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Human immunodeficiency virus type 1 (HIV-1) strains can be separated into genetic subtypes based on
phylogenetic analysis of the envelope gene. Once it had been shown that population-wide intrasubtype genetic
variation of HIV-1 strains increases in the course of the AIDS epidemic, it remained uncertain whether HIV-1
subtypes are phenotypic entities spreading as distinct virus populations. To examine this, we applied Eigen’s
concepts of sequence geometry and fitness topography to the analysis of intrasubtype evolution of the gp120 V3
domain of HIV-1 subtypes A, B, C, and D in the course of the global AIDS epidemic. We observed that despite
the high evolution rate of HIV-1, the nonsynonymous distances to the subtype consensus of sequences obtained
early in the epidemic are similar to those obtained more than 10 years later, in contrast to the synonymous dis-
tances, which increased steadily over time. For HIV-1 subtype B, we observed that the evolution rate of the individ-
ual sequences is independent of their distance from the subtype B consensus, but for the individual sequences
most distant from the consensus evolution away from the consensus is constrained. As a result, individual
HIV-1 genomes fluctuate within a sequence space with fixed distance to the subtype consensus. Our findings
suggest that the evolution of the V3 domain of HIV-1 subtypes A, B, C, and D is confined to an area in sequence
space within a fixed distance to the consensus of a respective subtype. This in turn indicates that each HIV-1
subtype is a distinct viral quasispecies that is well adapted to the present environment, able to maintain its
identity in the V3 region over time, and unlikely to merge during progression of the AIDS epidemic.

The human immunodeficiency virus type 1 (HIV-1) genome
is rapidly evolving. Genetic variation has been observed among
HIV-1 sequences obtained within a single infected individual
at different stages of HIV-1 infection (10, 11, 15, 16, 24, 26,
27, 37). This intrahost evolution, together with transmission
bottlenecks, results in genetic variation of HIV-1 sequences
among infected individuals within a population (interhost or
population-wide evolution) (15, 16).

Based on phylogenetic analysis of the envelope gene, HIV-1
strains can be separated into genetic subtypes A through J (31).
HIV-1 subtype B is geographically the most widely distributed
and is associated with AIDS epidemics in the Americas, Eu-
rope, and Asia. HIV-1 subtypes A, C, and D are found mainly
in Africa. Approximately 90% of the HIV-1 sequences ob-
tained so far belong to these four HIV-1 subtypes, which are
considered dominant HIV-1 subtypes, while for the other six
HIV-1 subtypes only few sequences, typically from epidemio-
logically closely related individuals, are known.

For HIV-1 subtype B, which has been the most widely stud-
ied, the evolution rate of the envelope gene has been shown to
be about 1% per year (24, 37). Genetic analysis of this gene,
the third variable domain (V3) in particular, showed that the
interhost (intrasubtype) variation increased over the course of
the AIDS epidemic (15, 16). The question remained whether
HIV-1 subtypes are phenotypic entities able to maintain their
genetic integrity and spreading as distinct virus populations.
Our study specifically addressed this issue by analyzing the

evolution of the V3 domain of the envelope glycoprotein gp120
of HIV-1 subtypes A, B, C, and D.

The term “quasispecies” is often used to encompass HIV-1
sequence heterogeneity within a single infected individual (27).
According to Eigen et al., a viral quasispecies or self-sustained
virus population that is able to maintain its collective identity
over time could be described as a “swarm” in multidimensional
sequence space (4–7). Each individual sequence occupies an
unique position within this swarm. The geometric center of a
viral swarm or quasispecies is the consensus sequence.

To anticipate future evolution of HIV-1 subtypes, two sce-
narios can be envisioned. The first assumes that intrasubtype
HIV-1 variation has not yet reached a limit and will expand over
time until the HIV-1 subtypes lose their collective identity and
merge with each other. At the population level, intrasubtype
sequence variation will continually grow, as will the size (radius)
of the sequence swarms of HIV-1 subtypes. At the individual level
(intrahost evolution), this scenario will result in continual se-
quence evolution away from the subtype consensus, irrespective
of the initial distance from the subtype consensus. Although the
nucleotide distance between an individual sequence and the sub-
type consensus can reach 15%, 85% of nucleotide positions
within those sequences are still identical. The vast majority of
these positions, which are identical in the tested and the subtype
consensus sequences, nevertheless vary in other sequences be-
longing to the same subtype. Thus, in the case of absent evolu-
tionary constraints, the chance occurrence of new substitutions is
more likely at those identical positions, increasing the distance
between a tested sequence and the subtype consensus.

The second scenario assumes that the level of HIV-1 intra-
subtype variation we now observe is nearing the limit of se-
quence distance to the consensus that is compatible with HIV-1
fitness or survival. At the population level, this scenario assumes
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a set maximum distance from the subtype consensus (the size of
the subtype sequence swarm). As in the first scenario, the evolu-
tion of the individual HIV-1 sequences is continual. However, in
the second scenario, sequences farthest from the consensus at
some point begin to evolve toward the consensus. This constraint
is predicted to be more pronounced for nonsynonymous substi-
tutions (which result in a change of an amino acid) than for
synonymous ones (which do not change the amino acid). This
view is based on the premise that HIV-1 subtypes represent self-
sustained populations that can maintain their integrity over time.

To examine these scenarios, we analyzed the population-wide
evolution of the V3 region of the HIV-1 subtypes A, B, C, and D
in the course of the global HIV-1 epidemic, as well as the intra-
host HIV-1 subtype B evolution in 55 individuals over 5 years.

MATERIALS AND METHODS

The HIV-1 sequences used in this study were approximately 270 nucleotides
long and contained the genomic region of env gp120 coding for the V3 domain
(2). The majority of sequences were generated earlier by us, including those from
the Amsterdam cohorts of homosexual men and intravenous drug users (22, 24),
the Baltimore cohort of intravenous drug users (19, 25), individuals LAI and MN
(NM) (21), the World Health Organization UNAIDS network study (2), indi-
viduals in Russia (20), and HIV-1-infected women from The Netherlands (23).
The sequences are available through GenBank (for the accession numbers, see
the original publications). In addition, we used the sequences available from the
Los-Alamos HIV-1 database (31) (subtype C sequences from Ethiopia were
kindly provided by Almaz Abebe prior to publication). The description of the
sequence sets, their origin, and references are shown in Results. To analyze
intrahost evolution, seroconversion sequences from 55 individuals of the Am-
sterdam cohorts were compared with sequences derived from the same individ-
uals after 5 years of follow-up (22, 24).

The nucleotide sequences representing HIV-1 subtypes A, B, C, and D were
aligned manually together with the consensus sequence of a respective HIV-1
subtype obtained from the Los Alamos HIV-1 database (31). All positions with
an alignment gap in at least one sequence were excluded from pairwise sequence
cparisons. Nucleotide, synonymous, and nonsynonymous p-distances (the propor-
tion of differences, Hamming distances) between the individual sequences belonging
to a certain HIV-1 subtype and the consensus sequence of the same subtype were
estimated by using the MEGA program (17). The synonymous and nonsynonymous
p-distances were calculated by using the Nei-Gojobori method (32) from the for-
mulas Ds 5 Sd/S and Da 5 Nd/N, respectively, where Ds and Da are the synonymous
and nonsynonymous p-distances between two sequences, Sd and Nd are the numbers
of synonymous and nonsynonymous differences between two sequences, and S and
N are the numbers of synonymous and nonsynonymous sites, respectively.

A relationship (correlation) between sequence distances to the consensus and
their sampling years was examined by using the linear regression analysis. The
t test was used to compare groups. All statistical calculations were done by using
SPSS/PC 1 software version 5.0 (SPSS Inc., Chicago, Ill.).

Model of HIV-1 evolution in sequence space. Eigen describes a viral quasispe-
cies a swarm in multidimensional sequence space, whose center is the consensus
sequence of the quasispecies (4–7). Each individual sequence occupies a unique
position within the swarm that can be characterized by a nucleotide, synonymous,
and nonsynonymous distance from the consensus (D, Ds, Da, respectively [Fig. 1]).
The mean radius of a quasispecies at a certain time point can be calculated as the
mean distance between individual sequences obtained at this time point to the
consensus.

An individual host is considered to be infected by an HIV-1 subtype B strain that
has a nucleotide distance of D0 from the subtype B consensus (Fig. 1). This initial
HIV-1 sequence will change in time and after 5 years of infection will have a distance
of D5 from the consensus sequence and a distance of D from the seroconversion
sequence. Thus, intrahost evolution over 5 years can be represented as a vector
between two points: the sequence positions at seroconversion and after 5 years. The
length of this vector, which represents sequence evolution, can be calculated as the
genetic distance between the sequences obtained at seroconversion and 5 years later.
To estimate the direction of this evolutionary vector, the sequence comparison can
be expanded to include a third point, the subtype consensus sequence. Intrahost
evolution of a sequence can thus be studied relative to the subtype consensus, and its
evolutionary direction can be deduced as being toward or away from the consensus
sequence. The difference between D5 and D0 is the sequence evolution relative to
the subtype consensus sequence, dD05 5 D5 2 D0. Note, that dD05 is negative when
a sequence evolves toward the consensus.

RESULTS

Interhost HIV-1 subtype B evolution is bounded by a set
nonsynonymous distance from the subtype B consensus. Since
most complete data sets are available for HIV-1 subtype B, we

first analyzed the genetic distances of the V3 sequences to the
subtype B consensus (sequence swarm radius) in an infected
population, year by year. Our population comprised 124 indi-
viduals from the Amsterdam cohorts infected in the period
between 1985 and 1992, from whom sequences were obtained
at the time of seroconversion.

Overall, the nucleotide distance between V3 sequences and
the subtype B consensus increased significantly over time (Fig.
2). The mean nucleotide distance to the consensus was 0.052 6
0.019 (p-distance 6 standard deviation) in 1985 (n 5 27) and
0.071 6 0.022 in 1991 to 1992 (n 5 17) (P , 0.01). Separate
analysis of synonymous and nonsynonymous substitutions re-
vealed that the increasing distance to the consensus was influ-
enced far more by the increasing synonymous distance (1985;
0.040 6 0.021; 1991 to 1992, 0.081 6 0.036 [P , 0.001]) than
by the nonsynonymous distance, which did not change signifi-
cantly during the progression of the epidemic (1985, 0.055 6
0.023; 1991 to 1992, 0.068 6 0.026 [P . 0.1]). This finding
points to selective pressures against nonsynonymous evolution
away from the consensus, especially since most nucleotide sub-
stitutions in the V3 domain are nonsynonymous. Thus, the
increasing nucleotide distance to the consensus over time has
to be considered the result of accumulation of synonymous
substitutions. Evolution of HIV-1 subtype B over 8 years did
not show a significant increase of the nonsynonymous radius of
the subtype B sequence swarm.

To exclude geographic bias in our results, we subsequently
analyzed the evolution of the V3 domain in the US HIV-1
subtype B strains. For our analysis, we collected the HIV-1
sequences from the Los Alamos database (31) obtained in the
early U.S. epidemic (1983 to 1986), i.e., ASP1, ALA1, CDC42,
JRCSF, NY5CG, MN, RF, RJS, SBC, SC, SF33, for which
sampling dates are available. We also used the sequences from
the Florida dentist case (1990 to 1991) (33), a set of the early
U.S. HIV-1 sequences (1983) (34a), and the sequences from
the Baltimore intravenous drug user cohort (1989 to 1994) (19,
25). In total, 81 U.S. sequences obtained in a period between
1983 and 1994 were used.

The patterns of interhost evolution of HIV-1 in the United
States corresponded to those observed for the Amsterdam
cohorts (Fig. 3). The synonymous distance to the subtype B

FIG. 1. HIV-1 evolution in sequence space. D0, nucleotide distance of an
individual HIV-1 sequence at seroconversion to the subtype consensus; D5,
nucleotide distance of the HIV-1 sequence obtained from the same individual
after 5 years to the subtype consensus; D, nucleotide distance between HIV-1
sequences obtained at seroconversion and 5 years later; dD05 5 D5 2 D0,
intrahost evolution over 5 years relative to the consensus.
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consensus increased significantly (1983 [n 5 14], 0.046 6 0.024;
1991 to 1994 [n 5 14], 0.071 6 0.025 [P 5 0.01]). The mean
nonsynonymous distance to the subtype B consensus did not
change significantly (1983, 0.076 6 0.037; 1991 to 1994;
0.072 6 0.021 [P . 0.1]).

It has previously been shown that the HIV-1 subtype B
strains in Thailand differ from those in the United States and
Europe, forming a separate phylogenetic cluster (12, 31, 34).
To determine whether this genetic distinction is associated
with the expansion of the subtype B sequence swarm, we an-
alyzed the synonymous and nonsynonymous distance of the
Thai sequences (12, 34) to the subtype B consensus. Despite
their distinct genetic makeup, the U.S. and Thai HIV-1 sub-
populations showed no difference in synonymous or nonsyn-
onymous distances to the subtype B consensus over the same
period. The mean nonsynonymous distance of the 29 Thai
sequences (1991 to 1992) to the subtype B consensus was
0.087 6 0.034 (P . 0.1 for the comparison with the 14 U.S.

sequences obtained in 1991 to 1994). The U.S./European and
Thai HIV-1 subtype B sequences thus appear to occupy sepa-
rate locales in sequence space that are equidistant from the
consensus. This was also the case when we analyzed the HIV-1
sequences obtained from Brazil (2, 28), Russia (20), Ivory
Coast, and Gabon (31) (data not shown).

To locate the center of HIV-1 subtype B quasispecies in
sequence space, we used the Los Alamos subtype B consensus,
which could be biased by its overrepresentation of U.S. and
European sequences. To examine whether this could influence
our results, we also used an alternative subtype B consensus
sequence, calculated as an arithmetic mean of a set of 100
subtype B sequences equally representing all major geographic
areas of the HIV-1 subtype B epidemic (United States, Eu-
rope, Brazil, and Thailand). This alternative subtype B con-
sensus was similar to the Los Alamos subtype B consensus
(nucleotide p-distance, 0.022; synonymous p-distance, 0.000;
nonsynonymous p-distance, 0.027). When we analyzed our se-
quence sets against the alternative subtype B consensus, sim-
ilar results were observed (data not shown), indicating that
both consensus sequences are close to the actual center of
HIV-1 subtype B quasispecies in sequence space. Our data are
in accord with the star-like topology of the phylogenetic tree of
HIV-1 subtypes as well as with previous observations of the
stability of the consensus sequence over time, which has been
demonstrated by comparing the Dutch consensus sequences
year by year over the period from 1982 to 1994 (15).

Sequence space of HIV-1 subtypes A, C, and D. To study the
sizes of HIV subtype A, C, and D sequence swarms, we analyzed
the genetic distances of 122 subtype A (1976 to 1995), 126 subtype

FIG. 2. Nucleotide (a), synonymous (b), and nonsynonymous (c) distances
between the V3 sequences and the subtype B consensus in relation to serocon-
version year in Amsterdam cohorts. Regression lines are shown. Statistics: (a)
r 5 0.351, r 2 5 0.123, P , 0.001; (b) r 5 0.402, r 2 5 0.162, P , 0.001; (c) r 5
0.195, r 2 5 0.038, P 5 0.03.

FIG. 3. Synonymous (a) and nonsynonymous (b) distances between the US
V3 sequences and the subtype B consensus in relation to sampling year. Regres-
sion lines are shown. Statistics: (a) r 5 0.269, r 2 5 0.072, P 5 0.02; (b) r 5
20.071, r 2 5 0.005, P . 0.1.
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C (1988 to 1995), and 67 subtype D (1983 to 1994) V3 sequences
(references 2, 3, 14, 18, 20, 23, 29 and 31 and kindly provided by
Almaz Abebe prior to publication) to the consensus of a respec-
tive subtype in relation to sequence sampling year.

Similar to our findings for HIV-1 subtype B, the nonsynony-
mous distances of the individual subtype A, C, and D sequences
to the consensus of a respective subtype did not increase sig-
nificantly over time (Fig. 4). The mean nonsynonymous dis-
tances to the consensus of earlier sequences were similar to
those of the sequences obtained later: subtype A, 0.100 6
0.021 (1976 to 1990) and 0.106 6 0.021 (1991 to 1995); subtype
C, 0.105 6 0.035 (1988 to 1989) and 0.113 6 0.021 (1995);
subtype D, 0.105 6 0.038 (1983 to 1987) and 0.111 6 0.025
(1993 to 1994) (P . 0.1 for all comparisons).

The direction of the HIV-1 intrahost evolution, but not its
extent, is associated with sequence distance to the subtype B
consensus. If interhost V3 nonsynonymous variation is limited,

the same must be true for the intrahost evolution. If transmis-
sion bottlenecks play only a random and neutral selective role,
the constraints in nonsynonymous evolution at the population
level can be explained by limitations in evolution within indi-
viduals during periods between transmissions. To test these
presumptions, we studied the intrahost evolution of the V3
regions in 55 infected individuals over their first 5 years of
infection, the period in which most infected individuals are
healthy and can be assumed to cause most of the new infec-
tions (Fig. 5 and 6).

Our analyses revealed no significant association between the
numbers of nucleotide substitutions per site accumulated by 55
HIV-1 V3 sequences over 5 years (D) and the nucleotide dis-
tances between those sequences and the subtype B consensus
at seroconversion (D0) (Fig. 5). Neither the numbers of syn-
onymous substitutions per synonymous site (Ds) nor the num-
bers of nonsynonymous substitutions per nonsynonymous site
(Da) accumulated over 5 years were significantly associated
with the synonymous and nonsynonymous distances to the sub-
type B consensus at seroconversion (D0s and D0a, respectively).
Thus, the evolution rate of the V3 region appears to be inde-
pendent of sequence distance from the consensus. Moreover,
when we studied the ratio of synonymous to nonsynonymous
substitutions accumulated over 5 years (Ds/Da) in relation to
the sequence distances to the consensus at seroconversion (D0,
D0s, D0a), we found no association (data not shown). This con-
firms our previous finding that host selection pressure results
in continuous evolution, irrespective of the distance between
the sequence and the subtype B consensus (24).

However, when we analyzed the direction of the evolution of
the V3 region over 5 years relative to the consensus sequence,
we found a significant negative correlation between the direc-
tion of the evolution of the V3 sequences and their distance
from the subtype B consensus at seroconversion (Fig. 6). The
largest nucleotide distances to the consensus at seroconversion
were associated with restriction of further sequence evolution
away from the consensus.

DISCUSSION

A high level of genetic variation is observed in HIV-1 ge-
nomes both at the population level and within individual hosts.
The HIV-1 strains can be separated into subtypes (A to J)
based on phylogenetic analysis of the envelope sequences ir-
respective of whether the complete gp120 or the V3 region is
analyzed (31, 36). For the HIV-1 gp120 V3 region, the intra-
host evolution rate has been estimated to be about 1% per
year, with the nonsynonymous evolution rate being higher than
the synonymous evolution rate (24, 37). Envelope sequence
heterogeneity has been demonstrated to increase in an in-
fected population over time (15, 16). Given no evolutionary
constraints, this high evolution rate could be expected to lead
to a continuous expansion of the subtype swarms in sequence
space and, eventually, predicts the merger of HIV-1 subtypes.

To examine this scenario, we analyzed the population-wide
evolution of the V3 region of the HIV-1 subtypes A, B, C, and
D over the course of the global HIV-1 epidemic. We observed
that the high evolution rate of HIV-1 did not result in a sig-
nificant increase of the intrasubtype nonsynonymous variation
(heterogeneity) of HIV-1 sequences, in contrast to the synon-
ymous variation, which increased steadily over time. The non-
synonymous distances to the subtype consensus of the se-
quences obtained earlier in the course of the global AIDS
epidemic are similar to those of the sequences obtained more
than 10 years later. These observations indicate evolutionary
constraints against nonsynonymous evolution away from the

FIG. 4. Nonsynonymous distances of the HIV-1 subtype A (a), C (b), and D
(c) sequences to the consensus sequence of the same HIV-1 subtype in relation
to sampling year. Regression lines are shown. Statistics: (a) r 5 0.110, r 2 5 0.012,
P . 0.1; (b) r 5 0.140, r 2 5 0.019, P . 0.1; (c) r 5 0.078, r 2 5 0.006, P . 0.1.
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subtype consensus and suggest that a HIV-1 subtype swarm is
a target for purifying selection.

The V3 domain is subjected to a strong immune pressure
in the host, which drives the intrahost HIV-1 evolution (24).
Most of the nucleotide substitutions in this region are nonsyn-
onymous. However, the nonsynonymous distance between in-
dividual sequences and the subtype consensus is limited, an
observation that is most probably related to the functional
importance of this domain. A large nonsynonymous distance of
an individual sequence to the subtype consensus could well be
associated with a functional deterioration and decrease of viral
fitness (adaptation). Continuous virus evolution irrespective of
the sequence distance to the consensus (Fig. 5) combined with
limited nonsynonymous distance to the subtype consensus
(Fig. 6) can be explained as a result of multiple hits at one site,
including back substitutions. Operating simultaneously, the
evolutionary forces of immune pressure and fitness limitations

cause fluctuations of individual HIV-1 V3 sequences within a
limited nonsynonymous sequence space around the stationary
subtype consensus sequence.

It is important to consider this circumstance in the analysis
of the ratio of synonymous to nonsynonymous substitutions
(Ds/Da), which is often used to study the evolutionary trends of
a certain gene (purifying versus positive selection). For the
intrahost, relatively short-term evolution of the V3 region, the
Ds/Da ratio is about 0.4 (24), while for the intrasubtype, rela-
tively long-term evolution, it is generally above 1 and is even
higher for the comparisons of HIV-1 subtypes with HIV-1
group O sequences (13, 30). This phenomenon could be di-
rectly related to fluctuating evolution of the V3 sequences
within a limited sequence space. It is known that the increasing
number of nucleotide substitutions between two sequences

FIG. 5. The rate of the HIV-1 V3 nucleotide (a), synonymous (b), and nonsyn-
onymous (c) intrahost evolution over 5 years is not associated with sequence distance
to the subtype B consensus at seroconversion (nucleotide, synonymous, and non-
synonymous distances, respectively). Statistics: (a) r 5 0.192, r 2 5 0.037, P . 0.1; (b)
r 5 20.128, r 2 5 0.016, P . 0.1; (c) r 5 0.160, r 2 5 0.025, P . 0.1.

FIG. 6. The direction of the intrahost evolution of the V3 sequences relative
to the subtype B consensus is associated with their nucleotide (a), synonymous
(b), and nonsynonymous (c) distances to the subtype B consensus at serocon-
version. Statistics: (a) r 5 20.278, r 2 5 0.077, P 5 0.04; (b) r 5 20.405, r 2 5
0.164, P , 0.01; (c) r 5 20.400, r 2 5 0.157, P , 0.01.
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obstructs the precise measurement of the evolutionary dis-
tances between these sequences, making it impossible after a
certain saturation threshold, when the nucleotide distance is,
say, above 50% (“mechanical” saturation). Limited nonsyn-
onymous sequence space creates circumstances whereby the
impact of the saturation processes may be manifest at much
lower nonsynonymous distances (“functional” saturation). If
so, the changes in the Ds/Da ratio related to the evolutionary
scale provide additional support for the limited sequence
space of HIV-1 subtypes. When we compared the HIV-1 sub-
type B V3 sequences obtained early versus late in the epi-
demic with the subtype B consensus, we observed an increase of
the Ds/Da ratios over time (for instance, in the Amsterdam epi-
demic, 1985, 0.73; 1991 to 1992, 1.19; in the U.S. epidemic, 1983,
0.61; 1991 to 1994, 0.99 [see Results]). In our opinion, this
increase does not indicate declining selection pressure in the
V3 region over the observation period but, rather, is an effect
of the functional saturation of nonsynonymous substitutions.

Compared to the nonsynonymous substitutions, the synon-
ymous ones are generally considered to be subjected to a lower
selection pressure. We found that the mean synonymous dis-
tance of the individual HIV-1 sequences to the subtype con-
sensus is increasing in the course of the AIDS epidemic (Fig.
2 and 3).

Our data show that the quasispecies concept can be applied
to an HIV-1 genetic subtype. Unlike the rapidly changing
HIV-1 quasispecies within an infected individual, the entire
quasispecies of an HIV-1 subtype appeared to be stabilized
and able to maintain its collective identity over time in the V3
region. Such stability suggests that HIV-1 subtypes are opti-
mally adapted to the present environment. This is shown sche-
matically in Fig. 7. We suggest that after the introduction(s) of
pro-HIV-1 (simian immunodeficiency virus) into the human
population, the adaptation of this virus to the new host went on
in several evolutionary directions (irrespective of whether one
or multiple cross-species transmissions took place). In this
model, HIV-1 subtypes represent separate genetic niches in
which virus fitness can be maintained most, although not nec-
essarily equally, effectively. We propose that the distribution of
individual sequences within one subtype is uneven, i.e., that the
fitness landscape of a HIV-1 subtype is not smooth (as an
example, HIV-1 B9 is shown in Fig. 7). Moreover, the obser-
vation that certain amino acid positions within the V3 region
are less variable and even conserved, most probably because of
their functional importance, indicates that certain minimal re-
quirements for the maintenance of the tertiary structure of the
V3 domain have to be met. Our model does not prohibit the
evolution of an individual sequence far away from the subtype
consensus, even from one subtype to another, but it predicts
that such evolution could be associated with a decrease of virus
fitness and makes it unlikely in the present environment. How-
ever, several factors could perturb the current balance in virus-
host interactions. For instance, anti-V3 vaccines could poten-
tially decrease the fitness of the viruses with the V3 regions that
are homologous to the subtype consensus. Also, the changes in
the genetic makeup of the other, more slowly evolving HIV-1
genomic regions could influence the current trends of the V3
evolution (8). In particular, antiviral therapy and HIV-1
drug-resistant mutants could contribute to this process.

Our observations indicate that the subtype consensus se-
quence could be considered to be a master sequence, i.e., the
fittest sequence at the population level, although in particular
HIV-1-infected individuals, the fittest sequence may differ
from the consensus. When we analyzed the genetic distances
between the subtype B consensus and the V3 sequences in
participants of the Amsterdam cohorts who did or did not

progress to AIDS within 5 years after seroconversion (24), we
observed no significant difference between groups (data not
shown), suggesting that HIV-1 sequence fluctuation within a
limited sequence space around the consensus does not influ-
ence HIV-1 pathogenicity.

Recombination between different HIV-1 subtypes is a sig-
nificant source of HIV-1 variability (35). In our earlier studies,
we provided the results of the phylogenetic analysis of the V3
sequences obtained from 55 individuals at seroconversion and
5 years later (15, 24). All late sequences (with single excep-
tions) clustered with the seroconversion sequences obtained
from the same individual. These clusters were statistically sup-
ported by bootstrap analysis. Those individuals (homosexual
men and intravenous drug users) have continued the AIDS
risk-associated activity and may therefore be superinfected or
coinfected by another HIV-1 subtype B strain. Intrasubtype
recombination, if it occurs, would result in a loss of statistical
support of the phylogenetic relations between early and late
sequences from that particular individual. The strong statistical
support we observed for the clusters of the V3 sequences from
the same patient, together with previous observations of in vivo
recombination between HIV-1 genes or the functional do-
mains of the envelope gene rather than within them (1, 9),
suggests that intrasubtype recombination within the V3 do-
main is not likely.

The extent of intrasubtype HIV-1 variability, when the nu-
cleotide distances of certain sequences to the consensus can be
as high as 15%, allows theoretically for subtype clouds to
overlap (the nucleotide distance between the subtype consen-
sus sequences is close to 25%). The fact that no V3 sequences
equidistant to two HIV-1 subtypes were found may indicate
low fitness or functional defects of HIV-1 variants in subtype-
overlapping sequence space. This assumption is also supported
by the observation that sequence convergence between HIV-1
subtypes is relatively rare within the V3 region (13, 30). Al-
though intrasubtype recombination within the V3 domain
seems to be not likely, one cannot exclude that certain inter-
subtype recombinations may result in increasing fitness of re-
combinant viruses. This intersubtype recombination within the
V3 domain may lead to occupation of a new genetic niche and
to emergence of a new genetic subtype.

In conclusion, our results suggest that the evolution of the
V3 domain of HIV-1 subtypes A, B, C, and D is limited to an

FIG. 7. Fitness landscape of HIV-1 subtypes. The model shows HIV-1 sub-
types as separate genetic niches in which the virus phenotype can be realized
most effectively (virus fitness is high). Although evolution of individual sequence
(dots) far away from consensus, from one subtype to another, is not prohibited,
it is predicted to be associated with a decrease of virus fitness. Note that in
multidimensional sequence space, the genetic distance between any two HIV-1
subtypes is approximately equal. For more explanations, see Discussion.
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area within a set nonsynonymous distance from the subtype
consensus sequence. HIV-1 subtypes are thus phenotypic en-
tities that are able to maintain their integrity and are unlikely
to merge during progression of the AIDS epidemic.
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