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Abstract. Recombination contributes to the genera- 
tion of genetic diversity in human immunodeficiency vi- 
ruses (HIV) but can only occur between viruses replicat- 
ing within the same cell. Since individuals have not been 
found to be simultaneously coinfected with multiple di- 
vergent strains of HIV-1 or HIV-2, recombination events 
have been thought to be restricted to the rather closely 
related members of the quasispecies that evolves during 
the course of HIV infection. Here we describe examples 
of both HIV-1 and HIV-2 genomes that appear to be 
hybrids of genetically quite divergent viruses, Phyloge- 
netic analyses were used to examine the evolutionary 
relationships among multiple HIV strains. Evolutionary 
trees derived from different genomic regions were con- 
sistent with respect to most of the viruses investigated. 
However, some strains of HIV-1 and HIV-2 exhibited 
significantly discordant branching orders indicative of 
genetic exchanges during their evolutionary histories. 
The crossover points of these putative recombination 
events were mapped by examining the distribution of 
phylogenetically informative sites supporting alternative 
tree topologies. A similar example of a recombinant sim- 
ian immunodeficiency virus identified in West African 
green monkeys has also been described recently. These 
results indicate that coinfection with highly divergent 
viral strains can occur in HIV-infected humans and SIV- 
infected primates and could lead to the generation of 
hybrid genomes with significantly altered biological 
properties. Thus, future characterization of primate len- 
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tiviruses should include careful phylogenetic investiga- 
tion of possible genomic mosaicism. 
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Introduction 

Acquired immune deficiency syndrome (AIDS) is 
caused by two different human immunodeficiency vi- 
ruses, HIV-1 and HIV-2, which are members of the len- 
tivirus family of retroviruses. A growing number of re- 
lated viruses have been discovered in nonhuman 
primates: these have been termed simian immunodefi- 
ciency viruses (SIV), although this name is somewhat 
misleading since none have yet been shown to cause 
immunodeficiency in their natural hosts. Both HIV and 
SIV have RNA genomes with features typical of retro- 
viruses--i.e., they are about 10 kb in length, with much 
of this sequence taken up by gag,  po l ,  and e n v  genes, 
plus long terminal repeat regions (LTRs) which have 
regulatory functions. In addition, HIVs and SIVs encode 
a number (five or six) of shorter accessory genes (two of 
which, rev  and tat, are each encoded by two separate 
exons) which are unique to lentiviruses and are believed 
to be responsible for these viruses' ability to maintain a 
chronic persistent infection even in the presence of a 
pronounced host immune response. (See Hahn 1994, for 
a recent review of the genetics of HIV.) 

HIVs and SIVs exhibit extraordinary genetic diver- 
sity, This is due to their very high rate of nucleotide 
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sequence evolution (Coffin 1986; Hahn et al. 1986), 
which in turn appears to be generated by the high error 
rate of the viral (po/-encoded) reverse transcriptase (Pre- 
ston et al. 1988; Roberts et al. 1988; Weber and Grosse 
1989; Richetti and Buc 1990). In fact, on the microevo- 
hitionary scale, HIV and SIV each exist as "quasispe- 
cies," i.e., a population of highly related yet genetically 
distinct viruses that coexist within the same individual 
(Wain-Hobson 1993). 

A second means by which genetic diversity is gener- 
ated is recombination. Retroviruses are known to be 
highly recombinogenic (Goodrich and Duesberg 1990; 
Hu and Temin 1990; Zhang and Temin 1994), apparently 
as a consequence of their dimeric genome and a reverse 
transcriptase that can switch between templates during 
proviral DNA synthesis. Two models have been pro- 
posed to explain this process (Coffin 1979; Junghans et 
al. 1982), both of which involve exchange of genetic 
material between viral genomes copackaged within the 
same particle. Thus, hybrid genomes can only be gener- 
ated from viruses that replicate (and copackage) within 
the same cell. Such recombination has been reported for 
closely related HIV-1 variants, i.e., quasispecies mem- 
bers infecting single individuals (Howell et al. 1991; 
Delassus et al. 1991; Vartanian et al. 1991; Groenink et 
al. 1992). Clearly, recombination could generate much 
more different viral genomes if an individual host was 
simultaneously coinfected with multiple divergent viral 
strains. However, such superinfection has not yet been 
documented. In fact, in those cases where genetic diver- 
sity was analysed following acute seroconversion, it was 
found that individuals were initially infected with only a 
single virus, which then evolved into a quasispecies over 
time (Wolfs et al. 1992; Zhang et al. 1993; Zhu et al. 
1993). 

Nevertheless, there have been two cases in which se- 
quence comparisons have yielded results suggesting that 
recombination among divergent HIV strains can occur. 
First, in one of the earliest phylogenetic studies of di- 
verse HIV-1 isolates, Li et al. (1988) found that one 
isolate (MAL) was relatively less divergent from another 
Zairean isolate (ELI) in the env gene than in gag and pol, 

as if these regions of the genome had different evolu- 
tionary histories. However, the sequences available for 
analysis at that time were quite limited, both in number 
and in length, and so it was not possible to define the 
putative recombination event in any detail. More re- 
cently, Gao et al. (1992) sequenced pol and env gene 
fragments from three newly identified HIV-2 strains and 
examined their phylogenetic relationships to other iso- 
lates. One of these new viruses (7312A) fell into two 
quite different clades within the HIV-2 radiation, de- 
pending on the gene examined. Again, the sequence data 
available were not sufficient to characterize the putative 
recombination event. 

Here we utilize more recently determined sequences 
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Fig. 1. Phylogenetic relationships of representative primate lentivi- 
ruses, derived from pol protein sequences. Numbered brackets at the 
right indicate the five major lineages. Horizontal branch lengths are 
drawn to scale; the bar indicates 0.10 amino acid replacements per site. 
The approximate position of the root of the tree (at the left) was de- 
termined from analyses using nonprimate lentiviruses as outgroups 
(Sharp et al. 1994). The precise order of branching of the five major 
lineages (near the root) is unclear, but bootstrap values for all other 
nodes (with the exception of the branching order of HIV-2D2OS and 
HIV-2ROD) are in the range 99-100%. Accession numbers for the se- 
quences used are given in Appendix 1. 

to demonstrate that MAL and 7312A do indeed represent 
hybrid viruses, and we define the presumed crossover 
points of the recombination events. The implications of 
these findings are discussed, both in terms of HIV biol- 
ogy and of the analysis of evolutionary relationships 
among these viruses. 

Phylogeny of Primate Lentiviruses 

First, it is necessary to review briefly the current state of 
knowledge concerning the phylogenetic relationships 
among primate lentiviruses, to provide the context in 
which recombinant viral genomes can be identified. (See 
Sharp et al. 1994 for more details.) The characterized 
primate lentiviruses form five distinct, approximately 
equidistant, lineages (Fig. 1). One lineage contains vi- 
ruses isolated from humans (HIV-1) and the common 



chimpanzee, Pan troglodytes (SIVcpz). A second in- 
cludes the other human virus (HIV-2), as well as viruses 
from sooty mangabeys, Cercocebus atys (SIVsM), and a 
number of macaques of the genus Macaca (SIVMA c and 
related viruses). A third contains viruses isolated from 
the four different species of African green monkeys, Cer- 
copithecus aethiops. The two remaining lineages are 
known from single isolates from the mandrill, Mandril- 
lus sphinx (SIV~ND), and Sykes' monkey, Cercopithecus 
mitis (SIVsYK). 

Within each of the three lineages represented by mul- 
tiple viruses there is considerable genetic diversity. For 
example, there are two distinct groups of HIV-1. All of 
the earliest-known HIV-1 isolates fall into one of these 
clusters, now called group M (represented by LAI, ELI, 
and U455 in Fig. 1). Phylogenetic analyses of viruses 
collected from all over the world have revealed at least 
eight subgroups, termed sequence subtypes A-H, within 
this cluster (Myers et al. 1993; Louwagie et al. 1993; 
Sharp et al. 1994). These eight subtypes are approxi- 
mately equidistantly related, although subtypes B and D 
seem a little closer to each other than to the other sub- 
types; U455, LAI, and ELI represent subtypes A, B, and 
D, respectively. The second major cluster, called group 
O (represented by ANT70 and MVP5180 in Fig. 1), has 
been identified only recently (Vanden Haesevelde et al. 
1994; Gurtler et al. 1994) and is known only from a small 
number of isolates originating from Cameroon. Impor- 
tantly, an isolate from a chimpanzee (SIVcpzGAB) is 
more closely related to HIV-1 group M than is HIV-1 
group O (Fig. 1). It seems clear that HIV-1 has arisen 
through cross-species transmissions of primate lentivi- 
ruses, but because only few SIV-infected chimpanzees 
have been found in the wild (Peeters et al. 1992) it is not 
yet known whether chimpanzees are the primary reser- 
voir for HIV-1 or whether both humans and chimps have 
become infected from a third, as yet unidentified, species 
(Johnson et al. 1991; Sharp et al. 1994). Note that, under 
either scenario, humans must have been infected on at 
least two separate occasions. 

Multiple (so far five) subtypes of HIV-2 have also 
been defined (Gao et al. 1994), but as yet only subtypes 
A and B (represented in Fig. 1 by ROD and D205, re- 
spectively) comprise more than one isolate. Again, the 
primary host of the viruses within this lineage appears to 
be a nonhuman primate, in this case the sooty mangabey 
(Hirsch et al. 1989; Myers et al. 1992; Gao et al. 1994). 
HIV-2 is common only in West Africa (the natural hab- 
itat of the sooty mangabey), and macaques have only 
been found to be infected with SIV in captivity. More- 
over, phylogenetic analyses suggest that cross-species 
transmissions, both from mangabeys to hmnans in West 
Africa and from mangabeys to macaques in captivity, 
have occurred on multiple occasions (Gao et al. 1992, 
1994). 

Finally, within the SIVA~ M lineage, viruses isolated 
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from vervet, grivet, sabaeus, and tantalus monkeys (the 
four species of C. aethiops) form species-specific clus- 
ters (only the vervet and grivet groups are represented in 
Fig. 1; the other two groups are approximately equidis- 
tant; Jin et al. 1994). The four species inhabit different, 
though partially overlapping, ranges covering most of 
sub-Saharan African. The host-dependent pattern of ev- 
olutionary relationships among their lentiviruses sug- 
gests that cross-species transmissions have been rare. 
This in turn implies that infection of African green mon- 
keys by SIV may be a relatively ancient event. 

Sequence Analyses 

Recombination events can be identified most clearly in 
the context of phylogenetic analyses. Therefore, as a first 
step, we obtained multiple alignments of protein se- 
quences using the CLUSTAL algorithm (Higgins and 
Sharp 1988, 1989). DNA sequence alignments were de- 
rived from the alignments of their products. For compar- 
ison of more divergent viruses, distances between protein 
sequences were calculated as the number of amino acid 
replacements per site, estimated by the empirical method 
of Kimura (equation 4.8 in Kimura 1983). For more 
closely related viruses, distances among DNA sequences 
were calculated as the number of nucleotide substitutions 
per site by the two-parameter method of Kimura, which 
allows for different rates of transitions and transversions 
(equation 4.14 in Kimnra 1983). All distances were com- 
puted excluding any site which had a gap in any of the 
aligned sequences. Unrooted phylogenetic trees were de- 
rived using the neighbor-joining method (Saitou and Nei 
1987) applied to matrices of these estimates of pairwise 
distances among viruses. The stability of the phyloge- 
netic trees obtained was tested using the bootstrap ap- 
proach (Felsenstein 1985); 1,000 replicates were used. 
These methods were implemented using CLUSTAL V 
(Higgins et al. 1992). 

We have also used maximum parsimony and dynam- 
ically weighted parsimony methods (Williams and Fitch 
1990) to examine the phylogenetic relationships among 
the same viruses. Evolutionary trees obtained by these 
methods have not been found to differ in any significant 
features from those calculated by the neighbor-joining 
method. 

The existence of a mosaic viral genome, i.e., one that 
has been generated by a recombination event at some 
point in the past, is indicated when phylogenetic rela- 
tionships for different parts of the genome are discordant. 
Initially, we derived evolutionary trees from complete 
gene (or protein) sequences. Obviously, however, recom- 
bination need not necessarily occur in intergenic regions. 
Therefore, we went on to estimate phylogenies for partial 
gene sequences, searching for discrepancies between 
trees based on different parts of genes. 
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Finally, to localize more precisely the crossover 
points we inspected the distribution of phylogenetically 
informative sites supporting alternative tree topologies. 
This is most simply performed by considering four se- 
quences at a time. These should be the putative recom- 
binant sequence, one representative of each of the two 
"parental" lineages thought to be involved in the recom- 
bination event, and a known outgroup. In a four- 
sequence alignment, an informative site is one at which 
two sequences share one nucleotide (or amino acid), and 
the other two share another. There are three possible 
configurations of such informative sites, two of which 
support the clustering of the putative recombinant with 
one parental sequence or the other. The distribution of 
these two types of sites can be tested by asking whether 
a break placed at any point along the alignment produces 
a significant difference in the ratio of the two types on 
each side of that cut, as assessed by a chi-square value; 
the optimum position of the breakpoint can be found by 
maximizing this value. (See, e.g., Maynard Smith 1992.) 

Recombination in HIV-1 

The MAL strain of HIV-1 was one of the first of African 
origin to be characterized; MAL was isolated from a boy 
with AIDS-related complex in Zaire who was thought to 
have been infected by a blood transfusion (Alizon et al. 
1986). Li et al. (1988) performed a phylogenetic analysis 
of env gene sequences from the relatively limited number 
of American and African isolates of HIV-1 available at 
that time. MAL was found to be more closely related to 
other African isolates (EL1 and Z6, members of what is 
now known as sequence subtype D) than to the American 
isolates (members of subtype B). However, it was also 
noted that when other gene sequences were used, MAL 
was more divergent, and appeared to be an outgroup to a 
cluster including ELI, Z6, and the American isolates (Li 
et al. 1988). Since then, the sequences of a much larger 
number of HIV-1 isolates have been determined. Phylo- 
genetic analyses of env sequences have identified six 
sequence subtypes of HIV-1 with MAL falling in sub- 
type D (Myers et al. 1993; Sharp et al. 1994). Parallel 
analyses of gag sequences have identified eight sequence 
subtypes, with MAL clustering with subtype A viruses 
(Louwagie et al. 1993; Myers et al. 1993; Sharp et al. 
1994). Here we analyze this discrepancy in more detail 
and attempt to locate the points at which the transitions 
between subtype A-like and subtype D-like sequences 
occur. 

We have investigated the phylogenetic relationship of 
MAL to representative members of sequence subtypes A 
(U455), B (OYI and LAI), and D (NDK and ELI), using 
SIVcvzGAB as an outgroup. Subtype B sequences were 
included because they appear to be more closely related 
to subtype D than are other subtypes. Analyses of gag, 

pol, and ne f  genes showed MAL to be most closely re- 
lated to U455. Analysis of env gene sequences indicated 
that this part of the MAL genome was more closely 
related to the subtype D viruses NDK and ELI, and thus 
confirmed that different regions of the genome had dif- 
ferent phylogenetic histories, i.e., that MAL, or an an- 
cestor of MAL, had resulted from recombination. 

These findings suggested that there had been a recom- 
bination event with crossover points in the regions be- 
tween pol and env (a distance of approximately 1,100 
nucleotides) and around the junction of env and ne f  

(which are just one base apart). The region between pol 

and env encodes five small accessory genes (Fig. 2A). 
Phylogenetic analyses of each of the four more 3' genes 
all suggested that MAL contained subtype D-like se- 
quences (not shown), although the results were less con- 
clusive than for env, because these sequences are so 
short. However, analysis of v/f sequences showed MAL 
not to be particularly close to subtype A or D, suggesting 
that this gene might be mosaic. 

To map this possible breakpoint more precisely, we 
examined the distribution of phylogenetically informa- 
tive sites along the vi f  sequence in an alignment includ- 
ing MAL, one representative from each of subtypes A 
(U455) and D (ELI), and an outgroup (again SIVcv z- 
GAB). Each informative site can support one of three 
possible trees (Fig. 3A): (1) in which MAL clusters with 
U455, as seen in the pol tree; (2) in which MAL clusters 
with ELI, as seen in the env tree; (3) in which MAL is the 
outgroup to U455 and ELI. If the mosaic nature of the 
MAL genome has arisen through recombination of sub- 
type A and D viruses (only), and assuming that the more 
recent ancestors of U455 and ELI have not been involved 
in recombination, then sites supporting tree 3 should only 
occur through parallel substitutions on different branches 
of the tree. Such sites should be relatively few in number 
(or else the sequences are too divergent for analysis), and 
should be scattered along the alignment. Indeed, this is 
what was observed: among the 27 informative sites there 
were just five supporting tree 3, and they were distrib- 
uted across the gene (Fig. 3B). In contrast, the 11 sites 
supporting each of trees 1 and 2 were predominantly 
clustered in the 5' and 3' regions of the vi fgene,  respec- 
tively (Fig. 3B). If a breakpoint is placed somewhere 
between positions 278 and 327 (corresponding to posi- 
tions 275 and 324 in the alignment of Myers et al. 1993; 
pages I-A-99-103), the ratios of sites supporting each of 
trees 1 and 2, i.e., 10:2 in the 5' region, and 1:9 in the 3' 
region, differ in a highly significant fashion (chi square = 
11.7 with 1 degree of freedom; P < 0.001). Analyses 
using other subtype A (IFA86) and subtype D (Z2Z6, 
NDK) isolates produced similar results and did not de- 
fine the breakpoint any more precisely. Analyses of the 
region around the junction of env and ne f  genes suggest 
that the 3' crossover point lies just inside the env gene 
(Fig. 2A). A breakpoint between positions 2436 and 
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Fig. 2. The mosaic genome of HIV-1MA L. A 
Diagrammatic representation of the position of 
genetic elements along the HIV-1 genome. 
Open and hatched boxes denote regions in 
which the MAL sequence is more closely 
related to viruses of subtypes A and D, 
respectively; the stippled regions are not 
closely related to subtype A or D. B 
Phylogenetic relationships of MAL gag, pol, 
env, and nef DNA sequences to viruses of 
sequence subtypes A (U455), B (OYI and 
LAI), and D (NDK and ELI); note that the 5' 
pol tree did not include the region of overlap 
with gag, and the env tree was based on the 
hatched region of env only. Horizontal branch 
lengths are drawn to scale; the bar indicates 
0.10 substitutions per site. Values at nodes 
indicate the percentage of bootstraps in which 
the cluster to the right was found. The tree 
was rooted using SIVcpzGAB as an outgroup 
(Fig. I). Accession numbers for the sequences 
used are given in Appendix 1. 

2481 of  the env alignment yields ratios of  25:76 in the 5 '  
region and 6:1 in the 3' region for sites supporting each 
of  trees 1 and 2, respectively: the chi square is = 11.9 
with 1 degree of  freedom (P < 0.001). 

Similar  phylogenetic and informative site distribution 
analyses of  partial gag and pol sequences gave some 
indication that the evolutionary history of  the M A L  ge- 
nome may be even more complex (Fig. 2B). The major 
part of  gag and the 3" region ofpol  from M A L  are clearly 
subtype A. However,  the sequence between these re- 
gions, including the region of  gag-pol overlap, is not 
particularly similar to subtype A or D (or B). The break- 
point  in gag mapped  between posi t ions 1068-1100,  
while that in pol mapped to a point between positions 
2100 and 2123 (again, numbered according to Myers  et 
al. 1993). Separate analyses based on the 3' region of  gag 

and the 5' region ofpo l  (the latter excluding the region of  
overlap) gave somewhat different trees, but it was not 
possible to define a clear breakpoint between these re- 
gions. This may indicate that an ancestor of  M A L  was 
also involved in recombination with another divergent 
strain, but sequences from this region of the HIV-1 ge- 
nome are not available for representatives of  the other 
subtypes, and so at this time it is not possible to resolve 
this matter. 

Other strains of  H1V- 1 also appear to be recombinant.  
For example, CM238 and CM243 were isolated in Thai- 
land (Louwagie et al. 1993), and are closely related to 
each other. In gag-derived trees these Thai strains cluster 
with sequence subtype A viruses, including M A L  and 
U455 (Louwagie et al. 1993). However,  in env trees they 
form a separate lineage, as distinct from subtype A as are 
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Fig. 3. Location of the recombination 
breakpoint in the wf gene of HIV-1MA L. A 
Three possible relationships among 
HIV-1MA L, HW-lu455, and HIV-1Eu , with 
SIVcpzGAB as the outgroup. B 
Phylogenetically informative sites in the v/f 
gene alignment, and the tree (from part A) 
that they support. 

subtypes B and D (Sharp et al. 1994); this lineage has 
been termed env  sequence subtype E. No other represen- 
tatives of subtype E have yet been described, and the 
putative A/E recombinants have not been completely se- 
quenced. Thus, at the present time, it is not possible to 
define which viruses may have been involved in the pu- 
tative recombination event. 

While this paper was in preparation, we learned of 
two more instances of recombinant HIV-1 isolates. Sab- 
ino et al. (1994) have determined the env gene sequences 
of isolates from two epidemiologically linked individuals 
from Brazil and shown that these genes appear to be the 
result of a recombination between viruses of sequence 
subtypes B and F. Diaz et al. (1994) have detected a 
recombinant env  sequence in an infant who was trans- 
fused with packed red blood cells from two different 
HIV-l-posit ive donors on the same day. In this case, 

both of the viruses involved were sequence subtype B, 
but despite this close relationship the recombination was 
discernible because both parental genomes were avail- 
able for analysis. 

Recombination in HIV-2 

HIV-2 strain 7312A was isolated from a male student 
from Abidjan (Cote d'Ivoire) who presented with gener- 
alized lympbadenopathy. Initial phylogenetic analyses 
were performed on partial p o l  and env  sequences ampli- 
fied from uncultured PBMC DNA by nested polymerase 
chain reaction (Gao et al. 1992). The results showed 
discordant branching orders: the p o l  fragment of 7312A 
was found to be most closely related to D205, the pro- 
totypic isolate of what is now known as HIV-2 subtype 
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Fig. 4. The mosaic genome of H][V-27312 A. A 
Diagrammatic representation of the position of 
genetic elements along the HIV-2 genome. Open 

and hatched boxes denote regions in which the 
7312A sequence is more closely related to viruses 
of subtypes B and A, respectively. B Phylogenetic 
relationships of 7312A gag, pol, env, and nef 
DNA sequences to viruses of sequence subtypes A 
(ROD and ST) and B (D205 and UC1); note that 
the env tree was based only on the hatched 

regions of env. Horizontal branch lengths are 
drawn to scale; the bar indicates 0.10 substitutions 
per site. The approximate position of the root of 
the tree (at the left) was determined from analyses 
using other primate lentiviruses as outgroups (Fig. 
1). Values at nodes indicate the percentage of 
bootstraps in which the cluster to the right was 
found. Accession numbers for the sequences used 
are given in Appendix 1. 

B, but the env  fragment clustered with ST, a representa- 
tive of subtype A (Gao et al. 1992), These results sug- 
gested that there was a crossover in the region between 
these two fragments, although it was also possible that 
individual 7312A was simultaneously coinfected with 
two different strains of  HIV-2, which had been differen- 
tially amplified in the polymerase chain reaction (PCR) 
procedure used to obtain DNA fragments for sequencing. 

Subsequently, a complete replication-competent pro- 
virus of  7312A has been cloned and sequenced (Hui et al. 
1994). Here we use this newly determined sequence to 
examine whether 7312A is indeed a recombinant. Phy- 
logenetic analysis of  individual gene sequences revealed 
that most of  the genome of  7312A is subtype B-like; only 
the env  gene is subtype A-like (Fig. 4). This confirms a 
mosaic 7312A genome and rules out double infection. 
More detailed analysis of informative site configurations 
(as performed for HIV-1MA L above) revealed four puta- 
tive recombination breakpoints within the env  gene (Ta- 
ble 1). The first mapped to the beginning of  the env  gene. 

Two more breakpoints delimit a region of  approximately 
250-300 bp of subtype B-like sequence within the pre- 
dominantly subtype A-like env  gene. The final break- 
point is localized to a site near the end of env  in the 
region where the second exons of  rev  and tat  begin. 

We have suggested (Sharp et al. 1994; Gao et al, 
1994) that HIV-2 sequence subtypes A and B likely rep- 
resent independent transmissions of  sooty mangabey vi- 
ruses to humans. The comparatively small amount of  
divergence between 7312A and ST in the major part of  
env  indicates that the recombination event was relatively 
recent, and occurred in a human host rather than in a 
mangabey. However, it is not possible to determine 
whether the recombination actually occurred in 7312A or 
in an earlier individual. 

Another possible example of  a recombinant HIV-2 
has recently been identified (Gao et al. 1994). Strain FA 
was isolated from a female AIDS patient hospitalized 
with end-stage disease in Accra (Ghana). Phylogenetic 
analyses of  partial gag,  po l ,  and env  sequences all 
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Table 1. Mapping recombination breakpoints in HIV-27312A a 

Phylogeny ° 

Gene Region b 1 2 3 Chi square d 

tat All 2 16 6 
42.9 

env 1-599 58 7 13 
42.9 

env 669-841 1 14 2 
52.3 

env 887-2022 77 g 7 
64.7 

env 2059-2424 10 37 6 

The values given are the number of phylogenetically informative sites 
supporting each of the three possible relationships of HIV-27312 A to 
HIV-2sT (subtype A), HIV-2mo 5 (subtype B), and SIVsM (the out- 
group). See Fig. 3 for a more detailed example of this method and Fig. 
4A for a diagrammatic representation of these results 
b Region of the aligned sequence. Positions are according to the align- 
ment of Myers et al. (1993; pages I-B-49-75) 
c Phylogenies: 1 places HIV-27312 A with HIV-2sT in subtype A; 2 
places HIV-27312 • with HIV-2D2o5 in subtype B; 3 places HIV-27312 a 
outside a cluster of HIV-2sT and HIV-2mo 5 
d Chi-square test for heterogeneity between adjacent regions of the 
distribution of informative sites supporting trees 1 and 2. All values 
have 1 degree of freedom and have probabilities ~ 0.001 

showed FA to be a subtype A virus. However,  in the gag 

and p o l  trees FA clustered with one particular subset of 
subtype A viruses, while in the env  tree FA fell in a 
different group; in each case, the clustering was signifi- 
cant (as assessed by bootstraps). Interestingly, based on 
env  sequences, FA was most closely related to 7312A, 
suggesting that this lineage has been involved in two 
successive recombinations. Since these were again PCR- 
amplified sequences, it cannot yet be ruled out that in- 
dividual FA is in fact doubly infected. If  the sequences 
from FA do reflect recombination, it must have again 
been a relatively recent event, occurring substantially 
after the radiation of viruses in HIV-2 subtype A. 

Conclusions 

In this paper, we have described examples of HIV-1 and 
HIV-2 which have mosaic genomes, sequences from dif- 
ferent regions of which have different phylogenetic his- 
tories. Elsewhere (Jin et al. 1994), we have recently de- 
scr ibed ana logous  resul ts  indicat ing that  sabaeus  
monkeys (one of the four C. ae th iops  species) are in- 
fected with a virus (SIVAGMSab)  that resulted from a 
recombination event involving the ancestors of  SIVAG M 

and SIVsM (from sooty mangabeys).  In one sense, these 
observations are not surprising since retroviruses are 
known to be highly recombinogenic. However,  these re- 
sults are very interesting because they imply that indi- 
vidual hosts must have been simultaneously coinfected 

with rather divergent viruses. This is the first, albeit in- 
direct, evidence for such superinfection. 

Laboratory investigations of recombination in retro- 
viruses have indicated two points of particular relevance 
here. First, recombination may involve multiple cross- 
overs along the viral genome (Hu and Temin 1990). In- 
deed, in the detailed analyses of both HIV-1MA L and 
HIV-273121 described above, we found evidence for such 
multiple crossovers. This may also explain why the an- 
cestry of the 5' end of the SIVAGMSab genome was hard 
to elucidate (Jin et al. 1994), since that region may be 
highly mosaic. Second, the efficiency of recombination 
depends on the length of sequence identity shared be- 
tween the parental strains (Zhang and Temin 1994). The 
MAL and 7312A viruses have arisen from recombination 
of different subtypes of  HIV-1 and HIV-2, respectively; 
i.e., these events did not involve very highly divergent 
viruses. Even the event generating the SIVAGMSab ge- 
nome did not involve extremely divergent strains (Jin et 
al. 1994). That is, while the viruses involved were an- 
cestors of  strains that today appear in different primate 
lentivirus lineages, at the time in the past when the event 
occurred they were possibly little more divergent than 
subtypes of, for example, HIV-1 are today. 

These examples probably reflect only a fraction of the 
recombination events that have occurred in the past. 
First, the experience over the last few years has been that 
ever-more genetic diversity is revealed by the character- 
ization of new isolates. Second, it is quite likely that a 
number  of  naturally occurring recombination events 
would generate nonfunctional viruses, or at least viruses 
with reduced fitness, since the HIV life cycle involves 
complex interactions between different genetic elements 
along the genome. Obviously, defective viruses would 
not be e x p e c t e d  to persist to be picked up for sequence 
analysis. In this light it is interesting to compare the 
breakpoints found in the three recombinant lentiviruses. 
The analyses of  MAL (above) and SIVAaMSab (Jin et al. 
1994) suggest that hybrid gag  and p o l  proteins can be 
quite functional. In contrast, in all three recombinant 
lentiviruses, both exons of rev  and tat  come from only 
one of the parental viruses. This may indicate that hy- 
brids of  these genes or their products are not fully func- 
tional. 

Although superinfection with multiple strains of  dif- 
ferent subtypes of  HIV-1 or HIV-2 had not previously 
been reported, individuals who are simultaneously coin- 
fected with HIV-1 and HIV-2 have recently been found 
(Grez et al. 1994). However, HIV-1/HIV-2 recombinants 
have not yet been identified. This may be because the 
extent of  sequence divergence between these two differ- 
ent lineages is much greater than within either, such that 
the efficiency of recombination may be much reduced. 
However,  it seems more likely that HIV-1/HIV-2 recom- 
binants have not been detected because they are func- 
tionally impaired (Ranganathan and Srinivasan 1993). 
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In recent years there have been many analyses of the 
phylogenetic relationships within and among the various 
types of primate lentiviruses. These efforts are aimed 
both at elucidating the complex evolutionary origins of 
these viruses and at subtype classification of new isolates 
from around the world, and are important to gaining a 
better understanding of the epidemiology of AIDS. For 
example, given the genetic diversity apparent within 
HIV-1, if vaccines are successfully developed against 
one subtype they might not be effective against another. 
In that case it is vital to know which subtypes are circu- 
lating in particular communities. Subtype classification 
has been largely performed by phylogenetic analysis of 
short genomic sequences. The existence of recombinant 
viruses indicates that caution must be exercised when 
extrapolating from such analyses. For example, one of 
the seminal papers demonstrating the existence of mul- 
tiple diverse genetic subtypes of HIV-1 utilized partial 
g a g  sequences (Louwagie et al. 1993). In this region, the 
isolate MAL falls in subtype A. However, if a subtype 
A-specific vaccine were targeted at e n v  peptides, MAL 
might escape since its e n v  region is subtype D. 

In addition to its potential impact on current AIDS 
vaccine development efforts, intersubtype recombination 
may also influence clinically important properties of 
HIV, including transmissibility, virulence, and replica- 
tion potential. There have been numerous reports of re- 
combination in other groups of viruses (e.g., see Strauss 
and Strauss 1988), sometimes with serious consequences 
(Javier et al. 1986; Hahn et al. 1988), and the potential 
for similar events has to be considered for HIV. Al- 
though it is presently unknown how and under what cir- 
cumstances the same person becomes superinfected with 
two different viruses, the mosaic genomes described 
above document that coinfection and recombination are 
certainly possible for both HIV-1 and HIV-2. Moreover, 
current data reveal a variety of different genetic combi- 
nations, including, for example, A/D, B/F, and A/E re- 
combinants for HIV-1. Most of these viruses appear to be 
fully viable and pathogenic (Alizon et al. 1986; Lou- 
wagie et al. 1993), and at least one has been successfully 
transmitted to another individual (Sabino et al. 1994). In 
the light of these findings, it will be important to deter- 
mine how frequently such recombinant viruses are gen- 
erated and whether they differ in their natural history and 
pathogenicity. Such studies will be particularly important 
in geographic regions where multiple sequence subtypes 
are known to circulate in the same populations, such as 
Africa, Asia, and South America. 

The finding of intersubtype recombinants also raises 
the question of w h e n  during the course of HIV infection 
superinfection can occur. It has been thought that the 
host's immune response may play a role in protecting 
against infection by a second HIV strain. It may be that 
superinfection is possible only if exposure to a second 
virus occurs during the first weeks after initial infection, 

before an effective immune response is mounted. Alter- 
natively, perhaps the host's immune protection fails to 
extend to more divergent strains, e.g., members of dif- 
ferent subtypes, an issue of obvious importance for vac- 
cine development efforts. 

In conclusion, the demonstration that recombinant 
primate lentiviruses exist has two important implications. 
First, individuals can be simultaneously coinfected with 
divergent strains of HIV or SIV. Second, it is clear that 
phylogenetic analyses must recognize that partial geno- 
mic sequences may not reveal the entire evolutionary 
history and genetic relationships of these viruses, and 
that even partial sequences should be critically examined 
to determine whether they are mosaic. 
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