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INTRODUCTION

A prominent feature of human immunodeficiency virus type
1 (HIV-1) is the genetic breadth and plasticity of its popula-
tions (66). Early molecular epidemiology studies revealed sev-
eral distinct genetic lineages, now called subtypes, within the
main group of HIV-1. The discrete albeit overlapping geo-
graphic distribution of these subtypes suggested that much of
their differences arose via gradual mutagenesis over time, after
the introduction of HIV-1 into humans (210). These subtypes

are given alphabetic designations such as subtype A, B, or C
and are joined in the pandemic today by a few dozen additional
strains that contain interwoven genetic segments derived from
multiple earlier-recognized subtypes. Because these recombi-
nants spread among patients, they have been designated cir-
culating recombinant forms (CRFs), and emerging evidence
suggests that some historically defined subtypes may them-
selves be CRFs (3). In addition to CRFs, unique recombinant
forms far too numerous to cite have been isolated from indi-
vidual patients (207).

Both recombination and point mutations contribute to the
genetic variation in HIV-1 populations. Base substitutions are
introduced principally by error-prone DNA synthesis (263) or
by the activities of host antiviral factors such as APOBEC3
family cytidine deaminases (56). These processes introduce
roughly 1 substitution per viral genome per generation. Thus,
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point mutation rates alone are sufficient to explain why retro-
viruses like HIV-1 exist as snowflake-like quasispecies in which
nearly every virus in a population differs from every other one.

Point mutations accumulate fairly steadily over generations
and thus can be used to clock viral strain divergence (185).
Although selection dictates that variation is not constant across
HIV-1 genomes (66), the density of accumulated mutations
can be used to determine if a given viral isolate has undergone
extensive rounds of replication or has recently been reactivated
from a long-established provirus.

In contrast to the clock-like accumulation of genetic change
introduced by point mutations, recombination can reset the
clock by scrambling genetic content. This can lead to beneficial
combinations of mutations, the loss of deleterious mutations,
or new starting points for subsequent viral evolution. When-
ever clustered substitutions are observed, the variation arose
more likely via recombination than by serial point mutations
(198, 338). (Hypermutation may be an exception to this rule,
although whether such mutations imbedded in less altered
genome regions result more frequently from recombination or
from the limited processivity of mutagenic factors remains
unclear [48, 222, 236].) Some instances of phenotypic switch,
including coreceptor switch and reacquisition of drug resis-
tance, have been linked to mutations embedded in localized
sequences that differ significantly from flanking sequences,
thus providing evidence for recombination within individual
patients’ virus populations (118, 212, 235, 271).

The propensity of retroviruses to undergo recombination
was recognized long before HIV-1 was identified as being the
causative agent of AIDS, and thus, evidence for HIV-1 recom-
bination—which was noted as soon as intact viral genomes
were sequenced—was not surprising (65). In the 1970s, work
with animal retroviruses revealed that markers reassorted so
readily that they appeared unlinked (334, 349). Due to the fact

that the retroviral genome is a single RNA and, thus, genes
cannot physically reassort, this suggested that retroviruses had
evolved to recombine their physically linked genes at an un-
precedentedly high rate.

Early experiments addressing whether or not HIV-1 could
recombine confirmed that recombination was readily detect-
able. For example, one mutant’s stop codon was rescued by
recombination with a different defective HIV-1 in tissue cul-
ture, and recombination also leads to the cosegregation of drug
resistance mutations (60, 163, 220). Because these experiments
provided strong selection for recombinants, they could not rule
out the possibility that recombination was rare. However, when
cultured cells were experimentally coinfected with two distinct
strains with similar fitnesses, more than 20% of the proviral
population was found to be recombinant, suggesting that re-
combination was exceptionally frequent (178). Simian immu-
nodeficiency virus (SIV) recombination was readily detected in
experimentally coinfected monkeys, demonstrating that re-
combination of HIV-like lentiviruses also occurs in vivo
(100, 347).

HIV-1 recombination does not involve nucleic acid breakage
and rejoining but instead results from reverse transcriptase
(RT) template switching between viral RNAs during provirus
synthesis. Two fundamental properties of retroviruses are crit-
ical to their high frequency of recombination. The first is that
retroviral genomic RNAs (gRNAs) are encapsidated in pairs.
Upon infection of a new cell, the proximity of the two gRNAs
facilitates template switching that is orders of magnitude more
frequent than that for other viruses. Despite harboring two
complete gRNAs per particle, retroviruses are not truly diploid
and are best described as being “pseudodiploid” (Fig. 1). This
is because only one or fewer DNAs is synthesized per virion,
and thus, only one allele at each locus is passed on in the
progeny DNA. Part of the reason that no more than one DNA

FIG. 1. Pseudodiploid nature of retroviral virions. Virions that package two genetically distinct copies of viral gRNA (red and blue lines) have
the potential to generate recombinant proviruses if one or more recombinogenic template switches (indicated with a dashed black line) occur
during reverse transcription. Despite copackaging of two gRNAs, retroviruses are not truly diploid because only one allele at each locus is
preserved in the integrated provirus, and any progeny produced from a cell harboring a single recombinant provirus will transmit only one allele
at each locus in its progeny.
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is made per viral particle is stochastic: probably less than 1% of
all virions generate infectious proviruses, and thus, the prob-
ability of generating two is �0.01%. Furthermore, template
switching during minus-strand synthesis all but precludes the
generation of more than one DNA per virion due to RNase H
degradation of template segments. In this same manner, the
high frequency of HIV-1 recombinogenic template switching

effectively limits the number of DNAs generated per gRNA
dimer to 1 (368).

The second property of retroviruses that is critical to their
unusually high recombination frequency is their recombina-
tion-prone replication machinery. It was hypothesized that ret-
roviruses are prone to recombinogenic template switching be-
cause of the need to perform two mechanistically similar

FIG. 2. Process of HIV-1 reverse transcription. (A) A tRNA primer (tRNAlys) is bound to complementary sequences at the primer binding
site (pbs) on encapsidated HIV-1 gRNAs. (B) Minus-strand DNA synthesis initiates from primer tRNA and halts when it reaches the 5� end of
gRNA, generating “minus-strand strong-stop DNA.” (C) After unmasking of the nascent minus-strand strong-stop DNA by RNase H degradation
of the template RNA strand, the replicative template switch known as minus-strand transfer occurs for complementary R-region sequences near
the 3� end of the gRNA, and minus-strand DNA synthesis continues. (D) As minus-strand synthesis proceeds, plus-strand DNA synthesis is
initiated from oligoribonucleotides that persist at the PPTs. The nascent plus-strand DNA that results when synthesis is halted at the first modified
base in primer tRNA is called plus-strand strong-stop DNA. (E) After the RNase H-mediated removal of the tRNA primer, plus-strand strong-stop
strand transfer results from the annealing of the 3� end of plus-strand strong-stop DNA to complementary sequences at the end of the minus-strand
DNA intermediate. (F) DNA synthesis is completed, generating double-stranded DNA with long terminal repeats and a central flap at the central
PPT (cPPT). Integrase catalyzes the establishment of the provirus, and host repair enzymes remove flaps and gaps. Thin red lines represent viral
RNA, and thicker lines represent viral DNA. Primer tRNA is depicted as the green objects. (Data are not to scale.)
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replicative template switches during every round of viral DNA
synthesis (68, 320) (Fig. 2). Retroviral genomes are composed
of single-stranded RNAs, designated “plus-strand” (or “sense-
strand”) RNAs because they contain open reading frames that
are recognizable by host ribosomes. The first DNA intermedi-
ates synthesized are thus minus stranded, or antisense. The
generation of a retroviral DNA is not so simple as the copying
of plus-sense RNA into minus-strand DNA, followed by the
synthesis of a plus-strand complement. Instead, two replicative
template switches, also known as strong-stop strand transfers
or “jumps,” join and duplicate sequences found only once in
gRNA to reconstitute the long terminal repeats at the bound-
aries of preintegrative DNA (110, 318).

In contrast to strong-stop switches, which occur almost ex-
clusively at defined positions, recombinogenic template switch-
ing may occur from any position in the retroviral genome (11).
In its simplest form, retroviral recombination involves copying
part of one gRNA, followed by RT switching to a homologous
region on a copackaged gRNA to complete viral DNA synthe-
sis (64). This can lead to recombinant genomes if the copack-
aged RNAs contain allelic differences. In the example shown in
Fig. 3, one parental gRNA contains a protease (PR) allele with
mutations that confer broad resistance to protease inhibitors,
while the second genome contains RT sequences that confer
zidovudine (AZT) resistance. Because both high-level resis-
tance to AZT and cross-resistance to protease inhibitors re-
quire multiple alterations, developing either one can take
many virus generations and extensive mutagenic exploration of
the fitness landscape (42, 107). In contrast, once each resis-
tance allele has developed independently, recombination per-
mits the cosegregation of both traits in a single cycle of repli-
cation.

In this review, the term “genetic recombination” is used to
describe the reassortment of viral genome regions. However,
the integration of a provirus is arguably the ultimate form of
retrovirus-mediated genetic recombination. Also, as discussed
below, HIV-1 integration provides a means of persistence and
access to host genetic material that can influence recombina-
tion outcomes. Although very infrequent, host-mediated re-
combination among integrated retroviruses and related ele-

ments can also occur and can contribute to host evolution (18,
122, 140).

FREQUENCY AND MECHANISM OF HIV-1
GENETIC RECOMBINATION

The current consensus from experimental studies is that
HIV-1 recombinogenic template switching occurs at the re-
markable rate of roughly every 2 kb or possibly even more
frequently under some physiological conditions (11, 50, 275).
This section introduces the approaches that led to these con-
clusions and the properties of virus replication that are respon-
sible.

Experimentally Assessed Recombination Frequencies

Early HIV-1 recombination studies involved infectious virus
in tissue culture or, in the case of SIVs, infected animals (178).
When examined at early time points, recombination frequen-
cies can be estimated using infectious virus (302). However, it
is challenging to synchronize cycles of viral replication due to
the lengthy (�3 h) and variable duration of reverse transcrip-
tion (237). Even modest differences allow more-fit viruses to
dominate populations, and therefore, the prevalence of recom-
binants can be more representative of fitness than of recom-
bination frequency (67). Thus, an accurate assessment of re-
combination rates requires limiting replication to single rounds
(354).

Initial single-round HIV-1 recombination values were based
on crossover frequencies in HIV-1 sequences using virus mu-
tants that contained selectable marker genes in place of env
(148, 355). The HIV-1 strains used, HXB2 and BCSG3, di-
verge by about 5%, which allowed crossover-site mapping by
determining the parentage of genome segments using hetero-
duplex tracking (148, 355). The results of a labor-intensive
analysis suggested that two to three recombinogenic crossovers
occur during the synthesis of every HIV-1 DNA. Other re-
searchers subsequently obtained similar or higher frequencies
by using either HIV-1 genome-derived or heterologous recom-
bination targets. These results suggest that recombination tar-
get sequences do not affect HIV-1 recombination frequencies
appreciably (89, 240, 275).

Thus, most subsequent work on HIV-1 recombination fre-
quencies has been performed using reporter assays like those
which Howard Temin and colleagues pioneered for gamma-
retroviruses (135, 136). These assays employ vector and helper
systems like those used for retrovirus-mediated gene transfer
(Fig. 4). Typically, recombination is monitored by the genera-
tion of a functional reporter gene using pairs of vectors, each
of which contains a partial or disrupted reporter. Virions har-
vested from vector-producing cells are applied to target cells in
which vector RNAs are reverse transcribed and integrated.
When vectors are engineered to contain markers that can be
selected by drug treatment or the like, even rare reverse tran-
scription events can be detected by the reconstitution of
marker genes (135, 136, 189, 195). Most recently developed
systems are scored by means such as flow cytometry, which
allows high-throughput analysis.

Repeat deletion has been used as an alternate approach and
is based on observations that repeated sequences are often

FIG. 3. Recombinogenic template switching. The thin lines (blue
and red) represent genetically distinct copackaged gRNAs; thick lines
represent viral DNA. The arrow shows the direction of DNA synthesis,
and asterisks depict the sites of mutations that confer resistance to
either RT or PR inhibitors. Here, template switching generates a
recombinant provirus that is resistant to both types of inhibitors.
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precisely deleted from retroviral vectors (274). Repeat dele-
tion vectors are designed so that deletion inactivates or recon-
stitutes a marker gene (155, 257, 358) (Fig. 4B). Comparisons
of HIV-1 switching between two gRNAs to direct repeat de-
letion rates suggest that repeat deletion reproduces homolo-
gous recombination (240). Because each vector contains both
the sequence from which RT will switch (the donor template
region) and the sequence to which RT will switch (the acceptor
region), repeat deletion assays require only single-vector
gRNAs.

Although experimental work defines the average recombi-
nation frequency, note that whether or not a crossover occurs
at a given template position appears to be largely stochastic,
and the spectrum of recombinants within populations is un-
doubtedly broad. Experimentally, some recombinants dis-
played at least 10 crossovers, when the average was less than 3
(148). Perhaps the best current estimate of HIV-1 recombina-
tion rates is about four to five crossovers per genome, a truly

astounding rate that suggests that recombination is a normal
part of the generation of each viral DNA.

An obvious limitation of these assays is that they are used to
describe HIV-1 replication in culture. Single-cycle experiments
are intended to be free of selection, whereas small differences
in selective advantage can have profound effects on natural
populations (67). Thus, experimental rates of recombination
can be compared to clinical outcomes to help assess selective
forces. For example, an analysis of intrapatient recombination
between the R5 and X4 env genes revealed evidence of a
coreceptor switch resulting from two recombinogenic template
switches occurring within 240 bases in env (212), much closer
than predicted by average crossover rates but likely detected
because of phenotypic selection. The appearance of such vari-
ants is likely possible because the very high frequency of cross-
ing over per replication cycle, paired with the estimated �1010

virions produced per day, provides HIV-1 with an almost infi-
nite combinatorial potential (252).

FIG. 4. Retroviral recombination assays. (A) Two vector assay to assess interstrand template switching rates. Each vector has a defect in
LacZ-coding sequences, as indicated with the daggers. Each virion generated from producer cells will contain either a homodimer or a heterodimer
of gRNAs. Upon infection of fresh cells, recombination between gRNAs within the recombination target region can create a functional lacZ gene
for virions containing heterodimeric gRNAs. (B) Single-vector assay demonstrating intrastrand recombination by repeat deletion. The vector
contains a repeated sequence within the LacZ coding region. In this instance, virions generated from the producer cell all contain gRNA
homodimers. Upon infection, functional lacZ results from a precise deletion of one of the repeats via an intrastrand template switch. Note that
repeat deletion can occur either between repeats on one gRNA or from one gRNA to the other: reciprocal repeat assays have shown that
intrastrand and interstrand crossovers occur at similar frequencies (240). LTR, long terminal repeat.
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Enzymology of Recombination

Template switching can be recapitulated in cell-free reac-
tions by using model primer-templates and purified RT. The
addition of the viral nucleic acid chaperone protein, NC (nu-
cleocapsid), promotes template switching. Reported recombi-
nation frequencies in vitro are lower than those observed dur-
ing viral replication (225, 228). This is likely due in part to
physical properties of the reverse transcription complex that
results upon virus uncoating. Because some host restriction
factors affect early replication steps such as reverse transcrip-
tion, they may modulate recombination. Indeed, some impair-
ment of RT elongation and replicative template switching has
been linked to APOBEC3G (A3G) (31, 144, 205). However,
although contributions by host factors cannot be ruled out and
host activation of the reverse transcription complex may be
required, no factors other than RT and NC are known to
contribute to HIV-1 recombination (111, 153, 341).

RT. HIV-1 RT is an asymmetric heterodimer composed of
p66 and p51 subunits. The larger p66 subunit contains active
sites for both the DNA polymerase of RT and its RNase H
activities. The smaller subunit of RT, p51, shares the N-termi-
nal sequence of p66, but p51 differs in tertiary structure and
serves principally as a structural subunit in the p66/p51 het-
erodimer. The distance between DNA polymerase and RNase
H active sites corresponds to 17 or 18 RNA/DNA hybrid base
pairs (145). Several crystal structures that present RT in asso-
ciation with ligands or poised for catalysis have been solved
(288). For the purposes of the discussion here, RT is repre-
sented highly schematically as an oval, with “P” indicating the
DNA polymerase active site and “H” indicating the active site
for RNase H (Fig. 5).

Both DNA polymerase and RNase H activities are required
for replication in general and also for recombination (40, 46,

106, 196, 290, 325). The two catalytic sites of RT can engage
primer-templates and act simultaneously during elongation. As
a result, when RT reaches the 5� end of an RNA, RNase H
cleavage initially leaves a residual �18-base oligoribonucle-
otide annealed to the nascent DNA strand (98, 101). Second-
ary cleavage products 8 to 10 bases in length appear upon RT
translocation or rebinding (112) (Fig. 5).

Although limited replication is possible when DNA poly-
merase and RNase H are provided on separate molecules (154,
319), the coupling of RNase H with DNA synthesis appears to
be important for some RT properties, including recombina-
tion. However, the joint action of more than one RT may
contribute. Retroviruses contain roughly 100 RT molecules per
virion (335). Most virions probably contain only two gRNAs,
and thus, RT exists in significant molar excess (68). Although
the DNA polymerase of RT is so sluggish that DNA synthesis
takes several hours, RNase H activity is even slower. Thus,
template cleavage is likely aided by RT molecules in addition
to those engaged in elongation (78, 159).

Specific interactions between RT and its primer-templates—
both the donor template, with which RT associates prior to
template switching, and the acceptor template, to which it
transfers—affect template switching, since RT mutations that
affect primer-template interactions alter recombination, at
least for gammaretroviruses (255, 310). Some drug-resistant
HIV-1 RTs display increased levels of template switching when
assayed in tissue culture (234). For some connection domain
mutations that augment AZT resistance, template switching
rates decrease (232). For both HIV-1 and gammaretroviruses,
reducing RNase H activity decreased template switching (37,
234). These findings suggested that retroviruses with low
RNase H activity, such as HIV-2 (132), would recombine less
frequently than HIV-1, which possesses robust RNase H. How-
ever, subsequent studies demonstrated that rates of template
switching are very similar for HIV-2 and HIV-1 (50, 221).

A structural understanding of how RT recognizes and re-
cruits acceptor templates, releases donor templates, and com-
pletes recombination will require additional research; how-
ever, recent work may be bringing us closer by suggesting that
elongating HIV-1 RT is much more of a contortionist than
previously recognized (2). Single-molecule fluorescence reso-
nance energy transfer studies of substrates representing the
polypurine tract (PPT) have shown that RT can rapidly flip
between alternate binding orientations for plus-strand primer
generation and primer utilization (2). Follow-up work revealed
that RT is a “restless” enzyme, rapidly sliding between tem-
plate ends until it locates the primer 3� end. Its dwell time
there is modulated by how firmly the fingers and thumb do-
mains clamp in place (192). One remarkable feature of these
binding-mode dynamics is that they occur without RT dissoci-
ation. The possibility that approaches like these may be
adapted to address questions such as whether or not template
switching requires complex dissociation or if template switch-
ing occurs from a discrete position in the chemical cycle of RT
is an exciting possibility (159, 277).

NC. HIV-1 NC affects reverse transcription outcomes in
vitro, and the defects of some NC mutants confirm likely roles
in DNA synthesis. NC is a small, highly basic protein that binds
RNA and functions as a nucleic acid chaperone (188, 273). As
a domain of the Gag precursor, NC specifies gRNA recruit-

FIG. 5. Interactions of HIV-1 RT with primer-templates. HIV-1
RT is represented by the gold oval, where P indicates the DNA poly-
merase active site and H is the RNase H active site. The thinner line
represents the viral RNA template strand, while the thicker line rep-
resents the nascent DNA (primer) strand. The blue arrow shows the
direction of DNA synthesis. (A) The DNA polymerase active site is
engaged at the primer strand 3� terminus, and the RNase H active site
engages the template strand and performs limited template cleavage as
DNA synthesis proceeds. (B) When RT reaches the 5� end of the RNA
template, RNase H cleavage leaves an 18-base oligoribonucleotide
annealed to the nascent DNA. (C) Upon RT translocation, which
displaces the primer terminus from the DNA polymerase active site, or
RT rebinding, further RNase H cleavage generates an 8- to 10-base
RNA remnant.
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ment via high-affinity protein-RNA interactions. As a pro-
cessed peptide, NC coats gRNA at a stoichiometry of about 1
NC per 7 to 8 nucleotides (352). Although NC binds single-
stranded RNA preferentially and induces nucleic acid melting,
it also promotes annealing and strand exchange (188, 328,
353). NC has been implicated as a part of the recombination
machinery and affects template switching in reconstituted re-
actions (226, 227, 280). Other work suggested that NC may aid
acceptor template recruitment and inhibit nonhomologous re-
combination (128).

Many NC recombination effects likely mirror its general
roles in reverse transcription. NC promotes RT elongation and
reduces self-priming and pausing at template structures (119,
183). NC may aid the annealing of invading acceptor templates
and the unmasking of primer strand DNA, and one study
showed that NC brought the site of transfer closer to the
apparent invasion site (124). In a study of murine leukemia
virus (MLV) reverse transcription on structured templates that
increased switching fivefold, NC zinc finger mutants increased
the recombination rate a further sixfold (364). Some NC mu-
tants that affect the kinetics of HIV-1 reverse transcription
have also been reported (322).

Models for Retroviral Genetic Recombination

Extensive literature suggests that HIV-1 genetic recombina-
tion results from a copy choice mechanism, that is, the alter-
nating use of two templates during the synthesis of a single

viral DNA (11). In concept, retroviral recombination could
result from template switching during either minus- or plus-
strand DNA synthesis, and distinct models have been proposed
for each one (64, 160, 225).

The “strand displacement-assimilation” model describes re-
combination during plus-strand synthesis and was based on
electron micrographs of partially reverse-transcribed avian ret-
rovirus genomes visualized after virion disruption (157, 158).
The images revealed DNAs joined in “H”-branched structures
suggestive of the recombination intermediates shown in Fig.
6A. These structures were postulated to result after plus-strand
synthesis initiated from multiple positions and strand displace-
ment yielded free DNA tails that could invade neighboring
strands. Some evidence of alternate plus-strand starts was re-
ported for HIV-1 (172, 321), as was plus-strand recombination
in reconstituted reactions (99). However, most HIV-1 plus-
strand synthesis initiates at only two positions: the 3�-terminal
and central PPTs. Strand displacement synthesis terminates
shortly after it initiates at the central PPT, generating a DNA
flap that has been implicated in several replication processes
but likely does not promote appreciable recombination (88).
Neither major nor reported minor plus-strand starts coincide
with reported crossover hot spots (21, 172), and no experimen-
tal evidence suggests that HIV-1 plus-strand recombination
occurs frequently.

The roles of the RNase H activity of RT provide additional
support for the likelihood that most recombination occurs dur-

FIG. 6. Three models for retroviral recombination. (A) Strand displacement-assimilation showing recombination during plus-strand synthesis.
(see the text and reference 160). (B) Forced copy choice (see the text and reference 68). (C) Minus-strand exchange (see the text and reference
26). Thin lines are retroviral RNAs with breaks in the strands. Thick lines represent the nascent DNA; arrows indicate the direction of DNA
synthesis. Gold ovals represent HIV-1 RT.
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ing minus-strand synthesis (40, 46). Other evidence comes
from observations that recombination is fully as frequent when
only minus-strand recombination is possible as when both mi-
nus- and plus-strand recombination could contribute (12, 148,
355, 359). Another argument against significant plus-strand
recombination lies in the very high frequency of minus-strand
crossovers, because the template degradation which that would
require precludes extensive plus-strand diploidy (221). None-
theless, “backwards” insertions have been observed for both
experimental replication products and clinical isolates (87, 311;
see discussion in reference 314). This demonstrates that minus-
strand DNAs occasionally serve as recombination templates
and leaves open the possibility of some plus-strand recombi-
nation.

The “forced-copy-choice” model explains how template
switching could generate an intact proviral DNA from frag-
mented gRNAs and was based on observations that gRNAs
isolated from animal retroviruses often appeared nicked and
yet efficiently generated infectious viral DNA (68) (Fig. 6B). In
this model, nascent DNAs dissociate from donor gRNA tem-
plates when nicked template ends are reached, allowing primer
strands to associate with regions of acceptor homology on the
copackaged gRNA. A model variation based on the high fre-
quency of repeat deletion suggests that RNA breakage is not
required (350).

A second minus-strand recombination model, called “minus-
strand exchange” or “acceptor invasion,” is currently the fa-
vored model for most recombination (37, 64, 251, 281) (Fig.
6C). RNase H-mediated template degradation exposes nascent
minus-strand DNA, allowing base pairs between DNA synthe-
sized on one gRNA and complementary regions on the second
gRNA. Primer strand realignment by branch migration fol-
lows, with the resumption of DNA synthesis on the acceptor
template yielding the recombination junction. Data from stud-
ies in vitro using purified enzymes and model primer-templates
provide support for key predictions of this model (53, 104,
125). These predictions include reports of a preswitch complex
that includes both donor and acceptor templates (251), the
stimulatory effects of RNase H activity (37, 142), and effects of
occluding acceptor invasion docking sites (125). In the mode of
acceptor recruitment, via base pairing between the primer and
acceptor strands “behind” the crossover site, “acceptor inva-
sion” resembles the strand displacement-assimilation model,
whereas in the replication stage targeted, it resembles “forced
copy choice.”

Examinations of recombination rates and complementation
frequencies of RNase H mutant RTs formed the basis of a
model variation, called “dynamic forced copy choice.” This
model suggests that a balance between polymerase-dependent
and -independent RNase H activities determines recombina-
tion rates (142). This model suggests that RNase H activity is
necessary for the dissociation of the template-primer prior to
template switching (233) and contrasts with minus-strand ex-
change, which envisions a preswitch complex containing both
donor and acceptor, rather than donor template release before
acceptor recognition (26, 251).

The acceptor invasion model implies that donor-acceptor
homology “behind the growing point” is more important than
homology precisely at the crossover site (26). Indeed, RT is
capable of significant mismatch extension upon template

switching both in vitro and during viral replication (69, 80, 199,
202, 254, 256, 264). At least for MLV, there is a sharp drop-off
in the efficiency of acceptor recognition below a threshold
homology length that corresponds roughly to the length be-
tween RNase H and DNA polymerase active sites and then an
additional abrupt drop in recognition for acceptors with only
eight or fewer bases of donor template identity (73, 87, 256).
Together, these findings suggest that regions of donor-acceptor
homology, behind the growing point for DNA synthesis but
contained within the RT footprint, are necessary for efficient
homologous recombination.

Nonhomologous recombination, which occurs about 100-
fold less (361), often reveals junctional microhomology (87,
120, 245, 248, 311, 332, 360). One analysis of over 100 nonho-
mologous crossovers found junctional microhomology in about
90% of crossovers (87). Thus, in contrast to homologous re-
combination, which is highly efficient and is dependent princi-
pally on donor-acceptor identity behind crossover points, non-
homologous recombination is relatively inefficient and
dependent largely on primer terminus-mediated acceptor rec-
ognition.

The bottom line is that most retroviral recombination occurs
during minus-strand synthesis and relies on base pairing be-
tween acceptor template sequences downstream of recombi-
nation crossover sites and primer strand sequences unmasked
by RNase H activity. A minor form of recombination can guide
free primer strand termini to alternate acceptors.

Fidelity of Recombination

The possession of two complete gRNAs sets retroviruses,
including HIV-1, apart and raises the question of why these
viruses possess two genome copies when one is sufficient for all
other viruses (335). The notion that two templates might allow
recombination is at least as old as the forced-copy-choice
model (68). Because template switching could promote intact
genome synthesis from fragmented gRNAs, recombination is
predicted to aid faithful genome replication.

Several reports from the 1990s of base substitutions at cross-
over sites generated in vitro led to the alternate hypothesis that
genetic recombination might contribute to HIV-1 mutagenesis
(80, 250). If the nontemplated addition of an uncoded base at
a template end were followed by mispair extension upon trans-
fer, then most base substitutions in HIV-1 might represent
sites of genetic recombination (247, 250).

To address this hypothesis, several studies tested whether or
not misincorporation occurred more frequently at recombina-
tion junctions than during synthesis on single templates. With
the exception of findings for replicative “strong-stop” switches
(176), all data determined that substitution rates at crossovers
resembled whole-genome rates during virus replication both
for gammaretroviruses (256, 362) and for HIV-1 (30, 89, 367).
Thus, in contrast to outcomes for cell-free reactions, recombi-
nogenic switching during HIV-1 replication is not particularly
error prone.

It was suggested that recombination may aid error escape
when RT reaches a dysfunctional environmentally modified
base (79). Indeed, a somewhat analogous process is known to
occur at the plus-strand transfer step of reverse transcription,
when RT reaches the first modified base of primer tRNA

458 ONAFUWA-NUGA AND TELESNITSKY MICROBIOL. MOL. BIOL. REV.



(313). Previously reported observations that DNA synthesis
fidelity was drastically reduced for both MLV and HIV-1 when
template switching was suppressed by RNase H limitation are
also consistent with contributions of recombination to error
avoidance (37, 234).

Further support for the notion that recombination aids rep-
lication fidelity comes from a study where recombination was
prevented by engineering HIV-1 virions to contain only single
intact gRNAs (166). The frequency of successful provirus gen-
eration was compared to that for normal pseudodiploid ge-
nomes. Marker genes were inactivated about threefold more
frequently in the absence of the store of genetic information
that a second template provided. Genes were inactivated by
either point mutations or deletions, many of which were tem-
plated by rare spliced gRNAs. More one-gRNA products con-
tained deletions than did two-gRNA ones. When replication
was halted before the average half-time of provirus comple-
tion, deletion products like those observed for one-gRNA viri-
ons were abundant. These findings suggest that HIV-1 repli-
cation errors occur less frequently when a second gRNA is
present and that full-length proviruses are synthesized more
efficiently in the presence of a second gRNA (166).

Figure 7 presents a model for RT elongation that considers
these observations in light of the model of minus-strand ex-
change. Prior to the switch, a duplex composed of nascent
minus-strand DNA and the acceptor template exists. This may
stabilize the RT elongation complex and aid processive syn-
thesis by facilitating recovery from genome breaks or other
blocks to elongation. In the absence of a second gRNA, a
broken template or damaged template base would lead to
either mutation or aborted synthesis. Findings that the average
length of DNA synthesized on single-copy templates appears
shorter than average homologous crossover distances are con-
sistent with the possibility that processive RT elongation com-
plexes may include both donor and acceptor templates (87). It
is tempting to speculate that some of the cryptic nucleic acid
binding sites on exposed surfaces of HIV-1 RT, which compli-
cate efforts to produce uniform preparations of RT poised at
the 3� ends of primer strands, may contribute to these addi-
tional binding functions (137, 138).

RNA Copackaging Determinants: Producer Cell Coinfection

Genetic recombination can result when a virion containing
two distinct gRNAs infects a fresh cell and is not detected
when a cell is coinfected with two genetically distinct viruses
(Fig. 8) (135, 305). At least two properties are required to
generate a virion with two different gRNAs: (i) the establish-
ment of a single cell with two or more genetically distinct
proviruses and (ii) the association of two different gRNAs in an
encapsidated dimer. The determinants of the RNA dimer part-
ner selectivity differ among retroviruses, and the replication
properties of HIV-1 make it particularly prone to generating
heterodimeric gRNAs.

Patient coinfection. With the exception of strains that evolve
over time, the coinfection of a patient is an obvious prerequi-
site to cell coinfection. Whether this results more often from
the transmission of more than one strain before the establish-
ment of protective immune responses or from subsequent re-
infection (superinfection) was not clear initially. However,

many clear cases of superinfection and even triple infection
have now been described, as has recombination between su-
perinfecting and preexisting patient strains (4, 6, 32, 58, 93,
230, 253, 265, 269, 278, 298, 330). Contemporaneous dual
infection is limited by the genetic bottlenecks often observed
upon transmission (193). In fact, one recent study involving
single-genome sequencing of viruses from over 100 patients
concluded that a single infectious particle initiated infection in
nearly 80% of the patients (162). Although neutralizing anti-
body deficiencies may sometimes contribute to susceptibility,
patient superinfection can occur even after immune response

FIG. 7. Speculative model for the processive RT elongation com-
plex. (Based on findings reported in references 44, 79, 166, 251, and
280.) (A) Ordinarily, during elongation by RT, RNase H-mediated
template strand nicking provides an opportunity for NC protein-facil-
itated docking of the acceptor template strand onto the nascent DNA
primer strand, behind the elongating RT. (B) As the elongating RT
continues DNA synthesis on the donor template, secondary RT mol-
ecules further degrade template strands, and branch migration brings
the acceptor template in proximity to the elongating RT: this is the
putative processive RT elongation complex. (C) When RT reaches an
impediment to elongation, RNase H activity “catches up” with the
elongating RT. (D) Unable to continue DNA synthesis on the donor
template, the polymerase active site disengages, and RT translocates as
it does at template ends (Fig. 5C), reducing the length of the RNA-
DNA hybrid. (E) Further branch migration displaces the residual
oligoribonucleotide and forces primer strand realignment onto the
homologous portion of the copackaged gRNA, allowing DNA synthe-
sis to proceed, and the eventual completion of an intact provirus. Gold
ovals represent HIV-1 RT molecules that contribute to DNA synthe-
sis; green ovals represent secondary RTs that contribute polymerase-
independent RNase H activity; circles represent NC (stoichiometry
and locations are highly speculative); triangles represent damaged
template positions.
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development occurs (259, 299). It was suggested that high-
frequency recombination not only may result from coinfection
but also may contribute to the establishment of superinfecting
strains by allowing the rapid evasion of established immune
responses (304). The failure of vaccine trials provides further
testament to the challenges of generating immune responses
that limit subsequent infection.

Coinfection of an individual does not invariably lead to re-
combination. For example, although naturally arising recom-
binants have been reported for HIV-2 (206, 315, 351), as have

experimental recombinants between HIV-1 and HIV-2 (217),
no natural HIV-1/HIV-2 recombinants have been reported
(71, 210) despite high rates of dual infection (327). Reasons for
this may include limited cell coinfection and differences in
RNA packaging (161, 217, 265). Additionally, the compart-
mentalization of virus strains to particular organs or other
isolated sites can limit effective population sizes and thus the
potential for recombination (7, 171, 223).

Cell coinfection. Most retroviral infections display resistance
to superinfection or the protection of an infected cell from

FIG. 8. Requirements for generating recombinant genomes. (A) Coinfection with two genetically distinct viruses does not yield recombinants.
However, a producer cell must be coinfected with two genetically distinct viruses (shown here as viral particles with two blue or two red RNAs)
to produce viral particles with heterodimeric gRNAs. (B) Recombination is observable in cells infected with heterodimeric virions (particle
containing one red and one blue RNA strand). Template switching during reverse transcription can generate a recombinant provirus.
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subsequent reinfection by a similar virus (230). A common
form of superinfection resistance results from a reduction of
receptors on the cell surface. This is due to interactions be-
tween envelope protein expressed by the resident provirus and
the receptor either intracellularly or at the cell surface (127).
For simple retroviruses, cell infection by one virus generally
limits reinfection by a second virus that shares the same re-
ceptor (343).

HIV-1 Nef downmodulates CD4 expression and that of both
major coreceptors, and Vpu also contributes to receptor down-
modulation (181, 282, 344). The fact that two different acces-
sory proteins contribute to receptor downmodulation suggests
that this is important to HIV-1 in vivo. These effects, paired
with the short half-life of infected cells, suggest that individual
cell coinfection is rare. However, high frequencies of HIV-1
recombination suggest that superinfection resistance does not
prevent cell coinfection in vivo.

In situ hybridization of patient-derived cells suggested that it
may not be unusual for individual cells to contain four or more
proviruses in vivo (114, 156, 265). Although experimental val-
idation of these observations is not plentiful, this is consistent
with the very high frequency of genetic recombination in
HIV-1 populations. Multiply infected cells may result from the
reinfection of cells containing defective or latent proviruses or
from transmission properties that result in the simultaneous
delivery of multiple virions.

An attractive model with limited experimental support is
that dual or higher-order cell infection may sometimes arise
via cell-mediated infection (72). In cell culture, when pri-
mary dendritic cells or a cell line engineered to express
DC-SIGN was cocultured with virus and target cells, in-
creased dual infection was observed (72). Nonrandom coin-
fection has also been observed for other tissue culture sys-
tems (49). Emerging evidence highlights the importance of
cell-to-cell spread at neutralization-resistant virological syn-
apses (52, 91, 150). This mode of transmission not only may
facilitate virus spread undeterred by host responses but also
may enhance the individual-cell coinfection that is a neces-
sary prerequisite to recombination.

Another possibility is that expressed, unintegrated DNA
may contribute recombination templates. In experimentally
infected CD4� T cells, unintegrated DNA is in vast excess of
integrated proviruses (279). When present on their own, unin-
tegrated HIV-1 DNAs tend to express only spliced RNAs due
to low levels of Rev (348). However, a recent report suggested
that unintegrated DNAs can complement defective integrated
HIV-1 (108). Under these conditions, some unspliced RNAs
templated by unintegrated DNAs entered the packageable
RNA pool, and recombinants containing genome portions
from both integrated and nonintegrated DNAs were observed
in subsequent rounds of replication. Although the dynamics of
dual infections may be quite different in vivo, unintegrated
DNA can be generated under conditions that are not hospita-
ble to provirus generation and appears to be remarkably long-
lived in viral latency and in patients whose virus is effectively
suppressed by antiretroviral therapy (293). Thus, it is possible
that unintegrated DNAs may contribute to recombination in
vivo.

Virion RNA Copackaging

The reason why genetic recombination occurs during het-
erozygous virion infection but not during coinfection is prob-
ably local concentration effects. Although anecdotal evidence
for recombination-mediated incorporation of target cell se-
quences was reported for alpharetroviruses (239), and gamma-
retroviruses occasionally recruit recipient cell primer tRNAs
(291), it is likely that even substrates for nonhomologous re-
combination are generally coencapsidated with gRNAs.

Reverse transcription occurs within the nucleoprotein com-
plex that forms upon virion entry and not free in the cytoplasm
(36, 94). In purified reactions, conditions that enhance local
concentration, such as joining RNAs in dimers, enhance re-
combination (13, 23). In contrast, two sequences that are
widely separated in primary sequence recombine at least as
well as two closely spaced sequences during viral replication,
suggesting that copackaging provides sufficient template prox-
imity to promote recombination (76, 240; W. An and A. Tele-
snitsky, unpublished data). Back-of-the-envelope calculations,
based on the length of an RNA A-helix and the diameter of a
virion core, suggested that copackaged gRNAs are condensed
far more than 30-fold their length (173). Thus, the encapsi-
dated nucleoprotein more likely resembles the inside of a baseball
rather than the loosely packed RNA “wishbone” that is usually
drawn, and sequences near dimer linkages are likely no closer to
their copackaged homologs than to any other sequences.

Because there was no reason to expect otherwise, it was long
assumed that gRNAs in dually infected cells would associate at
random for packaging (65). If each gRNA were equally as
likely to dimerize with one of its siblings as with a genetically
distinct gRNA, dimers would form in homodimer-het-
erodimer-other homodimer proportions predicted by the
Hardy-Weinberg equation, or 1:2:1 if the two RNAs were
expressed equally (244). Assumptions of random RNA as-
sociations were critical to early recombination calculations in
which the ratios of the two parental genomes were used to
calculate the “recombining population” size or fraction of viri-
ons containing heterodimers and thus being capable of gener-
ating recombinants (136, 354).

However, this assumption is invalid for some retroviruses.
Copackaged gRNAs must possess compatible dimer linkages,
and some retroviruses possess additional restrictions that limit
which RNAs can serve as dimer partners. Most mechanisms
that are known to restrict gRNA partner selection do not act
during HIV-1 replication, and this relative promiscuity in RNA
copackaging contributes to the recombination rate of HIV-1.

gRNA versus mRNA selectivity. Retroviral gRNAs are
capped and polyadenylated like mRNAs, and gRNAs and gag-
pol mRNAs are indistinguishable in primary sequence. How,
where, or whether unspliced RNAs are partitioned into ge-
nome and mRNA functions is still unclear and probably differs
among retroviruses (25, 41, 70, 312).

What specifies the enrichment of gRNAs over random host
mRNAs is a 5� region called � (psi). HIV-1 RNAs that lack � are
packaged preferentially over bulk mRNA (29, 130, 179), which
are incorporated largely at random, with a modest enrichment of
some mRNAs over others (284). NC, as a domain of the Gag
precursor, is the viral determinant of gRNA encapsidation (29).

Some retroviruses do, and others do not, selectively pack-
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age each other’s gRNAs (45, 161, 303). Although host range
restrictions outside the laboratory generally prevent dual
infections such as Mason-Pfizer monkey virus plus feline
immunodeficiency virus, the possible contributions of pack-
aging restrictions to preventing recombination, and, thus,
augmenting vector gene delivery safety, have been described
(39, 303).

gRNA dimer versus monomer selectivity. Retroviruses en-
capsidate gRNAs in pairs even when RNAs are limiting and
each particle contains less than one on average (131, 187). Why
is this? It is unlikely that one RNA is insufficient due to mass,
because particles can form without gRNA. Both MLV and
HIV-1 are capable of packaging �-positive (��) RNAs more
than twice the native length (177, 295). Similarly, host and
virus factor alterations can modulate RNA packaging, which
demonstrates flexibility in packaged RNA composition (200,
218). Although some retroviruses may copackage more than
two RNAs when gRNAs are short (285), and it remains un-
clear if most of them contain precisely two RNAs, it seems
likely that if variation exists, it is in increments of 2—0, 2, 4, or
more copackaged gRNAs. This is because the gRNAs in ret-
roviral particles are packaged as non-covalently-linked dimers
(272).

Dimerization is likely nucleated by base pairing between
palindromic loops, called dimerization initiation sites (DISs),
that cap hairpins present on each RNA. This loop-loop “kiss-
ing” is followed by dimer interface expansion (85, 186) (Fig. 9).
Although some mutations partially separate these functions,
overlapping genome segments contribute to both dimerization
and packaging (243, 272).

Elegant nuclear magnetic resonance studies with MLV have
provided structural insight into “two-or-none” gRNA packag-
ing. Differences between MLV monomeric and dimeric RNA
folds unmask high-affinity NC binding sites that promote dimer
packaging (85). Although HIV-1 dimer recruitment remains
less well understood, several lines of evidence support the
likely specific recruitment of at least weak dimer linkages,
including findings showing that placing two dimer linkage se-
quences on a single RNA results in monomer encapsidation
(286). However, nascent dimer linkages are relatively labile,
and some researchers have suggested that HIV-1 gRNAs are
monomeric when first recruited (301).

HIV-1 RNA heterodimerization. Because the packaging of
two different gRNAs in a mixed heterodimer requires dimer
linkage, recombination should be critically dependent on
dimer compatibility. Findings from in vitro reactions support
this (115). However, mutations that disrupt RNA dimerization
in purified reactions often display less severe defects during
virus replication, suggesting that there are multiple ways of
initiating gRNA dimerization (301).

Among natural HIV-1 isolates, the palindromic sequences
that cap DIS stem-loops vary so that, for example, subtype B
genomes should be incapable of dimerizing with subtype A (61,
63). If such differences prevent heterodimerization, and het-
erodimerization is a prerequisite to copackaging, then recom-
bination between gRNAs that differ in DIS sequences should
be much lower than that for gRNAs with the same sequences.
Because clinical isolates resulting from recombination between
seemingly incompatible strains are known, it is clear that these

differences do not block recombination entirely. However, clin-
ical observations cannot resolve whether recombinants are de-
tected due only to selective advantage.

St. Louis and colleagues sought to quantify the effects of DIS
variation on recombination by using replication-competent vi-
rus with DIS loops predicted to be incapable of heterodimer-
ization (302). Diminution of recombination associated with
differing DISs, although observable, was much lower than pre-
dicted if DIS-mediated heterodimerization were essential
(302). In single-replication-round assays, the possession of

FIG. 9. RNA secondary structure in the packaging and dimeriza-
tion region of HIV-1 gRNA. A region near the 5� end of the genome,
termed �, is responsible for the selective recruitment of gRNA and is
coincident with elements required for dimerization between copack-
aged RNAs. Here, the area is enlarged to show stem-loop 1 (SL1) to
stem-loop 4. The gag start codon is indicated as shaded residues; note
that alternate models for the 5� end of HIV-1 gRNA do not include
stem-loop 4 but instead evoke long-distance interactions between se-
quences encompassing the gag start codon and U5 regions (1). Stem-
loop 1 is capped by a palindromic sequence known as the DIS, which
forms a putative kissing-loop interaction that initiates dimerization
between two copackaged gRNAs. (Roles and models for these regions
are reviewed in references 72, 186, and 216.)
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compatible DIS sequences was found to enhance heterozygous
virion formation. Specifically, when two DIS variants were
generated, one with six C residues and the other with six G’s,
both heterodimerization and recombination increased. Having
noncomplementary DIS loops reduced recombination but did
not eliminate it: the reduction was less than 1 order of mag-
nitude (54, 55, 215). The conclusion that loop incompatibility
does not prevent recombination was confirmed with B/E re-
combination in an experimentally infected chimpanzee (100).

In summary, compatible dimer linkages enhance het-
erodimer formation, and strains with incompatible DIS se-
quences form heterodimers less readily and recombine less
often. Such effects may limit recombination in patients as well
as in tissue culture (175). However, recombination for strains
with mismatched linkages is readily observed and likely reflects
a capability to establish dimer linkages even when DIS loops
are noncomplementary albeit at reduced levels (301).

Packaging cis preference. The ability of certain retroviruses
to package RNAs that do not encode viral proteins is essential
to retrovirus vectors and represents trans packaging. In con-
trast, some retrotransposons, such as L1 elements, display cis
preference or the preferential encapsidation of gRNAs from
among those that participate in translation (342). cis packaging
may be advantageous in ensuring that actively replicating ele-
ments retain viability within a sea of defective L1 elements.

Some retroviruses also display cis preference: notably,
HIV-2 preferentially recruits its gRNA from the productive gag
mRNA pool. The advantage of cis preference likely reflects
that, unlike HIV-1 and MLV, HIV-2 packaging signals are
present on both spliced and unspliced viral RNAs (116). Al-
though HIV-1 and MLV are both capable of packaging ��

RNAs that have not served as mRNAs (231), differences in
how they partition RNAs affect their recombination rates.

gRNA reassortment differences between HIV-1 and gamma-
retroviruses. Despite the complex mosaic structures observed
for natural HIV-1 isolates, the extrapolated high frequency of
HIV-1 genetic recombination was surprising initially (355).
This was because it was already known that gammaretrovirus
recombination was significantly less frequent, with approxi-
mately one recombination event during the synthesis of every
two to seven gammaretrovirus DNAs (135, 136, 151), and it
was assumed that HIV-1 frequencies would be similar. When
initial studies suggested that HIV-1 recombination occurred
10-fold more often, species-specific differences in template
switching appeared to be the most likely cause (148). However,
repeat deletion assays revealed no differences between HIV-1
and MLV (9, 240). This suggested that enzymology was not the
primary cause of genetic recombination differences.

An alternate hypothesis for why relatively few gammaretro-
viruses are recombinant was that only a subset of particles
copackaged two different gRNAs (68). If two identical gRNAs
became copackaged more frequently than random copackag-
ing would predict, then even if template switching occurred at
a uniform and high frequency, marker cosegregation would be
reduced.

Experimental support for this alternate hypothesis has now
been reported by several groups, who showed that differences
in RNA trafficking, and not template switching, cause differ-
ences in MLV and HIV-1 genetic recombination (95, 165, 270,
368). Biochemical approaches demonstrated that when two

MLV �� RNAs were coexpressed, most were encapsidated as
RNA homodimers. In contrast, HIV-1 gRNAs formed dimers
in random proportions, indicating that commitment to dimer-
ization occurs at different replication stages for these two vi-
ruses (96). More random gRNA dimerization is observed when
MLV gRNAs are expressed from the same or adjacent tran-
scription units than from spatially separated proviruses, sug-
gesting that gammaretrovirus gRNAs dimerize very early after
transcription, before nuclear exit (97, 165). In contrast, HIV-1
gRNAs appear to associate in the cytoplasm. These biases in
gRNA selectivity alone appear sufficient to account for ob-
served differences in recombination rates between HIV-1 and
gammaretroviruses (95, 368) (Fig. 10).

These findings also explain the phenomenon of “high nega-
tive interference,” or a highly nonrandom pattern of genetic
crossovers, which had long been recognized for gammaretro-
viruses (15, 68, 133). Most gammaretroviruses show no genetic
evidence of recombination. However, among recombinants,
most possess more than one crossover, and some display sev-
eral. “High negative interference” among gammaretroviruses
(it has not been observed for HIV-1 [276]) was initially inter-
preted to suggest that genetic recombination is not a routine
process but instead is biphasic, with crossovers being either
frequent or else nonexistent (68). It was thought that the per-
formance of one recombination event predisposed a virus to
performing additional switches or that only a subset of virions
was prone to generating recombinant products due to flaws in
viral nucleoprotein complex architecture (15, 133, 152). How-
ever, biases in gRNA packaging remove the need to evoke such
models and suggest that recombination occurs at a similar high
frequency for many if not all retroviruses (50, 221, 240, 368).
This can also explain differences between MLV and HIV-1 in
minus strong-stop switching. This replicative switch appears to
occur essentially only between the two ends of a single RNA
for gammaretroviruses but can occur either between ends of
one RNA or from one to another for HIV-1 (318, 331, 355).

Other means of RNA copackaging. Patch repair by endoge-
nous retroelements, which are unlikely to heterodimerize with
gRNAs, was reported for simple retroviruses, as has recombi-
nation with RNAs that are likely encapsidated only occasion-
ally and by chance (211). For example, experimental reversion
of murine AIDS retrovirus gag point mutations revealed re-
combination with endogenous viruses and not point reversion
in each instance (139). Endogenous retroviruses contribute
less to HIV-1 genetics because no human retroelements re-
semble HIV-1, and gRNAs of human endogenous viruses are
not readily packaged by HIV-1 (357). However, rarely encap-
sidated RNAs can contribute to recombination in proportion
to their prevalence (12). In addition to the “random” low-level
mRNA packaging, many RNA sequences that presumably can-
not heterodimerize with gRNAs are capable of directing RNA
packaging in a virus species-specific manner (62, 84). RNAs
that become encapsidated but lack packaging and cis-acting
signals can function as recombination substrates during provi-
rus synthesis (120, 305).

FACTORS THAT MODULATE RECOMBINATION

Retroviral recombination does not occur at a uniform fre-
quency, and the probability that template switching will occur
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at a given template position is affected by enzymatic properties
of RT, the availability of nucleotide substrates, and template
structure and quality. This section describes factors that can
increase or decrease recombination during HIV-1 replication.
Interestingly, whereas HIV-1 displays more promiscuity in
gRNA copackaging than simple retroviruses like MLV, and
thus, its packaging properties make HIV-1 more recombino-
genic than MLV, HIV-1 replication is somewhat less sensitive
to environmental deficiencies that increase MLV recombina-
tion rates.

Intracellular Environment

Like all DNA polymerases, RT requires nucleotide sub-
strates, and when nucleotides drop below the concentration
required for maximal elongation, DNA synthesis slows. One
difference between immortalized and primary cells is that the
former are metabolically highly active. HIV-1 reverse tran-
scription takes longer and/or is disrupted in quiescent cells (33,
356) and likely takes 20 h or longer in many clinically relevant
cell types (260). Substrate limitation may not be the only re-
striction to viral replication in quiescent cells, but at least
under some conditions, adding nucleosides is sufficient to re-
store DNA synthesis rates.

When MLV DNA synthesis is slowed by serum starvation or
deoxynucleoside triphosphate (dNTP) pool imbalance, recom-
bination rates increase dramatically (257, 310). Other environ-
mental variables, such as reduced temperature, also increase
template switching (190). One report claimed that HIV-1 re-
combination rates were higher in terminally differentiated cells

than in actively dividing ones and that recombination might
occur 30 times or more per replication cycle in certain cells in
vivo (189). However, subsequent work that used more sensitive
approaches to compare recombination in macrophages and T
cells revealed no difference (51), and the treatment of HIV-1-
infected cells with either hydroxyurea or AZT only modestly
stimulated template switching (9, 233).

The main reason why HIV-1 recombination is less sensitive
to dNTP concentrations than is MLV recombination probably
reflects RT properties. Depending on the nucleotide, HIV-1
RT displays a 6- to 121-fold-higher affinity for dNTPs than
does MLV RT, and thus, HIV-1 can recruit enough dNTPs to
maintain maximal elongation rates even in cells with relatively
small nucleotide pools (146). It has been suggested that the
ability of lentiviral RTs to efficiently synthesize DNA in
low-dNTP environments may be critical to replication in
nondividing cells (82, 147). Consistent with this notion,
HIV-1 RT active-site mutants with reduced dNTP binding
affinities template switch more frequently than does wild-
type RT (105, 241).

RNA Quality and Template Features

Template features that affect RT elongation likely influence
recombination. Pausing contributes to template switching in
part by allowing time for RNase H-mediated template strand
cleavage and acceptor template access to nascent single-
stranded DNA (26, 104). There is some evidence that template
features that increase RT pausing in purified reactions pro-
mote recombination during viral replication (182). RNA sec-

FIG. 10. Differences between gammaretroviruses and HIV-1 in gRNA selectivity. Shown is a schematic illustration of a single virion-producing
cell coinfected with two distinct proviruses, shown as the double-stranded red and blue lines embedded within purple host DNA. Fates of gRNAs
during HIV-1 assembly are indicated on the left, and those for the gammaretrovirus MLV are indicated on the right. MLV gRNAs preferentially
self-associate at transcription sites in the nucleus, resulting in virions containing mostly homodimerized gRNAs. For HIV-1, RNAs dimerize at
random, presumably in the cytoplasm, generating virions with a Hardy-Weinberg distribution of homodimers and heterodimers.
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ondary structure, homopolymeric stretches, and sequence con-
text appear to modulate recombination (76, 89, 126, 191, 227,
248, 266). RNA structures also promote nonhomologous re-
combination (26, 86). Dissection of one recombination hot
spot led to the conclusion that both RNA structure and ex-
tended donor-acceptor homology enhanced recombination
(102). By analogy to rho-independent terminators of Esche-
richia coli transcription, it is fairly easy to conceptualize how
RNA structure in a donor template might pause RT and pro-
mote recombination. However, some recombination hot spots
have been linked to acceptor template structures (124, 219). At
least in vitro, both structured and unstructured regions that do
not encode detectable pauses can promote template switching
(77, 224).

RNA breakage likely promotes recombination. It has long
been noted that when scientists purify genomes from retrovi-
ruses, the RNAs are far more fragmented than are those from
other RNA viruses (68). In light of the long history which
retroelements have shared with their hosts and the growing list
of host antiviral mechanisms, it is tempting to speculate that
that the RNA smearing that retrovirologists observe on their
gels may reflect some host innate antiviral activity and that part
of the reason why retroviruses copackage two RNAs is to
overcome this assault. Although one study that was designed to
test the correlation between gRNA damage and gammaretro-
virus recombination rates did not find striking enhancement,
the results were likely influenced by the nonrandom segrega-
tion of gammaretrovirus gRNAs described above (134).

Breakpoint Clustering: Recombination Hot Spots or
Products of Selection?

A weakness of assays that use crossover frequencies in a
defined interval to deduce genome-wide recombination rates is
that they assume that recombination occurs at uniform fre-
quencies rather than principally at specific sites. Although re-
combination is observed throughout HIV-1 genomes and is
roughly proportionate to length, frequencies are not uniform,
and “hot” (or at least “warm”) and/or “cold” spots for recom-
bination do exist (14, 89, 148, 189, 346, 367).

Recombination breakpoint clustering in clinical strains is
most often observed at the borders of viral genes (316). One
recent study examining the breakpoints in clinical intersubtype
recombinants found a frequent use of genetic intervals flanking
the env gene (92). These did not appear to be dictated by
homology, RNA structure, or regions implicated by experi-
mental studies or toward the acquisition of sites under positive
selection. Instead, some selection for replacing the entire env
coding region appeared. Reported similar crossovers in HIVs
propagated in vitro suggested that these are bona fide cross-
over hot spots, since cultured cells lack fitness determinants
such as acquired immune responses (266). However, even sub-
tle epistatic interactions can bias outcomes and favor parental
alleles if, for example, one mutation’s fitness varies depending
on whether or not distal mutations are present, as predicted for
residues that interact in a folded protein (184). Consistent with
this notion, systematic analyses of clinical recombinants to
identify positions where breakpoints are underrepresented
suggest that only a small fraction of all recombinants generated
survive within patient populations (17). Similarly, low infectiv-

ity has been observed for many chimeric envelope genes gen-
erated in vitro (180). Thus, most common crossovers observed
in vivo are more likely the result of selection rather than
template-switching hot spots. Similar pressures, layered over
differing selective pressures in vivo, manifest themselves in
ways such as selection for clustered compensatory changes that
accompany mutations required for immune escape from spe-
cific cytotoxic T-cell responses (5, 164, 204).

One large-scale retrospective analysis of fitness for (primar-
ily antiretroviral-treated) patient-derived pol sequences sur-
prisingly concluded that, counter to theories on the benefits of
sex and recombination, positive epistatic interactions outpaced
negative ones in HIV-1 (34). Negative epistasis refers to the
situation where two mutations together are more deleterious
than either one alone (e.g., mutations amplify one another),
and positive epistasis refers to situations where a second mu-
tation counteracts the first (e.g., mutations antagonize one
another). These conclusions, however, remain controversial,
with some debate about data sampling and how fitness should
be defined (340).

Sequence Similarity and Recombination Rates: Homologous
and Homeologous Recombination

One factor that undeniably affects recombination frequency
is the extent of sequence similarity between templates. The
fundamental nature of nucleic acid base pairing means that
sequence recognition occurs via complementarity and not
identity. All models for retroviral recombination include steps
where acceptor templates are recognized due to their comple-
mentarity to nascent DNA, and recombination rates are at
least roughly proportional to the length of sequence identity
(9, 155, 362). Thus, it is not surprising that enhancing homol-
ogy enhances retroviral recombination.

The term “homeology” describes low-level sequence varia-
tion that lies somewhere between identity and nonhomology,
as is the case when HIV-1 subtypes are compared. The effects
of systematically various extents of sequence similarity on
HIV-1 recombination have been examined using a repeat de-
letion assay (8). A 5% difference decreased the deletion fre-
quency to 65% of that for identical repeats, with recombina-
tion declining further as more variation was introduced. When
repeats differed by 27%, recombination was below the detec-
tion threshold of the assay, suggesting that switching was re-
duced more than 300-fold (8). These results show that HIV-1
recombination is somewhat less sensitive to genetic differences
than is cellular DNA recombination (294, 339).

In the assay described above, sequence variation was artifi-
cially introduced and evenly distributed. In contrast, selection
for maintaining essential features in viral genomes dictates that
naturally arising variation can be more clustered. Examinations
of crossovers in infectious virus in culture revealed that local-
ized homology was a key factor (21, 22, 197, 214). Previously
reported recombination between significantly different strains
may arise essentially by chance, may rely on residual homology
or homology-independent recombination triggers, or may be
disproportionately common in short regions of high donor/
acceptor template sequence identity (249, 265, 316). Small
patches of sequence identity are often observed at otherwise-
nonhomologous recombination junctions, suggesting that at
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least some nonhomologous recombination is driven by highly
localized regions of homology (361).

Nonhomologous Recombination

Retroviruses perform nonhomologous recombination about
1 to 0.1% as frequently as they perform homologous recombi-
nation (361). Nonhomologous recombination leads to HIV-1
length variation and is the likely mechanism of oncogene trans-
duction by animal retroviruses (307, 345). Nonhomologous
recombination can generate HIV-1 genetic variation that is
important on the population level when it provides a selective
advantage. If roughly five crossovers occur during every cycle
of HIV-1 replication, then a 1% occurrence rate means that up
to a few percent of all proviruses may contain one such non-
homologous crossover.

Most nonhomologous recombination likely leads to defec-
tive proviruses. However, even these can contribute to virus
evolution, as explored further below. Specifically, the interac-
tion of HIV-1 with its host counterintuitively provides some
selection for the perpetuation of defective genomes (287). Al-
though the half-life of most infected cells within a patient is
brief, the failure to eradicate HIV-1 and the reemergence of
archived strains attest to the persistence of HIV-1 and the
opportunity for allelic reappearance by recombination.

Deletions, duplications, and insertions in deletions. The
most common substrates for nonhomologous recombination
are discontiguous portions of HIV’s own genome. As shown in
Fig. 11A, homologous recombination involves switching be-
tween the same locus on each of two copackaged gRNAs. In
contrast, a switch from one gRNA to a position more 5� on the
copackaged gRNA will generate a deletion, while switching to
a 3� position will generate a duplication (Fig. 11B and C).
Deletions generally cause defects, and indeed, many proviruses
found in patients contain deletions (287). In some animal ret-
roviruses, duplications—including enhancer duplications in the
long terminal repeats of feline leukemia virus, or equine in-
fectious anemia virus env variable region duplications to evade
neutralizing responses—are important for pathogenesis
(229, 365).

Experimentally, many nonhomologous crossovers display a
pattern called “insertions in deletions” (87, 245, 248). Dissec-
tion of their structures led to the suggestion that they result
from serial nonhomologous recombination and the propensity
of the reverse transcription machinery to transfer to regions of
microhomology in the absence of more extensive donor/accep-
tor identity (Fig. 11D). Once one such junction has formed,
additional nonhomologous switches may be necessary in order
to generate a provirus, and it is likely that many abortive
reverse transcription products are generated for each double
nonhomologous recombination insertion-in-deletion product.
Thus, the remarkably high frequency with which inserts are
observed within nonhomologous recombination junctions
(�50% according to one study [87]) suggests that nonhomolo-
gous recombination may occur at a far-higher frequency than
is detectable in intact proviruses. In this context, it is interest-
ing to consider the potential of the recombination process to
serve as an antiviral target. Some efforts to inhibit template
switching—albeit without strong leads—have been reported

(74, 75, 324). However, it seems possible that enhancing or
relaxing the specificity of template switching might have as
great an antiviral effect as its outright suppression.

The insertions observed for nonhomologous recombination
junctions are generally short (one study of nearly 70 inserts
found that sizes ranged from 1 to 280 bases, with a median
length of about 60 bases [87]). Such an “ectopic duplication” of
viral sequences caused one reported drug resistance-associated
mutation (194), and sequence analyses suggest other instances
of ectopic viral sequence insertions (314, 329). The develop-
ment of improved computational approaches for identifying
transposed genome segments would likely reveal ectopic du-
plication to be a common means of lentiviral insert generation.

Oncogene transduction. Another form of nonhomologous
recombination is host sequence transduction (360). Models for
oncogene capture by animal retroviruses envision integration
by chance upstream of a cellular oncogene and “leaky” poly-
adenylation signal readthrough to allow oncogene encapsida-
tion as a gRNA 3� appendage (311). Nonhomologous switching
between the retrovirus and host sequences in the extended 3�
tail would generate a prototypical acute transforming virus
(307) (Fig. 12). The vast majority of acute transforming retro-
viruses are replication defective, with the oncogene-containing
genome being transmissible only during mixed infection with a
replication-competent virus. A defective retrovirus that relies

FIG. 11. Retroviral homologous and nonhomologous recombina-
tion. (A) Homologous recombination during HIV-1 DNA synthesis.
Template switching occurs from one RNA to colinear identical se-
quences on the second RNA strand. (B to D) Microhomology-guided
nonhomologous recombination during reverse transcription. (B) Tem-
plate switching to a position more 5� on the acceptor template to
generate a deletion. (C) Template switching to a position more 3� on
the acceptor template to generate a duplication. (D) Insertion in
deletion, or ectopic duplication, generated by template switching to the
acceptor at a more 3� position, continued synthesis, and a second
template switch back to the donor strand at a more 5� position. The
arrows show the direction of DNA synthesis on two copackaged
gRNAs. Shaded boxed sequences are regions of homology between
donor and acceptor templates.
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on complementing functions can, in some instances, become
replication competent by recombining with its replication-com-
petent “helper.” In fact, there is some evidence that Rous
sarcoma virus, possibly the only naturally arising replication-
competent retrovirus containing a host oncogene, was replica-
tion defective initially (203).

There are no reports of human cancer caused by HIV-1
transduction of host oncogenes and few if any well-supported
cases of insertional oncogene activation (296, 336). Why is
this? HIV-1 infection is associated with several forms of ma-
lignancy, and much more clinical data are available for HIV-1
than for retroviral erythroleukemia in chickens or feline leu-
kemia in cats (213, 229). Early beliefs were that AIDS patients
died too soon to develop cancer, but it is now clear that many
non-AIDS-defining cancers—essentially all common cancers
except prostate cancer—are more prevalent among HIV-pos-
itive people than in the general population (246).

The reason why HIV-1 does not cause cancer by the mech-
anisms employed by simple retroviruses likely lies in differ-
ences in both replication and infection properties. For exam-
ple, HIV-1 transcription and RNA trafficking rely on accessory
factors whose expression or cis-acting signals might be elimi-
nated by host sequence replacement of virus sequences. Even
if such a gRNA were mobilized by a superinfecting virus, on-
cogene expression could not occur in the newly infected cell. If

viral antigens were expressed, immune responses would elimi-
nate the cell before a tumor could form. Thus, although the
rescue of a defective HIV-1, initially by complementation and
subsequently by recombination, has been described for virus in
cell culture, the short half-life of infected cells in vivo may limit
opportunities for replication-defective virus spread (143).

Short patch host sequence insertion. Although whole-gene
transduction is very rare, the short inserts in nonhomologous
recombination junctions are often host derived (87, 120, 121,
174). If HIV-1 polyadenylation signal readthrough occurred
(as has long been recognized to be possible [19, 38, 81]), and a
readthrough RNA were encapsidated (the packaging of
lengthy HIV-1 gRNAs was also demonstrated [177]), then host
sequences could provide HIV-1 length variation using the ec-
topic duplication mechanism shown in Fig. 11D.

The possibility that some of the length variation observed for
HIV-1 might result from human sequence transduction is a
rather old notion that has recently gained support (66). Length
variation—sequence insertions or deletions—is surprisingly
common in lentiviruses and associated with some forms of
immune evasion, drug resistance, and long-term nonprogres-
sion (59, 167, 201, 262). For example, insertions in HIV-1 RT,
sometimes but not always the result of local sequence dupli-
cation, can contribute to drug resistance (141, 345). Length
variation is common in env, where an alternating occurrence of

FIG. 12. Model for host oncogene transduction by animal retroviruses. After a rare chance event leads to the integration of a provirus DNA upstream
of a cellular oncogene, readthrough of viral polyadenylation signal transcription can result in the “capture” of downstream oncogene sequences near the
3� end of a readthrough RNA. Following packaging into a virion and infection of a fresh cell, this readthrough RNA can serve as a nonhomologous
recombination template during reverse transcription. In most cases, oncogene transduction results in a replication-defective virus (307).
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insertions and deletions of variable region length has been
observed during patient-to-patient passage (57, 193, 223, 363)
and may contribute to immune evasion or coreceptor switch
(238, 283). The appearance of shorter env variable regions
upon transmission suggests that insertions are disadvantageous
in newly infected individuals, as nonselected information is
rapidly lost during retroviral replication (337).

An RT multiple-drug-resistance-augmenting insertion in an
HIV-1 isolate from a Japanese child exemplifies short host
sequence transduction (289, 314). Originally described as being
a foreign 11-amino-acid insertion, this mutation’s nonidentity
with flanking sequences demonstrated that the 33 nucleotides
were not inserted via the duplication mechanism described
above (289). Marked differences in the G-C content (67% in
the insert versus �40% for HIV-1 [28]) were consistent with

possible horizontal gene transfer. By using BLAST to query
GenBank with the insert plus flanking sequences revealed that
its closest match, 30/31 bases of identity, was to the human
genome. Molecular epidemiology and mechanistic modeling
demonstrated that the insert likely resulted from nonhomolo-
gous recombination between virus and host sequences, fol-
lowed by additional mutagenesis, as described in Fig. 13 (314).
These findings provide evidence that human sequences are, at
least rarely, transduced into HIV-1 genomes, where they can
contribute to genetic and phenotypic variation. As the example
here shows, once acquired, the ancestry of transduced sequences
may be obscured by selection for functionally optimized variation.

The use of the human genome to query HIV-1 isolates
readily identifies insertions assigned low BLAST expect scores
(which are functionally equivalent to P values and indicate the

FIG. 13. Augmentation of HIV-1 multidrug resistance via human sequence transduction. Shown is a schematic overview of the mechanism by
which an HIV-1 strain gained enhanced resistance to multiple RT inhibitors during replication in a Japanese child. (A) The top line shows a
preinsertion sequence of the HIV-1 strain replicating in the boy’s parents and in the child prior to the acquisition of drug resistance; the lower line
indicates the sequence of the multidrug-resistant isolate. Blue shading indicates the region of a 30/31 match to human chromosome (chr.) 17.
(B) Proposed mechanism for the acquisition of human sequences. (i) Establishment of a provirus upstream of the transduced sequences and
generation of a readthrough RNA. (ii) Nonhomologous recombination between viral and human sequences. (iii) Further point mutagenesis during
replication in the patient to generate the sequences observed for the patient (314).
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unlikelihood of chance correlation). Consistent with predic-
tions of chance among large correlation sets (e.g., Bonferroni’s
correction) and despite their significant BLAST scores, some
of these insertions likely do not represent transduced se-
quences. Additional matches so identified may reflect the in-
advertent introduction of host sequences into databases by
investigator error. However, one prominent class of insertions
that often scores as significantly similar to host sequences is env
variable region inserts (12). These N-linked glycosylation site-
encoding regions in HIV-1 isolates have a G-C content very
different from those of other HIV-1 genome regions and re-
cede and reappear episodically rather than by gradual point
mutation (35, 170, 363) (Fig. 14A). Some are duplications of
adjacent sequences likely generated by the mechanism shown
in Fig. 11C. However, some, including SIV env extensions that
arise in experimentally infected animals and do not exist in the
virus that initiates infection, do not match flanking sequences
(242) (Fig. 14B). Instead, the sequences encoding these O-linked
glycosylation targets, like the N-linked sites in HIV-1, bear strong
resemblance to primate genomes’ microsatellite repeats (306,
366). Provocatively, one such insert—with 30/30 bases of identity
between the HIV-1 isolate (GenBank accession number
AF530576) and human chromosome 3—appears to lie at a junc-
tion between subtypes in a new circulating recombinant (326)
(Fig. 14C). This pattern is suggestive of the “insertions in dele-
tions” that are commonly observed experimentally.

The model for generating host insertions in env variable
regions is as follows. First, a provirus is established upstream of
a host region containing microsatellite repeats. Although
largely a chance event, the high density of these repeats in the
human genome makes this event less rare than insertion near
a specific locus. Following viral polyadenylation readthrough
and readthrough RNA packaging, nonhomologous switching
between env sequences and microsatellites in the RNA’s 3�
extension would patch in the host sequences. This rare event
might be stimulated by microhomology retained when a viral
ancestor deleted a previous insert.

Proposing that host sequences contribute to HIV-1 vari-
ation requires evoking a series of rare events, but other virus
systems provide a compelling precedent. Such rare events
are well-established contributors to the pathogenesis of sev-
eral animal retroviruses (211), and phenotypic switch due to
host sequence transduction is known to contribute to patho-
genesis in even more distally related viruses such as bovine
pestiviruses (24, 27, 333).

Studies of bacteria indicate that successful gene transfer
between species in nature depends on factors such as the
ecological isolation of the species and the recipient cell’s ability
to recognize and remove foreign sequences. For retroviruses,
which replicate in intimate association with their cellular hosts’
genomes, these factors are clearly far less of an impediment to
gene transfer than they are for bacteria. The activity of the
recombination machinery is also critical to horizontal transfer,
and this machinery is especially robust for retroviruses like
HIV-1. Also important to the cross-species transmission of ge-
netic material is the fitness of the transductant. Strong examples
of host sequence insertions, such as the multidrug resistance-
associated changes described above, demonstrate that host se-
quence transduction contributes to selectively advantageous
HIV-1 variation at least rarely (Fig. 13). The properties of env

variable regions suggest that host sequence transduction may con-
tribute to some common forms of HIV-1 length variation as well.

Recombination with Unlinked Sequences

The model for transduction described above suggests that
host sequences gain access to the recombination machinery via
readthrough gRNAs (307). However, other means of host se-
quence recruitment may also contribute. As mentioned above,
host mRNAs are encapsidated by HIV-1 in rough proportion
to their intracellular levels, and many nonmessenger RNAs are
also encapsidated (284). One study that revealed host se-
quence transduction during HIV-1 vector replication showed
that inserted sequences were not packaged on readthrough
gRNAs (309). However, the sequences were present in GenBank
expressed sequence tags, suggesting that they were part of a
human mRNA that was randomly copackaged (309).

RECOMBINATION AND THE NATURAL HISTORY OF HIV-1

Recombination contributes to HIV-1 genetics on several
levels: from the origins of the virus to its adaptability in indi-
vidual patients (208, 265, 268, 323). The chimpanzee virus that
gave rise to HIV-1 was likely a recombinant of other SIVs
(129). Phylogenetic analyses suggest that the rare HIV-1 group
N arose via recombination between an SIV and an early form
of group M (103). It has been suggested that molecular clock-
based estimates of the timing of primate lentivirus transmis-
sion to humans may be off due to recombination (267). Within
individual patients, recombination is an extensive and ongoing
source of viral diversity (47).

Recombination over the Course of HIV-1 Infection

The genetic breadth of quasispecies within individual pa-
tients varies over the course of infection. Although patients
differ—for example, heterosexually infected women typically
display high virus diversity in early infection—a significant genetic
bottleneck is generally observed upon transmission. This is fol-
lowed by a period of years during which viral divergence includes
adaption to host immune pressures and a fairly steady accumu-
lation of neutral changes balanced by some evolution toward the
root of the patient’s viral phylogenetic tree (223).

Within individual patients, viruses become compartmental-
ized and subpopulations adopt independent evolutionary path-
ways. Thus, the amount of genetic information available for
recombination (the effective population size) is much less than
that on the whole-infected-person scale (297). Intrapatient
variation in the nature of reservoirs has been reported. Differ-
ing selective pressures likely contribute to genetic variation
among compartments’ HIV-1 populations and may limit how
much of the genetic heterogeneity within individual patients
can serve as sources of intrapatient recombination (209, 258).

Latent Reservoirs and Recombination in HAART-Treated Patients

An important requirement for recombination is the amount
of diversity available. Recombination does not occur in non-
replicating virus and, all else being equal, is proportionate to
the amount of virus replication. Consistent with this, the more
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dramatic a drop in virus load observed upon drug treatment,
the less recombination contributed to rebounding populations
(171). Thus, undoubtedly less recombination occurs for pa-
tients whose virus replication is effectively contained than for
patients where replication proceeds unchecked.

Although highly active antiretroviral treatment (HAART)
can reduce viremia to below levels detected by standard tests,
more sensitive methods reveal very low levels of viremia, and
no one has been cured of HIV-1 infection. Thus, much current
effort is being devoted to understanding the nature of persis-

FIG. 14. Candidate host sequence insertions in lentivirus genomes. (A) HIV-1 AVT codon-rich env variable region insertions. (Based on
patient env sequence data as analyzed by in reference 170.) The x axis indicates boundaries of genetic segments within the gp120-encoding portions
of env. Blue bands indicate proportions of all codons within each genetic region that are AVT (where V is A,C, or G) codons for Asn, Thr, and
Ser; orange bands indicate proportions of all codons that are other Asn, Thr, and Ser codons. Note that the most prevalent AVT codon observed
in HIV-1 variable regions, AAT, is also the most common trinucleotide repeat in human microsatellite DNA (306). (B) Length variation that
emerged in macaques infected with an SIV molecular clone (Based on data presented in reference 242.) Shown are V1 region amino acid
sequences for the parental Mne strain (GenBank accession number M32741) and the nine variant classes reported after the development of
AIDS-like symptoms (accession numbers M79283, M79284, M79287, M79288, M79286, M79289, M79285, M79299, and M79293). Nucleotide
sequences were used in unfiltered blastN to query all macaque sequences in GenBank. As indicated by the expect values (E values are similar to
P values) presented at the right, length variation in all but one variant (variant 3) significantly increased the similarity of that SIV strain to macaque
sequences under stringent search parameters (�1/�4 match/mismatch penalties), suggesting that these inserts, which lack significant similarity to
the parental Mne genome, were host derived. (C) Host-like insertion between sequences derived from two different subtypes in a new HIV-1 CRF.
(Based on data presented in reference 326.) The figure indicates the genome positions where bootstrap analyses indicated breakpoints between
subtypes in CRF15_01B. The dotted circle and lines and aligned sequences at the bottom indicate the location of a region of 30 bases of identity
between this HIV-1 isolate (GenBank accession number AF530576) and human chromosome 3 (accession number NT_005612.15), which is
assigned an expect value of 0.001 in unfiltered blastN with default search parameters. Note that this structure is reminiscent of the host-derived
inserts that frequently splint experimentally derived nonhomologous crossovers (87).

470 ONAFUWA-NUGA AND TELESNITSKY MICROBIOL. MOL. BIOL. REV.



tent viruses and how or if these viruses can be eradicated. The
classic view of latency is cells in which HIV-1 persists as a
stable but nonexpressed provirus (123). There is also evidence
for some patients of a prolonged production of viruses from a
limited number of infected cells without the evolution that
would accompany cell-to-cell spread (20).

The relative contributions of continuous low-level virus
spread versus persistence in a largely quiescent state has been
debated for several years. The bulk of current data, which
suggest that virus of patients on HAART is archival and not
accumulating genetic changes, suggests that most residual virus
is released from stable reservoirs: cells that are reactivated or
can somehow, at least on a population level, continue to re-
lease virus years after initial infection (293). Because recom-
bination requires the completion of a round of replication and
because the drugs in treatment cocktails specifically inhibit
replication steps (e.g., reverse transcription), strict HAART
adherence should severely curtail, if not outright eliminate,
allelic reappearance via recombination. However, data from
phylogenetic studies of the resistant strains that emerge during
changing treatment regimens confirm the importance of re-
combination to rapid adaption under conditions of changing
drug selection (235).

Recombination and the Implications of Proviral Persistence

Within infected people, the half-life of most productively
infected cells is roughly 2 days (252). This rapid clearance of
cells expressing viral antigens provides selection for the main-
tenance of defective proviruses and the high proportion of
defective genomes among patients’ integrated virus population
(292). Viral genome inactivation is more frequently the result
of a single lethal event rather than the cumulative effects of
sequential sublethal events (308). Any proviral defects that
shield infected cells from immune detection should have a
survival advantage (43). Thus, it is likely that most viral relics
contain significant segments of functional genetic material.
Because two different defective retroviruses can recombine to
form infectious virus, even defective genomes can contribute to
the reemergence of dormant genetic information. Intrapatient
recombination between circulating strains and archived provi-
ruses contributes to the dynamics of drug resistance and may
contribute to the evolution of the coreceptor switch as well (47,
118, 212, 235, 271). It is likely that the extent of recombination
between variants that arise within an individual has been un-
derappreciated because of the similarity of parental strains
(117).

Similar findings have been observed for tissue culture. Some
cells used as models for latency harbor defective proviruses,
including tat mutations in the U1 cell line (90) and various
accessory gene mutations in other persistently infected cells
(169). The resurrection of infectious virus-containing alleles
from these inactive “latent” proviruses via recombination with
superinfecting viruses has been reported (168).

Defective genomes dominate the provirus population in pa-
tients where replication is controlled by immune responses or
antiviral therapy. Thus, notions that deleterious mutations will
be lost from the gene pool, which pertain for cellular organisms
and even for most viruses, do not apply strictly to HIV-1.
Strains isolated from patient RNA versus patient integrated

DNA show that the RNA represents actively replicating virus,
whereas most proviruses are at least 6 months old, many are
defective, and most are from cells not expressing viral RNA
(292). Whereas negative selection does not eliminate defective
variants, as it would for other RNA viruses, a form of “survival
of the fittest” is nonetheless at play, if this is taken to mean
“survival of the survivors.” For such patients, the bulk of the
HIV-1 DNA-level persistence landscape might best be de-
scribed as “survival by death,” where being defective is a form
of fitness (287).

This property of HIV-1 might limit the promise of strategies
to eliminate HIV-1 by lethal mutagenesis (16, 300). HIV-1
appears to replicate near the error threshold, with mutation
rates and fitness being carefully balanced, thus allowing the
virus to maximize its mutability and adaptive potential. As a
result, some have suggested that HIV-1 might be eliminated by
error catastrophe, which is a promising approach for the ther-
apeutic elimination of other RNA viruses (83, 113). However,
at least some of the experimental work in support of HIV-1
lethal mutagenesis has relied on the serial passage of cell-free
virus, thereby removing defective proviruses from the genetic
landscape (195, 317). Since one factor that makes recombina-
tion especially important to HIV-1 clinical diversity is the per-
sistence of genomes as integrated proviruses, this leaves the
prospects of HIV-1 lethal mutagenesis somewhat unresolved.

Observations related to the host restriction factor A3G,
which introduces G-to-A hypermutation into HIV-1 genomes
in the absence of Vif, shed some light on this prospect. The fact
that HIV-1 evolved a factor whose principal role appears to be
avoiding hypermutation seems to suggest strong selective pres-
sure to avoid hypermutation. Furthermore, some work com-
paring patient samples suggested that A3G mRNA levels in-
versely correlate with viremia and progression to AIDS (149).
However, others have suggested that countering Vif, and
thereby enhancing A3G action, may not have the desired ef-
fects (261). Indeed, one study demonstrated that mutations
associated with resistance to the RT inhibitor lamivudine arose
via hypermutation in the absence of drug selection when nat-
urally arising partially defective vif mutants were propagated.
The recombination-mediated transfer of these mutations into
replicating virus was observed under selective conditions, thus
demonstrating that defective hypermutated genomes can con-
tribute to virus evolution (222). A crucial caveat is that this
work was performed using cultured cells. However, molecular
epidemiology provides evidence of similar molecular patterns
in drug-resistant transmitted patient viruses (109), suggesting
that under strong selective pressures, recombination can lead
to the acquisition of advantageous gene segments even from
highly defective genomes. However, despite the above-de-
scribed considerations that suggest that defective proviruses
have the potential to allow HIV-1 to avoid the genetic melt-
down characteristic of error catastrophe, the defective endog-
enous viruses littering our genomes provide evidence that ret-
roviral extinction is possible.

CONCLUSIONS

The RT template switching that causes HIV-1 genetic re-
combination occurs at the remarkable frequency of about four
or five times on average during the synthesis of every HIV-1
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DNA. The vast combinatorial potential of HIV-1 genetic re-
combination presents one of the greatest challenges to pre-
venting HIV-1 infection and combating HIV disease because it
introduces genetic variation that complicates vaccine develop-
ment and promotes escape from antivirals. Most recombino-
genic crossovers occur without introducing errors, in regions of
extensive sequence homology between the two gRNAs which
each virion encapsidates. Some experimental work supports
the notion that template switching is a replication fidelity
mechanism that enhances the frequency of intact provirus syn-
thesis. Rare nonhomologous recombination events can yield
defective proviruses that contribute to the latent reservoir or
can generate HIV-1 genome-length variation that is associated
with viral phenotypic shift. The transmission properties of
HIV-1, which lead to relatively frequent cell coinfection,
paired with the way assembling HIV-1 particles recruit their
gRNAs lead to unusually frequent copackaging of two different
gRNAs. These properties, along with the high level of viral
replication in infected people, present the potential for a vast
network of genetic marker reassortants. Such recombinants
have contributed to the genesis of the major strains now in
global circulation, the evolution of virus strains in individual
patients, and the very high level of genetic variation that has
thus far thwarted containment of the pandemic.

ACKNOWLEDGMENT

This work was performed with support to A.T. from NIH grant
GM63479.

REFERENCES

1. Abbink, T. E., and B. Berkhout. 2003. A novel long distance base-pairing
interaction in human immunodeficiency virus type 1 RNA occludes the Gag
start codon. J. Biol. Chem. 278:11601–11611.

2. Abbondanzieri, E. A., G. Bokinsky, J. W. Rausch, J. X. Zhang, S. F. Le
Grice, and X. Zhuang. 2008. Dynamic binding orientations direct activity of
HIV reverse transcriptase. Nature 453:184–189.

3. Abecasis, A. B., P. Lemey, N. Vidal, T. de Oliveira, M. Peeters, R. Camacho,
B. Shapiro, A. Rambaut, and A. M. Vandamme. 2007. Recombination
confounds the early evolutionary history of human immunodeficiency virus
type 1: subtype G is a circulating recombinant form. J. Virol. 81:8543–8551.

4. Allen, T. M., and M. Altfeld. 2003. HIV-1 superinfection. J. Allergy Clin.
Immunol. 112:829–835.

5. Allen, T. M., M. Altfeld, S. C. Geer, E. T. Kalife, C. Moore, K. M.
O’Sullivan, I. Desouza, M. E. Feeney, R. L. Eldridge, E. L. Maier, D. E.
Kaufmann, M. P. Lahaie, L. Reyor, G. Tanzi, M. N. Johnston, C. Brander,
R. Draenert, J. K. Rockstroh, H. Jessen, E. S. Rosenberg, S. A. Mallal, and
B. D. Walker. 2005. Selective escape from CD8� T-cell responses repre-
sents a major driving force of human immunodeficiency virus type 1
(HIV-1) sequence diversity and reveals constraints on HIV-1 evolution.
J. Virol. 79:13239–13249.

6. Altfeld, M., T. M. Allen, X. G. Yu, M. N. Johnston, D. Agrawal, B. T.
Korber, D. C. Montefiori, D. H. O’Connor, B. T. Davis, P. K. Lee, E. L.
Maier, J. Harlow, P. J. Goulder, C. Brander, E. S. Rosenberg, and B. D.
Walker. 2002. HIV-1 superinfection despite broad CD8� T-cell responses
containing replication of the primary virus. Nature 420:434–439.

7. Althaus, C. L., and S. Bonhoeffer. 2005. Stochastic interplay between mu-
tation and recombination during the acquisition of drug resistance muta-
tions in human immunodeficiency virus type 1. J. Virol. 79:13572–13578.

8. An, W., and A. Telesnitsky. 2002. Effects of varying sequence similarity on
the frequency of repeat deletion during reverse transcription of a human
immunodeficiency virus type 1 vector. J. Virol. 76:7897–7902.

9. An, W., and A. Telesnitsky. 2001. Frequency of direct repeat deletion in a
human immunodeficiency virus type 1 vector during reverse transcription in
human cells. Virology 286:475–482.

10. Reference deleted.
11. An, W., and A. Telesnitsky. 2002. HIV-1 genetic recombination: experimen-

tal approaches and observations. AIDS Rev. 4:195–212.
12. An, W., and A. Telesnitsky. 2004. Human immunodeficiency virus type 1

transductive recombination can occur frequently and in proportion to poly-
adenylation signal readthrough. J. Virol. 78:3419–3428.

13. Andersen, E. S., R. E. Jeeninga, C. K. Damgaard, B. Berkhout, and J.

Kjems. 2003. Dimerization and template switching in the 5� untranslated
region between various subtypes of human immunodeficiency virus type 1.
J. Virol. 77:3020–3030.

14. Anderson, J. A., E. H. Bowman, and W.-S. Hu. 1998. Retroviral recombi-
nation rates do not increase linearly with marker distance and are limited
by the size of the recombining subpopulation. J. Virol. 72:1195–1202.

15. Anderson, J. A., R. I. Teufel, P. D. Yin, and W.-S. Hu. 1998. Correlated
template-switching events during minus-strand DNA synthesis: a mecha-
nism for high negative interference during retroviral recombination. J. Vi-
rol. 72:1186–1194.

16. Anderson, J. P., R. Daifuku, and L. A. Loeb. 2004. Viral error catastrophe
by mutagenic nucleosides. Annu. Rev. Microbiol. 58:183–205.

17. Archer, J., J. W. Pinney, J. Fan, E. Simon-Loriere, E. J. Arts, M. Negroni,
and D. L. Robertson. 2008. Identifying the important HIV-1 recombination
breakpoints. PLoS Comput. Biol. 4:e1000178.

18. Arnaud, F., M. Caporale, M. Varela, R. Biek, B. Chessa, A. Alberti, M.
Golder, M. Mura, Y. P. Zhang, L. Yu, F. Pereira, J. C. Demartini, K.
Leymaster, T. E. Spencer, and M. Palmarini. 2007. A paradigm for virus-
host coevolution: sequential counter-adaptations between endogenous and
exogenous retroviruses. PLoS Pathog. 3:e170.

19. Ashe, M. P., P. Griffin, W. James, and N. J. Proudfoot. 1995. Poly(A) site
selection in the HIV-1 provirus: inhibition of promoter-proximal polyade-
nylation by the downstream major splice donor site. Genes Dev. 9:3008–
3025.

20. Bailey, J. R., A. R. Sedaghat, T. Kieffer, T. Brennan, P. K. Lee, M. Wind-
Rotolo, C. M. Haggerty, A. R. Kamireddi, Y. Liu, J. Lee, D. Persaud, J. E.
Gallant, J. Cofrancesco, Jr., T. C. Quinn, C. O. Wilke, S. C. Ray, J. D.
Siliciano, R. E. Nettles, and R. F. Siliciano. 2006. Residual human immu-
nodeficiency virus type 1 viremia in some patients on antiretroviral therapy
is dominated by a small number of invariant clones rarely found in circu-
lating CD4� T cells. J. Virol. 80:6441–6457.

21. Baird, H. A., R. Galetto, Y. Gao, E. Simon-Loriere, M. Abreha, J. Archer,
J. Fan, D. L. Robertson, E. J. Arts, and M. Negroni. 2006. Sequence
determinants of breakpoint location during HIV-1 intersubtype recombi-
nation. Nucleic Acids Res. 34:5203–5216.

22. Baird, H. A., Y. Gao, R. Galetto, M. Lalonde, R. M. Anthony, V. Giacomoni,
M. Abreha, J. J. Destefano, M. Negroni, and E. J. Arts. 2006. Influence of
sequence identity and unique breakpoints on the frequency of intersubtype
HIV-1 recombination. Retrovirology 3:91.

23. Balakrishnan, M., B. P. Roques, P. J. Fay, and R. A. Bambara. 2003.
Template dimerization promotes an acceptor invasion-induced transfer
mechanism during human immunodeficiency virus type 1 minus-strand syn-
thesis. J. Virol. 77:4710–4721.

24. Balint, A., V. Palfi, S. Belak, and C. Baule. 2005. Viral sequence insertions
and a novel cellular insertion in the NS2 gene of cytopathic isolates of
bovine viral diarrhea virus as potential cytopathogenicity markers. Virus
Genes 30:49–58.

25. Banks, J. D., B. O. Kealoha, and M. L. Linial. 1999. An MY-containing
heterologous RNA, but not env mRNA, is efficiently packaged into avian
retroviral particles. J. Virol. 73:8926–8933.

26. Basu, V. P., M. Song, L. Gao, S. T. Rigby, M. N. Hanson, and R. A.
Bambara. 2008. Strand transfer events during HIV-1 reverse transcription.
Virus Res. 134:19–38.

27. Becher, P., M. Orlich, and H. J. Thiel. 1998. Ribosomal S27a coding
sequences upstream of ubiquitin coding sequences in the genome of a
pestivirus. J. Virol. 72:8697–8704.

28. Berkhout, B., A. Grigoriev, M. Bakker, and V. V. Lukashov. 2002. Codon
and amino acid usage in retroviral genomes is consistent with virus-specific
nucleotide pressure. AIDS Res. Hum. Retrovir. 18:133–141.

29. Berkowitz, R., J. Fisher, and S. P. Goff. 1996. RNA packaging. Curr. Top.
Microbiol. Immunol. 214:177–218.

30. Bircher, L. A., J. C. Rigano, V. G. Ponferrada, and D. P. Wooley. 2002. High
fidelity of homologous retroviral recombination in cell culture. Arch. Virol.
147:1665–1683.

31. Bishop, K. N., M. Verma, E. Y. Kim, S. M. Wolinsky, and M. H. Malim.
2008. APOBEC3G inhibits elongation of HIV-1 reverse transcripts. PLoS
Pathog. 4:e1000231.

32. Blackard, J. T., D. E. Cohen, and K. H. Mayer. 2002. Human immunode-
ficiency virus superinfection and recombination: current state of knowledge
and potential clinical consequences. Clin. Infect. Dis. 34:1108–1114.

33. Blankson, J. N., D. Persaud, and R. F. Siliciano. 2002. The challenge of
viral reservoirs in HIV-1 infection. Annu. Rev. Med. 53:557–593.

34. Bonhoeffer, S., C. Chappey, N. T. Parkin, J. M. Whitcomb, and C. J.
Petropoulos. 2004. Evidence for positive epistasis in HIV-1. Science 306:
1547–1550.

35. Bosch, M. L., A. C. Andeweg, R. Schipper, and M. Kenter. 1994. Insertion
of N-linked glycosylation sites in the variable regions of the human immu-
nodeficiency virus type 1 surface glycoprotein through AAT triplet reiter-
ation. J. Virol. 68:7566–7569.

36. Bowerman, B., P. O. Brown, J. M. Bishop, and H. E. Varmus. 1989. A
nucleoprotein complex mediates the integration of retroviral DNA. Genes
Dev. 3:469–478.

472 ONAFUWA-NUGA AND TELESNITSKY MICROBIOL. MOL. BIOL. REV.



37. Brincat, J. L., J. K. Pfeiffer, and A. Telesnitsky. 2002. RNase H activity is
required for high-frequency repeat deletion during Moloney murine leuke-
mia virus replication. J. Virol. 76:88–95.

38. Brown, P. H., L. S. Tiley, and B. R. Cullen. 1991. Efficient polyadenylation
within the human immunodeficiency virus type 1 long terminal repeat
requires flanking U3-specific sequences. J. Virol. 65:3340–3343.

39. Browning, M. T., R. D. Schmidt, K. A. Lew, and T. A. Rizvi. 2001. Primate
and feline lentivirus vector RNA packaging and propagation by heterolo-
gous lentivirus virions. J. Virol. 75:5129–5140.

40. Buiser, R. G., J. J. DeStefano, L. M. Mallaber, P. J. Fay, and R. A.
Bambara. 1991. Requirements for the catalysis of strand transfer synthesis
by retroviral DNA polymerases. J. Biol. Chem. 266:13103–13109.

41. Butsch, M., and K. Boris-Lawrie. 2002. Destiny of unspliced retroviral
RNA: ribosome and/or virion? J. Virol. 76:3089–3094.

42. Cabana, M., B. Clotet, and M. A. Martinez. 1999. Emergence and genetic
evolution of HIV-1 variants with mutations conferring resistance to multi-
ple reverse transcriptase and protease inhibitors. J. Med. Virol. 59:480–490.

43. Calugi, G., F. Montella, C. Favalli, and A. Benedetto. 2006. Entire genome
of a strain of human immunodeficiency virus type 1 with a deletion of nef
that was recovered 20 years after primary infection: large pool of proviruses
with deletions of env. J. Virol. 80:11892–11896.

44. Cameron, C. E., M. Ghosh, S. F. J. LeGrice, and S. J. Benkovic. 1997.
Mutations in HIV reverse transcriptase which alter RNase H activity and
decrease strand transfer efficiency are suppressed by HIV nucleocapsid
protein. Proc. Natl. Acad. Sci. USA 94:6700–6705.

45. Certo, J. L., B. F. Shook, P. D. Yin, J. T. Snider, and W. S. Hu. 1998.
Nonreciprocal pseudotyping: murine leukemia virus proteins cannot effi-
ciently package spleen necrosis virus-based vector RNA. J. Virol. 72:5408–
5413.

46. Champoux, J. J. 1993. Roles of ribonuclease H in reverse transcription, p.
103–117. In A. M. Skalka and S. P. Goff (ed.), Reverse transcriptase. Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY.

47. Charpentier, C., T. Nora, O. Tenaillon, F. Clavel, and A. J. Hance. 2006.
Extensive recombination among human immunodeficiency virus type 1
quasispecies makes an important contribution to viral diversity in individual
patients. J. Virol. 80:2472–2482.

48. Chelico, L., P. Pham, P. Calabrese, and M. F. Goodman. 2006.
APOBEC3G DNA deaminase acts processively 3�35� on single-stranded
DNA. Nat. Struct. Mol. Biol. 13:392–399.

49. Chen, J., Q. Dang, D. Unutmaz, V. K. Pathak, F. Maldarelli, D. Powell, and
W. S. Hu. 2005. Mechanisms of nonrandom human immunodeficiency virus
type 1 infection and double infection: preference in virus entry is important
but is not the sole factor. J. Virol. 79:4140–4149.

50. Chen, J., D. Powell, and W. S. Hu. 2006. High frequency of genetic recom-
bination is a common feature of primate lentivirus replication. J. Virol.
80:9651–9658.

51. Chen, J., T. D. Rhodes, and W. S. Hu. 2005. Comparison of the genetic
recombination rates of human immunodeficiency virus type 1 in macro-
phages and T cells. J. Virol. 79:9337–9340.

52. Chen, P., W. Hubner, M. A. Spinelli, and B. K. Chen. 2007. Predominant
mode of human immunodeficiency virus transfer between T cells is medi-
ated by sustained Env-dependent neutralization-resistant virological syn-
apses. J. Virol. 81:12582–12595.

53. Chen, Y., M. Balakrishnan, B. P. Roques, and R. A. Bambara. 2003. Steps
of the acceptor invasion mechanism for HIV-1 minus strand strong stop
transfer. J. Biol. Chem. 278:38368–38375.

54. Chin, M. P., J. Chen, O. A. Nikolaitchik, and W. S. Hu. 2007. Molecular
determinants of HIV-1 intersubtype recombination potential. Virology 363:
437–446.

55. Chin, M. P., T. D. Rhodes, J. Chen, W. Fu, and W. S. Hu. 2005. Identifi-
cation of a major restriction in HIV-1 intersubtype recombination. Proc.
Natl. Acad. Sci. USA 102:9002–9007.

56. Chiu, Y. L., and W. C. Greene. 2006. Multifaceted antiviral actions of
APOBEC3 cytidine deaminases. Trends Immunol. 27:291–297.

57. Chohan, B., D. Lang, M. Sagar, B. Korber, L. Lavreys, B. Richardson, and
J. Overbaugh. 2005. Selection for human immunodeficiency virus type 1
envelope glycosylation variants with shorter V1-V2 loop sequences occurs
during transmission of certain genetic subtypes and may impact viral RNA
levels. J. Virol. 79:6528–6531.

58. Chohan, B., L. Lavreys, S. M. Rainwater, and J. Overbaugh. 2005. Evidence
for frequent reinfection with human immunodeficiency virus type 1 of a
different subtype. J. Virol. 79:10701–10708.

59. Churchill, M. J., D. I. Rhodes, J. C. Learmont, J. S. Sullivan, S. L. Wes-
selingh, I. R. C. Cooke, N. J. Deacon, and P. R. Gorry. 2006. Longitudinal
analysis of human immunodeficiency virus type 1 nef/long terminal repeat
sequences in a cohort of long-term survivors infected from a single source.
J. Virol. 80:1047–1052.

60. Clavel, F., M. D. Hoggan, R. L. Willey, K. Strebel, M. A. Martin, and R.
Repaske. 1989. Genetic recombination of human immunodeficiency virus.
J. Virol. 63:1455–1459.

61. Clever, J. L., and T. G. Parslow. 1997. Mutant human immunodeficiency

virus type 1 genomes with defects in RNA dimerization or encapsidation.
J. Virol. 71:3407–3414.

62. Clever, J. L., R. A. Taplitz, M. A. Lochrie, B. Polisky, and T. G. Parslow.
2000. A heterologous, high-affinity RNA ligand for human immunodefi-
ciency virus Gag protein has RNA packaging activity. J. Virol. 74:541–546.

63. Clever, J. L., M. L. Wong, and T. G. Parslow. 1996. Requirements for
kissing-loop-mediated dimerization of human immunodeficiency virus
RNA. J. Virol. 70:5902–5908.

64. Coffin, J. 1996. Retroviridae: the viruses and their replication. In B. N.
Fields, D. M. Knipe, P. M. Howley, et al. (ed.), Fundamental virology, 3rd
ed. Lippincott, Philadelphia, PA.

65. Coffin, J. 1982. Structure of retroviral genomes, p. 261–368. In R. Weiss, N.
Teich, H. Varmus, and J. Coffin (ed.), RNA tumor viruses. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY.

66. Coffin, J. M. 1986. Genetic variation in AIDS viruses. Cell 46:1–4.
67. Coffin, J. M. 1995. HIV population dynamics in vivo: implications for

genetic variation, pathogenesis and therapy. Science 267:483–489.
68. Coffin, J. M. 1979. Structure, replication, and recombination of retrovirus

genomes: some unifying hypotheses. J. Gen. Virol. 42:1–26.
69. Creighton, S., M.-M. Huang, H. Cai, N. Arnheim, and M. F. Goodman.

1992. Base mispair extension kinetics—binding of avian myeloblastosis re-
verse transcriptase to matched and mismatched base pair termini. J. Biol.
Chem. 267:2633–2639.

70. Cullen, B. R. 2003. Nuclear mRNA export: insights from virology. Trends
Biochem. Sci. 28:419–424.

71. Curlin, M. E., G. S. Gottlieb, S. E. Hawes, P. S. Sow, I. Ndoye, C. W.
Critchlow, N. B. Kiviat, and J. I. Mullins. 2004. No evidence for recombi-
nation between HIV type 1 and HIV type 2 within the envelope region in
dually seropositive individuals from Senegal. AIDS Res. Hum. Retrovir.
20:958–963.

72. Dang, Q., J. Chen, D. Unutmaz, J. M. Coffin, V. K. Pathak, D. Powell, V. N.
KewalRamani, F. Maldarelli, and W. S. Hu. 2004. Nonrandom HIV-1
infection and double infection via direct and cell-mediated pathways. Proc.
Natl. Acad. Sci. USA 101:632–637.

73. Dang, Q., and W. S. Hu. 2001. Effects of homology length in the repeat
region on minus-strand DNA transfer and retroviral replication. J. Virol.
75:809–820.

74. Davis, W. R., S. Gabbara, D. Hupe, and J. A. Peliska. 1998. Actinomycin D
inhibition of DNA strand transfer reactions catalyzed by HIV-1 reverse
transcriptase and nucleocapsid protein. Biochemistry 37:14213–14221.

75. Davis, W. R., J. Tomsho, S. Nikam, E. M. Cook, D. Somand, and J. A.
Peliska. 2000. Inhibition of HIV-1 reverse transcriptase-catalyzed DNA
strand transfer reactions by 4-chlorophenylhydrazone of mesoxalic acid.
Biochemistry 39:14279–14291.

76. Delviks, K. A., and V. K. Pathak. 1999. Effect of distance between homol-
ogous sequences and 3� homology on the frequency of retroviral reverse
transcriptase template switching. J. Virol. 73:7923–7932.

77. Derebail, S. S., and J. J. DeStefano. 2004. Mechanistic analysis of pause
site-dependent and -independent recombinogenic strand transfer from
structurally diverse regions of the HIV genome. J. Biol. Chem. 279:47446–
47454.

78. DeStefano, J. J., R. G. Buiser, L. M. Mallaber, T. W. Myers, R. A. Bambara,
and P. J. Fay. 1991. Polymerization and RNase H activities of the reverse
transcriptases from avian myeloblastosis, human immunodeficiency, and
Moloney murine leukemia viruses are functionally uncoupled. J. Biol.
Chem. 266:7423–7431.

79. DeStefano, J. J. 1994. Kinetic analysis of the catalysis of strand transfer
from internal regions of heteropolymeric RNA templates by human immu-
nodeficiency virus reverse transcriptase. J. Mol. Biol. 243:558–567.

80. DeStefano, J. J., A. Raja, and J. V. Cristofaro. 2000. In vitro strand transfer
from broken RNAs results in mismatch but not frameshift mutations. Vi-
rology 276:7–15.

81. DeZazzo, J. D., J. M. Scott, and M. J. Imperiale. 1992. Relative roles of
signals upstream of AAUAAA and promoter proximity in regulation of
human immunodeficiency virus type 1 mRNA 3� end formation. Mol. Cell.
Biol. 12:5555–5562.

82. Diamond, T. L., M. Roshal, V. K. Jamburuthugoda, H. M. Reynolds, A. R.
Merriam, K. Y. Lee, M. Balakrishnan, R. A. Bambara, V. Planelles, S.
Dewhurst, and B. Kim. 2004. Macrophage tropism of HIV-1 depends on
efficient cellular dNTP utilization by reverse transcriptase. J. Biol. Chem.
279:51545–51553.

83. Domingo, E., V. Martin, C. Perales, A. Grande-Perez, J. Garcia-Arriaza,
and A. Arias. 2006. Viruses as quasispecies: biological implications. Curr.
Top. Microbiol. Immunol. 299:51–82.

84. Doria-Rose, N. A., and V. M. Vogt. 1998. In vivo selection of Rous sarcoma
virus mutants with randomized sequences in the packaging signal. J. Virol.
72:8073–8082.

85. D’Souza, V., and M. F. Summers. 2005. How retroviruses select their
genomes. Nat. Rev. Microbiol. 3:643–655.

86. Duch, M., M. L. Carrasco, T. Jespersen, L. Aagaard, and F. S. Pedersen.
2004. An RNA secondary structure bias for non-homologous reverse tran-
scriptase-mediated deletions in vivo. Nucleic Acids Res. 32:2039–2048.

VOL. 73, 2009 HIV-1 GENETIC RECOMBINATION 473



87. Duggal, N. K., L. Goo, S. R. King, and A. Telesnitsky. 2007. Effects of
identity minimization on Moloney murine leukemia virus template recog-
nition and frequent tertiary template-directed insertions during nonho-
mologous recombination. J. Virol. 81:12156–12168.

88. Dvorin, J. D., P. Bell, G. G. Maul, M. Yamashita, M. Emerman, and M. H.
Malim. 2002. Reassessment of the roles of integrase and the central DNA
flap in human immunodeficiency virus type 1 nuclear import. J. Virol.
76:12087–12096.

89. Dykes, C., M. Balakrishnan, V. Planelles, Y. Zhu, R. A. Bambara, and L. M.
Demeter. 2004. Identification of a preferred region for recombination and
mutation in HIV-1 gag. Virology 326:262–279.

90. Emiliani, S., C. Van Lint, W. Fischle, P. Paras, Jr., M. Ott, J. Brady, and
E. Verdin. 1996. A point mutation in the HIV-1 Tat responsive element is
associated with postintegration latency. Proc. Natl. Acad. Sci. USA 93:
6377–6381.

91. Fackler, O. T., A. Alcover, and O. Schwartz. 2007. Modulation of the
immunological synapse: a key to HIV-1 pathogenesis? Nat. Rev. Immunol.
7:310–317.

92. Fan, J., M. Negroni, and D. L. Robertson. 2007. The distribution of HIV-1
recombination breakpoints. Infect. Genet. Evol. 7:717–723.

93. Fang, G., B. Weiser, C. Kuiken, S. M. Philpott, S. Rowland-Jones, F.
Plummer, J. Kimani, B. Shi, R. Kaul, J. Bwayo, O. Anzala, and H. Burger.
2004. Recombination following superinfection by HIV-1. AIDS 18:153–159.

94. Fassati, A., and S. P. Goff. 2001. Characterization of intracellular reverse
transcription complexes of human immunodeficiency virus type 1. J. Virol.
75:3626–3635.

95. Flynn, J. A. 2005. Retroviral genomic RNA dimer partner selection. Uni-
versity of Michigan, Ann Arbor.

96. Flynn, J. A., W. An, S. R. King, and A. Telesnitsky. 2004. Nonrandom
dimerization of murine leukemia virus genomic RNAs. J. Virol. 78:12129–
12139.

97. Flynn, J. A., and A. Telesnitsky. 2006. Two distinct Moloney murine leu-
kemia virus RNAs produced from a single locus dimerize at random.
Virology 344:391–400.

98. Fu, T.-B., and J. Taylor. 1992. When retroviral reverse transcriptases reach
the end of their RNA templates. J. Virol. 66:4271–4278.

99. Fuentes, G. M., C. Palaniappan, P. J. Fay, and R. A. Bambara. 1996. Strand
displacement synthesis in the central polypurine tract region of HIV-1
promotes DNA to DNA strand transfer recombination. J. Biol. Chem.
271:29605–29611.

100. Fultz, P., L. You, Q. Wei, and M. Girard. 1997. Human immunodeficiency
virus type 1 intersubtype (B/E) recombination in a superinfected chimpan-
zee. J. Virol. 71:7990–7995.

101. Furfine, E. S., and J. E. Reardon. 1991. Reverse transcriptase RNase H
from the human immunodeficiency virus. Relationship of the DNA poly-
merase and RNA hydrolysis activities. J. Biol. Chem. 266:406–412.

102. Galetto, R., V. Giacomoni, M. Veron, and M. Negroni. 2006. Dissection of
a circumscribed recombination hot spot in HIV-1 after a single infectious
cycle. J. Biol. Chem. 281:2711–2720.

103. Gao, F., E. Bailes, D. L. Robertson, Y. Chen, C. M. Rodenburg, S. F.
Michael, L. B. Cummins, L. O. Arthur, M. Peeters, G. M. Shaw, P. M.
Sharp, and B. H. Hahn. 1999. Origin of HIV-1 in the chimpanzee Pan
troglodytes troglodytes. Nature 397:436–441.

104. Gao, L., M. Balakrishnan, B. P. Roques, and R. A. Bambara. 2007. Insights
into the multiple roles of pausing in HIV-1 reverse transcriptase-promoted
strand transfers. J. Biol. Chem. 282:6222–6231.

105. Gao, L., M. N. Hanson, M. Balakrishnan, P. L. Boyer, B. P. Roques, S. H.
Hughes, B. Kim, and R. A. Bambara. 2008. Apparent defects in processive
DNA synthesis, strand transfer, and primer elongation of Met-184 mutants
of HIV-1 reverse transcriptase derive solely from a dNTP utilization defect.
J. Biol. Chem. 283:9196–9205.

106. Garcés, J., and R. Wittek. 1991. Reverse-transcriptase-associated RNaseH
activity mediates template switching during reverse transcription in vitro.
Proc. R. Soc. Lond. B 243:235–239.

107. Garcia-Lerma, J. G., and W. Heneine. 2001. Resistance of human immu-
nodeficiency virus type 1 to reverse transcriptase and protease inhibitors:
genotypic and phenotypic testing. J. Clin. Virol. 21:197–212.

108. Gelderblom, H. C., D. N. Vatakis, S. A. Burke, S. D. Lawrie, G. C. Bristol,
and D. N. Levy. 2008. Viral complementation allows HIV-1 replication
without integration. Retrovirology 5:60.

109. Gifford, R. J., S. Y. Rhee, N. Eriksson, T. F. Liu, M. Kiuchi, A. K. Das, and
R. W. Shafer. 2008. Sequence editing by apolipoprotein B RNA-editing
catalytic component-B and epidemiological surveillance of transmitted
HIV-1 drug resistance. AIDS 22:717–725.

110. Gilboa, E., S. W. Mitra, S. Goff, and D. Baltimore. 1979. A detailed model
of reverse transcription and tests of crucial aspects. Cell 18:93–100.

111. Goff, S. P. 2007. Host factors exploited by retroviruses. Nat. Rev. Microbiol.
5:253–263.

112. Gopalakrishnan, V., J. A. Peliska, and S. J. Benkovic. 1992. Human im-
munodeficiency virus type 1 reverse transcriptase: spatial and temporal
relationship between the polymerase and RNase H activities. Proc. Natl.
Acad. Sci. USA 89:10763–10767.

113. Graci, J. D., and C. E. Cameron. 2002. Quasispecies, error catastrophe, and
the antiviral activity of ribavirin. Virology 298:175–180.

114. Gratton, S., R. Cheynier, M. J. Dumaurier, E. Oksenhendler, and S. Wain-
Hobson. 2000. Highly restricted spread of HIV-1 and multiply infected cells
within splenic germinal centers. Proc. Natl. Acad. Sci. USA 97:14566–
14571.

115. Greatorex, J., and A. Lever. 1998. Retroviral RNA dimer linkage. J. Gen.
Virol. 79:2877–2882.

116. Griffin, S. D., J. F. Allen, and A. M. Lever. 2001. The major human immu-
nodeficiency virus type 2 (HIV-2) packaging signal is present on all HIV-2
RNA species: cotranslational RNA encapsidation and limitation of Gag
protein confer specificity. J. Virol. 75:12058–12069.

117. Groenink, M., A. C. Andeweg, R. A. Fouchier, S. Broersen, R. C. van der
Jagt, H. Schuitemaker, R. E. de Goede, M. L. Bosch, H. G. Huisman, and
M. Tersmette. 1992. Phenotype-associated env gene variation among eight
related human immunodeficiency virus type 1 clones: evidence for in vivo
recombination and determinants of cytotropism outside the V3 domain.
J. Virol. 66:6175–6180.

118. Gunthard, H. F., A. J. Leigh-Brown, R. T. D’Aquila, V. A. Johnson, D. R.
Kuritzkes, D. D. Richman, and J. K. Wong. 1999. Higher selection pressure
from antiretroviral drugs in vivo results in increased evolutionary distance
in HIV-1. J. Virol. 259:154–165.

119. Guo, J., L. E. Henderson, J. Bess, B. Kane, and J. G. Levin. 1997. Human
immunodeficiency virus type 1 nucleocapsid protein promotes efficient
strand transfer and specific viral DNA synthesis by inhibiting TAR-depen-
dent self-priming from minus-strand strong-stop DNA. J. Virol. 71:5178–
5188.

120. Hajjar, A. M., and M. L. Linial. 1993. A model system for nonhomologous
recombination between retroviral and cellular RNA. J. Virol. 67:3845–
3853.

121. Hajjar, A. M., and M. L. Linial. 1993. Characterization of a unique retro-
viral recombinant containing 7S L sequences. J. Virol. 67:7677–7679.

122. Han, K., J. Lee, T. J. Meyer, P. Remedios, L. Goodwin, and M. A. Batzer.
2008. L1 recombination-associated deletions generate human genomic vari-
ation. Proc. Natl. Acad. Sci. USA 105:19366–19371.

123. Han, Y., M. Wind-Rotolo, H. C. Yang, J. D. Siliciano, and R. F. Siliciano.
2007. Experimental approaches to the study of HIV-1 latency. Nat. Rev.
Microbiol. 5:95–106.

124. Hanson, M. N., M. Balakrishnan, B. P. Roques, and R. A. Bambara. 2005.
Effects of donor and acceptor RNA structures on the mechanism of strand
transfer by HIV-1 reverse transcriptase. J. Mol. Biol. 353:772–787.

125. Hanson, M. N., M. Balakrishnan, B. P. Roques, and R. A. Bambara. 2006.
Evidence that creation of invasion sites determines the rate of strand
transfer mediated by HIV-1 reverse transcriptase. J. Mol. Biol. 363:878–
890.

126. Harrison, G. P., M. S. Mayo, E. Hunter, and A. M. L. Lever. 1998. Pausing
of reverse transcriptase on retroviral RNA templates is influenced by sec-
ondary structures both 5� and 3� of the catalytic site. Nucleic Acids Res.
26:3433–3442.

127. Heard, J. M., and O. Danos. 1991. An amino-terminal fragment of the
Friend murine leukemia virus envelope glycoprotein binds the ecotropic
receptor. J. Virol. 65:4026–4032.

128. Heath, M. J., and J. J. Destefano. 2005. A complementary single-stranded
docking site is required for enhancement of strand exchange by human
immunodeficiency virus nucleocapsid protein on substrates that model viral
recombination. Biochemistry 44:3915–3925.

129. Heeney, J. L., A. G. Dalgleish, and R. A. Weiss. 2006. Origins of HIV and
the evolution of resistance to AIDS. Science 313:462–466.

130. Helga-Maria, C., M.-L. Hammarskjold, and D. Rekosh. 1999. An intact
TAR element and cytoplasmic localization are necessary for efficient pack-
aging of human immunodeficiency virus type 1 genomic RNA. J. Virol.
73:4127–4135.

131. Hibbert, C. S., J. Mirro, and A. Rein. 2004. mRNA molecules containing
murine leukemia virus packaging signals are encapsidated as dimers. J. Vi-
rol. 78:10927–10938.

132. Hizi, A., R. Tal, M. Shaharabany, and S. Loya. 1991. Catalytic properties of
the reverse transcriptases of human immunodeficiency viruses type 1 and
type 2. J. Biol. Chem. 266:6230–6239.

133. Hu, W.-S., E. H. Bowman, K. A. Delviks, and V. K. Pathak. 1997. Homol-
ogous recombination occurs in a distinct retroviral subpopulation and ex-
hibits high negative interference. J. Virol. 71:6028–6036.

134. Hu, W.-S., and H. M. Temin. 1992. Effect of gamma radiation on retroviral
recombination. J. Virol. 66:4457–4463.

135. Hu, W.-S., and H. M. Temin. 1990. Genetic consequences of packaging two
RNA genomes in one retroviral particle: pseudodiploidy and high rate of
genetic recombination. Proc. Natl. Acad. Sci. USA 87:1556–1560.

136. Hu, W.-S., and H. M. Temin. 1990. Retroviral recombination and reverse
transcription. Science 250:1227–1233.

137. Huang, H., R. Chopra, G. L. Verdine, and S. C. Harrison. 1998. Structure
of a covalently trapped catalytic complex of HIV-1 reverse transcriptase:
implications for drug resistance. Science 282:1669–1675.

138. Huang, H., S. C. Harrison, and G. L. Verdine. 2000. Trapping of a catalytic

474 ONAFUWA-NUGA AND TELESNITSKY MICROBIOL. MOL. BIOL. REV.



HIV reverse transcriptase*template:primer complex through a disulfide
bond. Chem. Biol. 7:355–364.

139. Huang, M., Z. Hanna, and P. Jolicoeur. 1995. Mutational analysis of the
murine AIDS-defective viral genome reveals a high reversion rate in vivo
and a requirement for an intact Pr60gag protein for efficient induction of
disease. J. Virol. 69:60–68.

140. Hughes, J. F., and J. M. Coffin. 2005. Human endogenous retroviral ele-
ments as indicators of ectopic recombination events in the primate genome.
Genetics 171:1183–1194.

141. Huigen, M. C., L. de Graaf, D. Eggink, R. Schuurman, V. Muller, A. Stamp,
D. K. Stammers, C. A. Boucher, and M. Nijhuis. 2007. Evolution of a novel
5-amino-acid insertion in the beta3-beta4 loop of HIV-1 reverse transcrip-
tase. Virology 364:395–406.

142. Hwang, C. K., E. S. Svarovskaia, and V. K. Pathak. 2001. Dynamic copy
choice: steady state between murine leukemia virus polymerase and poly-
merase-dependent RNase H activity determines frequency of in vivo tem-
plate switching. Proc. Natl. Acad. Sci. USA 98:12209–12214.

143. Iwabu, Y., H. Mizuta, M. Kawase, M. Kameoka, T. Goto, and K. Ikuta.
2008. Superinfection of defective human immunodeficiency virus type 1
with different subtypes of wild-type virus efficiently produces infectious
variants with the initial viral phenotypes by complementation followed by
recombination. Microbes Infect. 10:504–513.

144. Iwatani, Y., D. S. Chan, F. Wang, K. S. Maynard, W. Sugiura, A. M.
Gronenborn, I. Rouzina, M. C. Williams, K. Musier-Forsyth, and J. G.
Levin. 2007. Deaminase-independent inhibition of HIV-1 reverse transcrip-
tion by APOBEC3G. Nucleic Acids Res. 35:7096–7108.

145. Jacobo-Molina, A., J. Ding, R. G. Nanni, A. D. Clark, X. Lu, C. Tantillo,
R. L. Williams, G. Kamer, A. L. Ferris, P. Clark, A. Hizi, S. H. Hughes, and
E. Arnold. 1993. Crystal structure of human immunodeficiency virus type 1
reverse transcriptase complexed with double-stranded DNA at 3.0 A reso-
lution shows bent DNA. Proc. Natl. Acad. Sci. USA 90:6320–6324.

146. Jamburuthugoda, V. K., D. Guo, J. E. Wedekind, and B. Kim. 2005. Kinetic
evidence for interaction of human immunodeficiency virus type 1 reverse
transcriptase with the 3�-OH of the incoming dTTP substrate. Biochemistry
44:10635–10643.

147. Jamburuthugoda, V. K., J. M. Santos-Velazquez, M. Skasko, D. J. Oper-
ario, V. Purohit, P. Chugh, E. A. Szymanski, J. E. Wedekind, R. A. Bam-
bara, and B. Kim. 2008. Reduced dNTP binding affinity of 3TC-resistant
M184I HIV-1 reverse transcriptase variants responsible for viral infection
failure in macrophage. J. Biol. Chem. 283:9206–9216.

148. Jetzt, A. E., H. Yu, G. J. Klarmann, Y. Ron, B. D. Preston, and J. P.
Dougherty. 2000. High rate of recombination throughout the human im-
munodeficiency virus type 1 genome. J. Virol. 74:1234–1240.

149. Jin, X., A. Brooks, H. Chen, R. Bennett, R. Reichman, and H. Smith. 2005.
APOBEC3G/CEM15 (hA3G) mRNA levels associate inversely with human
immunodeficiency virus viremia. J. Virol. 79:11513–11516.

150. Jolly, C., K. Kashefi, M. Hollinshead, and Q. J. Sattentau. 2004. HIV-1 cell
to cell transfer across an Env-induced, actin-dependent synapse. J. Exp.
Med. 199:283–293.

151. Jones, J. S., R. W. Allan, and H. M. Temin. 1993. Alteration of location of
dimer linkage sequence in retroviral RNA: little effect on replication or
homologous recombination. J. Virol. 67:3151–3158.

152. Jones, J. S., R. W. Allan, and H. M. Temin. 1994. One retroviral RNA is
sufficient for synthesis of viral DNA. J. Virol. 68:207–216.

153. Jones, K. L., S. Sonza, and J. Mak. 2008. Primary T-lymphocytes rescue the
replication of HIV-1 DIS RNA mutants in part by facilitating reverse
transcription. Nucleic Acids Res. 36:1578–1588.

154. Julias, J. G., A. L. Ferris, P. L. Boyer, and S. H. Hughes. 2001. Replication
of phenotypically mixed human immunodeficiency virus type 1 virions con-
taining catalytically active and catalytically inactive reverse transcriptase.
J. Virol. 75:6537–6546.

155. Julias, J. G., D. Hash, and V. K. Pathak. 1995. E-vectors: development of
novel self-inactivating and self-activating retroviral vectors for safer gene
therapy. J. Virol. 69:6839–6846.

156. Jung, A., R. Maier, J.-P. Vartanian, R. Bocharov, V. Jung, U. Fischer, E.
Meese, S. Wain-Hobson, and A. Meyerhans. 2002. Multiply infected spleen
cells in HIV patients. Nature 48:144.

157. Junghans, R. P., L. R. Boone, and A. M. Skalka. 1982. Products of reverse
transcription in avian retrovirus analyzed by electron microscopy. J. Virol.
43:544–554.

158. Junghans, R. P., L. R. Boone, and A. M. Skalka. 1982. Retroviral DNA
H structures: displacement-assimilation model of recombination. Cell
30:53–62.

159. Kati, W. M., K. A. Johnson, L. F. Jerva, and K. S. Anderson. 1992. Mech-
anism and fidelity of HIV reverse transcriptase. J. Biol. Chem. 267:25988–
25997.

160. Katz, R. A., and A. M. Skalka. 1990. Generation of diversity in retroviruses.
Annu. Rev. Genet. 24:409–445.

161. Kaye, J. F., and A. M. L. Lever. 1998. Nonreciprocal packaging of human
immunodeficiency virus type 1 and type 2 RNA: a possible role for the p2
domain of Gag in RNA encapsidation. J. Virol. 72:5877–5884.

162. Keele, B. F., E. E. Giorgi, J. F. Salazar-Gonzalez, J. M. Decker, K. T. Pham,

M. G. Salazar, C. Sun, T. Grayson, S. Wang, H. Li, X. Wei, C. Jiang, J. L.
Kirchherr, F. Gao, J. A. Anderson, L. H. Ping, R. Swanstrom, G. D.
Tomaras, W. A. Blattner, P. A. Goepfert, J. M. Kilby, M. S. Saag, E. L.
Delwart, M. P. Busch, M. S. Cohen, D. C. Montefiori, B. F. Haynes, B.
Gaschen, G. S. Athreya, H. Y. Lee, N. Wood, C. Seoighe, A. S. Perelson, T.
Bhattacharya, B. T. Korber, B. H. Hahn, and G. M. Shaw. 2008. Identifi-
cation and characterization of transmitted and early founder virus enve-
lopes in primary HIV-1 infection. Proc. Natl. Acad. Sci. USA 105:7552–
7557.

163. Kellam, P., and B. A. Larder. 1995. Retroviral recombination can lead to
linkage of reverse transcriptase mutations that confer increased zidovudine
resistance. J. Virol. 69:669–674.

164. Kelleher, A. D., C. Long, E. C. Holmes, R. L. Allen, J. Wilson, C. Conlon,
C. Workman, S. Shaunak, K. Olson, P. Goulder, C. Brander, G. Ogg, J. S.
Sullivan, W. Dyer, I. Jones, A. J. McMichael, S. Rowland-Jones, and R. E.
Phillips. 2001. Clustered mutations in HIV-1 gag are consistently required
for escape from HLA-B27-restricted cytotoxic T lymphocyte responses. J.
Exp. Med. 193:375–386.

165. Kharytonchyk, S. A., A. I. Kireyeva, A. B. Osipovich, and I. K. Fomin. 2005.
Evidence for preferential copackaging of Moloney murine leukemia virus
genomic RNAs transcribed in the same chromosomal site. Retrovirology
2:3.

166. King, S. R., N. K. Duggal, C. B. Ndongmo, C. Pacut, and A. Telesnitsky.
2008. Pseudodiploid genome organization aids full-length human immuno-
deficiency virus type 1 DNA synthesis. J. Virol. 82:2376–2384.

167. Kirchhoff, F., H. W. Kestler III, and R. C. Desrosiers. 1994. Upstream U3
sequences in simian immunodeficiency virus are selectively deleted in vivo
in the absence of an intact nef gene. J. Virol. 68:2031–2037.

168. Kishi, M., K. Tokunaga, Y. H. Zheng, M. K. Bahmani, M. Kakinuma, M.
Nonoyama, P. K. Lai, and K. Ikuta. 1995. Superinfection of a defective
human immunodeficiency virus type 1 provirus-carrying T cell clone with vif
or vpu mutants gives cytopathic virus particles by homologous recombina-
tion. AIDS Res. Hum. Retrovir. 11:45–53.

169. Kishi, M., Y. H. Zheng, M. K. Bahmani, K. Tokunaga, H. Takahashi, M.
Kakinuma, P. K. Lai, M. Nonoyama, R. B. Luftig, and K. Ikuta. 1995.
Naturally occurring accessory gene mutations lead to persistent human
immunodeficiency virus type 1 infection of CD4-positive T cells. J. Virol.
69:7507–7518.

170. Kitrinos, K. M., N. G. Hoffman, J. A. E. Nelson, and R. Swanstrom. 2003.
Turnover of env variable region 1 and 2 genotypes in subjects with late-stage
human immunodeficiency virus type 1 infection. J. Virol. 77:6811–6822.

171. Kitrinos, K. M., J. A. E. Nelson, W. Resch, and R. Swanstrom. 2005. Effect
of a protease inhibitor-induced genetic bottleneck on human immunodefi-
ciency virus type 1 env gene populations. J. Virol. 79:10627–10637.

172. Klarmann, G. J., H. Yu, X. Chen, J. P. Dougherty, and B. D. Preston. 1997.
Discontinuous plus-strand DNA synthesis in human immunodeficiency vi-
rus type 1-infected cells and in a partially reconstituted cell-free system.
J. Virol. 71:9259–9269.

173. Kol, N., M. Gladnikoff, D. Barlam, R. Z. Shneck, A. Rein, and I. Rousso.
2006. Mechanical properties of murine leukemia virus particles: effect of
maturation. Biophys. J. 91:767–774.

174. Konstantinova, P., P. de Haan, A. T. Das, and B. Berkhout. 2006. Hairpin-
induced tRNA-mediated (HITME) recombination in HIV-1. Nucleic Acids
Res. 34:2206–2218.

175. Kozaczynska, K., M. Cornelissen, P. Reiss, F. Zorgdrager, and A. C. van
der Kuyl. 2007. HIV-1 sequence evolution in vivo after superinfection with
three viral strains. Retrovirology 4:59.

176. Kulpa, D., R. Topping, and A. Telesnitsky. 1997. Determination of the site
of first strand transfer during Moloney murine leukemia virus reverse tran-
scription and identification of strand transfer-associated reverse transcrip-
tase errors. EMBO J. 16:856–865.

177. Kumar, M., B. Keller, N. Makalou, and R. E. Sutton. 2001. Systematic
determination of the packaging limit of lentiviral vectors. Hum. Gene Ther.
12:1893–1905.

178. Kuwata, T., Y. Miyazaki, T. Igarashi, J. Takehisa, and M. Hayami. 1997.
The rapid spread of recombinants during a natural in vitro infection with
two human immunodeficiency virus type 1 strains. J. Virol. 71:7088–7091.

179. Laham-Karam, N., and E. Bacharach. 2007. Transduction of human im-
munodeficiency virus type 1 vectors lacking encapsidation and dimerization
signals. J. Virol. 81:10687–10698.

180. Laird, M. E., T. Igarashi, M. A. Martin, and R. C. Desrosiers. 2008.
Importance of the V1/V2 loop region of simian-human immunodeficiency
virus envelope glycoprotein gp120 in determining the strain specificity of
the neutralizing antibody response. J. Virol. 82:11054–11065.

181. Lama, J. 2003. The physiological relevance of CD4 receptor down-modu-
lation during HIV infection. Curr. HIV Res. 1:167–184.

182. Lanciault, C., and J. J. Champoux. 2006. Pausing during reverse transcrip-
tion increases the rate of retroviral recombination. J. Virol. 80:2483–2494.

183. Lapadat-Tapolsky, M., C. Gabus, M. Rau, and J.-L. Darlix. 1997. Possible
roles of HIV-1 nucleocapsid protein in the specificity of proviral DNA
synthesis and in its variability. J. Mol. Biol. 268:250–260.

VOL. 73, 2009 HIV-1 GENETIC RECOMBINATION 475



184. Lefeuvre, P., J. M. Lett., B. Reynaud, and D. P. Martin. 2007. Avoidance of
protein fold disruption in natural virus recombinants. PLoS Pathog. 3:e181.

185. Leitner, T., and J. Albert. 1999. The molecular clock of HIV-1 unveiled
through analysis of a known transmission history. Proc. Natl. Acad. Sci.
USA 96:10752–10757.

186. Lever, A. M. 2007. HIV-1 RNA packaging. Adv. Pharmacol. 55:1–32.
187. Levin, J. G., P. M. Grimley, J. M. Ramseur, and I. K. Berezesky. 1974.

Deficiency of 60 to 70S RNA in murine leukemia virus particles assembled
in cells treated with actinomycin D. J. Virol. 14:152–161.

188. Levin, J. G., J. Guo, I. Rouzina, and K. Musier-Forsyth. 2005. Nucleic acid
chaperone activity of HIV-1 nucleocapsid protein: critical role in reverse
transcription and molecular mechanism. Prog. Nucleic Acid Res. Mol. Biol.
80:217–286.

189. Levy, D. N., G. M. Aldrovandi, O. Kutsch, and G. M. Shaw. 2004. Dynamics
of HIV-1 recombination in its natural target cells. Proc. Natl. Acad. Sci.
USA 101:4204–4209.

190. Li, T., and J. Zhang. 2001. Retroviral recombination is temperature de-
pendent. J. Gen. Virol. 82:1359–1364.

191. Li, Y., and S. Carpenter. 2001. cis-acting sequences may contribute to size
variation in the surface glycoprotein of bovine immunodeficiency virus.
J. Gen. Virol. 82:2989–2998.

192. Liu, S., E. A. Abbondanzieri, J. W. Rausch, S. F. Le Grice, and X. Zhuang.
2008. Slide into action: dynamic shuttling of HIV reverse transcriptase on
nucleic acid substrates. Science 322:1092–1097.

193. Liu, Y., M. E. Curlin, K. Diem, H. Zhao, A. K. Ghosh, H. Zhu, A. S.
Woodward, J. Maenza, C. E. Stevens, J. Stekler, A. C. Collier, I. Genowati,
W. Deng, R. Zioni, L. Corey, T. Zhu, and J. I. Mullins. 2008. Env length and
N-linked glycosylation following transmission of human immunodeficiency
virus type 1 subtype B viruses. Virology 374:229–233.

194. Lobato, R. L., E. Y. Kim, R. M. Kagan, and T. C. Merigan. 2002. Genotypic
and phenotypic analysis of a novel 15-base insertion occurring between
codons 69 and 70 of HIV type 1 reverse transcriptase. AIDS Res. Hum.
Retrovir. 18:733–736.

195. Loeb, L. A., J. M. Essigmann, F. Kazazi, J. Zhang, K. D. Rose, and J. I.
Mullins. 1999. Lethal mutagenesis of HIV with mutagenic nucleoside an-
alogs. Proc. Natl. Acad. Sci. USA 96:1492–1497.

196. Luo, G. X., and J. Taylor. 1990. Template switching by reverse transcriptase
during DNA synthesis. J. Virol. 64:4321–4328.

197. Magiorkinis, G., D. Paraskevis, A. M. Vandamme, E. Magiorkinis, V.
Sypsa, and A. Hatzakis. 2003. In vivo characteristics of human immunode-
ficiency virus type 1 intersubtype recombination: determination of hot spots
and correlation with sequence similarity. J. Gen. Virol. 84:2715–2722.

198. Malim, M. H., and M. Emerman. 2001. HIV-1 sequence variation: drift,
shift, and attenuation. Cell 104:469–472.

199. Marchand, B., and M. Gotte. 2004. Impact of the translocational equilib-
rium of HIV-1 reverse transcriptase on the efficiency of mismatch exten-
sions and the excision of mispaired nucleotides. Int. J. Biochem. Cell Biol.
36:1823–1835.

200. Mark-Danieli, M., N. Laham, M. Kenan-Eichler, A. Castiel, D. Melamed,
M. Landau, N. M. Bouvier, M. J. Evans, and E. Bacharach. 2005. Single
point mutations in the zinc finger motifs of the human immunodeficiency
virus type 1 nucleocapsid alter RNA binding specificities of the Gag protein
and enhance packaging and infectivity. J. Virol. 79:7756–7767.

201. Marlowe, N., T. Flys, J. Hackett, Jr., M. Schumaker, J. B. Jackson, and
S. H. Eshleman. 2004. Analysis of insertions and deletions in the gag p6
region of diverse HIV type 1 strains. AIDS Res. Hum. Retrovir. 20:1119–
1125.

202. Marr, S. F., and A. Telesnitsky. 2003. Mismatch extension during strong
stop strand transfer and minimal homology requirements for replicative
template switching during Moloney murine leukemia virus replication. J.
Mol. Biol. 330:657–674.

203. Martin, G. S. 2004. The road to Src. Oncogene 23:7910–7917.
204. Martinez-Picado, J., J. G. Prado, E. E. Fry, K. Pfafferott, A. Leslie, S.

Chetty, C. Thobakgale, I. Honeyborne, H. Crawford, P. Matthews, T. Pillay,
C. Rousseau, J. I. Mullins, C. Brander, B. D. Walker, D. I. Stuart, P.
Kiepiela, and P. Goulder. 2006. Fitness cost of escape mutations in p24 Gag
in association with control of human immunodeficiency virus type 1. J. Vi-
rol. 80:3617–3623.

205. Mbisa, J. L., R. Barr, J. A. Thomas, N. Vandegraaff, I. J. Dorweiler, E. S.
Svarovskaia, W. L. Brown, L. M. Mansky, R. J. Gorelick, R. S. Harris, A.
Engelman, and V. K. Pathak. 2007. Human immunodeficiency virus type 1
cDNAs produced in the presence of APOBEC3G exhibit defects in plus-
strand DNA transfer and integration. J. Virol. 81:7099–7110.

206. McCutchan, F. E. 1999. Global diversity of HIV, p. 41–101. In K. A.
Crandall (ed.), The evolution of HIV. Johns Hopkins University Press,
Baltimore, MD.

207. McCutchan, F. E. 2006. Global epidemiology of HIV. J. Med. Virol.
78(Suppl. 1):S7–S12.

208. McCutchan, F. E. 2000. Understanding the genetic diversity of HIV-1.
AIDS 14:S31–S44.

209. McCutchan, F. E., M. Hoelscher, S. Tovanabutra, S. Piyasirisilp, E. Sand-
ers-Buell, G. Ramos, L. Jagodzinski, V. Polonis, L. Maboko, D. Mmbando,

O. Hoffmann, G. Riedner, F. von Sonnenburg, M. Robb, and D. L. Birx.
2005. In-depth analysis of a heterosexually acquired human immunodefi-
ciency virus type 1 superinfection: evolution, temporal fluctuation, and
intercompartment dynamics from the seronegative window period through
30 months postinfection. J. Virol. 79:11693–11704.

210. McGrath, K. M., N. G. Hoffman, W. Resch, J. A. E. Nelson, and R. Swan-
strom. 2001. Using HIV-1 sequence variability to explore virus biology.
Virus Res. 76:137–160.

211. Mikkelsen, J. G., and F. S. Pedersen. 2000. Genetic reassortment and patch
repair by recombination in retroviruses. J. Biomed. Sci. 7:77–99.

212. Mild, M., J. Esbjornsson, E. M. Fenyo, and P. Medstrand. 2007. Frequent
intrapatient recombination between human immunodeficiency virus type 1
R5 and X4 envelopes: implications for coreceptor switch. J. Virol. 81:3369–
3376.

213. Miles, B. D., and H. L. Robinson. 1985. High-frequency transduction of
c-erbB in avian-leukosis virus-induced erythroblastosis. J. Virol. 54:295–303.

214. Moncany, M. L., K. Dalet, and P. R. Courtois. 2006. Identification of
conserved lentiviral sequences as landmarks of genomic flexibility. C. R.
Biol. 329:751–764.

215. Moore, M. D., W. Fu, O. Nikolaitchik, J. Chen, R. G. Ptak, and W. S. Hu.
2007. Dimer initiation signal of human immunodeficiency virus type 1: its
role in partner selection during RNA copackaging and its effects on recom-
bination. J. Virol. 81:4002–4011.

216. Moore, M. D., and W. S. Hu. 2009. HIV-1 RNA dimerization: it takes two
to tango. AIDS Rev. 11:91–102.

217. Motomura, K., J. Chen, and W. S. Hu. 2008. Genetic recombination be-
tween human immunodeficiency virus type 1 (HIV-1) and HIV-2, two
distinct human lentiviruses. J. Virol. 82:1923–1933.

218. Mouland, A. J., J. Mercier, M. Luo, L. Bernier, L. DesGroseillers, and E. A.
Cohen. 2000. The double-stranded RNA-binding protein Staufen is incor-
porated in human immunodeficiency virus type 1: evidence for a role in
genomic RNA encapsidation. J. Virol. 74:5441–5451.

219. Moumen, A., L. Polomack, T. Unge, M. Veron, H. Buc, and M. Negroni.
2003. Evidence for a mechanism of recombination during reverse transcrip-
tion dependent on the structure of the acceptor RNA. J. Biol. Chem.
278:15973–15982.

220. Moutouh, L., J. Corbeil, and D. D. Richman. 1996. Recombination leads to
the rapid emergence of HIV-1 dually resistant mutants under selective drug
pressure. Proc. Natl. Acad. Sci. USA 93:6106–6111.

221. Mukherjee, S., H. L. Lee, Y. Ron, and J. P. Dougherty. 2006. Proviral
progeny of heterodimeric virions reveal a high crossover rate for human
immunodeficiency virus type 2. J. Virol. 80:12402–12407.

222. Mulder, L. C., A. Harari, and V. Simon. 2008. Cytidine deamination in-
duced HIV-1 drug resistance. Proc. Natl. Acad. Sci. USA 105:5501–5506.

223. Mullins, J. I., and M. A. Jensen. 2006. Evolutionary dynamics of HIV-1 and
the control of AIDS. Curr. Top. Microbiol. Immunol. 299:171–192.

224. Negroni, M., and H. Buc. 2000. Copy-choice recombination by reverse
transcriptases: reshuffling of genetic markers mediated by RNA chaper-
ones. Proc. Natl. Acad. Sci. USA 97:6385–6390.

225. Negroni, M., and H. Buc. 2001. Mechanisms of retroviral recombination.
Annu. Rev. Genet. 35:275–302.

226. Negroni, M., and H. Buc. 1999. Recombination during reverse transcrip-
tion: an evaluation of the role of the nucleocapsid protein. J. Mol. Biol.
286:15–31.

227. Negroni, M., and H. Buc. 2001. Retroviral recombination: what drives the
switch? Nat. Rev. Mol. Cell Biol. 2:151–155.

228. Negroni, M., M. Ricchetti, P. Nouvel, and H. Buc. 1995. Homologous
recombination promoted by reverse transcriptase during copying of two
distinct RNA templates. Proc. Natl. Acad. Sci. USA 92:6971–6975.

229. Neil, J. C., R. Fulton, M. Rigby, and M. Stewart. 1991. Feline leukaemia
virus: generation of pathogenic and oncogenic variants. Curr. Top. Micro-
biol. Immunol. 171:67–93.

230. Nethe, M., B. Berkhout, and A. C. van der Kuyl. 2005. Retroviral superin-
fection resistance. Retrovirology 2:52.

231. Nikolaitchik, O., T. D. Rhodes, D. Ott, and W.-S. Hu. 2006. Effects of
mutations in the human immunodeficiency virus type 1 gag gene on RNA
packaging and recombination. J. Virol. 80:4691–4697.

232. Nikolenko, G. N., K. A. Delviks-Frankenberry, S. Palmer, F. Maldarelli,
M. J. Fivash, Jr., J. M. Coffin, and V. K. Pathak. 2007. Mutations in the
connection domain of HIV-1 reverse transcriptase increase 3�-azido-3�-
deoxythymidine resistance. Proc. Natl. Acad. Sci. USA 104:317–322.

233. Nikolenko, G. N., S. Palmer, F. Maldarelli, J. W. Mellors, J. M. Coffin, and
V. K. Pathak. 2005. Mechanism for nucleoside analog-mediated abrogation
of HIV-1 replication: balance between RNase H activity and nucleotide
excision. Proc. Natl. Acad. Sci. USA 102:2093–2098.

234. Nikolenko, G. N., E. S. Svarovskaia, K. A. Delviks, and V. K. Pathak. 2004.
Antiretroviral drug resistance mutations in human immunodeficiency virus
type 1 reverse transcriptase increase template-switching frequency. J. Virol.
78:8761–8770.

235. Nora, T., C. Charpentier, O. Tenaillon, C. Hoede, F. Clavel, and A. J.
Hance. 2007. Contribution of recombination to the evolution of human

476 ONAFUWA-NUGA AND TELESNITSKY MICROBIOL. MOL. BIOL. REV.



immunodeficiency viruses expressing resistance to antiretroviral treatment.
J. Virol. 81:7620–7628.

236. Nowarski, R., E. Britan-Rosich, T. Shiloach, and M. Kotler. 2008. Hyper-
mutation by intersegmental transfer of APOBEC3G cytidine deaminase.
Nat. Struct. Mol. Biol. 15:1059–1066.

237. O’Brien, W. A., A. Namazi, H. Kalhor, S. H. Mao, J. A. Zack, and I. S. Chen.
1994. Kinetics of human immunodeficiency virus type 1 reverse transcrip-
tion in blood mononuclear phagocytes are slowed by limitations of nucle-
otide precursors. J. Virol. 68:1258–1263.

238. Ogert, R. A., M. K. Lee, W. Ross, A. Buckler-White, M. A. Martin, and
M. W. Cho. 2001. N-linked glycosylation sites adjacent to and within the
V1/V2 and the V3 loops of dualtropic human immunodeficiency virus type
1 isolate DH12 gp120 affect coreceptor usage and cellular tropism. J. Virol.
75:5998–6006.

239. Olsen, J. C., C. Bova-Hill, D. P. Grandgenett, T. P. Quinn, J. P. Manfredi,
and R. Swanstrom. 1990. Rearrangements in unintegrated retroviral DNA
are complex and are the result of multiple genetic determinants. J. Virol.
64:5475–5484.

240. Onafuwa, A., W. An, N. D. Robson, and A. Telesnitsky. 2003. Human
immunodeficiency virus type 1 genetic recombination is more frequent than
that of Moloney murine leukemia virus despite similar template switching
rates. J. Virol. 77:4577–4587.

241. Operario, D. J., M. Balakrishnan, R. A. Bambara, and B. Kim. 2006.
Reduced dNTP interaction of human immunodeficiency virus type 1 re-
verse transcriptase promotes strand transfer. J. Biol. Chem. 281:32113–
32121.

242. Overbaugh, J., and L. M. Rudensky. 1992. Alterations in potential sites for
glycosylation predominate during evolution of the simian immunodefi-
ciency virus in macaques. J. Virol. 66:5937–5948.

243. Paillart, J. C., M. Shehu-Xhilaga, R. Marquet, and J. Mak. 2004. Dimer-
ization of retroviral RNA genomes: an inseparable pair. Nat. Rev. Micro-
biol. 2:461–472.

244. Panganiban, A. T., and D. Fiore. 1988. Ordered interstrand and intrastrand
DNA transfer during reverse transcription. Science 241:1064–1069.

245. Parthasarathi, S., A. Varela-Echavarria, Y. Ron, B. D. Preston, and J. P.
Dougherty. 1995. Genetic rearrangements occurring during a single cycle of
murine leukemia virus vector replication: characterization and implications.
J. Virol. 69:7991–8000.

246. Patel, P., D. L. Hanson, P. S. Sullivan, R. M. Novak, A. C. Moorman, T. C.
Tong, S. D. Holmberg, and J. T. Brooks. 2008. Incidence of types of cancer
among HIV-infected persons compared with the general population in the
United States, 1992–2003. Ann. Intern. Med. 148:728–736.

247. Patel, P. H., and B. D. Preston. 1994. Marked infidelity of human immu-
nodeficiency virus type 1 reverse transcriptase at RNA and DNA template
ends. Proc. Natl. Acad. Sci. USA 91:549–553.

248. Pathak, V. K., and H. M. Temin. 1990. Broad spectrum of in vivo forward
mutations, hypermutations, and mutational hotspots in a retroviral shuttle
vector after a single replication cycle: deletions and deletions with inser-
tions. Proc. Natl. Acad. Sci. USA 87:6024–6028.

249. Peeters, M., F. Liegeois, N. Torimiro, A. Bourgeois, E. Mpoudi, L. Vergne,
E. Saman, E. Delaporte, and S. Saragosti. 1999. Characterization of a
highly replicative intergroup M/O human immunodeficiency virus type 1
recombinant isolated from a Cameroonian patient. J. Virol. 73:7368–7375.

250. Peliska, J. A., and S. J. Benkovic. 1994. Fidelity of in vitro DNA strand
transfer reactions catalyzed by HIV-1 reverse transcriptase. Biochemistry
33:3890–3895.

251. Peliska, J. A., and S. J. Benkovic. 1992. Mechanism of DNA strand transfer
reactions catalyzed by HIV-1 reverse transcriptase. Science 258:1112–1118.

252. Perelson, A. S., A. U. Neumann, M. Markowitz, J. M. Leonard, and D. D.
Ho. 1996. HIV-1 dynamics in vivo: virion clearance rate, infected cell
life-span, and viral generation time. Science 271:1582–1586.

253. Pernas, M., C. Casado, R. Fuentes, M. J. Perez-Elias, and C. Lopez-
Galindez. 2006. A dual superinfection and recombination within HIV-1
subtype B 12 years after primoinfection. J. Acquir. Immune Defic. Syndr.
42:12–18.

254. Perrino, F. W., B. D. Preston, L. L. Sandell, and L. A. Loeb. 1989. Extension
of mismatched 3� termini of DNA is a major determinant of the infidelity
of human immunodeficiency virus type 1 reverse transcriptase. Proc. Natl.
Acad. Sci. USA 86:8343–8347.

255. Pfeiffer, J. K., M. M. Georgiadis, and A. Telesnitsky. 2000. Structure-based
Moloney murine leukemia virus reverse transcriptase mutants with altered
intracellular direct repeat deletion frequencies. J. Virol. 74:9629–9636.

256. Pfeiffer, J. K., and A. Telesnitsky. 2001. Effects of limiting homology at the
site of intermolecular recombinogenic template switching during Moloney
murine leukemia virus replication. J. Virol. 75:11263–11274.

257. Pfeiffer, J. K., R. Topping, N.-H. Shin, and A. Telesnitsky. 1999. Altering
the intracellular environment increases the frequency of tandem repeat
deletion during Moloney murine leukemia virus reverse transcription. J. Vi-
rol. 73:8441–8447.

258. Philpott, S., H. Burger, C. Tsoukas, B. Foley, K. Anastos, C. Kitchen, and
B. Weiser. 2005. Human immunodeficiency virus type 1 genomic RNA

sequences in the female genital tract and blood: compartmentalization and
intrapatient recombination. J. Virol. 79:353–363.

259. Piantadosi, A., B. Chohan, V. Chohan, R. S. McClelland, and J. Overbaugh.
2007. Chronic HIV-1 infection frequently fails to protect against superin-
fection. PLoS Pathog. 3:e177.

260. Pierson, T. C., Y. Zhou, T. L. Kieffer, C. T. Ruff, C. Buck, and R. F.
Siliciano. 2002. Molecular characterization of preintegration latency in
human immunodeficiency virus type 1 infection. J. Virol. 76:8518–8531.

261. Pillai, S., J. Wong, and J. Barbour. 2008. Turning up the volume on
mutational pressure: is more of a good thing always better? (A case study
of HIV-1 Vif and APOBEC.) Retrovirology 5:26.

262. Pion, M., G. Sanchez, V. Liska, L. Bettendroffer, D. Candotti, A. L. Che-
nine, F. Gondois-Rey, C. Tamalet, R. Vigne, R. M. Ruprecht, H. Agut, and
I. Hirsch. 2003. Truncated forms of human and simian immunodeficiency
virus in infected individuals and rhesus macaques are unique or rare qua-
sispecies. Virology 311:157–168.

263. Preston, B. D., and J. P. Dougherty. 1996. Mechanisms of retroviral muta-
tion. Trends Microbiol. 4:16–21.

264. Pulsinelli, G. A., and H. M. Temin. 1994. High rate of mismatch extension
during reverse transcription in a single round of retrovirus replication. Proc.
Natl. Acad. Sci. USA 91:9490–9494.

265. Quinones-Mateu, M. E., and E. J. Arts. 1999. Recombination in HIV-1:
update and implications. AIDS Rev. 1:89–100.

266. Quinones-Mateu, M. E., Y. Gao, S. C. Ball, A. J. Marozsan, A. Abraha, and
E. J. Arts. 2002. In vitro intersubtype recombinants of human immunode-
ficiency virus type 1: comparison to recent and circulating in vivo recom-
binant forms. J. Virol. 76:9600–9613.

267. Rambaut, A., D. Posada, K. A. Crandall, and E. C. Holmes. 2004. The
causes and consequences of HIV evolution. Nat. Rev. Genet. 5:52–61.

268. Ramirez, B. C., E. Simon-Loriere, R. Galetto, and M. Negroni. 2008. Im-
plications of recombination for HIV diversity. Virus Res. 134:64–73.

269. Ramos, A., D. J. Hu, L. Nguyen, K. Phan, S. Vanichseni, N. Promadej, K.
Choopanya, M. Callahan, N. L. Young, J. McNicholl, T. D. Mastro, T. M.
Folks, and S. Subbarao. 2002. Intersubtype human immunodeficiency virus
type 1 superinfection following seroconversion to primary infection in two
injection drug users. J. Virol. 76:7444–7452.

270. Rasmussen, S. V., and F. S. Pedersen. 2006. Co-localization of gammaret-
roviral RNAs at their transcription site favours co-packaging. J. Gen. Virol.
87:2279–2289.

271. Ray, N., J. E. Harrison, L. A. Blackburn, J. N. Martin, S. G. Deeks, and
R. W. Doms. 2007. Clinical resistance to enfuvirtide does not affect suscep-
tibility of human immunodeficiency virus type 1 to other classes of entry
inhibitors. J. Virol. 81:3240–3250.

272. Rein, A. 1994. Retroviral RNA packaging: a review. Arch. Virol. Suppl.
9:513–522.

273. Rein, A., L. E. Henderson, and J. G. Levin. 1998. Nucleic-acid-chaperone
activity of retroviral nucleocapsid proteins: significance for viral replication.
Trends Biochem. Sci. 23:297–301.

274. Rhode, B. W., M. Emerman, and H. M. Temin. 1987. Instability of large
direct repeats in retrovirus vectors. J. Virol. 61:925–927.

275. Rhodes, T., H. Wargo, and W. S. Hu. 2003. High rates of human immuno-
deficiency virus type 1 recombination: near-random segregation of markers
one kilobase apart in one round of viral replication. J. Virol. 77:11193–
11200.

276. Rhodes, T. D., O. Nikolaitchik, J. Chen, D. Powell, and W. S. Hu. 2005.
Genetic recombination of human immunodeficiency virus type 1 in one
round of viral replication: effects of genetic distance, target cells, accessory
genes, and lack of high negative interference in crossover events. J. Virol.
79:1666–1677.

277. Rittinger, K., G. Divita, and R. S. Goody. 1995. Human immunodeficiency
virus reverse transcriptase substrate-induced conformational changes and
the mechanism of inhibition by nonnucleoside inhibitors. Proc. Natl. Acad.
Sci. USA 92:8046–8049.

278. Robertson, D. L., F. Gao, B. H. Hahn, and P. M. Sharp. 1997. Intersubtype
recombinant HIV-1 sequences. In B. Korber (ed.), Human retroviruses and
AIDS 1997: a compilation and analysis of nucleic acid and amino acid
sequences. Theoretical Biology and Biophysics Group, Los Alamos Na-
tional Laboratory, Los Alamos, NM.

279. Robinson, H. L., and D. M. Zinkus. 1990. Accumulation of human immu-
nodeficiency virus type 1 DNA in T cells: results of multiple infection
events. J. Virol. 64:4836–4841.

280. Roda, R. H., M. Balakrishnan, M. N. Hanson, B. M. Wohrl, S. F. Le Grice,
B. P. Roques, R. J. Gorelick, and R. A. Bambara. 2003. Role of the reverse
transcriptase, nucleocapsid protein, and template structure in the two-step
transfer mechanism in retroviral recombination. J. Biol. Chem. 278:31536–
31546.

281. Roda, R. H., M. Balakrishnan, J. K. Kim, B. P. Roques, P. J. Fay, and R. A.
Bambara. 2002. Strand transfer occurs in retroviruses by a pause-initiated
two-step mechanism. J. Biol. Chem. 277:46900–46911.

282. Roeth, J. F., and K. L. Collins. 2006. Human immunodeficiency virus type
1 Nef: adapting to intracellular trafficking pathways. Microbiol. Mol. Biol.
Rev. 70:548–563.

VOL. 73, 2009 HIV-1 GENETIC RECOMBINATION 477



283. Rong, R., F. Bibollet-Ruche, J. Mulenga, S. Allen, J. L. Blackwell, and C. A.
Derdeyn. 2007. Role of V1V2 and other human immunodeficiency virus
type 1 envelope domains in resistance to autologous neutralization during
clade C infection. J. Virol. 81:1350–1359.

284. Rulli, S. J., Jr., C. S. Hibbert, J. Mirro, T. Pederson, S. Biswal, and A. Rein.
2007. Selective and nonselective packaging of cellular RNAs in retrovirus
particles. J. Virol. 81:6623–6631.

285. Sakalian, M., J. W. Wills, and V. M. Vogt. 1994. Efficiency and selectivity of
RNA packaging by Rous sarcoma virus Gag deletion mutants. J. Virol.
68:5969–5981.

286. Sakuragi, J.-I., T. Shioda, and A. Panganiban. 2001. Duplication of the
primary encapsidation and dimer linkage region of human immunodefi-
ciency virus type 1 RNA results in the appearance of monomeric RNA in
virions. J. Virol. 75:2557–2565.

287. Sanchez, G., X. Xu, J. C. Chermann, and I. Hirsch. 1997. Accumulation of
defective viral genomes in peripheral blood mononuclear cells of human
immunodeficiency virus type 1-infected individuals. J. Virol. 71:2233–2240.

288. Sarafianos, S. G., K. Das, S. H. Hughes, and E. Arnold. 2004. Taking aim
at a moving target: designing drugs to inhibit drug-resistant HIV-1 reverse
transcriptases. Curr. Opin. Struct. Biol. 14:716–730.

289. Sato, H., Y. Tomita, K. Ebisawa, A. Hachiya, K. Shibamura, T. Shiino, R.
Yang, M. Tatsumi, K. Gushi, H. Umeyama, S. Oka, Y. Takebe, and Y.
Nagai. 2001. Augmentation of human immunodeficiency virus type 1 sub-
type E (CRF01_AE) multiple-drug resistance by insertion of a foreign
11-amino-acid fragment into the reverse transcriptase. J. Virol. 75:5604–
5613.

290. Schatz, O., R. V. Cromme, T. Naas, D. Lindemann, J. Mous, and S. F. J.
LeGrice. 1990. Inactivation of the RNaseH domain of HIV-1 reverse trans-
criptase blocks viral infectivity, p. 293–303. In T. Papas (ed.), Oncogenesis
and AIDS. Portfolio Publishing, Houston, TX.

291. Schmitz, A., A. H. Lund, A. C. Hansen, M. Duch, and F. S. Pedersen. 2002.
Target-cell-derived tRNA-like primers for reverse transcription support
retroviral infection at low efficiency. Virology 297:68–77.

292. Seillier-Moiseiwitsch, F., B. H. Margolin, and R. Swanstrom. 1994. Genetic
variability of the human immunodeficiency virus: statistical and biological
issues. Annu. Rev. Genet. 28:559–596.

293. Shen, L., and R. F. Siliciano. 2008. Viral reservoirs, residual viremia, and
the potential of highly active antiretroviral therapy to eradicate HIV infec-
tion. J. Allergy Clin. Immunol. 122:22–28.

294. Shen, P., and H. V. Huang. 1986. Homologous recombination in Esche-
richia coli: dependence on substrate length and homology. Genetics 112:
441–457.

295. Shin, N. H., D. Hartigan-O’Connor, J. K. Pfeiffer, and A. Telesnitsky. 2000.
Replication of lengthened Moloney murine leukemia virus genomes is
impaired at multiple stages. J. Virol. 74:2694–2702.

296. Shiramizu, B. T., B. G. Herndier, and M. S. McGrath. 1993. Lentiviral
integration in HIV associated T-cell lymphomas. J. Cell. Biochem. 17E:267.

297. Shriner, D., Y. Liu, D. C. Nickle, and J. I. Mullins. 2006. Evolution of
intrahost HIV-1 genetic diversity during chronic infection. Evolution 60:
1165–1176.

298. Smith, D. M., D. D. Richman, and S. J. Little. 2005. HIV superinfection.
J. Infect. Dis. 192:438–444.

299. Smith, D. M., M. C. Strain, S. D. Frost, S. K. Pillai, J. K. Wong, T. Wrin,
Y. Liu, C. J. Petropolous, E. S. Daar, S. J. Little, and D. D. Richman. 2006.
Lack of neutralizing antibody response to HIV-1 predisposes to superin-
fection. Virology 355:1–5.

300. Smith, R. A., L. A. Loeb, and B. D. Preston. 2005. Lethal mutagenesis of
HIV. Virus Res. 107:215–228.

301. Song, R., J. Kafaie, L. Yang, and M. Laughrea. 2007. HIV-1 viral RNA is
selected in the form of monomers that dimerize in a three-step protease-
dependent process; the DIS of stem-loop 1 initiates viral RNA dimeriza-
tion. J. Mol. Biol. 371:1084–1098.

302. St. Louis, D. C., D. Gotte, E. Sanders-Buell, D. W. Ritchey, M. O. Salminen,
J. K. Carr, and F. E. McCutchan. 1998. Infectious molecular clones with
the nonhomologous dimer initiation sequences found in different subtypes
of human immunodeficiency virus type 1 can recombine and initiate a
spreading infection in vitro. J. Virol. 72:3991–3998.

303. Strappe, P. M., D. W. Hampton, D. Brown, B. Cachon-Gonzalez, M. Cald-
well, J. W. Fawcett, and A. M. Lever. 2005. Identification of unique recip-
rocal and non reciprocal cross packaging relationships between HIV-1,
HIV-2 and SIV reveals an efficient SIV/HIV-2 lentiviral vector system with
highly favourable features for in vivo testing and clinical usage. Retrovirol-
ogy 2:55.

304. Streeck, H., B. Li, A. F. Poon, A. Schneidewind, A. D. Gladden, K. A. Power,
D. Daskalakis, S. Bazner, R. Zuniga, C. Brander, E. S. Rosenberg, S. D.
Frost, M. Altfeld, and T. M. Allen. 2008. Immune-driven recombination and
loss of control after HIV superinfection. J. Exp. Med. 205:1789–1796.

305. Stuhlmann, H., and P. Berg. 1992. Homologous recombination of copack-
aged retrovirus RNAs during reverse transcription. J. Virol. 66:2378–2388.

306. Subramanian, S., R. K. Mishra, and L. Singh. 2003. Genome-wide analysis
of microsatellite repeats in humans: their abundance and density in specific
genomic regions. Genome Biol. 4:R13.

307. Sugden, B. 1993. How some retroviruses got their oncogenes. Trends Bio-
chem. Sci. 18:233–235.

308. Summers, J., and S. Litwin. 2006. Examining the theory of error catastro-
phe. J. Virol. 80:20–26.

309. Sun, G., P. K. O’Neil, H. Yu, Y. Ron, B. D. Preston, and J. P. Dougherty.
2001. Transduction of cellular sequence by a human immunodeficiency
virus type 1-derived vector. J. Virol. 75:11902–11906.

310. Svarovskaia, E. S., K. A. Delviks, C. K. Hwang, and V. K. Pathak. 2000.
Structural determinants of murine leukemia virus reverse transcriptase that
affect the frequency of template switching. J. Virol. 74:7171–7178.

311. Swain, A., and J. M. Coffin. 1992. Mechanism of transduction by retrovi-
ruses. Science 255:841–845.

312. Swanson, C. M., and M. H. Malim. 2006. Retrovirus RNA trafficking: from
chromatin to invasive genomes. Traffic 7:1440–1450.

313. Swanstrom, R., J. M. Bishop, and H. E. Varmus. 1982. Structure of a
replication intermediate in the synthesis of Rous sarcoma virus DNA in
vivo. J. Virol. 42:337–341.

314. Takebe, Y., and A. Telesnitsky. 2006. Evidence for the acquisition of multi-
drug resistance in an HIV-1 clinical isolate via human sequence transduc-
tion. Virology 351:1–6.

315. Takehisa, J., M. Osei-Kwasi, N. K. Ayisi, O. Hishida, T. Miura, T. Igarashi,
J. Brandful, W. Ampofo, V. B. A. Netty, M. Mensah, M. Yamashita, E. Ido,
and M. Hayami. 1997. Phylogenetic analysis of HIV type 2 in Ghana and
intrasubtype recombination in HIV type 2. AIDS Res. Hum. Retrovir.
13:621–623.

316. Takehisa, J., L. Zekeng, E. Ido, Y. Yamaguchi-Kabata, I. Mboudjeka, Y.
Harada, T. Miura, L. Kaptue, and M. Hayami. 1999. Human immunode-
ficiency virus type 1 intergroup (M/O) recombination in Cameroon. J. Vi-
rol. 73:6810–6820.

317. Tapia, N., G. Fernandez, M. Parera, G. Gomez-Mariano, B. Clotet, M.
Quinones-Mateu, E. Domingo, and M. A. Martinez. 2005. Combination of
a mutagenic agent with a reverse transcriptase inhibitor results in systematic
inhibition of HIV-1 infection. Virology 338:1–8.

318. Telesnitsky, A., and S. P. Goff. 1993. Strong-stop strand transfer during
reverse transcription, p. 49–83. In A. M. Skalka and S. P. Goff (ed.),
Reverse transcriptase. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY.

319. Telesnitsky, A., and S. P. Goff. 1993. Two defective forms of reverse trans-
criptase can complement to restore retroviral infectivity. EMBO J. 12:4433–
4438.

320. Temin, H. M. 1993. Retrovirus variation and reverse transcription: abnor-
mal strand transfers result in retrovirus genetic variation. Proc. Natl. Acad.
Sci. USA 90:6900–6903.

321. Thomas, D. C., Y. A. Voronin, G. N. Nikolenko, J. Chen, W.-S. Hu, and
V. K. Pathak. 2007. Determination of the ex vivo rates of human immuno-
deficiency virus type 1 reverse transcription by using novel strand-specific
amplification analysis. J. Virol. 81:4798–4807.

322. Thomas, J. A., T. D. Gagliardi, W. G. Alvord, M. Lubomirski, W. J. Bosche,
and R. J. Gorelick. 2006. Human immunodeficiency virus type 1 nucleo-
capsid zinc-finger mutations cause defects in reverse transcription and in-
tegration. Virology 353:41–51.

323. Thomson, M. M., and R. Najera. 2005. Molecular epidemiology of HIV-1
variants in the global AIDS pandemic: an update. AIDS Rev. 7:210–224.

324. Tillekeratne, L. M., A. Sherette, J. A. Fulmer, L. Hupe, D. Hupe, S. Gab-
bara, J. A. Peliska, and R. A. Hudson. 2002. Differential inhibition of
polymerase and strand-transfer activities of HIV-1 reverse transcriptase.
Bioorg. Med. Chem. Lett. 12:525–528.

325. Tisdale, M., T. Schulze, B. A. Larder, and K. Moelling. 1991. Mutations
within the RNase H domain of human immunodeficiency virus type 1
reverse transcriptase abolish virus infectivity. J. Gen. Virol. 72:59–66.

326. Tovanabutra, S., V. Watanaveeradej, K. Viputtikul, M. De Souza, M. H.
Razak, V. Suriyanon, J. Jittiwutikarn, S. Sriplienchan, S. Nitayaphan,
M. W. Benenson, N. Sirisopana, P. O. Renzullo, A. E. Brown, M. L. Robb,
C. Beyrer, D. D. Celentano, J. G. McNeil, D. L. Birx, J. K. Carr, and F. E.
McCutchan. 2003. A new circulating recombinant form, CRF15_01B, re-
inforces the linkage between IDU and heterosexual epidemics in Thailand.
AIDS Res. Hum. Retrovir. 19:561–567.

327. Travers, K., S. Mboup, R. Marlink, A. Gueye-Nidaye, T. Siby, I. Thior, I.
Traore, A. Dieng-Sarr, J. L. Sankale, C. Mullins, et al. 1995. Natural
protection against HIV-1 infection provided by HIV-2. Science 268:1612–
1615.

328. Tsuchihashi, Z., and P. O. Brown. 1994. DNA strand exchange and selec-
tive DNA annealing promoted by the human immunodeficiency virus type
1 nucleocapsid protein. J. Virol. 68:5863–5870.

329. van der Hoek, L., N. Back, M. F. Jebbink, A. de Ronde, M. Bakker, S.
Jurriaans, P. Reiss, N. Parkin, and B. Berkhout. 2005. Increased
multinucleoside drug resistance and decreased replicative capacity of a
human immunodeficiency virus type 1 variant with an 8-amino-acid insert in
the reverse transcriptase. J. Virol. 79:3536–3543.

330. van der Kuyl, A. C., K. Kozaczynska, R. van den Burg, F. Zorgdrager, N.
Back, S. Jurriaans, B. Berkhout, P. Reiss, and M. Cornelissen. 2005. Triple
HIV-1 infection. N. Engl. J. Med. 352:2557–2559.

478 ONAFUWA-NUGA AND TELESNITSKY MICROBIOL. MOL. BIOL. REV.



331. van Wamel, J. L. B., and B. Berkhout. 1998. The first strand transfer during
HIV-1 reverse transcription can occur either intramolecularly or intermo-
lecularly. Virology 244:245–251.

332. Varela-Echavarria, A., C. M. Prorock, Y. Ron, and J. P. Dougherty. 1993.
High rate of genetic rearrangement during replication of a Moloney murine
leukemia virus-based vector. J. Virol. 67:6357–6364.

333. Vilcek, S., I. Greiser-Wilke, P. Nettleton, and D. J. Paton. 2000. Cellular
insertions in the NS2-3 genome region of cytopathic bovine viral diarrhoea
virus (BVDV) isolates. Vet. Microbiol. 77:129–136.

334. Vogt, P. K. 1997. Historical introduction to the general properties of ret-
roviruses, p. 1–25. In J. M. Coffin, S. H. Hughes, and H. E. Varmus (ed.),
Retroviruses. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

335. Vogt, V. M. 1997. Retroviral virions and genomes, p. 27–69. In J. M. Coffin,
S. H. Hughes, and H. E. Varmus (ed.), Retroviruses. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

336. Voisset, C., R. A. Weiss, and D. J. Griffiths. 2008. Human RNA “rumor”
viruses: the search for novel human retroviruses in chronic disease. Micro-
biol. Mol. Biol. Rev. 72:157–196.

337. Voynow, S. L., and J. M. Coffin. 1985. Evolutionary variants of Rous sar-
coma virus: large deletion mutants do not result from homologous recom-
bination. J. Virol. 55:67–78.

338. Wain-Hobson, S., C. Renoux-Elbé, J.-P. Vartanian, and A. Meyerhans.
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