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1. ABSTRACT

Retroviruses package two copies of genomic
RNA into one virion.  One of the essential steps of
replication is reverse transcription, in which the virally
encoded enzyme reverse transcriptase (RT) uses the
packaged RNA as a template to synthesize viral DNA.
Because two copies of RNA are present in one virion, it is
possible for RT to switch from one copy of the viral RNA
to the other copy during DNA synthesis, thereby generating
a recombinant containing some genetic information from
each of the RNAs.  Recombination occurs at high
frequencies during retroviral replication.  This frequent
recombination has a significant impact on the current
human immunodeficiency virus type 1 (HIV-1) epidemic as
well as the development of retrovirus-based systems for
gene therapy.  In this review, the rates, mechanisms, and
properties of retroviral recombination are summarized from
recent genetic studies.  Implications of these studies are
also discussed.

2. INTRODUCTION

Frequent retroviral recombination was observed
in studies performed as early as the 1960s and 1970s (1-3).
In many of these studies, two mutant viruses were
introduced into cultured cells and the emergence of wild-
type viruses provided evidence for the occurrence of
recombination events (1).  The ability to recombine
frequently provides an efficient mechanism for retroviruses

to reassort mutations generated during reverse
transcription.  This ability to redistribute mutations
provides an additional mechanism to increase variation in
the viral population.  High variation in the viral population
increases the chance of survival of the population when
encountering various environmental challenges.

From the viewpoint of prevention and treatment
of diseases caused by retroviruses, high variation in the
viral population creates multiple problems.  First, the virus
can evolve to escape the host immune system (4); this
ability increases the pathogenicity of the virus and presents
a challenge for vaccine development.  Second, a more
diverse viral population also increases the probability that
some variants in the population can escape antiviral
treatments.  Both of these problems are clearly present in
the current fight against the most devastating pathogen in
human history, human immunodeficiency virus type 1
(HIV-1), which causes acquired immunodeficiency
syndrome (AIDS) (5).  Anti-HIV-1 immune responses have
been detected in many infected patients; however, very few
patients, if any, can ultimately control the virus replication
without antiviral interventions (6).  The ability of the virus
to escape the immune system also impacts heavily on
vaccine development (7).  Although HIV-1 was identified
and sequenced in the 1980s, an effective vaccine is still not
yet available.  Despite attempts by many talented
researchers using different strategies, the variation in the
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viral population continues to make it difficult to generate
an effective vaccine that protects against a wide range of
variants.  High variation in the viral population also
becomes a hindrance to antiviral treatments.  For example,
it has been shown that viruses that are weakly resistant to
antiviral drugs can recombine and generate highly drug-
resistant variants (8, 9).  Similarly, viruses that are resistant
to different single drugs can recombine and generate
viruses that are resistant to multiple drugs (10).  Even with
the current combination antiviral drug therapy, there is a
significant percentage of patients that fail these therapies
(11, 12).  Furthermore, with the emergence of the drug-
resistant variants, direct transmission of these variants
becomes more prevalent (13-16), which creates an even
larger problem in the prevention and treatment of the
infection.  All of these difficulties that we are facing
regarding effective antiviral treatment and vaccine
development are caused by the unique replication
mechanisms used by retroviruses.

Genetic recombination not only generates
difficulties in the prevention and treatment of the HIV-1
epidemic, but it also generates potential pitfalls for
engineering retroviruses.  For example, it is possible to
regenerate a replication-competent virus based on the
genetic information in vector and helper constructs.  Such
events can be detrimental to the health of the patient
receiving the treatments.  However, unlike the HIV-1
epidemic, most of the factors involved in recombination
can be controlled when generating and propagating
engineered viruses.  Understanding the mechanisms of
recombination allows the design of engineered vectors to
prevent the inadvertent generation of replication-competent
virus or other unwanted recombinants.

This review focuses on the genetic aspect of
recombination.  Therefore, most of the review covers
experiments using cell-based systems and studies analyzing
field strains of retroviral pathogens.  Many of the
biochemical studies using purified RNA and proteins are
not included in this review but are included in a recent
review (17).

3.  THE MECHANISMS OF RETROVIRAL
RECOMBINATION

3.1.  Frequent recombination: the genetic consequences
of packaging two viral RNA copies into one viral
particle

Retroviruses are unique among viruses in that
they package two copies of their RNA, each containing the
complete genetic information, into one virion.  These two
copies of RNA form a dimer in the virion.  Electron
microscopy (EM) studies have shown that the two RNA
copies are linked near the 5’ end of the genome (18, 19);
biochemical analyses using nondenaturing gels also
demonstrated the dimeric nature of the RNA (20).  RNA
dimers isolated from immature and mature virions have
different properties (20).  RNA dimers from immature
virions have lower thermostability compared with those
from mature virions, indicating that during virus
maturation, not only are the polyproteins processed but the
RNA dimer also undergoes maturation.

In studies reported in the 1970s, recombinants
were observed not immediately after two viruses were
infected into the same culture but later in the course of the
experiments (21).  Using modified virus vectors and a
single round retroviral replication assay, the prerequisite for
recombination was determined (22).  Viruses were
harvested either from cells containing two genetically
distinct proviruses or from cells containing only one
provirus.  Three types of virions were produced from cells
containing two proviruses: virions with two copies of RNA
derived from one of the parental proviruses (homozygote),
virions with two copies of RNA derived from the other
provirus (homozygote), and virions with one copy of RNA
derived from each parental provirus (heterozygote).  In
contrast, cells that only contained one provirus can only
make homozygotic virions.  Recombination was observed
after target cells were infected with virions harvested from
two-provirus-containing producer cells that contained both
homozygotes and heterozygotes.  However, recombination
was not observed after target cells were infected with a
mixture of two incoming viruses, both of which were
homozygotes (22).  Hence, the presence of heterozygotes
determines whether a high frequency of recombination
occurs.  This observation demonstrated that the RNAs must
be packaged in the same virus particle before
recombination occurs.  In addition, it also indicates that
recombination occurs during reverse transcription of the
copackaged genome.

3.2.  Proposed mechanisms of retroviral recombination
The viral RNA packaged into the virion can also be

used as mRNA; thus, it is the sense or plus-strand RNA
(23).  The first strand of DNA synthesized, using the RNA
as a template, is minus-strand DNA; the second strand of
DNA synthesized, using the newly synthesized minus-
strand DNA as a template, is plus-strand DNA (figure 1A)
(24).  The two models that were proposed to explain the
retroviral recombination mechanisms suggested that
recombination occurs during the synthesis of either minus-
strand DNA (figure 1B) or plus-strand DNA (figure 1C).

The forced copy-choice model (figure 1B) (2)
proposed that the viral RNA contains many nicks, and that
during minus-strand DNA synthesis, reverse transcriptase
(RT) encounters these breaks in the RNA.  At this time, RT
would be forced to switch to the other RNA to continue
DNA synthesis, hence the term “forced” copy-choice.  This
model has been generalized to include all recombination
events occurring during minus-strand DNA synthesis and is
referred to as minus-strand recombination or recombination
during minus-strand DNA synthesis (25).

The DNA strand displacement-assimilation
model suggests that recombination occurs during the
synthesis of plus-strand DNA (figure 1C) (26).  It was
observed that plus-strand DNA synthesis in some
retroviruses, such as avian sarcoma/leukosis virus (ASLV),
was discontinuous and could be initiated at many locations
in the viral genome.  Therefore, at one stage of reverse
transcription, there are multiple initiation points and short
stretches of plus-strand DNA anneal to minus-strand DNA.
The discontinuous plus-strand DNA could be resolved
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Figure 1. Minus- and plus-strand DNA synthesis and
proposed models of retroviral recombination.  Light lines:
viral RNA, dashed lines: degraded vRNA from the
RNA/DNA hybrid, heavy lines: synthesized DNA, arrows:
direction of DNA synthesis.  (A) Minus- and plus-strand
DNA synthesis.  Viral RNA is used as a template for
minus-strand DNA synthesis, then minus-strand DNA is
used as template for plus-strand DNA synthesis.  Plus-
strand DNA is synthesized in a discontinuous manner.  (B)
Forced copy-choice model for recombination.  Minus-
strand DNA synthesis uses one of the copackaged viral
RNA as a template (strand “a”).  When encountering a
break in the strand “a”  RNA, RT switches to use the
copackaged strand “b” RNA as a template, and the
resulting DNA is a recombinant.  (C) DNA strand
displacement-assimilation model for recombination.  The
two copackaged RNA molecules are both copied and two
molecules of minus-strand DNA are synthesized (shown as
“a” and “b”).  Plus-strand DNA synthesis occurs in a
discontinuous manner.  One short stretch of plus-strand
DNA from the “a” molecule is displaced by the growing
point of the 5’ DNA.   The displaced “a” DNA fragment
anneals to the minus-strand DNA “b”.  After repair by the
host machinery a recombinant could be formed.

either by ligating the short pieces of DNA or by displacing
these short pieces with continuous DNA synthesis initiated
from near the 5’ end of the viral genome.  It was proposed
that elongation of plus-strand DNA initiated near the 5’ end
of the viral genome could displace a portion of the short
stretches of DNA, which could then anneal to (assimilate)
the minus-strand DNA synthesized from the copackaged
RNA.  This assimilated DNA creates a heteroduplex in the
viral DNA, which would be repaired by the host cell
machinery after virus integration.  If the repair machinery
uses the assimilated DNA as a template, then a recombinant
is generated.

3.3.  Experimental evidence supporting the
recombination models

The DNA strand displacement-assimilation model
was supported by the observation of the “H” structure
during EM studies (26).  The H structure was composed of
two double-stranded nucleic acids connected by a single-
stranded nucleic acid.  This provided the physical evidence
for the DNA strand displacement-assimilation model.

The first conclusive evidence supporting
recombination during minus-strand DNA synthesis was the
observation of single cross-over recombinants (27).  The
recombinants generated from the two models differ in their
genotypes (figure 1B, 1C).  In the minus-strand
recombination model, each recombination event generates
a recombinant that appears to have one cross-over.
However, in the DNA strand displacement-assimilation
model, each recombination event involves the assimilation
of one DNA fragment and generates a recombinant with
two cross-overs (see resulting provirus in figure 1B and
1C).  The genotypes of the recombinants were analyzed
using two viral vectors with multiple restriction enzyme
site markers (27).  It was found that half of the
recombinants had only one cross-over whereas the other
half had more than one cross-over.  The presence of the
recombinants with one cross-over clearly indicated that
they were the products of the minus-strand recombination
model; this was the first supporting evidence for the model.
Recombinants containing more than one cross-over could
be generated either from the DNA strand displacement-
assimilation model or from recombinants that underwent
more than one recombination events using the minus-strand
recombination model.

Whether the minus-strand recombination model
is the main mechanism in retroviral recombination was
addressed in a separate study, using two homologous
vectors that differed in several restriction enzyme sites
(25).  The primer binding site (PBS) of one of the vectors
was deleted; as a result, only one copy of the viral DNA
could be synthesized in a heterozygotic virion.  Because
recombination via the DNA strand displacement-
assimilation model would require the synthesis of two
molecules of minus-strand DNA and plus-strand DNA,
plus-strand recombination could not occur in these viruses.
Therefore, this system only allowed recombination to occur
during minus-strand DNA synthesis.  After one round of
retroviral replication, the resulting recombinants were
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Figure 2.  Dynamic copy-choice model for retroviral
recombination.  Bold arrows and lines: DNA synthesis,
black boxes:  viral RNA, white boxes: RNase H cleaved
RNA, and vertical lines: hydrogen bonds between base
pairs.  (A) Recombination during reverse transcription
using wild-type RT.  Wild-type RT is efficient in both
DNA polymerization and RNA degradation.  RNase H
removes the RNA from the DNA:RNA hybrid and exposes
the newly synthesized DNA 3’ to the RT.  This single-
stranded DNA can anneal to the copackaged RNA, thereby
promoting RT to switch templates, which leads to
recombination.  (B) Recombination during reverse
transcription with altered rate of either DNA
polymerization or RNA degradation.  When DNA
polymerization slows down and RNA degradation remains
at the normal rate, DNA 3’ to the RT becomes more
available to anneal to the other RNA and promotes
recombination.  When DNA polymerization occurs at
normal rate and RNA degradation slows down, much of the
DNA 3’ to the RT remains in the RNA:DNA hybrid and is
less available to anneal to the other RNA, which leads to a
lower rate of recombination.

analyzed.  It was found that again, half of the recombinants
contained one cross-over whereas the other half had more
than one cross-over.  This study demonstrated that
recombination via the minus-strand recombination model
can also efficiently generate recombinants with more than
one cross-over.  In addition, the phenotypes of the
recombinants from this study closely resembled those from

the first study in which both recombination models could
operate.  Therefore, these studies demonstrated that the
minus-strand recombination model is the major mechanism
responsible for retroviral recombination.  This conclusion
was further supported by a later study that examined
recombinants in DNA repair deficient cells (28).  The DNA
strand displacement-assimilation model proposed that
recombinants contained a heteroduplex in their DNA,
which would be repaired later by the host cell system.  This
heteroduplex would not be repaired in a DNA repair
deficient cell; however, after cell division, a mixed colony
would be generated.  Because mixed colonies were not
observed in DNA repair deficient cells, this observation
lent further support to the conclusion that minus-strand
recombination is the major mechanism of recombination.

3.4.  Dynamic copy-choice model of retroviral
recombination

Much of the intricate molecular mechanisms of
minus-strand recombination was revealed in a series of
experiments studying direct repeat deletion (29-31).
Directly repeated sequences in retroviruses are unstable and
are deleted at high frequencies (32-35).  During DNA
synthesis, RT switches its template from one copy of the
repeated sequence to the other, thereby deleting one of the
copies plus any intervening sequences.  Both direct repeat
deletion and recombination operate by the same molecular
mechanism that causes template switching.  During studies
of the location of template switching in repeated sequences,
it was found that template switching occurred more
frequently toward the 5’ end of the directly repeated
sequences than at the 3’ end of the sequences.  Based on
this result and other data, it was proposed that the newly
synthesized DNA 3’ to the RT can pair with the
complementary sequences of the other RNA copy to
promote RT to switch templates (29).  This hypothesis also
implies that the availability of the newly synthesized DNA
can affect the frequency of recombination.

RT is a dual-function enzyme; it has a DNA
polymerase domain plus an RNase H domain (23).  During
minus-strand DNA synthesis, the polymerase domain of RT
copies the RNA template to synthesize DNA.  The RNase
H domain of RT degrades the RNA in the RNA-DNA
complex; RNase H has two modes of action: polymerase
dependent and polymerase independent (31).  In a series of
experiments studying template switching, it was
demonstrated that the dynamic steady state between the
rates of DNA polymerization and RNase H degradation
dictates the frequency of recombination (30, 31).  The rate
of DNA synthesis was manipulated by either
disadvantageous mutations in the polymerase domain or by
treatment with drugs to lower the nucleotide pool
concentration in the cells to slow down DNA synthesis.
The rate of RNA degradation was altered by mutations in
the RNase H domain.  The rate of template switching by
RT that had wild-type DNA polymerase and RNase H
activities was defined as the wild-type rate (figure 2A).
When DNA synthesis slowed down and RNase H activity
remained wild-type, the rate of template switching was
higher than the wild-type rate (figure 2B).  In contrast,
when the DNA synthesis remained wild-type and RNase H
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degradation slowed down, the rate of template switching
became lower than the wild-type rate (figure 2B).  This
observation led to the hypothesis that the dynamic steady
state between the DNA polymerization and RNA
degradation rates dictates the availability of the newly
synthesized DNA 3’ to the RT for pairing with the other
RNA template, and ultimately affects the frequency of
template switching (30, 31).  For example, if DNA
polymerization slows down and RNase H degrades RNA at
the normal rate, the newly synthesized DNA becomes more
available than those from wild-type to pair with the other
RNA template.  This increased pairing could promote
template switching.  In contrast, when DNA synthesis
occurs at the normal rate but RNase H activity is lower, the
newly synthesized DNA is less available to pair with the
other copy of the template and therefore causes a reduction
in template switching.

4.  THE PROPERTIES OF RETROVIRAL
RECOMBINATION

4.1.  Recombination rates and the effects of homology
on recombination

The rate of homologous recombination during
one round of retroviral replication has been measured in
both spleen necrosis virus (SNV) and murine leukemia
virus (MLV) (22, 36).  Using vectors that are highly
homologous to each other, the recombination rates between
markers that were 1 kb apart were 4% and 4.7% per
replication cycle for SNV and MLV, respectively (22, 36).
In MLV, recombination rates with markers that were 1.3,
1.9, and 7 kb apart were also measured to be 5%, 7.4%, and
8.2%, respectively (22, 36).  This result indicates that when
the distance between two markers is less than 2 kb, the
recombination rate increases with larger marker distances;
however, the recombination rate appears to plateau after 2
kb, and does not increase proportionally with marker
distances.  Although recombination rates have been
measured in this manner and it is important to know this
information, the recombination rate is only part of the
story.  Retroviral recombination has high negative
interference (see later) (25, 37), which should be
considered when estimating the frequency and pattern of
recombination.

In addition to homologous recombination,
nonhomologous recombination can also occur during
reverse transcription (38, 39).  The rate of nonhomologous
recombination has been measured in retroviruses by using
vectors that do not contain significant homology.  It was
determined that the overall rate of nonhomologous
recombination during one round of retroviral replication is
approximately 5 × 10-5; this is approximately 0.1% of the
rate of homologous recombination (38, 39).  The rate of
recombination between two viruses becomes more frequent
with the presence of short stretches of homology between
the two viral genomes; in these cases, recombination occurs
within the homology (40).  The frequency of direct repeat
deletion is also proportional to the size of the directly
repeated sequences, although the frequency reaches a
plateau when the direct repeat is approximately 1 kb (29).

If recombination can occur with short stretches of
homology, what is the minimum length of homology
needed to mediate template switching events?  During
analyses of deletion mutants, it was shown that the
junctions of deletion often contained short stretches of
homology (41).  Recent studies revealed that minus-strand
DNA transfer could occur with a very short stretch of
homology at low efficiencies (42).  A systematic study
analyzing the lengths necessary for minus-strand DNA
transfer indicated that 12 nt is sufficient for accurate and
efficient minus-strand DNA transfer (43).  Although 12 nt
homology allows efficient minus-strand DNA transfer,
indicating that a short stretch of homology is physically
capable of mediating template switching, this length is not
sufficient to allow efficient recombination to occur.  The
difference is the equilibrium of DNA polymerization and
RNA degradation rates as described in the dynamic copy-
choice model (31).  In minus-strand DNA transfer, DNA
polymerization is completely halted at the end of the
template, thereby tipping the equilibrium to favor template
switching.  In contrast, in recombination, with continuous
DNA polymerization, a short stretch of homology such as
12 nt does not have sufficient opportunity to allow template
switching.

4.2.  Retroviral recombination has high negative
interference

The recombination rate of SNV was measured to
be 4% when two markers were located 1 kb apart (22).
With this rate, if recombination events were independent, it
would be uncommon for a virus to undergo two
recombination events.  For example, in an engineered
vector with a 3.6-kb genome, only 1 in 7 recombinants and
1 in 49 recombinants are expected to have two or three
recombination events, respectively.  However, upon
examining these viruses, it was found that approximately
half of the analyzed recombinant viruses had more than one
cross-over, and some had three or four cross-overs (27).
This pattern of recombination was also observed when only
minus-strand recombination was allowed to generate
recombinants (25).  Because minus-strand recombination
generates only one cross-over per recombination event, it is
clear that recombinants with two or three cross-overs were
generated by two or three recombination events; thus,
recombinants with two or more recombination events were
generated far more frequently than expected from the
measured recombination rate of a single recombination
event.  Therefore, by definition, retroviral recombination
has high negative interference, which is a term used in
genetics to describe the observation of a higher-than-
expected frequency of recombinants containing two or
more cross-overs (44, 45).  Furthermore, these studies
demonstrated that high negative interference in SNV was
generated by correlated recombination events during
minus-strand DNA synthesis (25).   In addition to SNV,
high negative interference has been observed in MLV-
based systems (46).  Multiple cross-overs in HIV-1
recombinants were also observed with high frequencies,
suggesting that recombination in HIV-1 also has high
negative interference (47, 48).
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High negative interference has a tremendous
implication on generating diversity in a virus population.
For example, if two viruses have two advantageous
mutations each, the locations of the mutations were such
that a minimum of three cross-overs would be needed to
generate a viral genome containing all the mutations.  If
retroviral recombination does not have high negative
interference, with a recombination rate of 4% between
markers that are 1 kb apart, it would be rare to generate a
recombinant with three cross-overs and all four
advantageous mutations in one round of retroviral
replication.  However, 20 of the 47 recombinants analyzed
in the aforementioned SNV-based system had 3 or more
recombination events (25).  Therefore, mutations can be
reassorted even more frequently than previously estimated
based solely on the recombination rate.

4.3.  Position and accuracy of recombination events
Retroviral recombination events have been

analyzed using retroviruses with authentic viral sequences
as well as with engineered vectors encoding genes derived
from other organisms.  In both cases, recombination events
have been observed throughout the viral genome and occur
at various primary sequences (25, 27, 47, 48).  Therefore,
retroviral recombination events are not dependent on
specific sequences or positions in the viral genome.

Although recombination can occur throughout
the viral genome, it is unclear whether there are sequences
that have enhanced recombination frequencies, i.e.,
recombination hot spots.  It has been reported that
recombination occurs preferentially within a stretch of
sequences in the 5’ untranslated region (5’ UTR) termed
the “kissing-loop”, which was thought to be important in
RNA dimerization (49-51).  This conclusion was generated
while studying recombination between MLV-based vectors
with a mutated PBS and endogenous retroviruses.  In this
study, recombination could only occur in the 5’ UTR.
Upon examination of multiple recombinant viruses, it was
concluded that many of the recombination events occurred
at the kissing loop region.

Other studies have also examined recombination
events in the 5’ UTR.  In several independent studies using
SNV, MLV, and HIV-1 model systems, the 5’ UTR did not
appear to experience an increase in recombination events
compared with other parts of the viral genome (25, 27, 47,
48).  Because the available markers were located further
apart, these studies examined the overall recombination
events in 5’ UTR rather than directly determining the sites
of recombination at the kissing- loop region.  One possible
interpretation for the data from all these studies is that the
kissing-loop region has enhanced recombination locally
among the sequences in the 5’ UTR; however, the entire 5’
UTR does not experience more recombination events
compared to the other part of the viral genome.  Therefore,
the kissing-loop region may be a local hot spot but does not
increase the overall recombination rate of the 5’ UTR.

The fidelity of the template switching events was
once suggested to be low with the frequent nontemplate-
directed nucleotide addition (52).  However, multiple
genetic studies later determined that recombination events

are accurate.  During template switching, RT copies the
genetic information from the template without excess
errors.  Recombination studies analyzing the junctions of
multiple recombinants demonstrated the accuracy of the
recombination events (40, 50).  Other template switching
events have also been shown not to be error-prone.  For
example, direct repeat deletion can be used to reconstitute
functional genes, which can achieve close to 100%
efficiency (29).  The reconstitution of a functional gene
indicated that direct repeat deletion is an accurate process
since nontemplate addition mutations would create a
frameshift, thereby rendering the gene nonfunctional.  The
accuracy of minus-strand DNA transfer has also been
examined.  One study reported the presence of non-
template addition at the minus-strand DNA transfer
junctions in a significant portion of viruses (53).  In
contrast, several other studies have reported that minus-
strand DNA transfers are accurate events, based on
analyses of DNA sequences in the transfer junction in
several different viruses and the ability to efficiently
reconstitute functional genes during minus-strand DNA
transfer (43, 42, 54).

4.4.  Double infection can indirectly affect the
occurrence of recombination

As described earlier, the prerequisite for
recombination is the generation of heterozygotic virions
that contain copackaged RNA derived from the two
different viruses (22).  Heterozygotic virions are generated
by cells containing two genetically distinct proviruses.
Therefore, the frequency with which cells are infected by
two viruses has a direct impact on the generation of
recombinant viruses.

The fact that frequent recombination is observed
in clinical strains of HIV-1 (see later) indicates that
infection by more than one virus must occur in infected
individuals.  Using in situ hybridization, one study
analyzed infected cells from the germinal center of the
spleen from HIV-1-infected patients (55).  Sections of
infected cells were isolated by microdissection, then
proviral genomes were amplified by PCR and subjected to
sequence analyses.  These analyses indicated that some
cells were infected by more than one virus.  This result
directly demonstrated the presence of multiply infected
cells; however, it was difficult to quantify the frequency
with which cells are infected by multiple viruses.  Current
unpublished work in our laboratory examining HIV-1
infection demonstrates that double infection (infection by
two different viruses) is not random and occurs more
frequently than expected.

If double infection occurs more frequently than
expected in HIV-1-infected individuals, it is likely that
recombination also occurs more often than previously
estimated.  The frequent recombination could therefore
have a significant impact on the variation of the viral
population in patients.

 5.  RECOMBINATION IN INFECTED HOSTS

Retroviral recombination has long been observed in a wide
range of hosts and different viruses.  Recombination can
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Table 1. Summary of inter-subtype HIV-1 recombinants
Parental subtypes Geographical locations References
A/B United States, Ukraine, Russia, Cameroon 64,65, 66, 67, 68
A/C Uganda, Belgium, Tanzania, Keyna, India,

Zambia, Rwanda
69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79

A/D Uganda, Tanzania, Kenya, Denmark, Sweden 69, 80, 71, 72, 73, 81, 75, 78, 82
A/E China, Yugoslavia, Greece, Myanmar, Finland,

Cameroon, Thailand
83, 84, 85, 86, 87, 68, 88, 62, 89, 78, 79

A/G Cameroon, Yugoslavia, South Africa, Nigeria,
Senegal, Cameroon, Gabon, Djibouti, Taiwan,
Netherlands, Ghana, Kenya, Denmark

90, 84, 91, 92, 93, 94, 95, 96, 97, 98, 99, 73, 100,
81, 75, 101, 68, 102, 103, 88, 89

A/J Botswana 104
B/C China, Myanmar 105, 106, 107, 79, 86, 78
B/D China, Uganda 83, 69
B/F Argentina, Brazil 108, 109,110, 111, 112, 113, 114, 89, 78, 115
B/E Myanmar 86
B/G Spain 116, 117, 118
C/D Uganda, Tanzania, Denmark 69, 71, 72, 81
C/E Myanmar 86
F/D Belgium, Netherlands, South Africa 119, 120
D/G Russia 121
A/J/U Cameroon 90
A/G/K/J West Africa 122
A/E/G/J Central Africa 123
A/B/E Thailand 124
A/E/G/H/J/K/U Kinshasa 125
G/H/F Belgium, Netherlands 119
A/H/U Belgium 126
A/G/J Nigeria, Burkina Faso 93, 127
A/G/I Greece, Cyprus 128, 129
A/G/I/J West Africa 130
Group M/Group O Cameroon 131, 132

impact many aspects of viral pathogenesis.  Recombination can
reassort mutations to generate viruses with more subtle alterations
as well as change properties of the viruses in more drastic manners.

Mink cell focus-inducing (MCF) viruses are
examples of recombination in animal hosts that have been
reported since the 1970s (1, 56).  Some strains of mice have
been found to have a high incidence of spontaneous T cell
lymphoma.  These lymphomas were not caused by an
endogenous oncogenic virus but by recombinant MCF
viruses that were generated during the lifespan of the mice
(1, 56).  MCF viruses are recombinants between MLV and
endogenous polytropic viruses, and they contain at least a
portion of the env sequences from polytropic viruses.
Because MCF viruses were generated during the lifespan of
the mice, various isolates of MCF viruses have different
recombination patterns, which provide evidence that they
were generated from independent events.

Retroviral recombination in a host was directly
demonstrated using simian immunodeficiency virus (SIV)
(57).  Two strains of SIV, each encoding a mutation in
different accessory genes, were injected into a rhesus
monkey.  Wild-type viruses containing all of the functional
accessory genes, most likely the recombinants of the two
infecting mutant viruses, were detected from the animal
weeks later.  The detection of the wild type virus provided
evidence that retroviral recombination occurred in the
infected host.

According to sequence homology, HIV-1 can be
classified into groups M, N, and O.  Most of the HIV-1
strains belong to group M (major), which can be further
divided into subtypes designated A to K (58).
Recombination can occur within the same subtype (intra-
subtype) (59, 60) or among different subtypes (inter-
subtype) (61).  Inter-subtype recombinants have provided
some of the most dramatic examples of the impact of HIV-
1 recombination in the epidemic.  Inter-subtype
recombinants are widespread and have been frequently
isolated.  Some of these recombinants have become very
prevalent and have caused epidemics in certain regions.
For example, A/E inter-subtype recombinant viruses are
responsible for the majority of the HIV-1 epidemic in
southeast Asia such as Thailand (62, 63).  Table 1
summarizes many of the reported inter-subtype
recombinants, including the origins of the sequences and
the geographic locations where these recombinants were
isolated.  There are several striking features in this
summary.  First, inter-subtype recombination occurs in all
of the group M subtypes and is not limited to any specific
subtypes.  Second, recombinants with sequences from
multiple subtypes are also observed.  These recombinants
are probably the result of accumulated recombination
events that occurred in multiple viral replication cycles.  It
is likely that recombinants from two subtypes were first
generated, and then went through further inter-subtype
recombination to generate isolates with sequences derived
from multiple subtypes.  Third, inter-subtype recombinants
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are distributed around the world.  For example, A/B inter-
subtype recombinants were isolated from three continents.
Lastly, recombination could occur between diverse viruses,
such as group M and group O viruses.  These inter-subtype
recombinant viruses present an excellent demonstration of
the flexibility of the HIV-1 genome.  It is the same
flexibility of the HIV-1 genome that challenges the
prevention and treatment of the HIV-1 epidemic.

6.  CONCLUSIONS AND IMPLICATIONS

Frequent recombination occurs during retroviral
replication.  Many aspects of recombination were revealed
from studies performed in past decades, such as the rates,
mechanisms, properties, and impact of this frequent event.
Understanding the factors that affect recombination allows
the design of improved retrovirus-based systems for gene
delivery.  Insights into the molecular mechanism of
recombination can also aid in the development of antiviral
interventions.  The dynamic copy-choice model illustrates
the intricate balance that viral proteins have to achieve in
order to regulate recombination.  It is possible to design
antiviral treatments to interfere with virus replication and
simultaneously reduce the ability of the virus to recombine.
For example, one such target is the RNase H domain of the
RT.  RNase H activity is essential for retroviral replication;
therefore, anti-RNase H drugs should reduce the virus load.
In addition, inhibition of RNase H activity also should
reduce recombination, thereby decreasing variation in the
viral population.

In summary, frequent recombination has
provided retroviruses with an advantage in developing
diversity in the viral population.  Understanding all aspects
of retroviral recombination enables us to estimate both the
potential and limitation of these viruses, as well as to
design strategies to control and treat retroviral infections.
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