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1. ABSTRACT

Retroviruses package two copies of genomic
RNA into one virion. One of the essentia steps of
replication is reverse transcription, in which the viraly
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 a 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
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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 chalenge 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 vira 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 potentia pitfals 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 heath 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 retrovirad 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 aso
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.

144

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 geneticaly
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 RNASs 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 mMRNA; 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
retrovirdl  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) encountersthese breaksinthe RNA. At thistime, RT
would be forced to switch to the other RNA to continue
DNA synthesis, hence the term “forced” copy-choice. This
model has been generdized to include al recombination
events occurring during minus-strand DNA synthesisand 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 virad 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:
vird RNA, dashed lines: degraded vVRNA 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 “d’ DNA fragment
anneals to the minus-strand DNA “b”. After repair by the
host machinery arecombinant could be formed.
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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 vira 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
vird DNA, which would be repaired by the host cell
machinery after virus integration. If the repair machinery
uses the assimilated DNA as atemplate, then a recombinant
is generated.
3.3. Experimental evidence 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.

supporting

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 haf 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 severa 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
retrovira replication, the resulting recombinants were

































