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Retroviruses are highly recombinogenic, but recombination can only occur between genomes
packaged within the same virion. Until about 1994, it was generally thought that individuals do not
become infected with multiple distinct HIV-1 strains, and so the possibility that recombination between
divergent viruses could contribute to the evolution of HIV-1 was not widely considered. However, not
long after the recognition that the considerable global diversity of the major (M) group of HIV-1 could
be described in terms of discrete sequence subtypes, it was also realized that a significant fraction of
HIV-1 strains are in fact intersubtype recombinants [1,2]. Analyses of viruses characterized over the last
few years have confirmed that substantial numbers of HIV-1 isolates have mosaic genomes [3-16]. The
finding of such hybrid viruses has a number of implications both for attempts at viral characterization
(phylogenetic analyses, and tracking of the epidemic), and for concerns about the future genetic diversity
of HIV-1 and its impact on vaccine development.

Hybrid viruses can be detected because their phylogenetic affinities vary depending on the region
of genome analysed. A usefulinitial approach is to examine the extent of sequence divergence/similarity
between a new sequence and a bank of reference sequences of different subtypes, for example as a
diversity plot [9], or using the RIP program [17]; if the extent of relative similarity to different subtypes
varies along the sequence, this may indicate that the sequence is a recombinant. However, fuller
investigation must involve a phylogenetic approach, comparing trees derived by analyses of different
regions of the genome, and assessing the confidence of phylogenetic clustering by a statistical approach
such as the bootstrap. A thorough analysis would involve taking a window of sequence of a certain size,
and moving this window along the genome in steps of a defined size, generating perhaps hundreds of
trees for visual examination in the process! There are at least two short cuts. One is to analyse only a few
windows, defining selected regions according to the output of the diversity analysis. Another is to not
examine the entire phylogenetic tree of all subtypes, butto focus on one particular phylogenetic question.
Thus, if the initial analyses suggest that a sequence may be a recombinant between two particular
subtypes, it is possible to ask simply what is the bootstrap value for the clustering of the new sequence
with one or another particular subtype, and plot these values as a function of position along the genome;
this is the basis of the “bootscanning” approach [18]. Once the subtypes putatively involved in the
recombination event have been identified, and the crossover points have been approximately localized,
more precisely defined breakpoints can be determined, and their statistical significance assessed, using
informative site analysis [2,6,19]. (For a fuller discussion of recombination analysis methods, see
Ref.16.)

Among the full-length HIV-1 sequences available currently (i.e., in December 1997), there are 12
that appear to be intersubtype recombinants (Table 1, Figure 1). Clearly, the delineation of recombinant
genomes, and localization of the crossover points, relies on the availability of nonrecombinant reference
sequences. Since such sequences are, as yet, available only for subtypes A, B, C, D, F, and H (see Leitner
etal., pp. 111.19-111.24, this volume), the breakpoints between regions of sequence of different subtype
origin can be mapped only tentatively in those viruses derived from recombination events involving
subtypes E, G, | or J; this includes the majority of the full length genome hybrids—in fact, all but the
first three in the accompanying Figure and Table. In several viruses there are regions (shown in white)
which have not yet been assigned to any subtype; the origin of these segments may be clarified as more
reference sequences become available, but it is also possible that some of these regions come from
subtypes that are no longer extant.
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Table 1 Full-length Intersubtype Recombinant HIV-1 Sequences

Sequence Acc. No. Subtypes  Origin Year References
ZAM184 u86780 AC Zambia 1990 [12]
92RW009.6  U88823 AC Rwanda 1992  [16]
93BR029.4 AF005495  B,F Brazil 1993  [16]
90CF402.1 u51188 AE C.AR. 1990 [9]
93TH253.3 U51189 AE Thailand 1993  [9]
CM240 us4771 AE Thailand 1990  [8]
92NG083.2 u88826 AG Nigeria 1992  [16]
92NG003.2 u88825 AG Nigeria 1992  [16]
IbNg L39106 AG Nigeria 1991 [33]
MAL K03456 AD,I,? Zaire 1985  [20]
Z321B U76035 A,G,,? Zaire 1976  [14]

94CY032.3 AF049337 AG,1,? Cyprus 1994 [25]

The references indicate the sequence publication. IbNg [9] and MAL [19,22] were only
subsequently recognized as recombinants. Utilizing the latest set of reference sequences
for the various subtypes (see Leitner et al., pp. 111.19-111.24), we have subjected all of
these sequences to further analysis. The locations of the segments of different subtype
origins, revised according to these latest analyses (Robertson, Gao, Sharp and Hahn; in
preparation), are shown in Figure 1.

Most of the recombinant viruses originate from Africa (Table 1), and a substantial majority (11
of the 12 full length hybrids) include segments of subtype A (Figure 1). This is not surprising, since it
appears that the various subtypes of HIV-1 first arose in central Africa and have co-circulated there for
many years. Furthermore, in that region, subtype A is the most common. Among the hybrids of African
origin, MAL is interesting because it was one of the first African (and, in retrospect, nhonsubtype B)
viruses to be characterized [20]. Li et al. first suggested that MAL may be a recombinant virus in 1987
[21,22], but the realization of the widespread occurrence of recombination among HIV-1 subtypes did
not occur for about another 7 years. While MAL includes regions that are clearly of subtype A and D
origin, there is a long region encompassing thedf of thepol gene that has defied characterization
[19]. Now it appears that part of that region may be subtype | (see below), but the origin of the remainder
has still not been determined (Figure 1). Thus, the ancestry of MAL may have involved successive
recombination events of sequences derived from three or four different subtypes. Z2321B, which also
appears to include sequence blocks from three (or four?) different subtypes, is the oldest of the known
hybrid viruses, having been isolated in 1976. Clearly, by that date, the group M subtypes had diverged
sufficiently that the various segments recombined within Z312B are detectable as having distinct subtype
origins. This implies that the subtypes must have begun to diverge substantially earlier than the 1970s,
and is consistent with the recent finding that a virus from 1959 appears, from phylogenetic analyses, to
have postdated the group M radiation [23].

Among the hybrid viruses isolated outside of Africa are two subtype “E” viruses (CM240 and
93TH253.3) from Thailand. As shown in Figure 1, a large fraction of the genome of these subtype
“E” viruses, including thegag andpol genes, appears to be of subtype A origin [8,9]. Since all Thai
“E” viruses appear to be closely related, and since the mosaic structure of their genomes appears to
be identical to that of the other full length subtype “E” virus (90CF402.1) from the Central African
Republic, it is most likely that a single recombination event occurred in Africa, and that the subtype
“E” viruses in Thailand are due to the introduction of a descendant of that recombination event [9].
While the subtype “E” viruses clearly indicate that a subtype E arose in the past, it is possible that full
length subtype E viruses no longer exist. In contrast, the recombination event between subtypes B and
F to generate 93BR029.4 most likely occurred in Brazil, where both of these subtypes are common.
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Figure 1. Full-length intersubtype recombinant HIV-1 sequences. The color code indicates the subtype
origin of different segments of the genomes; regions in white are sequences whose origin has not been
determined. The LTRs are hatched because they have not been analysed in detail. See Table 1 for more
details.
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At least three other viruses from Brazil, for each of which only partial sequences are available, appear to
represent independently generated B/F hybrids [3,6,18]. The other non-African example, 94CY032.3,
was isolated in Cyprus. Initially, partial sequences from this virus formed the basis of the proposition
of subtype | [24]. Analysis of a recently determined full length sequence [25] suggests that it is a
recombinant of at least three subtypes, A, G and |. Since 94CY032.3 is the prototypic subtype | virus, it
is most parsimonious to assume that all segments which cannot be assigned to any other subtype are of a
common (i.e., subtype I) origin. Two of the recombinant viruses from Africa, MAL and Z321B, contain
short segments of sequence closely related to 94CY032.3, but not similar to other subtypes; thus, these
regions have also been designated as being of subtype | origin (Figure 1). It is not clear whether the
multiple recombination events in the ancestry of 94CY032.3 occurred in Africa, or in Cyprus, where a
number of different subtypes are also found [24].

It is notable that most of the mosaic genomes have a “patchwork” appearance due to multiple
cross-over events (Figure 1). This is as expected given the known properties of reverse transcriptase.
As more recombinant viruses are characterized, it may be possible to discern whether there are some
consistent features to the patterns of genetic exchange. For example, certain sites may be hotspots
for recombination; a hotspot may exist because the genome adopts a secondary structure that induces
stalling of the reverse transcriptase, or because a region is conserved and so has a higher level of
sequence identity. Alternatively, some exchanges may be “forbidden;” numerous components of the
HIV-1 genome interact, either at the level of their RNA or the encoded translation product, and certain
combinations of divergent interacting components may be inviable.

From the current data it is not possible to estimate the frequency of multiple infection or of
recombination events. The 12 intersubtype recombinants come from a total of 53 available full length
sequences. Of the 53 full length sequences, 30 come from subtype B, which is the focus of attention
in the Western world but constitutes only about 16% of the global pandemic. Among the 12 hybrids,
three are similar subtype “E” viruses, selected for investigation because of their impact on the epidemic
in Thailand, but which likely all arose from a single ancestral recombination event (see above). Thus,
counting only one of the three subtype “E” genomes, 10/21 full length non-subtype B sequences are
independently generated recombinants of different subtypes. Among the much larger numbers of viruses
that have been partially characterized, there are many additional examples of intersubtype recombinants
[2-6,10,11,13,15]. We have previously estimated that roughly 10% of viruses for which at least a near
full-length gag or env gene sequence is available are recombinants [2]. This figure is possibly an
underestimate of the frequency of recombinant viruses, both because of the excess representation of
subtype B, and because a virus for which only one gene has been sequenced may be a recombinant but
not have a crossover within that gene; for example, if judged only on the basis ajdger envgene
sequences (see Figure 1), 92NG003.1 and 92NG083.2 appear to represent nonrecombinant subtype G
viruses, while 93BR029 was originally classified as subtype F on the basisevivgene phylogeny
[6]. Finally, the frequency of new recombinants in any given geographic area will obviously depend on
the number and prevalence of co-circulating subtypes: multiple subtypes well represented in the same
population can be expected to yield a higher number of new hybrid viruses.

Recombinant viruses have also been detected among HIV-2 strains [19,26] and among SIVs
[27,28]. As yet, no viruses have been described that are recombinants of the two highly divergent
major groups of HIV-1, M and O, nor have recombinants of HIV-1 and HIV-2 been found. Individuals
multiply infected with HIV-1 groups M and O [29], and with both HIV-1 and HIV-2 [30], have been
reported. Recombination between these more divergent viruses may not occur because of the extent
of sequence dissimilarity or may yield replication attenuated or defective viruses. Rather few HIV-1
intrasubtype recombinants have been described [7,31,32], but in this case this is probably merely a
problem of detection.
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