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Retroviral recombination was described soon
after the identification of reverse transcription
[1–3] and follows from the diploid nature of the
virion. Recombinants are generated via a copy
choice mechanism which involves template
switching during reverse transcription [4]. A pre-
cise estimation of the HIV-1 recombination rate
was made, with an average result of ~3 crossovers/
genome/round of replication with a range of 1–7
crossovers [5]. Thus, the recombination rate for
HIV-1 is approximately 10 fold greater than the
point substitution rate (~0.25/genome/round, [6]).

Recombination is found at many levels of
HIV-1 genetics [7–9]. Some strains in widespread
circulation are clearly composites of viruses from
2–3 clades [10–12]. Although relatively rare at the
moment, recombinants between M and O group
viruses have been described [13, 14] while phylo-
genetic analysis of N group isolates suggests that
recombination involving large segments of the
genome have probably occurred in the lineage [15,
16]. Within an infected individual, recombinant
genomes show up in network analyses of HIV se-
quences [17–20]. In an experimental setting, wild
type simian immunodeficiency (SIVmac) could be
recovered from peripheral blood of macaques co-
infected 15 days earlier by viruses carrying dele-
tions in the vif and nef genes [15, 16, 21]. Even
SIVcpz, the suspected founder of HIV-1 in hu-

mans, was recently shown to be a recombinant of
2 SIVs from different species [22]. 

Do HIV recombinants arise infrequently or
are they constantly being spawned? Given the
massive and rapid turnover of virus [23–25], rela-
tively few are identified. As one virion gives rise to
a single provirus, recombinants can be identified
when a single cell is infected by two or more ge-
netically distinct viruses. Fluorescence in situ hy-
bridisation (FISH) can quantify the number of
proviruses per cell while PCR and sequencing can
address the question of whether the proviruses are
divergent. Using a 7 kb HIV-1∆env probe, the sin-
gle provirus in ACH-2 cells [26], as well as the two
copies in U1 cells [27] could be identified [28]. By
way of internal control, a co-hybridised chromo-
some 12 specific α -satellite probe (D12Z1) identi-
fied the expected two copies of chromosome 12 in
each cell (data not shown). When applied to ex-
perimentally infected human CD4+ cells from pe-
ripheral blood, FISH readily identified integrated
HIV-1 genomes. However FISH failed to detect
non-integrated HIV DNA. 

Given that the proportion of infected cells is
greater in lymphoid tissues, as opposed to the pe-
riphery, splenocytes from two HIV-1 infected pa-
tients, B and R were analysed [29]. Frozen cells
were thawed and positively selected by anti-CD4
antibody coated magnetic beads which resulted in

From a posteriori analyses of genetic variation,
recombination can only be identified when the
parental genomes are distinct. For viruses like
HIV-1, this requires the producer cell to be in-
fected by more than one virus. Using fluorescence
in situ hybridisation, the provirus copy numbers in
splenocytes from two HIV-1 patients were deter-
mined. More than 75% of infected splenocytes
harboured two or more proviruses, range 1–8, with
a mean of ~3–4 per cell. Sequencing of amplified
DNA from single laser micro-dissected cells

showed an extraordinary degree of diversity while
numerous recombinants were evident. Given the
dynamics of HIV-1 turnover in vivo and a recom-
bination rate of ~3 cross-overs per cycle, some
genomes from a fifteen year old infection may have
undergone as many cross-overs as bases in the
genome. Thus, recombination profoundly influ-
ences HIV evolution and gives it a non-clonal and
transitory nature in vivo. 
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~94% CD4+ T cells as characterised by FACS
analysis. For both patients more than 100 HIV-
positive cells were studied. HIV-1 proviruses
showed up as green spots in interphase nuclei or
on chromosomes in metaphase spreads while the
control region on chromosome 12 showed up in
red (Figure 1). The proviral copy number ranged
from 1 to 8 per cell with a mean around 3.2 [28].
75–80% of the infected cells in vivo harboured on
average 3–4 proviruses. The frequency distribu-
tions were remarkably similar for both patients
despite different clinical presentations and viral
load [29, and legend to figure 1]. 

With such a high frequency of multiple in-
fected cells in vivo, the scene is set for rampant
recombination which should be picked up by
sequencing. Single HIV-positive interphase nuclei
were laser micro-dissected and transferred to PCR
tubes. The hypervariable V1V2 region of the HIV-
1 env gene was chosen as it is one of the most vari-
able regions of the HIV-1 genome and thus offered
greatest resolution. This choice also meant there
was no interference from the HIV-1∆env probe.
The nested PCR protocol used had a sensitivity of
~1 copy [29]. A collection of sequences derived
from three cells from patients B and R all har-
bouring 3 or 4 proviruses is shown in Figure 2. The
most striking features are the numbers of distinct
sequences per cell and the extent of genetic varia-

tion within a single cell – up to 29% amino acid
difference for cell R5 (compare sequences R5-2
and R5-3). Such a degree of variation is typical for
inter-isolate comparisons. This supports the no-
tion that patient R was infected by two distinct
HIV-1 strains and that cell R5 harboured genomes
of each.

A number of sequences are arguably recombi-
nants. For example B9-3* could have arisen from
recombination between B9-4 and a sequence akin
to B9-3. B7-2*, B7-4 and B7-5* all have identical
3’ sequences while their 5’ halves are all different.
For R5-3 and R5-4 there is a segment between
residues 55 and 82 that differs by 9 base changes
suggesting that one of the two might well be a re-
combinant. Comparing sequences between cells
reveals further evidence of recombination, eg, B9-
4* and B10-4. Most probably if more proviruses
from other cells were sequenced it would be
possible to identify more recombinants.

At the bottom of Figure 2 is a collection of four
distinct sequences from cell R10 which contained
a single provirus. It is known that for every
provirus (integrated genome) there are numerous
non-integrated covalently closed circular forms,
some studies suggest a 2–10 fold excess [30, 31].
However, small circles are relatively inaccessible to
probes since the strands readily re-anneal on them-
selves. Of course they will be amplified along with
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Multiply infected
splenocytes from 
two HIV-1 positive
patients. Green spots
correspond to inte-
grated HIV genomes,
or proviruses (HIV-
1∆env probe), while
red indicates the 
centromere 
region of chromo-
some 12 (D12Z1
probe). 
A patient B had a

peripheral CD4 cell
count of 583/µl and
a plasma viral load
of 5,900 copies/ml.

B patient R had a pe-
ripheral CD4 cell
count of 317/µl 
and a plasma viral
load of 126,900
copies/ml [29].
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the proviruses by nested PCR. If occasionally say
10 proviruses may be found per cell, this would
mean that it was infected by as many as 100 viri-
ons. Indeed, given the capacity of a cultured
lymphoblast to produce hundreds of progeny as
evidenced by electron microscopy, in the dense
confines of lymphoid tissue, it is not difficult to
imagine many virions infecting an adjacent lym-
phoblast. 

With ~100–200 consecutive rounds of replica-
tion per year [23, 25], most of which involve mul-
tiply infected cells as shown here, after fifteen years
some descendants of the initial genome should
have experienced up to 9000 crossovers (200
rounds � 3 crossovers/round � 15 years). Assum-
ing that there are few recombination hot spots then

a 9200 nucleotide genome should be marked by
approximately as many recombination sites as
nucleotides in the genome. The effects of such
rampant recombination on phylogenic analyses of
HIV need to be addressed. For example, simula-
tions of sequence evolution allowing recombina-
tion have indicated that the molecular clock breaks
down, while branch lengths appear to be overesti-
mated [32]. However, the degree of recombination
postulated was low compared to that indicated by
the present study.

With the majority of infected cells harbouring
≥2 genetically different proviruses, the number 
of distinct antigenic epitopes that are presented by
a single cell is increased. Furthermore, a mutation
in an epitope encoded by one provirus would still
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Figure 2

Sequence diversity within single infected CD4 T cells. The segment corresponds to the hypervariable V1V2 region of the gp120 surface envelope. Only
differences are scored with respect to an arbitrarily defined reference sequence. Dashes indicate gaps, solid circles synonymous substitutions, slash (/)
single base frame-shifts. On the left are the sequence codes. The prefixes B7, R4 etc. refer to the individual cell, the proviral copy number is given as
p/c. The asterisks above two cysteine (C) residues for R4-1 indicate the additional amino acid pair which is exceptional.



leave the cell vulnerable to recognition of the same
epitope encoded by the other proviruses. There-
fore, in order to escape recognition by a cytotoxic
T lymphocyte clone, mutations in the epitope 
encoded by all proviruses are necessary which is
improbable given a mutation rate of only 0.3/
base/cycle [6]. While recombination would allow
HIV to recover from deleterious mutations and
the effects of relentless bottlenecking inherent to
the chronic phase of HIV infection [21, 33], the
price to pay for multiple-infection may be a broad-
ening of immune recognition.

The high HIV recombination rate together
with the high frequency of multiple infected cells
shows that vast numbers of HIV recombinants are
being generated in vivo all the time. As the pan-
demic spreads novel circulating recombinant
forms will arise as will recombinants of recombi-

nants, their emergence probably reflecting the 
singularities of transmission dynamics. The rami-
fications of such widespread and intense recombi-
nation on phylogeny, vaccination and the evolu-
tion of multidrug resistance need to be explored. 
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