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Sequence analysis of a human immunodeficiency virus type 1 env gene PCR amplified from a Brazilian
woman's peripheral blood mononuclear cell DNA (sample RJIO1) showed that it was likely to have been
derived from a double recombination event between human immunodeficiency virus type 1 subtypes B and F.
The major portion of the gpl20 coding sequence belonged to the B lineage, but a segment of the C2 to V3 region
(approximately 135 nucleotides) clearly associated with sequences of the F lineage. The subtype F-like segment
had 15 noncontiguous signature nucleotides in common with Brazilian subtype F sequences that were not
found, or were rare, in subtype B sequences. In contrast, this same segment had only 3 signature nucleotides
shared with subtype B sequences and not present in the Brazilian subtype F sequences. Phylogenetic analysis,
amino acid signature pattern analysis, and the pattern of synonymous mutations all supported the hypothesis
of a recombinational origin of the RJIO1 sequence. Related recombinant genes were also detected in peripheral
blood mononuclear cell DNA obtained from the woman's recent sexual partner, indicating that the
recombination event probably occurred at some previous time in the chain of virus transmission. Divergent
viral sequences in the V3 region were found in the male sexual partner, while a relatively homogeneous viral
population was detected in the woman, consistent with her recent infection.

Recombination of retroviral genomes is a well-documented
phenomenon that can result in increased viral diversity (16).
Recombination of human immunodeficiency virus type 1
(HIV-1) genomes occurring in vivo between different members
of the viral population, or quasispecies, present within an
infected individual has been inferred from analyses of nucle-
otide sequences (2, 11, 30). Recombination between different
HIV-1 strains of the same subtype, and between different
HIV-1 subtypes, could conceivably take place within an indi-
vidual who had been exposed to and infected by HIV-1 more
than once. We report here on envelope genes detected in two
epidemiologically linked Brazilian individuals that appear to
be recombinants between subtype B and subtype F HIV-1.
A prior analysis of 28 Brazilian HIV-1 strains had shown

that, on the basis of the V3 loop and flanking sequences in env,
most could be classified as subtype B but that one sample
(RJI03) contained a subtype F HIV-1 provirus (23). Proviral
sequences within the peripheral blood mononuclear cells
(PBMC) from another of these Brazilian samples, RJIO1,
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were found to have a V3 loop and flanking regions similar to
subtype B sequences, except for a short region upstream of the
V3 loop in the C2 region which bore a strong similarity to the
corresponding region of the subtype F sequence. This sug-
gested that the RJIO1 genome might be a recombinant
between subtype B and subtype F and that what we were
observing in the C2 region was the 3' crossover point. We
therefore embarked on more extensive analysis of the putative
recombinant provirus (RJIO1) and proviruses from this indi-
vidual's infected sexual partner, as well as Brazilian subtype F
(RJI03) and subtype B (SP3) proviruses, each of which is
reported here.

MATERIALS AND METHODS

PBMC samples. Sample RJ548 was obtained from a sero-
positive man (CDC stage IV) in April 1992. At the same time,
a sample (RJ549) was also obtained from this man's female
sexual partner (CDC stage II/A). In April 1992, sexual contact
between the two had been taking place for less than 6 months.
Sample RJ549 was the initial seropositive sample from the
female, in that its Western blot (immunoblot) was strongly
positive only for core, negative for TM, and very weak for Gag
and Env precursor proteins. Sample RJIO1 was obtained from
the same woman in August 1992. Serum from this latter time
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point showed strong reactivity for viral core and Gag and Env
precursor proteins but weaker reactivity for viral SU and TM
proteins by Western blot. Sample RJIO3, a representative of
the Brazilian F subtype, was obtained from another woman
(stage II) also infected by the heterosexual route. All three
individuals were residents of Rio de Janeiro, Brazil. The SP3
sequence, a representative of the Brazilian B subtype, was
obtained from an individual from Sao Paulo (23).

Sequencing of PCR products. DNA was extracted from
Ficoll-Hypaque-purified PBMC by proteinase K digestion fol-
lowed by phenol and chloroform extraction and ethanol ex-
traction. DNA (50 to 100 ng) of samples RJIO1 (amplified in
duplicate to yield clones 5 and 10), RJIO3, and SP3 was
subjected to env-specific PCR using a nested protocol to
amplify the Vito V5 region of env, as described by Delwart et
al. (4), using ED3 and ED14 primers in the first round (HXB2
positions 5956 to 5986 and 7936 to 7966, respectively). Second-
round primers, ED5 (5'-CAUCAUCAUCAUAUGGGAU
CAAAGCCUAAAGCCAUGUG; HXB2 positions 6562 to
6588) and ED12 (5'-CUACUACUACUAAGUGCUUCCUG
CUGCUCCCAAGAACCCAAG; HXB2 positions 7792 to
7822), were modified as shown here to contain uracil instead of
thymidine as well as additional nucleotides at the 5' end for use
with the CloneAmp system (GIBCO/BRL, Gaithersburg,
Md.). PCR products of approximately 1,200 bp encompassing
Vi through V5 of env were digested with uracil DNA glycosy-
lase (to generate single-stranded ends and to digest primer
dimers), annealed to the pAMP vector (GIBCO/BRL), and
then directly transformed into DH5a bacteria (GIBCO/BRL).
Plasmid DNA from one colony per transformation was pre-
pared with Qiagen-tip 20 columns (Qiagen, Chatsworth, Calif.)
and used as the template for dideoxy chain termination
sequencing (Sequenase, version 2.0; U.S. Biochemicals, Cleve-
land, Ohio). For sample RJIO1, a second nested PCR round
was also performed using primers SC27 (5'-GACAGTGGT
CATGAGAGTGAGGGGGATCAGGAG; HXB2 positions
6214 to 6246) and ES4 (5'-TATGGGAATTGGCTCAAAGG;
HXB2 positions 6849 to 6868) to obtain the gpl20 sequence
upstream of Vi. This PCR product was ligated into plasmid
pCRII (InVitrogen Corp., San Diego, Calif.) which was used to
transform One Shot INV alpha F' competent cells (InVitro-
gen). Plasmid DNA from a single colony was used for sequenc-
ing as described above.
The sequences of individual proviral genomes from samples

RJ548 and RJ549 were obtained by end-point dilution cloning
performed prior to PCR, as follows. PBMC DNAs (about 1
,ug/ml) from samples RJ548 and RJ549 were serially diluted to
the point that about one in five or fewer reactions yielded
amplified product (29). First-round primers were 5'-ATAAGC
TTCAATGTACACATGGAATT (HXB2 positions 6959 to
6976) and 5'-ATGAATTCATTACAGTAGAAAAATTCCC
(HXB2 positions 7362 to 7381), and second-round primers
spanning the V3 region of env (32) were 5'-CAUCAUCAUC
AUGCAGUCUAGCAGAAGAAGA (HXB2 positions 7010
to 7029) and 5'-CUACUACUACUAUUCUGGGUCCCCU
CCUGAGGA (HXB2 positions 7313 to 7333) modified as
shown here for use with the GIBCO/BRL CloneAmp kit.
Plasmid DNAs from single colonies were used as templates for
sequencing as described above.

Phylogenetic analysis. DNA and protein alignments were
generated and refined with the multiple aligned sequence
editor MASE (7). Because of the highly skewed base compo-
sition of HIV and the asymmetrical substitutional frequencies
of mutations from one base to another (for example, A-to-G
substitutions were 10 times more frequent than C-to-G substi-
tutions), we used weighted parsimony for generation of the

phylogenetic trees presented in this paper (12, 15). This was
particularly critical given the short region between the subtype
F recombination points, as a small number of changes may
have great impact on the structure of the tree. PAUP, version
3.1.1 (31), was used to generate these trees in conjunction with
MacClade, version 3.03 (21). The frequencies of character
state changes (f) were calculated for a phylogenetic tree based
on the 18 taxa included in Fig. 2, over intact sequences
encompassing three distinct regions (defined in Fig. 1) of the
gpl20 sequence, and produced from a preliminary parsimony
analysis using PAUP and MacClade. The conversion 1/f was
used to weight the possible nucleotide changes, with truncation
to avoid violations of the triangle inequality (21). The resulting
matrix was then included as a character type assumption for
subsequent phylogenetic reconstructions using PAUP (31).
The construction of new most parsimonious trees minimized
the sum of the branch lengths calculated as the number of
character changes multiplied by the weights of the respective
character changes. The g1 statistic for the phylogenetic analysis
using parsimony was low for each of the three regions under
consideration in this study (all three regions using the 18 taxa
shown in Fig. 2 had g1 statistic values less than -0.7, giving
confidence limits greater than 99% that the data are nonran-
dom [14]). The g1 statistic is a measure of the phylogenetic
signal in the data (14), and a low negative value suggests that
parsimony is an appropriate phylogenetic tool for application
to this sequence set. Bootstrap proportions (8, 13) were
calculated with weighted parsimony (31). All trees were based
on alignments from which columns containing gaps inserted to
maintain the alignment were deleted.

Phylogenetic trees were also constructed with PHYLIP,
version 3.5 (9). Bootstrap analysis was done using programs
SEQBOOT (to generate 100 reshuffied sequences), DNA-
DIST (maximum-likelihood model), NEIGHBOR, and CON-
SENSE.
VESPA and synonymous site analyses. Viral amino acid

signature pattern analysis (VESPA) was conducted as previ-
ously described (17). Synonymous substitution rates were
calculated on the basis of the method of Nei and Gojobori
(27). P, is the number of observed synonymous substitutions
divided by the number of possible synonymous substitutions.

Nucleotide sequence accession numbers. GenBank acces-
sion numbers for sequences presented here are U08955 to
U08960, U08962 to U08975, and U10019 to U10026.

RESULTS

A 1,200-bp fragment spanning Vi through V5 of the HIV-1
env gene was amplified, cloned, and sequenced from PBMC
DNA obtained from three Brazilian samples: (i) sample
RJIO1, suspected to contain a provirus recombinant between
subtype B and subtype F; (ii) sample RJIO3, containing a
subtype F provirus (23); and (iii) sample SP3, containing a
subtype B provirus. For RJIO1, the entire gpl20 coding
sequence was obtained. When these sequences were aligned
with each other, with subtype B sequences from the database
(25), and with additional Brazilian subtype B and F sequences
(kindly provided by S. Osmanov and F. McCutchan), it became
apparent that a stretch of approximately 135 bp in the C2 to V3
region of the RJIO1 sequence (from about positions 6958 to
7093 on the HXB2 map) corresponded closely to the subtype
F sequences, while the surrounding regions corresponded to
subtype B sequences. Figure 1, focusing on the C2 to V3
region, shows that 15 noncontiguous bases within the approx-
imately 135-nucleotide F-like region are common between the
subtype F and the RJIO1 sequences but are absent or rare in
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JRFL ..A.GA....G..A.. .C..C.T....... G. .. T.G.C ..T..A..A.C. T.
ALA1 .. A.... ... C....................... G......................... C C........ ...... G..... TGCG.T. C.TTA C . T.
BALl ..A.. C ..G .A. CC..T.G .G. T...CGCC ....T.G ...C. T.
MN ..A .T.. ...G .A. CC..T.G .G.. T..G.G T. .A.T. T.
SF162 .T. C.G.A.G.. C.T.G.G. .G .T..G..T.A.A. .C. T.
RF .................................................. G. A.G..C.C. T.G .G.. T.. G. .T.A.. C... TT.
SP3 .......TTC. .....T.G .G. G. C. ...G.T .T G. . . T.A . CG.T .C. T.
BZ167 ............... . ....A...... A......A.G.A.C.AC... T.G.G .G .. T. G. T. .... .C. T.
BZ200 CT............... A.G. C.AC. T.G .... T.....G.T.TA. .A.C. T.
BRO14 ..............C.........G.G. . .G. C.AC.. T.G. G. .C.T. G. T. .AT.A.C. T.
BRO21 ..A .A. G . G. .A..G. C.T.G .... T.G. T.TA.A. ..... T.
BRO20 C.. C.A..G. .....C.C . T G. .T... G. C. .A.AA.C. T.
B-like *

RJI03 G...ACG.....TAAATTC.CGG CATT CA
.....................

TAGC ACACA........................GGTTGTAAATGGCAGCCTACGAAGGTAATAAC.TC..........TA.........F-like * * * C *
RJIO3 G.G.C.CG.. A.G...........T. C.T. A.
BZ126 G. .G.C..G.GA.T.C.A.....
BZ162 G.G.CG.G. . AGT .GA.
BZ163 G.C.CG ZG........G.A.....BR7944-F G..G.C..G.A.A..A.GCGAATA

JRFL ... .C. . G.GA..AC.--- G. A.T. A.
ALA1 ...C. G..G..C.. C . T.T GA.GG.. .G.C.. GCA. A. .C.A. A.A.
BALl ..G. G..G ..C.. C. A..........A................A
MN ...C C...T..G. C.C...T .A.G G. A. AA.A.T. AC.
SF162 ...CT. G. G.G... T.. .... ..G.
RF ...C. . G.G C..C. C.. ---.AG........G. T.A. C.A. A..
SP3 ... CA. G. G. .C ..A. A.. T..G TG. .0..A.A... AGA...................
BZ167 ...C.... .. G. .G. ... C.A ... .. G. ...C . ... ..............A.AG.
BZ200 ...C.G .G... G. T. GC.G..... C.---T TTTG.... G.A.....................
BRO14 ...C.. G.G. C. T.CA .. ..G TACAT G. C.GA... A ...A..
BRO21 ................ G.G .A C............. G TGG.G..A. A.
BRO20 ...C.. G.G.A. .G. .CCC. C.C. GC .G
B-like * * C* * *

RJIO1 AAATCATAATAGTACACCTTATGAATCTGTAGAAATTAATTGTACAAGACCAAACAACAATACAAGAAAAAGTATAAAT --- ATAGGACCAGGTAGAGCATTTTATGCAACAGGAGACATAATAGGAGATATAAGACAA
F-like * *

RJIO3 ...C. T........... C.G G ...... C.. T. .. CC.---T. AC .. A.. C..C .A.G
BZ126 .. C. T.C.G.C.T ......TT---T.T. AC. C. .A.G.. A.A. . C. A.G
BZ162 ................................ C.C ..... C..--- ....AC.G .C ... . C. A.G
BZ163 ... .C. T. C.G. C ....G.C..---. .AC... C. .. A.G
BR7944-F ..C. C. C.G.. G. .C... G..C. .---T. ACA. A. A. CC ... A.G

FIG. 1. Nucleotide alignment in the central, C2 to V3, region of HIV-1 env (HXB2 positions 6928 to 7207). The putative recombinant sequence
RJIO1 is shown, with nucleotides from other sequences identical to RJIO1 represented by dots. Nucleotides in RJIO1 which are found in most
subtype B or F sequences but not at all, or rarely, in the other subtypes are indicated by asterisks. Gaps introduced to maintain alignment are
indicated by dashes. The underlined sequences indicate regions within which the recombination events likely occurred. The arrows within these
regions (at positions 6958 and 7093 on the HXB2 map) separate the middle F-like segment of the RJIO1 sequence from the B-like upstream and
downstream flanking segments and demarcate the boundaries used in the phylogenetic, VESPA, and synonymous site analyses shown in Fig. 2, 3,
and 4. The major portions of the upstream and downstream flanking segments used in these other analyses are not shown.

subtype B env sequences from Brazil and elsewhere. In con-
trast, only 3 bases within this region are shared between the
RJIO1 sequence and subtype B sequences and absent from the
subtype F sequences.
The sequence of RJIO1 used in Fig. 1 was from a clone

(clone 5) derived from a PCR that contained more than one
target provirus, and since recombination has been demon-
strated to occur during PCR and subsequent bacterial cloning
when distinct target sequences are amplified together (3, 22), it
was important to show that the observed recombinant genome
was actually present in a provirus and did not arise artifactually
during the PCR and/or the cloning process. With this in mind,
RJIO1 PBMC DNA was subjected to an independent nested
PCR. The Vi through V5 sequence of a clone (clone 10)
obtained from this independent amplification experiment was
identical to the first sequence, except for 7 scattered single-
base differences that did not affect the subtype character of the
sequence. This shows that the putative recombinant genome
was indeed present in RJIO1 proviral DNA, and its detection
in both sequences suggests that it was a prevalent sequence in
the individual at the time of sampling.

Figure 2 shows three separate phylogenetic trees for three
regions of the env gene: the subtype F-like central region in the
putative recombinant (panel B) and its two flanking regions
(panels A and C). The trees include the putative recombinant
sequence, Brazilian subtype B and F sequences, and represen-
tatives of the subtype A, B, C, D, and E sequences. A simian
immunodeficiency virus cpz strain was used to root the trees.
Bootstrap proportions of greater than 50 of 100 replicates are
shown.
The sequence RJIO1 clusters reliably (in 92 of 100 bootstrap

repetitions) with subtype F genomes in the central region (Fig.

2B) and (in 81 and 90 of 100 bootstrap repetitions, respec-
tively) with subtype B genomes in the upstream (Fig. 2A) and
downstream (Fig. 2C) flanking regions. At the same time, the
F branch in both panels A and C has a bootstrap value of 100.
In the phylogenetic tree for the whole region (1,041 nucleo-
tides), the RJIO1 provirus was closely associated (bootstrap
value of 86) with an artificial recombinant sequence in which
upstream and downstream flanking regions were from BZ167
(subtype B) and the central region was from BZ163 (subtype
F) (data not shown). Although we show weighted parsimony
analyses here, we have also performed bootstrap tests of
neighbor-joining trees using a larger number of taxa, including
28 available B-type gpl20 sequences (25) (data not shown).
This method gave similarly strong support of an RJIO1
phylogenetic association with subtype B sequences in the
upstream and downstream flanking regions (bootstrap values
of 99 and 100, respectively) and with subtype F sequences in
the middle segment (bootstrap value of 94). Phylogenetic
analysis, therefore, strongly supports the hypothesis that the
RJIO1 provirus was derived by recombination between viruses
with subtype B and F env genes.

That the central region of RJIO1 derives from subtype F is
supported by two additional very different approaches: by
looking at amino acid signature patterns (Fig. 3) and by
exclusively looking at synonymous (translationally silent) sub-
stitutions (Fig. 4). Both of these approaches were employed to
examine the possibility that the observed F-like character and
phylogenetic association of the region upstream of the V3 loop
in RJIO1 resulted from parallel evolution or convergence over
a relatively short domain of protein sequence due to structural
or functional constraints and is not the result of a recombina-
tion event. As the putative recombination region is very short,

J. VIROL.



SUBTYPE B-F RECOMBINANT HIV IN BRAZIL 6343

B

C D747
C D757

- F RJI03
- F BZ162
F BZ126
F BZ163

83
A U455
AZ321

B BZ167
B SP3
MN

_ LB BZ200

_ D NDK

D MAL

9 C D747
C D757

E TN243
l84
E TN242
? RJI01
r- F RJI03
F BZ1 26
F BZ163

L FBZ162
SIVCPZGAB

C

homoplasy and phenotypic selection could conceivably be
dominating the sequence conservation that is causing the
phylogenetic association of the sequences. Both of the addi-
tional analyses, however, support the recombination hypothe-
sis, as follows.
By analyzing amino acid signature patterns over the putative

recombinant region upstream of the V3 loop (Fig. 3), we could
quickly screen the available database of C2 to V3 region
sequences to determine if any of the other non-F-subtype
sequences had similar F-like amino acids in this proposed
recombination region. A Brazilian subtype F amino acid
signature pattern was defined on the basis of a comparison of
four Brazilian subtype B sequences and five Brazilian subtype
F sequences. (RJIO1 was excluded.) Signature amino acids
were defined with the program VESPA (17) and were required

FIG. 2. Phylogenetic relationships of regions of the RJIO1 se-
quence and sequences representing the major HIV-1 clades defined
for the envelope gene. Alignments of three gene segments, one
corresponding to the middle F-like segment delineated in Fig. 1 and
the other two representing the two flanking regions, were created and
analyzed by weighted parsimony. Each tree shows branch lengths of
the most parsimonious tree based on 10 randomized input orders of
the taxa, using heuristic searches with the SPR swapping algorithm
(30). The numbers shown at the nodes represent bootstrap proportions
higher than 50 of 100 replicates. (A) Tree generated for the down-
stream flanking region, including 170 varied sites in 297 total; (B) tree
generated for the middle segment, including 72 varied sites in 135
total; (C) tree generated for the downstream region, with 372 varied
sites in 609 total. SIVCPZGAB, simian immunodeficiency virus strain
used to root the trees.

to have 100% conservation among the subtype F sequences
and not be the most common amino acid among subtype B
sequences at a given position in the alignment. The program
SPCOUNT (17) was then used to search the available database
of V3 region amino acid sequences from 559 individuals (25).
Of these sequences, 342 were associated with subtype B, and
10 closely related sequences from Romania belonged to sub-
type F (7). RJIO1 shared more of the subtype F amino acid
signature sites than any of the 549 non-F-subtype sequences
(Fig. 3). There were 6 subtype F signature amino acids in the
region analyzed, and RJIO1 shared six of six amino acids with
this signature pattern. The 10 Romanian subtype F sequences
shared 5 of 6 amino acids. The next highest degree of similarity
was found in a single subtype B sequence and two of the
subtype A sequences, sharing 4 of 6 signature amino acids.
Therefore, the amino acids that are particularly characteristic
of the Brazilian subtype F are perfectly preserved in the re-
gion upstream of the V3 loop in RJIO1, and these amino
acids are not preserved in any subtype B sequences. We
therefore conclude that the signature does not represent a
biologically favored F-like common form of the region that
is preserved among a subset of subtype B sequences but ra-
ther that it is uniquely found in RJIO1 and subtype F se-
quences.
The number of synonymous substitutions in the three re-

A
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A)

Brazilian F subtype signature:
RJ I01

B)

Frequencies
of matches

6/6
5/6
4/6
3/6
2/6
1/6
0/6

F subtype

RJ I01
10 (Romania)
0
0
0

REGION 1
.....Q.ISD. H...S
IIRSQNISDNAKIIIVHLNES

B subtype

0
0
1

28
138
123
27

FIG. 3. Signature sequence analysis. The V3 region amino acid
sequence compilation in the Human Retroviruses and AIDS database
(24) derived from 559 individuals overlaps with the downstream
portion of the putative F-like recombinant C2 to V3 region of the
RJIO1 sequence. (A) The region of overlap, aligned with six Brazilian
subtype F signature amino acids defined by contrasting subtype F and
B sequences from Brazil; (B) numbers of subtype B and F sequences
with a given frequency of shared amino acids with the signature. Not
all sequences in the database extended far enough to cover the entire
signature pattern. Only those that had sequence information at all
six sites are included in this tally; none of the partial subtype B
sequences had high levels of conservation of the subtype F signature
amino acids.

REGION 2

0.50
0.45
0.40
0.35
0.30

0.20
0.15
0.10'
0.05
0.00

FxF FxB RJIO1xB RJIOlxF

REGION 3

gions (the central putative recombinant region and the two
flanking regions) were then compared, contrasting B x F, B x
B, F x F, F x RJIO1, and B x RJIO1 sequence comparisons
(Fig. 4). Synonymous substitutions are generally considered to
be under less stringent selective pressure than nonsynonymous
substitutions (26), although they should not be considered
entirely neutral (1, 5). Thus, in some circumstances they may
be a more reliable indicator of phylogenetic relationships. It
was particularly important to examine the rate of synonymous
substitutions separately, because the recombinant portion of
F-like genome found in RJIO1 was relatively short and con-
vergence might be possible over such a limited region. The
synonymous-substitution rate is a distance measure that is not
subject to the influence of convergence at the protein level and
thus helps differentiate between recombination and conver-
gence or parallelism. RJIO1 showed synonymous-substitution
frequencies typical for a subtype B sequence in the flanking
regions and typical of a subtype F sequence in the central
region in question, as expected.
Sample RJIO1 was obtained from a woman who entered and

maintained a sexual relationship with an HIV-1-infected indi-
vidual for approximately 10 months prior to this sampling. In
order to determine whether recombination had occurred in the
infected female or whether recombinant genomes had been
transmitted to her at the time of infection, env V3 region DNA
(corresponding to nucleotides 7029 to 7313 of the HXB2
genome), which includes the 3' crossover point, was amplified
and sequenced from PBMC DNA of samples RJ549 and
RJ548. Sample RJ549 was obtained from the woman 4 months
earlier than sample RJIO1, when her serological response was
consistent with a recent seroconversion (see Materials and
Methods). RJ548 was a sample from her male sexual partner
obtained at the same time as RJ549. All of 17 sequences from
the male and all of 7 sequences from the female were found to
be recombinants in that they closely corresponded to the
recombinant genome found in sample RJIO1 (Fig. 5). No fully
B or F putative parental genomes were detected in this limited
sampling.

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00 BxB FxF FxB RIOXB RJIO1xF
FIG. 4. Synonymous substitution calculations comparing RJIO1

and subtype B and F sequences. The sequences included here were the
same subtype B and F sequences included in the phylogenetic analysis
shown in Fig. 2. All pairwise sequence comparisons were made by
calculating the observed number of synonymous substitutions divided
by the possible number of synonymous substitutions (Ps) (26) over
upstream flanking region 1, middle region 2, and downstream flanking
region 3. The heights of the bars are the average Ps values for each set
of comparisons, and the ranges for the bars from left to right are as
follows: for region 1, 0.13 to 0.27, 0.03 to 0.11, 0.30 to 0.45, 0.09 to 0.18,
and 0.33 to 0.41; for region 2, 0.06 to 0.32, 0.03 to 0.07, 0.37 to 0.51,
0.29 to 0.40, and 0.07 to 0.10; for region 3, 0.10 to 0.18, 0.07 to 0.14,
0.27 to 0.37, 0.10 to 0.17, and 0.30 to 0.33.

The sequence similarities between this male and female
support the epidemiologic linkage of the pair. Furthermore,
the relative homology of the sequences from the female in the
initial RJ549 sample (average, 2.7%; range, 0 to 4.9%) com-
pared to that from the male (average, 5.9%; range, 0.4 to
9.9%) (Fig. 5) supports the epidemiologic and serologic evi-
dence that the male was the source of the female's infection, in
that it is in agreement with other studies of linked samples
close to the time of seroconversion (33, 34), when nearly
homogeneous envelope viral sequences are present in the
recipient soon after infection as compared to divergent se-
quences at later times of infection. Thus, our results indicate that
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FIG. 5. Amino acid alignment for HIV-1 V3 region, as predicted by nucleotide sequence. Ten sequences representing env subtype B (including
six from Brazil) are shown on the top; five Brazilian subtype F sequences are on the bottom. A set of 8 B-F recombinant sequences from the
infected woman (samples RJ101 and RJ549) and 17 from her male sexual partner (sample RJ548) are shown in the middle. Numbers to the right
show the number of identical protein sequences. An asterisk in the sequence denotes a stop codon. Dots indicate identical amino acids; dashes
indicate gaps introduced to maintain alignment.

the proposed recombination event took place at some point in
the chain of infection prior to infection of the index female.

DISCUSSION
While only infrequently documented, recombination in vivo

may be an important contributory factor to the rapid genera-
tion of sequence diversity seen in HIV-1 over the course of
infection within an individual (2, 11) and also over the course
of the epidemic (1). Recombination occurring between viruses
from different subtypes could pose a further challenge to the
already complex task of developing vaccines effective against
the multiple subtypes of this rapidly evolving pathogen. In
addition, recombination between viruses of distinct strains or
lineages would suggest that serial HIV-1 infections in individ-
uals can occur, which in itself would bode ill for vaccine efforts.
We report here that recombination between subtypes is indeed
occurring.
We have identified infection of two epidemiologically linked

Brazilian individuals with virus derived from recombination
between parental viruses harboring two different subtypes of
the HIV-1 envelope gene (B and F). Recombinant proviruses
were found in the index case, a female, as well as in the sexual
partner who was the source of her infection. Extensive analysis
of the recombinant genome in the index female showed that
the major portion of its envelope gpl2O belongs to the B
lineage, but a portion of the gpl2O central region is of subtype
F origin. Recombinant genomes were the only viral sequences
detected in both individuals, neither of the putative parental
genomes being represented in this sampling from these two
individuals. Presumably, dual infection with HIV-1 of both
subtypes B and F, and subsequent recombination, took place in

a person earlier in the chain of HIV-1 spread within the
Brazilian population, or possibly at an earlier time in the male
studied here.
These results provide evidence that (i) at least in rare cases

individuals can be dually infected by genomes of HIV-1
subtypes B and F, (ii) individual cells within such a dually
infected person can be superinfected by these two different
HIV-1 subtypes and (iii) recombination can occur in vivo
between HIV-1 genomes of these different subtypes.

There is at least one other case of a published HIV-1
sequence which seems to be recombinant between subtypes.
The gag gene in the laboratory HlVmA~strain belongs to
subtype A, while the env gene belongs to subtype D (19). In
addition, a genome recombinant between different HIV-2
subtypes has been detected in an individual in Africa (10).
HIV-1 strains detected in Thailand, which are characterized as
having the subtype E env gene but the subtype Agag gene, may
also have originated from a recombination event or events
between subtype A HIV-1 and a not-yet-detected HIV-1
strains having both a subtype E env gene and a putative subtype
E gag gene (24, 25). An alternative explanation that does not
involve recombination is that the Thai viruses evolved from
subtype A virus very slowly in gag but diverged relatively
rapidly in env, to the degree that the env gene is now classified
as a different subtype.
Although these results provide evidence for dual infection

by different HIV-1 subtypes, they do not address the question
of whether dual infection with two HIV-1 strains of the same
subtype can occur. It is still possible that humoral and/or
cellular immunity interferes with dual infection of an individ-
ual by two different strains of the same HIV-1 subtype, or even
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by different subtypes of HIV-1. Nevertheless, these findings do
show that in areas of the world such as Brazil where two
subtypes of HIV-1 are coprevalent (4, 20, 23, 28), dual infection
and recombination between subtypes can and do occur.
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