
PCR-assay tubes. We chose the hypervari-
able V1V2 region of the HIV-1 env gene for
amplification because it is one of the most
variable regions of the HIV-1 genome and
thus offers the greatest resolution. The 
nested PCR protocol used was sensitive to
about one copy9. To assess the possibility
that HIV DNA could leak from HIV-
positive cells, we microdissected numerous
HIV-negative interphase nuclei and subject-
ed them to PCR. No positive reactions were
observed, excluding the possibility of cross-
contamination between cells. 

A collection of sequences derived from
single cells harbouring three or four pro-
viruses is shown in Fig. 1c. The most 
striking features are the numbers of distinct
sequences per cell and the extent of genetic
variation within a single cell — up to 34%
amino-acid difference for cell R5 (compare
R5-36 and R5-37). Several sequences are
recombinants, for example B7-35 and 
R5-36. With most of the infected cells har-
bouring two or more genetically different
proviruses, the necessary conditions for
rampant generation of recombinants are
fulfilled, indicating that recombination is
important in shaping the evolution of HIV
in individual patients. 

Standard phylogenetic analyses, which
ignore recombination, therefore probably
overestimate branch lengths10. Moreover,
mutation in an epitope that is encoded by
one provirus would still leave the cell vulner-
able to recognition of the same epitope
encoded by the other proviruses. The 

number of distinct antigenic epitopes pre-
sented by a single cell may be increased,
thereby broadening immune recognition.
Although massive recombination may help
the virus to recover from deleterious muta-
tions and the effects of relentless bottleneck-
ing inherent in the chronic phase of HIV
infection4,5,11, the price that the virus pays for
multiple infection may be a broadening of
immune recognition of the infected cell.
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Recombination

Multiply infected spleen
cells in HIV patients

The genome of the human immunodefi-
ciency virus is highly prone to recom-
bination1–3, although it is not obvious

whether recombinants arise infrequently or
whether they are constantly being spawned
but escape identification because of the
massive and rapid turnover of virus parti-
cles4,5. Here we use fluorescence in situ
hybridization to estimate the number of
proviruses harboured by individual spleno-
cytes from two HIV patients, and determine
the extent of recombination by sequencing
amplified DNA from these cells. We find an
average of three or four proviruses per cell
and evidence for huge numbers of recom-
binants and extensive genetic variation.
Although this creates problems for phylo-
genetic analyses, which ignore recombination
effects, the intracellular variation may help
to broaden immune recognition.

The recombination rate of HIV-1 is
roughly three events per genome for every
round of replication, with a range of one to
seven crossovers1 (which is about tenfold
greater than its point-substitution rate of
about 0.25 per genome per round6). Some
strains in global circulation are composites
of viruses from two or three different
clades7,8. If the majority of infected cells
harbour a single provirus, then recombi-
nants will be detectable, albeit only rarely.
However, if most cells contain multiple
proviruses, particularly if they are genet-
ically distinct, then budding viruses will
encapsulate genetically distinct genomes
that will recombine in the next round of
infection, thereby generating complex
mosaic structures. 

We used fluorescence in situ hybrid-
ization (FISH) to quantify the number of
proviruses per cell, and tested their
sequence divergence after amplification by
polymerase chain reaction (PCR) of DNA
from single splenocytes taken from two
HIV-1-infected patients, B and R (Fig. 1).

Frozen cells were thawed and positively
selected by magnetic beads coated with
anti-CD4 antibody, which yielded about
94% CD4& T cells by flow-assisted cell 
sorting (FACS) analysis. For both B and R,
more than 100 HIV-1-positive interphase
cells were studied (Fig. 1a). The proviral
copy number ranged from one to eight per
cell, with a mean of around 3.2 (Fig. 1b).
The frequency distributions were remarkably
similar, despite different clinical presenta-
tions and viral loads.

With 75–80% of HIV-1 infected cells in
vivo harbouring two or more proviruses,
recombinants should be readily identifiable.
We laser-dissected single, HIV-positive,
interphase nuclei and transferred them to
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Figure 1 HIV-infected splenocytes harbour numerous diverse proviruses. a, HIV-specific fluorescence in situ hybridization of HIV-1

proviruses in interphase nuclei and metaphase chromosomes from splenocytes. Green spots correspond to integrated HIV genomes, or

proviruses; red represents the centromeric region of chromosome 12. Patient B, clinical stage B1: blood CD4, 583 cells per ml; plasma

viral load, 5,900 RNA copies per ml; patient R, stage C2: blood CD4, 317 cells per ml; plasma viral load, 126,000 RNA copies per ml. 

b, Frequency distribution of the number of HIV-1 proviral copies per infected cell. c, V1V2 Env sequence diversity within single infected

CD4& T cells. Only the differences are shown; dashes indicate gaps, dots denote synonymous substitutions.
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