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The extraordinary genetic diversity of human immunodeficiency virus type 1 (HIV-1) results from the
introduction of mutations by an error-prone reverse transcriptase and from recombination of the two RNA
genomes packaged in the virion during the synthesis of proviral DNA. The occurrence of multiple, genetically
distant HIV-1 subtypes and their geographic intermixing set up conditions for dramatic, rather than gradual,
changes in genotype whenever genomes from different subtypes are copackaged in virions. Here we describe,
for the first time, the sequential generation of multiple different, but related, intersubtype HIV-1 recombinants
within an infected individual. Full-length gag and env genes were recovered directly from peripheral blood
mononuclear cells or from primary virus cultures, using serial blood samples from a Zambian woman and a
sample from her spouse. DNA sequencing and phylogenetic analysis established that two different A/C
recombinant forms of HIV-1 predominated at two time points in the woman. A related but distinct recombinant
HIV-1 was recovered from her spouse. Intersubtype recombination apparently played a central role in the
evolution of HIV-1 in this couple and may contribute substantially to the rapid emergence of HIV-1 variants
whenever mixed-subtype HIV-1 infections occur.

The human immunodeficiency virus type 1 (HIV-1) pack-
ages two complete single-stranded RNA genomes into the
virion. With each replication cycle, the reverse transcriptase
enzyme introduces point mutations (30, 35) and mediates re-
combination between the two RNA genomes by frequent tem-
plate switching (6, 16, 19, 21, 44). Retrovirus recombination
can generate viruses with altered biological properties. Exper-
iments with feline and murine retroviruses have demonstrated
that if appropriate selection pressures are applied, mixed in-
fections can generate recombinant viruses with altered tissue
tropism, pathogenicity, or host range or with changes in anti-
genic epitopes (15, 46).
The consequences of recombination could be particularly

significant in the case of HIV-1, given the wide genetic diver-
sity of forms that constitute the global pandemic. At least eight
major HIV-1 clades, designated subtypes A through H, and a
rare outlier group (O [17, 47]) have been described. The HIV-1
subtypes are genetically quite distinct, with nucleotide dis-
tances of up to 30% in the outer env and 15% in gag (20, 27, 28,
33, 47). Recently, it has been shown that 5 to 10% of the HIV-1
strains that have been at least partially sequenced are mosaic
genomes with genetic material from two different subtypes (37,
38). The circumstances fostering genetic exchange between
HIV-1 subtypes are largely undetermined, but it appears that
recombinant viruses are already contributing substantially to
the global pandemic. An analysis of the viral strains that
emerged from Africa to spark the rapidly growing HIV-1 ep-

idemic in Southeast Asia has revealed that these strains are
recombinants (4, 13). Recombination has also been implicated
in the acquisition of high levels of zidovudine resistance by
HIV-1 in vitro (22).
Evidence that would more clearly define the role of inter-

subtype recombination in the diversification of HIV-1 is accu-
mulating but still fragmentary. Most of the recombinant se-
quences that have been described were obtained by
amplification of portions of the HIV-1 genome from primary
virus cultures, rather than directly from peripheral blood
mononuclear cells (PBMC). Few full-length recombinant ge-
nomes have been characterized. Serial samples are almost uni-
formly lacking, precluding an analysis of the evolution of re-
combinant forms in vivo, and few recombinants have been
recovered from epidemiologically linked individuals (7, 14, 24,
39, 50).
Here we provide a comprehensive genetic analysis of HIV-1

intersubtype recombinant forms arising in vivo. We found that
different recombinant genomes predominated at different
times in the blood cells of a single individual, suggesting an
ongoing process of generation and/or selection. At least some
of the recombinants were viable in culture and apparently
transmissible; related recombinant forms were recovered from
an epidemiologically linked individual.

MATERIALS AND METHODS

PCR-VNTR fingerprinting. PCR amplification of VNTR (variable number of
tandem repeat) loci in the human genome (24–26) was performed in a duplex
format, with one reaction for the amplification of loci HUMFES and HUMvWA
and a second for the amplification of loci D3S1359 and HUMTH01. The primers
59-GGGATTTCCCTATGGATTGGG and 59-GCGAAAGAATGAGACTA
CAT were used at 1 mM together with primers 59-CCCTAGTGGATGATAA
GAATAATC and 59-GGACAGATGATAAATACATAGGATGGATGG at 2
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mM to amplify HUMFES and HUMvWA, respectively, with denaturation for
30 s at 948C and annealing for 30 s at 548C. Primers 59-GTGGGCTGAAAAG
CTCCCCATTAT and 59-GTGATTCCCATTGGCCTGTTCCTC were used at
1.4 mM together with primers 59-ATGCTAAGTGCTAAGTCAACT and 59-G
TTGCCTCTGACATGGCTTT at 0.4 mM to amplify HUMTH01 and D3S1359,
respectively, with denaturation for 1 min at 948C and annealing for 45 s at 558C.
For both reactions, a 1-min extension at 728C and 32 cycles were used, and the
reactions were in 10 mM Tris-HCl (pH 8.8)–50 mM KCl–200 mM each de-
oxynucleoside triphosphate (Pharmacia Biotech, Piscataway, N.J.)–1 U of Taq
polymerase (Perkin-Elmer, Foster City, Calif.) in 100 ml with 100 ng of DNA
template. Analysis of product (10 ml per reaction) was on 10% polyacrylamide
gels with silver staining (Bio-Rad, Hercules, Calif.) of bands. Positive control
DNA was from an individual unrelated to this study, and the negative control
lane contained no DNA template.
The probability of carrying a combination of the alleles with the highest

frequencies was calculated by using previously reported frequencies at each locus
(25, 32, 36). When possible, allele frequencies reported for the U.S. African-
American population were used as surrogates for local African populations, for
which data are not available. The probability (P1) of carrying the most frequent
alleles (f) at each locus is P1 5 (fHUMFES 3 fHUMvWA 3 fHUMTH01 3
fHUMD3S1359)21. The probability of two randomly drawn persons carrying the
same set of alleles (P2) is obtained by P2 5 (P1)2.
PCR and cloning of viral genome segments. Full-length clones were amplified

by using primers MSF12 and MSR5 and rTth and Vent polymerases as previ-
ously described (43). From virus cultures, complete gag and env genes were PCR
amplified and cloned as reported previously (27, 28) but using the Expand Long
Template kit (Boehringer Mannheim, Indianapolis, Ind.). Complete env and gag
genes from primary PBMC were recovered by using nested PCR as follows.
First-round outer primers for env were JL86 (59-CCGTCTAGATGCTGTTTA
TTCATTTCAGAATTGG-39) and JL89 (59-TCCAGTCCCCCCTTTTCTTTTA
AAAA-39), and nested primers were ED3 (59-TTAGGCATCTCCTATGGCA
GGAAGAAGCGG-39) and JL88 (59-TAAGTCATTGGTCTTAAAGGTACCT
G-39). For gag primers, MSF12 (59-AAATCTCTAGCAGTGGCGCCCGAAC
AG-39) and BJPOL3 (59-GTTGACAGGTGTAGGTCCTAC-39) were used for
the first-round PCR and primers G37 (59-TCGAGAATTCAGGGGTCGTTGC
CAAAGA-39) and G40 (59-GATCGAATTCGACTAGCGGAGGCTAGAAG-
39) were used for the second. Five percent of the first-round product was used as
the template for the second round. PCR was performed according to the man-
ufacturer’s recommendations, using thermocycle conditions of 948C for 10 s,
558C for 30 s, and 688C for 4 min for 30 cycles. At cycle 11, 20 s was added to the
extension time for each cycle. The PCRs amplify the complete env gene in a
fragment of 3.0 kb and the almost complete gag gene in a fragment of 1.4 kb.
Amplification products were TA cloned by using the pCRII vector (Invitrogen,
San Diego, Calif.), and plasmid DNA for sequencing was prepared with Qiagen
(Chatsworth, Calif.) columns. Clones were sequenced by using dye-deoxy termi-
nator chemistry on ABI 373A automatic sequencers (Applied Biosystems, Foster
City, Calif.).
Genetic distances and phylogenetic analysis. Distance and phylogenetic anal-

yses were performed by using programs of the PHYLIP package, version 3.4
(11), as well as CLUSTALW (45) and fastDNAml (34). DNA sequences of the
env gene or of the gag gene from the cloned samples (Table 1) were aligned, and
pairwise DNA distances were calculated by DNADIST, using the Felsenstein
maximum-likelihood substitution model (8), with base frequencies and transi-
tion/transversion ratio estimated from the data. Phylogenetic analyses using
maximum parsimony (DNAPARS and CONSENSE), neighbor-joining (DNA-
DIST and NEIGHBOR or CLUSTALW), and maximum-likelihood (fastDNAml)
methods resulted in trees of essentially identical topology throughout this study.
Bootstrap values (9) were determined by the maximum-parsimony method, using
SEQBOOT, DNAPARS, and CONSENSE.
Bootscanning. For the bootscanning procedure (41), the query sequences were

first aligned with a set of reference sequences representing all established genetic
subtypes of HIV-1, including unpublished sequences from our laboratory. The
alignment was broken into sequential, overlapping segments, and bootstrapped

phylogenetic analyses (maximum parsimony and neighbor joining) were per-
formed on each segment. Parental genotypes were identified as those exhibiting
bootstrap values of greater than 70%. Breakpoints were fine mapped by using a
four-sequence alignment consisting of the putative recombinant sequence, both
parental genotypes as 50% majority consensus sequences (all available C-type
and four unpublished ACY sequences [see Results section for explanation of
ACY], each used to construct the consensus gag and env sequences), and an
outgroup (isolate MN, subtype B). Breakpoints were assigned to the midpoint of
the transitions between segments from different subtypes. Using a consensus
based on all A-type sequences excluding the ACY sequences resulted in similar
results, except that some breakpoints were left undetected (not shown, available
on request). The pol region of each of the full-length sequences was bootscanned
by using sequences from subtypes A (U455; accession number M62320), C
(C2220 [42]; accession number U46016), and B (MN).
Informative site distribution analysis. To localize intragenic crossover points

between regions of DNA sequences, the distribution of phylogenetically infor-
mative sites supporting alternative tree topologies was inspected. This was done
by surveying the informative sites in a four-sequence alignment including the
putative recombinant sequence, consensus sequences derived from the two pa-
rental subtype lineages (ACY and C), and an outgroup (B isolate MN). There are
three possible configurations of the informative sites, two of which support the
clustering of the putative recombinant with one parental lineage or the other.
The distribution of these two types of sites can be tested by determining whether
a break placed at any point along the alignment produces a significant difference
in the ratio of the two types of sites on each side of the cut, as assessed by a
chi-square value; the optimum position of the breakpoint can be found by
maximizing this value (31). Probability values were determined by carrying out
10,000 simulations.
Nucleotide sequence accession numbers. The sequences obtained in this study

have been assigned GenBank accession numbers U86768 to U86781.

RESULTS

The index case for this study was an HIV-1-positive woman
who participated in a clinical research study in Lusaka, Zam-
bia, in 1989 and 1990. The env gene (clone ZAM184*) of a
virus cultured from her PBMC in 1990 behaved as an outlier to
all of the recognized HIV-1 subtypes in the initial phylogenetic
analyses (27). Samples from other individuals in the same study
clustered within HIV-1 genetic subtype C. When the recogni-
tion of the first mosaic HIV-1 genomes sparked a reevaluation
of all available gene sequences of HIV-1 (37, 38), env gene
ZAM184* emerged as the first example of a recombinant be-
tween HIV-1 subtypes A and C.
The availability of additional samples from the index case

and from her spouse provided an opportunity to investigate the
circumstances surrounding the generation of HIV-1 recombi-
nants. Our repository contained additional cryopreserved pri-
mary PBMC from the 1990 blood sample and primary PBMC
obtained 16 months earlier from the same individual and her
spouse. Both of the blood samples from the index case had
yielded positive primary virus cultures, from which cryopre-
served cells were also available. No isolate was available from
the husband’s sample.
Verification of sample identity. Before initiating molecular

cloning and genetic analysis of HIV-1 sequences, we verified

TABLE 1. Molecular cloning of HIV-1 DNA sequences

Patient Date
(mo/day/yr) Samplea

Molecular cloneb

gag env Full length

Index case 2/20/1989 Index case P 2 (174-2, -3)
Index case C 1 (174-2.1) 3 (174-2, -7, -16)

6/20/1990 Index case P 1 (184-1)
Index case C 3c (184-5.6, -5.2, -5.4) 3c (184-5.6, -5.2, -5.4) 1 (184-5.6)

Spouse 2/20/1989 Spouse P 1 (716-17) 1 (716-3)

a Source of DNA template for PCR amplification and cloning is indicated by P (primary PBMC) or C (cells from virus culture).
b Regions of the HIV-1 genome that were cloned and sequenced included gag (1.5 kb), gp160 (2.5 kb), or the virtually full length genome (9.0 kb). The number of

clones sequenced (identification codes in parentheses) from each region is shown.
c Sequenced from full-length clones.
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that the cryopreserved primary PBMC obtained in 1989 and in
1990 from the index case were, in fact, derived from the same
individual. The results of a PCR analysis using VNTR loci
HUMFES, HUMvWA, D3S1359, and HUMTH01, which are
highly polymorphic in the human genome (25, 32, 36), are
shown in Fig. 1. Serial samples from the index case (lanes 1, 2,
12, and 13) showed similar allele patterns in all loci but differed
from those of the spouse’s sample (lanes 3 and 14) and from
those of blood samples from three other individuals in Zambia
provided at the same time points (local controls; lanes 4 to 9
and 15 to 20). Even if all of the alleles found in the index case
were the most prevalent in the population, the chance for a
random genotype match in unrelated samples would be less
than 1 in 35,000. These data verify that the 1989 and 1990
samples in our repository were derived from the index case and
establish that the spouse’s sample was derived from a different
individual.
Because the virus isolation procedure involved mixing of the

patient’s cells with donor PBMC from other individuals (2), we
were unable to use this genotyping procedure to establish that
the 1989 and the 1990 virus cultures corresponded to their
respective primary PBMC samples, but virologic evidence es-
tablishing this link is presented.

Clones and sequences of HIV genes. HIV-1 genomic se-
quences were recovered by PCR amplification and molecular
cloning. More than 40 kb of new sequence information was
generated from the five samples as described in Table 1. Four
nearly full length clones were obtained from the 1990 virus
culture of the index case. Of these, one was completely se-
quenced; from two others, the gag and env genes were se-
quenced. The full-length clone which was completely se-
quenced was determined to be highly similar to the other three
clones by restriction mapping. The complete env gene was
sequenced from both primary PBMC and virus culture at both
time points from the index case (env genes were separately
amplified from the cultured 1989 sample) and from the pri-
mary PBMC of her spouse; from some samples, multiple
clones were analyzed. Complete gag gene sequences were ob-
tained from the two virus cultures of the index case and from
the primary PBMC of her spouse.
Genetic distances between HIV sequences from the index

case and her spouse. First, the relationships of the viral se-
quences from the primary PBMC of the index case to the
sequences obtained from the corresponding virus cultures were
examined. Table 2 shows that the groups of viral sequences
recovered from primary PBMC and from culture differed by

FIG. 1. Genotyping of patient primary PBMCDNAs. Shown are silver-stained gels of four PCR-amplified VNTR repeat loci from the 1989 and 1990 primary PBMC
DNAs of the index case (lanes 1, 2, 12, and 13), the 1989 sample of her spouse (lanes 3 and 14), three local control individuals (lanes 4 to 9 and 15 to 20; year of collection
indicated), and positive and negative controls. Lanes M are DNA size markers. The original silver-stained gel was scanned at 400 dots/inch and annotated by using
Adobe Photoshop version 3.0.5 (Adobe Systems, Inc.).

TABLE 2. Pairwise distances among proviral HIV-1 sequencesa

Patient Date(s) of
sample

Comparison
categoryb

% Difference

No. of
comparisons

env No. of
comparisons

gag

Mean Range Mean Range

Index case 1989 A 6 2.3 1.2–3.1
1990 A 3 2.0 1.9–2.0
1989 and 1990 B 20 13.8 13.1–14.5 3 9.8 9.7–9.8

Index case and spouse 1989 C 5 7.4 6.7–8.0 1 5.4

a Distances between DNA sequences of the env gene or of the gag gene from the samples described in Table 1 are shown.
b Comparisons of cultured and uncultured sequences obtained from the index case patient (A), comparisons of sequences between the two time points from the index

case (B), and comparisons of sequences between the index case and her spouse (C).
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averages of 2.3% at the 1989 time point and 2.0% in the 1990
sample. These results establish that the viruses recovered in
vitro were very closely related to those found in vivo at both
time points and that the primary PBMC of the index case were
almost certainly the source of the viral sequences recovered
from culture.
In contrast, the HIV-1 sequences obtained in 1989 differed

significantly from those observed in 1990. The inter-time point
variation averaged 13.8% in env and 9.8% in gag (Table 2).
Thus, a relatively homogenous virus population found in the
index case in 1989 appeared to be essentially replaced by an
equally homogeneous but genetically distant population in
1990. Finally, the DNA distances between HIV-1 sequences
from the index case and from her spouse obtained in 1989
differed by averages of 7.4% in env and 5.4% in gag.
Evolutionary relationships between HIV sequences from the

index case and her spouse. The phylogenetic relationships
among the HIV-1 sequences from the index case and her
spouse were then determined (8–10), in conjunction with rep-
resentative sequences from HIV-1 subtypes A through G for
env and A through H for gag. References included published

sequences which have previously been shown to be nonrecom-
binant (33, 37, 38) as well as unpublished sequences of isolates
from Cyprus (to be presented elsewhere) which, based on a
shorter previously published sequence, seem to cluster with
subtype A and form a subgroup that has been called ACY (23).
These were included since they have been shown to be the
closest relative of ZAM184* within subtype A (Fig. 2). For
both genes, the 1989 sequences from both the index case and
her spouse formed a monophyletic cluster in subtype C. The
close relationships of the sequences derived from the virus
culture to those found in vivo is reinforced by this analysis, as
is the close linkage of the sequences from the index case and
her spouse. Sequences from the 1990 samples of the index case
formed an equally tight cluster but appeared to be only dis-
tantly related (based on estimated genetic distance) to the ACY
subgroup of the A subtype, behaving as outliers like the initial
env clone (ZAM184*) from the index case. Sequences found in
uncultured and cultured PBMC were virtually identical.
Evidence of intersubtype recombination. The genetic basis

for the dramatic shift in the phylogenetic position of viral
sequences found in the PBMC of the index case over a 16-

FIG. 2. Phylogenetic classification based on complete gag and env sequences. Five full-length gag (1.5 kb) and ten full-length env (2.5-kb) gene sequences from the
index case and her spouse (C, cultured PBMC sample; P, primary uncultured sample) were aligned with reference sequences (27, 28, 33) of HIV-1 subtypes A through
H, and phylogenetic analyses were performed (34). ACY is a consensus sequence of four separate unpublished sequences which form a subgroup of the A-subtype.
Sequence ZAM184* (env tree) has been described previously (33). Maximum-likelihood trees with maximum parsimony bootstrap values for the nodes classifying
samples from the index case and from her spouse are shown, but other methods produced essentially identical results (11, 45). The shift from inclusion in subtype C
for the 1989 samples to an unclassified position for the 1990 samples is evident for all clones analyzed and is observed in both the env and gag trees. Bootstrap values
of key nodes are shown (bootstrap values of all subtype defining nodes were 100).
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month interval was investigated. Because the prototype env
clone (ZAM184*) from the 1990 sample of the index case had
been previously shown to be an A/C recombinant (37, 38), we
examined the possibility that different recombinants were
present at different times. A procedure for resolution of the
parentage of recombinant HIV-1 genomes termed bootscan-
ning (41) was used. Using a multiple sequence alignment with
reference sequences, we analyzed overlapping segments of the
gag and env genes separately for their phylogenetic positions.
The bootstrap value establishing the consistency of grouping
with subtype A or subtype C was examined for each segment.
Figure 3A depicts these results graphically. All of the gag and
env genes recovered from the index case and her spouse were
chimeras of subtypes A and C. The sequences from the 1989

samples were largely of subtype C, with regions from subtype
A in the middle of the gag genes and two subtype A segments
close to the 39 end of env. Additionally, the 1989 sequences
from the index case and her spouse differed in that the spouse
had an additional small segment of subtype C in the central
portion of the gag gene (Fig. 3A). In contrast, the 1990 sample
from the female index case yielded sequences that were mostly
subtype A, with only small segments of subtype C genetic
material in both gag and env. The disparate phylogenetic po-
sitions of the sequences derived from the serial samples are
thus due to recovery of different recombinant genotypes. Ap-
parently, recombination played a significant role in the evolu-
tion of viral forms in this individual.
We next determined whether the genetic segments of geno-

TABLE 3. Fine mapping of selected recombination breakpointsa

Samplec Gene Subtype Segment Region

No. of informative sites

P
A C Out

group

Spouse P (1989) gag C I 1–691 4 24 1
0.0014

A II 777–918 5 0 0
0.0157

C III 945–969 0 4 0
0.0469

A IV 1092–1290 6 1 1
0.0158b

C V 1302–1465 1 9 0

Index case C (1989) gag C 1 1–705 2 29 2
0.0000

A II–IV 777–1290 15 1 4
0.0000b

C V 1302–1465 1 9 0

Index case C (1990) gag A I–IV 1–1290 43 3 8
0.0000

C V 1302–1465 1 9 0

Spouse P (1989) env C VI–VII 1–1718 8 60 9
0.0001

A VIII 1762–1865 5 0 0
0.0131

C IX 1873–2171 3 12 0
0.0002

A X 2186–2611 22 2 3
0.0000

C XI 2614–2749 1 12 1

Index case C/P (1989) env C VI, VII 1–1718 9 68 6
0.0001

A VIII 1762–1948 8 1 0
0.0133

C IX 1985–2171 2 9 0
0.0005

A X 2221–2593 19 2 3
0.0000

C XI 2630–2755 1 12 0

Index case C/P (1990) env C VI 1–303 1 14 1
0.0000

A VII–XI 378–2755 94 18 13

a Analysis was performed as described by Robertson et al. (37, 38). The distribution of informative sites supporting classification as subtype A or C or the outgroup
is shown. The last column shows the P value for finding a higher chi-square value for the distribution of phylogenetically informative (parsimonious) sites among 10,000
simulations of randomly shuffled data.
b The breakpoint was chosen on the basis of a lower than maximum chi-square value based on visual examination of the sequence alignment. Choosing the highest

value would move the boundaries of the breakpoint to 1305–1371, which is caused by a single mutation at position 1305.
c P, analyzed from primary, uncultured PBMC; C, analyzed from cocultured PBMC; C/P, analyzed from both cocultured and uncultured PBMC.
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type A and genotype C from the different samples were suffi-
ciently related to establish direct, ancestral relationships
among them. For this analysis, the gag and env genes were
divided into segments bounded by the recombination break-
points identified by the bootscanning process (segments I
through XI [Fig. 3B]). Figure 3B shows the phylogenetic trees
constructed from these segments by using reference isolates of
subtypes A and C. Segments II, IV, VIII, and X appeared to
derive from subtype A in all of the samples, and segments V
and VI were consistently of subtype C. Phylogenetic trees from
these segments support a very close association of the se-
quences from the index case in 1989 and 1990 and from her
spouse (Fig. 3B). Segment III appeared to derive from subtype
C in the 1989 sample from the spouse but was of subtype A in
both the 1989 and 1990 samples from the index case. The tree
from this segment (tree III [Fig. 3B]) confirms derivation from
different subtypes in the index case and her spouse. Similarly,
the trees constructed from segments VII, IX, and XI group the
1989 samples from the index case and her spouse within sub-
type C and show that the 1990 sample from the index case was
of subtype A in these regions. These results are consistent with
the derivation of all of the recombinant HIV-1 strains from this
couple from a single subtype A parent (related to the ACY
isolates) and a single subtype C parent via multiple rounds of
recombination. They are also equally consistent with the der-
ivation of the various forms by recombination and/or selection
from an existing pool of recombinants.
Additional evidence was gathered in direct support of the

derivation of one recombinant from another by further analysis
of the corresponding breakpoints between genetic segments
from subtypes A and C in different recombinants. Table 3

shows the results of an investigation of the distribution of
phylogenetically informative sites (37) around the observed
breakpoints. Within the precision attainable by this technique,
common breakpoints (asterisks in Fig. 3A) were identified
between segments IV and V in all gag genes obtained and
between regions VI to XI of env in the 1989 samples (Table 3).
Thus, it is unlikely that the recombinant forms in the serial
samples of the index case and in her spouse were generated by
independent recombination events between the parental A and
C viruses; rather, these analyses strongly suggest that earlier
recombinant forms served as templates for the generation of
later ones.
Four nearly full length molecular clones were also recovered

from the 1990 PBMC coculture isolate of the index case. Se-
quencing of gag and env genes (Table 1) and restriction endo-
nuclease mapping (data not shown) showed the four clones to
be almost identical. One full-length clone was completely se-
quenced and analyzed for chimeric structure by bootscanning
(41). Figure 4 shows that multiple crossover points between
subtype A and C are found in the genome of this isolate.
Mosaicism was found in both structural and regulatory genes
as well as in genes encoding proteins of very diverse functions
in the viral life cycle, including the NCp7/p6, protease, reverse
transcriptase, gp120, and gp41 genes and vpu. The potential of
intersubtype recombination to generate novel variants, possi-
bly with altered structural and functional properties, is under-
scored by this analysis.
Since recombination during PCR has been described to oc-

cur under some experimental conditions (49), we performed an
experiment where two largely similar cloned infectious provi-
ruses (pNL4-3 and pHXB2; GenBank accession numbers

FIG. 4. Virtually full length genome of isolate ZAM184. A 9.0-kb segment containing all but 72 bases of the HIV-1 genome was PCR amplified using DNA from
the PBMC coculture of the 1990 sample of the index case (Table 1) as described previously (43), cloned, and sequenced. Open reading frames and long terminal repeat
U3-R regions are shown as a gene map. Segments derived from subtypes A and C (shading as in Fig. 3) were mapped by bootscanning as described for Fig. 3 except
that 500-bp segments were used in the more conserved pol gene. Evidence of mosaicism was found throughout the genome, depicted by shading (as in Fig. 3) and above
the gene map. The gag, pol, and env genes are A/C mosaics; the regulatory genes appear to derive from subtype A, with the exception of vpu, which is recombinant.

FIG. 3. Mosaic structures of gag and env genes. Segments of genetic material from HIV-1 subtype A (open regions) or subtype C (solid regions) were mapped by
parsimony bootscanning as described elsewhere (41). (A) Phylogenetic trees were constructed from sequential 200-bp segments overlapping by 20 bp. The bootstrap
value grouping each segment with subtype A (thick solid line), subtype C (thin dashed line), or an outgroup (subtype B isolate MN; thin solid line) is plotted (results
from multiple clones from both primary and cultured materials were similar at each time point). Recombination breakpoints were identified as the intersection of the
subtype A and subtype C lines of the bootscan plots. All of the clones from this study were mosaics of subtype A and subtype C. Additional analyses on the breakpoints
were performed (Table 3). (B) DNA sequences were subdivided into segments I to XI according to apparent breakpoints between subtypes A and C (positions in
alignment indicated below segment number). Outgroup-rooted (B isolate MN; black filled square) maximum-likelihood phylogenetic trees (34) from these segments
are shown. The positions of six reference isolates of subtypes A (ACY [black open square]), five subtype C reference isolates, and all sequences from the index case
(1990 [filled circles] and 1989 [open circles]) and her spouse (1989 [filled triangle]) are indicated (an analysis using all known gag and env sequences gave similar results
[not shown]). Bootstrap values of the nodes joining the different combinations of index and spouse sequences were in the range of 54 to 95%. The scale bars indicates
10% nucleotide distance. In reference 38, the 1990 env sequence (ZAM184*) was reported to carry an additional segment of subtype C-related material between
positions 1068 and 1263. This region could not be detected in our analyses and was probably a result of the use of different reference sequences in the previous study
(subtype A consensus [without ACY], subtype C consensus, and simian immunodeficiency virus SIVCPZ as an outgroup).
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M19921 and K03455) were mixed in equal proportions and
amplified by using the procedures used elsewhere in the study.
This experiment showed no evidence of recombination (within
the sensitivity of a Southern blot) between two differentiating
restriction endonuclease-cut sites spaced approximately 3 kb
apart. Furthermore, since we recovered multiple clones of sim-
ilar recombined forms both from primary and cultured mate-
rials, on occasions separated several years apart (the env gene
of the initial index case was first amplified and sequenced in
1992), we rule out PCR-mediated recombination as the source
of the chimeric forms.

DISCUSSION

From the data described above, we conclude (i) that the
index case harbored at least two A/C recombinant HIV-1
forms that are plausibly related by successive rounds of recom-
bination; (ii) that different recombinant forms predominated
in the PBMC of the index case at different times; (iii) that both
recombinant forms were viable, as they were recovered in
culture; and (iv) that at least some of the recombinant forms
were transmitted between the couple.
Did these HIV-1 recombinants arise in the individuals stud-

ied here or earlier in the chain of transmission through which
they became infected? We found no direct evidence for the
continued presence of the parental (nonrecombinant) subtype
A and subtype C viruses in either the index case or her spouse.
Our data are equally consistent with infection of a mixture of
recombinant forms or with a mixed infection with a subtype A
and a subtype C virus. However, the recovery of a single re-
combinant form, rather than a mixture of forms, in each of
three samples, the accumulation of subtype A genetic material
in both the gag and env genes in the 1990 compared to the 1989
sample from the female, and the apparent commonality of
breakpoints in independent samples and multiple clones all
suggest that recombinant forms arose sequentially in one or
both of these individuals. An initial analysis of cryopreserved
samples from two additional couples who participated in the
same 1989–1990 study in Zambia shows only HIV-1 sequences
of subtype C (our unpublished data); it seems unlikely that A/C
recombinant strains were prevalent in the local population
from which the index case and her spouse were drawn.
The prospective impact of intersubtype recombination on

the global AIDS epidemic is important to consider. Increas-
ingly, HIV-1 subtypes that were thought to be geographically
separated are coming in contact (1, 3, 5, 12, 18, 24, 26, 29, 40,
48). The data presented here illustrate the potential for a
single dual infection to set up conditions for multiple segmen-
tal exchanges between HIV-1 subtypes, yielding a variety of
mosaic forms that can be perpetuated, not only during the
course of HIV-1 infection in a single individual but also in
individuals in the ensuing chain of transmission. Rapid evolu-
tion of HIV-1, already evidenced by the occurrence of multiple
subtypes, may take on an added dimension if intersubtype
recombinants are afforded the opportunity to arise and be-
come established in human populations.
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