regions that ordinarily contribute to provirus formation. Thus,
we established an assay to compare how well sequences at this
ectopic site could compete with sequences between LTRs and
serve as a recombination substrate. For this assay, LicPuro, a
vector with the deleted licZ allele in its body but without an
appended tail, was coexpressed with a trans repair vector called
HIV ac-äc, which contained two potential donor template cop-
ies of an extended internal portion of lacZ (Fig. 6A). One
donor copy (the body allele) was located between the two
LTRs, while the other (the tail allele) was placed downstream
of the mutant 3� LTR. These two lacZ donor segments were
identical except for a synonymous point mutation introduced
into the region that was removed by the 117-bp deletion.

FIG. 3. Frequency of tail lacZ allele sequences in proviral clones and distribution of template switch sites. (A) Population-wide tail allele
frequency at various intervals, based on restriction analysis and calculated as described in Materials and Methods. (B) Schematic representation
of tail and body lacZ alleles. The deleted regions of the tail and body alleles are shown as filled (black) boxes. The 10 genetic markers are indicated
with short vertical lines. The interval indicated by “2” exemplifies how intervals relative to the body and tail lacZ alleles were defined to span genetic
markers. (C) Distribution of crossovers, separated into entering and leaving points and localized to intervals as defined below. The average
frequencies of template switching per 100 bases are indicated. (D) Template switch intervals, categorized as either entering or leaving points in
relation to which lacZ allele was used as the template switch acceptor (see text for details). The positions of the 11 intervals relative to the body
and tail lacZ alleles are exemplified by interval 2.
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Therefore, in a two-vector recombination assay using LicPuro
and the trans repair vector, either the body or the tail HIV
ac-äc lacZ allele could serve as the patch repair donor (Fig.
6A).

Virions produced by cotransfection of LicPuro, HIV ac-äc,
and a helper plasmid generated about 3% blue colonies. For
determination of the fraction that had been repaired by each
donor allele, genomic DNAs extracted from over 3,000 pooled
puromycin-resistant colonies were analyzed. These DNAs
were first PCR amplified with primers specific for proviruses
generated through two crossover events (Fig. 6A, first-round
PCR) and then were reamplified with nested primers identical
to those used for PCR2 in Fig. 1B. The recombinant provirus
products were gel purified and used directly for automatic

sequencing to estimate the relative contribution of the two
lacZ alleles (Fig. 6B). A control PCR and sequencing were
performed in parallel for samples in which the two alleles were
either unique or present in equimolar proportions. Among
trans repair products, the signal representing the residue pro-
vided by the tail lacZ allele (nucleotide G) was significantly
higher than that representing the body lacZ allele (nucleotide
C), suggesting that the HIV ac-äc tail served as the patch
repair donor at least as well as the body allele (Fig. 6B).

DISCUSSION

We have examined transduction-like events that can occur
during single cycles of HIV-1 DNA synthesis. By these ap-

FIG. 4. Structures of the seven aberrant proviruses. Shaded regions represent intervals from the tail lacZ; vertical lines mark restriction sites.
Deletions are represented by disruptions of horizontal lines, with their lengths approximately to scale. Sequence alignments of the donor sequence
(bottom sequence), the sequence present in the proviral clone (center), and the acceptor sequence (top) for deletion junctions are shown under
each proviral structure. Donor and acceptor sequences that match that of the provirus are shown in bold; any homology between the donor and
the acceptor at the transfer site is boxed; 3� R sequences are underlined. The structure of a nonrecombinant white clone is shown at the top. Clones
6 and 62 differ in lacZ region crossovers but share the features of a reverse-transcribing tail beyond the lacZ portion into the 3� R and a rejoining
body using the same seven bases of donor-acceptor identity. Clone 92 is a nonhomologous recombinant between the tail region upstream of the
lacZ sequences and the body, with a single base identity at the junction. Clones 64 and 20 have deletions with insertions. For clone 64, the insertion
was 20 bases from the U5-PBS junction; for clone 20, the insertion was a 34-base homopolymeric A region followed by 4 bases of unknown origin.
Clones 15 and 70 share a unique deletion that lacks junctional homology but differ in that clone 70 possesses a three-LTR structure.
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proaches, the calculated prevalence of homologous transduc- tive recombinants among products of a constitutive read-
through vector was 56%. These findings demonstrate that the
discontinuous mode of minus-strand DNA synthesis proposed
to mediate retroviral transduction can occur with remarkable
frequency (52).

Considering that sequences unlinked to sites of retroviral
integration can be transduced (30, 53) and that several differ-
ent models for transduction have been proposed, the mecha-
nism described here is clearly not the only way a retrovirus can
gain sequences outside its genome. However, our observations
here suggest that HIV-1 reverse transcription complexes have
a far greater capacity to recruit and utilize encapsidated ho-
mologous donor template sequences, regardless of their con-
text, than has previously been recognized. RT complexes that
simultaneously include both donor and acceptor templates
have been reported as reverse transcription intermediates in
studies of template switching at template ends by use of re-
constituted reactions in vitro (34). More recent findings con-
firmed that an acceptor template can be “docked” to an elon-
gating reverse transcription complex prior to the actual
template switch from the donor template (40). The findings
reported here, which show that the majority of all proviruses
display evidence of nonlinear DNA synthesis, suggest that dur-
ing HIV-1 replication, elongating RT may often, if not contin-
ually, exist in a conformation that is capable of simultaneously
engaging both acceptor and donor template regions.

When all detectable crossovers were summed, the fraction
that were nonhomologous was nearly 5%, which is significantly
higher than some previously suggested frequencies but is
roughly consistent with other reports of genetic rearrange-
ments (57, 62). The spectrum of nonhomologous products was
similar to those reported for oncogene-virus 3� junctions (11,
14, 17, 23, 61) and other retroviral genetic rearrangements,
including the occasional transduction of cellular RNA se-
quences within deletions (32, 33, 36, 57).

FIG. 5. HIV-1 polyadenylation signal readthrough and readthrough RNA-related recombination. (A) Proviral structure, lacZ allele ratio from
RNase protection assay, and blue/white ratio for vectors used to determine polyadenylation readthrough. Listed from the top downward are the
wild-type lacZ vector (LacPuro), the constitutive readthrough vector (LicPuro-äc), the natural readthrough vector [LicPuro(pA)äc], and the double
pA control vector [LicPuro(2pA)äc]. Arrows indicate the positions of pA signals within the vector. The RNase protection ratios of tail to body lacZ
alleles and recombination rates are listed to the right. (B) RNase protection assay with viral RNAs from vectors shown in panel A. Probe,
undigested probe. Signals corresponding to the protected body and tail lacZ alleles are indicated by “lic” and “-ac-,” respectively; the LacPuro body
contains uninterrupted lacZ. Mock, medium from cells transfected with helper plasmid only.

FIG. 6. Comparison of body and readthrough tail sequences as
participants in patch repair. (A) Schematic representation of how
template switching with readthrough RNA during reverse transcrip-
tion could yield a puromycin-resistant vector with functional lacZ.
Note that the donor RNA template contains two copies of the internal
portion of the lacZ gene, either of which could serve as a patch repair
donor. Patch repair with the tail lacZ allele is shown. The approximate
locations of the first- and second-round PCRs for amplifying pooled
proviral DNAs are shown beneath the acceptor template. (B) Chro-
matograms from sequencing of PCR products from pooled genomic
DNA (pooled product), from plasmid containing the body lacZ allele
only (body), from plasmid containing the tail lacZ allele only (tail), and
from HIV ac-äc plasmid DNA (equimolar body � tail). Arrows indi-
cate the nucleotide positions that differed between the body and tail
lacZ alleles.
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Several interesting features were observed among nonho-
mologous junctions. Clone 20 had an insertion of over 30
contiguous As within a deletion. Homopolymeric As have been
reported for the 3� junctions of some v-Oncs (20) and for some
experimental recombinants (38, 39, 54, 62). These A residues
may have been acquired by transductive recombination with
the RNAs’ 3� polyadenylate. The source of another insertion
with nonhomologous junctions (clone 64) was a 19-base distal
portion of vector sequences, likely acquired by nonhomologous
patch repair from the copackaged RNA. Such long-distance
duplication of genetic material from one portion of the ge-
nome to another has been reported for a drug-resistant pa-
tient-derived HIV-1 isolate (24).

The use of homologous donor and acceptor regions resulted
in high transductive recombination rates, which made it pos-
sible to modify the vectors to quantify the effects of polyade-
nylation readthrough rates on patch repair. The products of
native polyadenylation signal readthrough comprised 7% of all
virion RNAs in our system, which is within the reported range
for HIV-1 polyadenylation signal readthrough (3, 6, 8, 10, 12,
13, 22, 46). The good correlation observed between patch re-
pair frequencies and packaged RNA levels demonstrates that
the frequency of transductive recombination was roughly pro-
portionate to the amount of encapsidated readthrough tran-
script.

The high level of transductive recombination observed here
suggests that sequences outside the normal context can con-
tribute readily to provirus formation. To test this notion, we
compared the ability of body and tail sequences to serve as
patch repair donors in an intermolecular recombination assay.
The results suggested that the tail provided repair sequences
somewhat more frequently than did the body. A possible ex-
planation for this finding is that sequences between LTRs only
transiently exist as minus-strand recombination donor tem-
plates. Once they are reverse transcribed, they are converted to
minus-strand DNA, which could not serve as a source of patch
repair. At a minimum, these findings confirm that packaged
sequences that do not reside in the normal genome context can
readily contribute to provirus formation.

The data presented here suggest that transductive recombi-
nation may patch sequences into HIV genomes fairly often.
However, there have been relatively few reports of natural
transduction by HIV-1 (24, 43, 53). Reasons for this may in-
clude the fact that our system accelerated transduction by
introducing donor-acceptor sequence homology. Also, at 9.7
kb, our readthrough vectors were only slightly longer than
native HIV genomes, while some natural readthrough RNAs
may be too lengthy to be packaged with wild-type efficiencies.
Other reasons that there have been so few reports of trans-
duction by HIV likely include HIV’s tendency to kill cells, its
requirement for central genome portions such as Rev-respon-
sive elements for genome propagation, and the fact that puri-
fying selection in vivo eliminates transductants that lack sur-
vival advantages.

Nonetheless, provocative examples of possible transduction
can be identified by searching human databases by use of
BLAST with certain HIV variants. Speculatively, we hypothe-
size that some of these may be transductants. An example is
AVT-rich env variable region extension variants. The addi-
tional glycosylation signals some extensions encode may con-

tribute to immune escape and therefore provide a selective
advantage. However, the conservation in these extensions of
rare AVT codons (where V � A, C, or G) over more abundant
codons for the same amino acids is difficult to explain. Whereas
AAT, ACT, and AGT are minor codons for their respective
amino acids in other regions of HIV, these codons are highly
overrepresented in env extensions (7, 26). AAT is the most
common trinucleotide in human microsatellite DNA (51).
Thus, it is intriguing that database searching reveals that many
AAT-rich HIV-1 env variants (for example, GenBank acces-
sion numbers AB02999, AJ404200, and Z34513 [42, 48, 59])
display more similarity to highly abundant human microsatel-
lite sequences than to other portions of HIV. It has previously
been postulated that these V2 extensions might somehow be
products of a host polymerase (7). The results we report here
raise the interesting possibility that some such insertions may
indeed be products of host DNA synthesis and that their mech-
anism of incorporation may be transductive recombination.
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