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In a human immunodeficiency virus type 1 (HIV-1)-infected individual, immune-pressure-mediated positive
selection operates to maintain the antigenic polymorphism on the gp120 third variable (V3) loop. Recently, we
suggested on the basis of sequencing C2/V3 segments from an HIV-1 subtype E-infected family that a V3
sequence lineage group of the non-syncytium-inducing (NSI) variants (group 1) was relatively resistant to
positive selection pressure (35). To better understand the relationship between the intensity of positive
selection pressure and cell tropism of the virus, we determined the linkage between each V3 genotype and its
function of directing coreceptor preference and MT2 cell tropism. The biological characterization of a panel of
V3 recombinant viruses showed that all of the group 1 V3 sequences could confer an NSI/CCR5-using (NSI/R5)
phenotype on HIV-1LAI, whereas the group 2 V3 sequence, which was more positively charged than the group
1 sequence, dictated mainly a syncytium-inducing, CXCR4-using (SI/X4) phenotype. Phylogenetic analysis of
C2/V3 sequences encoding group 1 or 2 V3 suggested that the variants carrying group 1 V3 are the ancestors
of the intrafamilial infection and persisted in the family, while the variants carrying group 2 V3 evolved
convergently from the group 1 V3 variants during disease progression in the individuals. Finally, a statistical
test showed that the V3 sequence that could dictate an NSI/R5 phenotype had a synonymous substitution rate
significantly higher than the nonsynonymous substitution rate. These data suggest that V3 sequences of the
subtype E NSI/R5 variants are more resistant to positive selection pressure than those of the SI/X4 variants.

During the course of infection of an animal with a pathogen,
amino acid sequence polymorphism is often generated in the
surface antigenic sites. The mechanism to maintain this poly-
morphism is explained by positive Darwinian selection, which
is thought to be caused by the immune-pressure-mediated
host-parasite struggle referred to as antigenic drift (38–40, 43,
51). In this regard, it is generally accepted that a high degree of
sequence polymorphism in the third variable (V3) loop within
env gp120 of Human immunodeficiency virus type 1 (HIV-1) is
maintained by positive selection, since the element consists of
a major epitope for neutralizing antibodies (31, 47). Indeed,
nonsynonymous substitution per nonsynonymous site (Ka) ex-
ceeded synonymous substitution per synonymous site (Ks) in
the V3 loop (43, 58), and this tendency was enhanced with the
duration of the immunocompetent period of infected individ-
uals (23).

On the other hand, the V3 loop element consists of a critical
determinant for the target cell type preference of the virus (6,
41, 48). The loop specifies the coreceptor usage of HIV-1 (4,
5), probably via interaction with the coreceptor molecules (1,
15, 52). Therefore, nonsynonymous mutation in the V3 loop
can result in generation of either defective virus or virus which
alters cell tropism. When such an alteration is disadvantageous
to the virus, the V3 sequence would be selected as necessary to

maintain the function of the V3 element and thereby decrease
amino acid polymorphism of this region. In addition, the V3
loop of an non-syncytium-inducing (NSI) variant appears to be
hidden from the neutralizing antibody (2), which may decrease
the intensity of the positive selection pressure of NSI-dictating
V3 sequences. In consequence, the amino acid substitution
rate of a group of V3 loops, which use certain coreceptors or
prefer certain cell types, may be lower than the rate for other
types of V3 loop. Two distinct V3 genotypes associated with
different cell tropisms and diversity are known to consistently
evolve in HIV-1-infected individuals (3, 18, 21, 25, 53).

Recently, we reported an intrafamilial infection case in
which a single source of HIV-1 subtype E of Thai origin in-
fected the father (NH1), who transmitted the virus to the
mother (NH2), who then transmitted the virus to her child
(NH3) (35, 36). On the basis of genetic analyses of C2/V3
clonal sequences, we showed that two major V3 lineage groups
had evolved in the family members. Group 1 was maintained
with low variation in all three family members regardless of the
clinical state or length of infection, whereas group 2 was
present only in symptomatic individuals and was more posi-
tively charged and diverse than group 1. Only virus isolates
carrying the group 2 V3 sequences infected and induced syn-
cytia in MT2 cells. Interestingly, only the group 2 V3 region
showed a significantly higher Ka/Ks ratio than 1 (35). These
data suggest that the HIV-1 variant possessing the homoge-
neous V3 element and exhibiting the NSI phenotype persisted
in infected individuals independent of clinical status under the
weak positive selection pressure.

To better understand the relationship between the intensity
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of positive selection pressure and cell tropism of the virus, we
ascertained the role of the group 1 and 2 V3 sequences in
dictating coreceptor usage and the NSI or syncytium-inducing
(SI) phenotype of the virus, using an HIV-1LAI subtype E V3
recombinant system (34). In addition, we estimated the evolu-
tionary process of HIV-1 variants carrying each V3 sequence
by constructing the phylogeny of C2/V3 clones from which the
V3 sequences were derived. Furthermore, we examined the
intensity of positive selection pressure on the V3 loop by com-
paring the synonymous and nonsynonymous substitutions oc-
curring in each evolutionary process. Results from these anal-
yses suggest that the subtype E NSI, CCR5-using (NSI/R5)
variants, which were responsible for the establishment and the
persistence of the HIV-1 infection, were more resistant to the
positive selection pressure on the V3 loop than the SI/CXCR4
variant.

MATERIALS AND METHODS

Source of env C2/V3 sequences. A total of 86 clonal nucleotide sequences
encoding an open reading frame of the env C2/V3 region were used for these
analyses. These sequences were derived from uncultured peripheral blood mono-
nuclear cells (PBMCs) from the three members of a subtype E-infected Japanese
family that consisted of a male index patient (NH1), the female spouse of NH1
(NH2), and their child (NH3) (36). NH1 had no history of blood transfusion,
surgical operation, or homosexual activity but had sexual contacts with female
prostitutes in Thailand in 1989 and 1990. NH2 had no documented risk factors
for HIV-1 infection other than sexual contacts with NH1. NH3 was born to NH2
in June 1991. The PBMCs of NH1, NH2, and NH3 were collected in June 1993,
when NH1 had developed AIDS but NH2 and NH3 remained asymptomatic.
Follow-up collection was done for NH2 on March 1996 (NH2-II) and on January
1997 (NH2-III) after she had developed AIDS. Among the 86 clones, 82 clones
had unique sequences along the C2/V3 region. Details of epidemiological and
clinical information of the family members, as well as the cloning and sequencing
methods, are provided in previous reports (35, 36).

Construction of the full-length HIV-1 recombinant DNA clones. In previous
studies, a total of 22 deduced amino acid sequences of the V3 loop were detected
in this family (35, 36). For each V3 loop, HIV-1LAI subtype E V3 recombinant
DNA clones were constructed as previously described (34). Briefly, 22 unique V3
sequences representing nine group 1 sequences (A1 to A9) and 13 group 2

sequences (B1 to B13) were selected. A StuI-to-NheI recombinant DNA frag-
ment (456 bp) encoding the subtype E V3 and pLAI (28) flanking sequence was
generated by the overlap extension method (17), digested with StuI and NheI,
and cloned back into the full-length HIV-1 subtype B infectious molecular clone,
pLAI (28), as shown in Fig. 1. The nucleotide sequences of the PCR-amplified
regions and around all junctions for cloning were verified with an ABI PRISM
310 automated sequencer (Perkin-Elmer, Norwalk, Conn.). By this method, only
the sequence between the two cysteine residues flanking the V3 loop was altered.

Preparation of the cell-free recombinant virus stocks. Recombinant and pa-
rental LAI viruses were prepared as previously described (34). Briefly, 5 3 105

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with
10% (vol/vol) heat-immobilized fetal bovine serum (FBS) and transfected with
20 mg of pLAI-NHV3 DNA by the calcium phosphate coprecipitation method.
The culture supernatants were collected at 48 or 72 h after transfection, filtered
(0.45-mm-pore-size filter), and kept at 2152°C until use. The reverse transcrip-
tase (RT) activity of the transfection supernatant was measured in a standard
assay as previously described (49).

HIV infections in HOS-CD41 cell lines and MT2 cells. HOS-CD41 cell lines
(7) were infected with the V3 recombinant viruses in triplicate in 96-well plates
as previously described (34). Briefly, 5 3 103 HOS-CD41 cells expressing human
CCR5 (HOS-CD4-CCR5) or CXCR4 (HOS-CD4-CXCR4) were incubated in
0.1 ml of serially diluted cell-free transfection supernatant containing 2.5 3 106

(twofold dilution) to 2.0 3 104 (250-fold dilution) cpm of RT activity for 24 h at
37°C, washed, and grown in 0.2 ml of DMEM with 10% FBS and puromycin (1.0
mg/ml). Half of the volume of the culture medium was replaced by fresh medium
every 2 days during the 12 days after infection, stored at 280°C, and analyzed for
RT activity (49). The highest dilution required to produce an RT-positive culture
was taken as the endpoint, and HIV-1 titers of HOS-CD41 cells were indicated
by tissue culture infective dose per 5 3 106 cpm of the RT counts.

Infections of MT2 cells with the V3 recombinant viruses were carried out in
duplicate in 48-well plates as previously described (34). Briefly, 105 MT2 cells
were incubated in 0.13 ml of the cell-free transfection supernatant containing
7.5 3 105 32P cpm of RT activity for 24 h at 37°C and then cultured in 2.1 ml of
RPMI 1640 with 10% (vol/vol) FBS. Half of the volume of the culture medium
was replaced by fresh medium every 2 days during the 12-day period after
infection, stored at 280°C, and subjected to the RT assay. Syncytium formation
was monitored daily under a light microscope.

Evolutionary analysis of the C2/V3 molecular clones from the family. A total
of 19 available C2/V3 sequences of HIV-1 subtype E (26) from Thailand (TN235,
TN239, TN241, TN242, TN2432, TN244, TH0065, 92TH011, CM238, CM240,
92TH022.4, 93TH966.8, 93TH975.15, and 93TH976.17), the Central African
Republic (CARMBA, CARELO, CAR4017, and CAR4071), and England (94-
11643) were used for the outgroup of the clonal C2/V3 sequences from the
family. Nucleotide sequences of 82 clones were aligned with the outgroup se-

FIG. 1. Scheme for construction of recombinant HIV-1LAI DNAs encoding V3 loop sequences from the NH family. Overlapping primers 2 and 3 and outer primers
1 and 4 were used to generate recombinant DNA segments having the non-LAI V3 and LAI flanking sequences by the overlap extension method (17). The products
were digested with StuI and NheI and cloned into the gp120 subclone (pUC-LAISB) made from pLAI (28). Subsequently, the SalI-BamHI fragment of pUC-LAISB
was cloned into pLAI to reconstitute a full-length HIV-1 molecular clone. Nucleotide sequences of outside primers 1 and 4 are described in a previous report (34).
LTR, long terminal repeat.
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quences by using CLUSTAL W, version 1.4 (46), and then corrected by hand to
ensure that gaps did not alter the reading frame. The aligned nucleotide se-
quence data were then truncated to align reading frames, and maximum-likeli-
hood trees were generated by using the DNAML program of PHYLIP, version
3.572 (11), as well as the baseml program of PAML, version 1.4 (54). We also
constructed the neighbor-joining (NJ) tree (33) with 100 bootstrap replicates (10,
16) from the matrix of numbers of nucleotide substitutions per site based on
Tajima and Nei’s method (45). Distance matrices and the NJ trees were com-
puted by MEGA (22), version 1.02.

The adaptive evolution of the virus lineage was analyzed by comparing syn-
onymous and nonsynonymous substitutions for the putative ancestral sequences
as described by Zhang et al. (57). Briefly, the ancestral nucleotide sequences at
the interior nodes of the likelihood tree were inferred by the Bayesian method
(55), using the baseml program of PAML, version 1.4 (54). The ancestral and the
derived sequences were aligned by using CLUSTAL W, version 1.4 (46), and
divided into two regions, the V3 sequence (105 bp) and the flanking region (217
bp). We then estimated the numbers of synonymous (s) and nonsynonymous (n)
substitutions and synonymous (S) and nonsynonymous (N) sites between each
sequence, using SNAP (14) by the method described by Nei and Gojobori (27)
in addition to Jukes-Cantor corrections. Adaptive evolution of the V3 loop and
its flanking region were analyzed by Fisher’s exact test, given the null hypothesis
of neutral evolution, i.e., n/s is identical to N/S.

Nucleotide sequence accession numbers. The sequence data of the clones have
been registered in the DDBJ database with accession no. AB014775 to
AB014874.

RESULTS

Structural characteristics of the subtype E V3 loops from
the family. In a previous study, V3 sequences from the NH
family were divided into two genotypic subgroups, groups 1
and 2, on the basis of the presence of basic amino acid substi-
tutions, phylogeny, and the extent of sequence variation (35).
Group 1 was characterized by the presence of a GPGQ motif
at the tip of the V3 loop and by the lack of basic amino acid
substitutions with respect to the consensus of the subtype E
NSI V3 loop from 21 NSI virus isolates in the early 1990s in
Thailand (Fig. 2). These sequences were similar to each other
or to the NSI consensus and were found in all of the family
members independent of the clinical stages of infection or in
NSI virus isolates from the family members (35). Group 2 was

FIG. 2. Infective doses of recombinant viruses in HOS-CD4 cell lines. HOS-CD4 cells expressing CCR5 or CXCR4 were infected with viruses containing decreasing
numbers of RT counts (2.5 3 106, 5.0 3 105, 1.0 3 105, and 2.0 3 104 32P cpm) over 24 h. The highest dilution required to produce an RT-positive culture on day 7
after infection was taken as the endpoint, and HIV-1 titers were expressed as 2, 10, 50, and 250 tissue culture infective doses per 5 3 106 32P cpm RT activity. Infectious
titers of the V3 recombinant viruses are shown as bar graphs at the right; deduced amino acid sequences and V3 genotypes of the recombinant viruses are shown at
the left. Dots in the amino acid alignment represent residues identical to a subtype E NSI consensus sequence made from 21 subtype E NSI isolates (8, 19).
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characterized by the presence of a GPGR motif at the tip of
the V3 loop and by the presence of the basic amino acid
substitution(s) to the NSI consensus (Fig. 2). Group 2 was
more diversified and was found only in individuals with AIDS
or in SI virus isolates (35).

Coreceptor usage and MT2 cell tropism of the recombinant
viruses encoding the V3 loops from the family. A panel of
HIV-1LAI V3 recombinant viruses was generated by the over-
lap extension method and was successfully used to characterize
the biological function of the subtype E V3 sequence in virus
entry (20, 34). RT activities per unit volume of the transfection
supernatant was similar among the parental and recombinant
viruses, peaking on days 2 and 3 (1.5 3 104 to 2.0 3 104 cpm/ml
of culture supernatant), suggesting that the V3 replacement
did not deleteriously affect the processing of the Gag/Pol pre-
cursor, virion assembly, and budding, as suggested previously
(34).

A total of 22 recombinant viruses were tested for coreceptor
usage. Transfection supernatants containing equal amounts of
RT activity were serially diluted and used to infect HOS-CD4-
CCR5 or HOS-CD4-CXCR4 cells. As shown in Fig. 2, all of
the group 1 V3 recombinant viruses (A1 to A9) efficiently
infected the HOS-CD4-CCR5 cells, having infectious titers
comparable to that of the AD8 V3 control recombinant virus
carrying the subtype B NSI V3. However, none of the viruses
infected the HOS-CD4-CXCR4 cells. In contrast, most of the
group 2 recombinant viruses (10 of 13) replicated efficiently in
the HOS-CD4-CXCR4 cells, having infectivity comparable to
that of the LAI V3 control virus (Fig. 2, B1 to B10). Among the
group 2 V3 recombinant viruses, three (B2, B4, and B5) could
infect both the HOS-CD4-CCR5 and HOS-CD4-CXCR4 cells,
and three viruses (B11, B12, and B13) could infect only HOS-
CD4-CCR5 cells.

All of the recombinant viruses which used CXCR4 for in-
fection of HOS-CD4 cells consistently and efficiently replicated
in MT2 cells and induced syncytia within 3 to 7 days after
infection (Fig. 3, B1 to B10). RT activities in the virus-produc-
ing culture supernatants reached a peak within 7 days of in-
fection, ranging from 14,500 to 34,500 cpm per ml of culture
supernatant. In contrast, all of the recombinant viruses which
used CCR5 in preference to CXCR4 could not replicate in
MT2 cells, showing an NSI phenotype (Fig. 3, A1 to A9 and
B11 to B13).

Evolutionary relationship of the quasispecies in the family.
Phylogenetic analysis of the env C2/V3 and p17/p24 gag nucle-
otide sequences indicated that a single source of the HIV-1
subtype E of Thai origin had infected the family (35). To
further estimate the evolutionary relationship of the HIV-1
variants carrying the group 1 and 2 V3 sequences, a phyloge-
netic tree of the env C2/V3 region which encoded each V3
sequence was constructed for 82 independent sense clones by
the maximum-likelihood method with the PHYLIP package
and rooted with the outgroup sequences of subtype E from
Thailand, the Central African Republic, and England (Fig. 4).
The C2/V3 sequences from the family members were divided
into six subtrees. Statistics for the branch length in the maxi-
mum-likelihood tree showed that all of the branches dividing
the subtrees were significant (Fig. 4, arrows). On the basis of
the phylogeny, we categorized the 82 C2/V3 sequences into five
evolutionarily closely related groups called clusters (Fig. 4,
clusters I to V).

As shown in Fig. 4, cluster I consisted of all sequences from
NH2 and NH3 at the asymptomatic stage, as well as four
sequences from NH1 with AIDS. Cluster I contained a node
from the outgroups, i.e., the putative origin of the virus-initi-
ated intrafamilial infection. Clusters II and III contained six

and seven sequences, respectively, both of which were from
NH1 with AIDS. These clusters derived from the same ances-
tor as cluster I, with similar evolutionary distances. Cluster IV
contained 19 sequences of NH2 with AIDS (NH2-II and NH2-
III). Cluster IV had a distant ancestor from cluster II and III,
although the ancestor also belonged to cluster I. Cluster V
contained two closely related subtrees, which included 13 and
9 sequences from NH2 with AIDS (NH2-II and NH2-III).
They were merged into one evolutionary related group (a
cluster) because of their similarity in the origin and biological
activities of V3 within the subtrees (see below). Thus, the
phylogenetic relationship suggested that the C2/V3 sequences
of the family originated from cluster I and evolved along with
the two genealogical pathways, one including clusters II and III
from NH1 and the other including clusters IV and V from NH2
with AIDS. The maximum-likelihood tree computed by the
PAML program (54), as well as the NJ tree from the substi-
tution matrix calculated by Tajima and Nei’s method (45),
presented the same topology as in Fig. 4 (data not shown).

Summary of relationship between V3 genotype, V3 pheno-
type, and C2/V3 lineages. Table 1 summarizes the relationship
between the V3 genotypes, the biological activities of V3 (abil-
ity to confer an NSI/R5 or an SI/X4 phenotype), and the C2/V3
lineages from which the V3 sequences were derived (clusters I
to V). All of the group 1 V3 functioned to determine an
NSI/CCR5 phenotype of the virus. Among the group 1 V3, A1
to A5 were linked to the cluster I clones found in all of the

FIG. 3. Replication kinetics of recombinant viruses in the MT2 cell line.
Virus stocks used to infect cells were generated by transfecting HeLa cells with
each sample of recombinant plasmid DNA. MT2 cells were infected with super-
natant containing equal amounts of RT activity, and progeny virus production
was monitored by measuring the RT activity released into the culture medium at
the indicated time points. The RT activity of each recombinant virus at each time
point is represented in the three-dimensional graph by white (viruses encoding
group 1 V3), black (viruses encoding group 2 V3), and hatched (controls) bands.
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family members at the first sampling point, while A6 to A9
were linked to the cluster IV clones found in NH2 at the
symptomatic stages, which were 3 to 4 years after the first
sampling point. Although the group 1 V3 uniformly conferred
an NSI/R5 phenotype on the virus regardless of the C2/V3
clusters, the biological activity of the group 2 V3 showed a
variation. Although the group 2 V3 genotype from clusters III
and V (B1 to B3 and B4 to B10, respectively) conferred a
CXCR4 preference on the virus, three genotypes from cluster
II (B11, B12, and B13) were found to dictate the CCR5 but not
the CXCR4 phenotype. These genotypes lacked a basic sub-
stitution at position 11 (serine to arginine), whereas the other
group 2 genotypes had this type of substitution (Fig. 2). In
addition, three sequences from clusters III and V (B2, B4, and
B5) could dictate both CXCR4 and CCR5 usage.

Tests of adaptive evolution on the V3 loop and its flanking
region. To infer the putative sequences at the interior nodes of
the phylogenetic tree, we reconstituted the maximum-likeli-
hood phylogeny of the C2/V3 region by using the PAML pro-
gram (54). The topology of the tree was virtually identical to
that in Fig. 4. We then computed the number of synonymous
(s) and nonsynonymous (n) substitutions, as well as the num-
bers of the synonymous (S) and nonsynonymous (N) sites oc-
curring in the evolutionary process in each branch in the phy-
logenetic tree; this was carried out separately for the V3 region
(Fig. 5) and the flanking region (data not shown). The esti-
mated number of S and N for the V3 region ranged between
23.5 and 26 and between 79 and 81.5, respectively, and the

mean N/S was 3.27. Using the method described by Zhang et
al. (57), we analyzed the adaptive evolution of V3 and the
flanking regions by comparing s and n with their expected
numbers under the hypothesis of neutral evolution. Figure 5
shows that the observed ratio of the total number of n/s in the
V3 sequence was lower than the expected ratio in the lineage
of clusters I, II, and IV, which encoded V3 sequences to dictate
an NSI/R5 virus phenotype. In contrast, the observed n/s ratio
was higher than the expected ratio at the lineage of clusters III
and V, which encoded an SI/X4 or SI/X4R5 phenotype (Fig.
5). Thirty-six percent of the nonsynonymous substitutions plot-
ted in Figure 5 occurred in positions 27 and 32 of V3 loop
regardless of lineage (9 of 15 and 8 of 32 at NSI/R5 and SI/X4
lineages, respectively; P 5 0.001), whereas no nonsynonymous
substitution occurred in position 9, except for two substitutions
which caused coreceptor alteration.

Using Fisher’s exact test, we analyzed the positive and neg-
ative selection forces within each C2/V3 lineage (Table 2).
Negative selection was suggested for the V3 sequence in clus-
ter I (P 5 0.01) and II (P 5 0.00), while neutral evolution could
not be rejected for V3 in the other clusters. Tests for inter-
cluster difference in the n/s ratio showed that cluster III had a
significantly higher ratio than the other clusters (Table 2, P 5
0.01 and P 5 0.00 for cluster III to cluster I and for cluster III
to cluster II, respectively), while the ratio between clusters I
and II and between clusters IV and V were not significantly
different. Contrary to the V3 loop element, the test for neu-
trality of the flanking region showed that none of the results for

FIG. 4. Maximum-likelihood tree of the nucleotide sequences of C2/V3 clones (324 bp) from uncultured PBMCs of the family members at different sampling points.
The tree was estimated by using the DNAML program in PHYLIP, version 3.572. Nineteen available sequences of HIV-1 subtype E with various geographic origins
(26) were added as the outgroup. Numbers with arrows represent lengths and confidence limits of branches in the likelihood analysis. Branches with asterisks are
significantly positive (P , 0.01).
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the clusters could reject the null hypothesis (Table 2, flanking
region). These data indicated that a significant purifying selec-
tion had acted on only the V3 sequence of the evolutionary
process in clusters I and II.

DISCUSSION

Although the neo-Darwinist concept of adaptive evolution
was established nearly a half-century ago, it has been difficult
to demonstrate molecular evidence for adaptive evolution. If a
molecule of an organism has an element interacting with the
environment of the organism, a change in the environment
should increase sequence variation of the gene encoding this
element. In a virus, the elements interacting with the host
molecules during either virus replication or competition with
the host’s immune system are candidates for adaptive evolu-
tion. In this context, it is interesting to examine the evolution
of the HIV-1 env gp120 V3 loop sequence and function, be-
cause the element is involved in determining cell tropism (1, 3,
15, 48, 50, 52) and because it simultaneously maps to an
epitope for neutralizing antibodies (31, 47). In the present
study, we have provided evidence that the mode of evolution of
the V3 element is indeed affected by environmental factors
such as coreceptor usage or host cell type. This is the first
molecular evidence that adaptive evolution of a virus follows
the environmental choice of the virus.

In a previous report, we suggested that the group 1 and
group 2 V3 loops may dictate a virus’s preference for usage of
CCR5 and CXCR4, respectively (35). In the present study, we
found a direct association between the V3 genotype and its
function in a subtype E recombinant system (34). Infection of
HOS-CD4 cells with the V3 recombinant viruses showed that
all of the group 1 V3 loops were able to confer CCR5 and not
CXCR4 usage on HIV-1LAI (Fig. 2). All of the recombinant

viruses in group 1 consistently failed to replicate on MT2 cells
(Fig. 3). These results indicate that the group 1 V3 loops
dictate the NSI/R5 phenotype of a virus. This, in turn, suggests
that the group 1 V3 sequences are derived from NSI/V3 viruses
in the NH family. This conclusion is consistent with our pre-
vious observations that the group 1 V3 sequences were similar
or identical to those of the NSI virus isolates from the NH
family and that predominated in asymptomatic individuals
(35).

In contrast to the group 1 V3 loops, the major type of group
2 V3 loops, which accompanied basic amino acid substitutions,
dictated the SI phenotype and CXCR4 preference of the virus
(Fig. 2 and 3). Among the 10 group 2 genotypes associated with
CXCR4 usage, 3 (B2, B4, and B5) could also dictate CCR5
usage, suggesting that some group 2 variants were derived from
dualtropic viruses which could use both CCR5 and CXCR4.
The data are consistent with the observation that variants from
the late stages of infection often expand the range of corecep-
tor usage (37, 44). Analysis of the V3 recombinant viruses also
revealed that three group 2 genotypes (B11, B12, and B13)
dictated only an NSI/CCR5 phenotype. These V3 elements
were less positively charged than the other group 2 sequences
(35) and lacked a basic substitution at position 11 in the V3
loop (Fig. 2), which plays a critical role in determining the
SI/CXCR4 phenotype of viruses of subtypes B (6, 12, 13) and
E (20). Thus, we concluded that 10 group 2 V3 genotypes that
had a basic substitution at position 11 were all derived from
SI/CXCR4 variants, whereas three group 2 V3 genotypes that
lacked the particular substitution were derived from NSI/
CCR5 variants in the family.

Previously, we suggested that the variants possessing group 1
V3 loops persisted in infected individuals independent of their
clinical status, while the variants carrying group 2 V3 loops
emerged during disease progression (35). In the present study,
we have further extended this finding and attempted to ascer-
tain the intrafamilial genealogy of variants carrying group 1
and 2 V3 sequences, using the env C2/V3 tree. The analysis
showed that a cluster of C2/V3 sequences encoding the group
1 V3 (Fig. 4, cluster I) contained the ancestor node rooted by
subtype E outgroups, suggesting that the cluster I variants had
a close relationship to a variant establishing infections in this
family. The analysis also revealed that a cluster of C2/V3 se-
quences encoding group 1 V3 loops from NH2 with AIDS (Fig.
4, cluster IV) directly originated from cluster I, which consists
of C2/V3 sequences from NH1, NH2, and NH3. Because all of
the group 1 V3 loops were exclusively associated with an
NSI/R5 phenotype of the virus, the above evolutionary rela-
tionship suggests that the NSI/R5 variants were involved in
person-to-person transmission and persistent infection in this
family. Thus, the finding for HIV-1 subtype B infection that the
NSI variant plays a critical role in sustaining infections in a
human population (24, 32, 59) seems to be applicable also to
this HIV-1 subtype E infection.

Furthermore, env C2/V3 phylogeny clearly showed that the
group 2 V3 from the father (NH1) with AIDS and the group 2
V3 from the mother (NH2) with AIDS had evolved indepen-
dently within each individual (Fig. 4, clusters III and V). This
result suggests that the SI variants exhibiting similar corecep-
tor preference had evolved convergently in different individu-
als. Of note is that clusters III and V were shown to be derived
from the NSI/R5 variants (Fig. 4, clusters I and IV, respective-
ly), suggesting that the SI/X4 variants found in NH1 and NH2
at the late stages of infection (35) had indeed evolved from the
NSI/R5 variants that had predominated in the early stages of
infection rather than emerged via the outgrowth of SI/X4 vari-
ants that might have existed in the primary infection. Thus,

TABLE 1. Relationship between V3 genotypes, phenotypes, and
C2/V3 lineages

V3
genotype

V3
group

V3
phenotype

C2/V3
lineage

Frequency in specimensa

Asymptomatic AIDS

NH2-I NH3 NH1 NH2-II NH2-III

A1 1 NSI/R5 I 11 4 2
A2 1 NSI/R5 I 1
A3 1 NSI/R5 I 2
A4 1 NSI/R5 I 1
A5 1 NSI/R5 I 10
A6 1 NSI/R5 IV 1
A7 1 NSI/R5 IV 10
A8 1 NSI/R5 IV 1
A9 1 NSI/R5 IV 3 4
B1 2 SI/X4 III 2
B2 2 SI/Dual III 1
B3 2 SI/X4 III 3
B4 2 SI/dual V 3
B5 2 SI/dual V 10
B6 2 SI/X4 V 1
B7 2 SI/X4 V 3 2
B8 2 SI/X4 V 1
B9 2 SI/X4 V 2
B10 2 SI/X4 V 1
B11 2 NSI/R5 II 2
B12 2 NSI/R5 II 1
B13 2 NSI/R5 II 3

a Arranged by clinical status. NH2-I, NH2-II, and NH2-III represent follow-up
samples from NH2 collected in June 1993, March 1996, and January 1997,
respectively.
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these data support the notion that the convergent evolution of
the SI/X4 phenotype from the NSI/R5 phenotype had occurred
during progression of the disease in subtype E-infected indi-
viduals (35).

Taken together, the present analyses of the V3 function and
C2/V3 lineages indicate the following evolutionary processes
of the HIV-1 subtype E quasispecies in the family. First, the
NSI variants carrying the group 1 V3 sequences (cluster I) had
initiated infections in the three family members, NH1, NH2,
and NH3. In NH1, the group 1 V3 NSI variants had evolved
into the three subgroups: the NSI/R5 variants carrying V3
similar to the ancestral group 1 sequences (cluster I); the
NSI/R5 variants divergent from cluster I and having V3 se-
quences with a single basic substitution from the ancestral
group 1 sequence (cluster II); and the SI/X4 variants carrying
the V3 sequences with two or three basic substitutions (cluster
III). In NH2, the group 1 V3 NSI variants (cluster I) had
evolved into two subgroups, the NSI/CCR5 variants carrying
the group 1 sequences (cluster IV) and the SI/CXCR4 variants
carrying the group 2 V3 with two or three basic substitutions
(cluster V).

Detailed statistical analysis of synonymous and nonsynony-
mous substitution in this study revealed that the intensity of the

positive selection force on the V3 sequence was related to the
V3 phenotype lineage (Fig. 5; Table 2). All of the lineages in
which V3 could dictate an SI/X4 phenotype showed an n/s ratio
of V3 sequence higher than that obtained with the NSI/R5
lineages or to the ratio from the neutral hypothesis (Fig. 5,
clusters III and V). These data suggest that the positive selec-
tion had occurred in the V3 sequences of SI/X4 variants. Al-
though the neutral evolution of the V3 sequence cannot be
rejected by the statistical test (Table 2), we interpret this sta-
tistical insignificance to be the result of the purifying selection
which was occurring concurrently on the V3 region. Because
the V3 loop is a critical determinant in specifying the corecep-
tor usage of the virus, many residues in this region would be
subject to functional constraint. Unequal distribution of non-
synonymous substitutions in the V3 lineages may support this
assumption. This antagonistic effect on the V3 sequence vari-
ation may be responsible for the statistically insignificant re-
sults in the present study. Similarly, nonsignificant results ob-
tained with a similar analytical method were also observed in a
study of primate lysozymes (57), in which these enzymes were
thought to undergo positive selection on the basis of relatively
high Ka/Ks ratio as seen in the V3 sequences of SI/X4 variants.

In contrast to the SI/X4 lineages, all of the lineages carrying

FIG. 5. Numbers of synonymous (s) and nonsynonymous (n) nucleotide substitutions per sequence for each branch of the phylogenetic tree of C2/V3 region. The
values of n and s are given as n/s for each branch above the line. The n and s values at the right of the tree represent the sum of n and s for all branches in a lineage,
respectively. Expected numbers for the sums of n and s [(n 1 s)N/(N 1 S) and (n 1 s)S/(N 1 S), respectively] are given in italics below the line. (A) Sequences collected
from NH1, NH2, and NH3 in June 1993. (B) Sequences collected in the follow-up study of NH2 at June 1993, March 1996, and January 1997.
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the NSI/CCR5 phenotype-linked V3 sequences showed a
lower n/s ratio independent of the clinical stages of infection
compared to the ratio from the neutral hypothesis (Fig. 5,
clusters I, II, and IV). Moreover, the statistical test showed
that the Ka/Ks ratio is significantly lower than 1 in two of three
lineages (Table 2, clusters I and II). These results indicate that
a neutral evolution maintained a nucleotide variation of the V3
region in the NSI/R5 variants, and most of the nonsynonymous
mutations had deleterious effects (i.e., purifying selection) in
these variants. Unlike the case for the V3 sequence, the n/s
ratios of regions flanking the various V3 sequences were sim-
ilar to each other independent of the virus lineage or pheno-
type (Table 2). The ratio was lower than that for the V3 region
in the SI/X4 lineages and higher than that for the V3 region in
the NSI/R5 V3 lineages. This dissimilarity between the n/s
ratio of V3 and the n/s ratio of its flanking region, together with
the difference in the n/s ratio of V3 among the lineages, sug-
gests that the V3 sequence of the SI/X4 variant had undergone
a relatively strong positive selection compared with the flank-
ing region, whereas that of the NSI/R5 variant had been main-
tained by strong purifying selection compared to the flanking
region.

There are several reports that are relevant to the present
work. The diversity of subtype E V3 sequences worldwide
shows a bimodal pattern, reflecting the presence of two V3
subpopulations with distinct variation (9). The difference
seems to correlate with the extent of positive charge in V3 and
biological properties of the virus; a highly homogeneous set of
V3 sequences were less positively charged and derived from
asymptomatic carriers with an NSI variant, whereas more di-
vergent sequences were more positively charged and derived
from AIDS patients with SI variants (9, 56). Interestingly, this
relationship between divergent pattern of V3 sequence, posi-
tive charge in V3, and biological property of virus seems to
hold true for other subtypes. Subtype D has a highly diverse set
of V3 compared to other HIV-1 group M subtypes, which
correlates with increased positive charge in V3 (9). In contrast,
subtype C has a less diverse and positively charged set of V3
than other subtypes and exhibits predominantly an NSI/CCR5
phenotype (9, 29, 30). Thus, our finding that V3 loop se-

quences are subjected to positive selection only when they
dictate the SI/X4 phenotype of virus may be applicable to
infections of HIV-1 group M subtypes.

Why do subtype E NSI/R5 variants identified in this study
appear to be more resistant to positive selection pressure than
the SI/X4 variants? First, it is possible that these NSI/R5 vari-
ants are more resistant to neutralization by antibodies against
the V3 loop. It has been suggested that V3 loops of NSI
variants are very poorly exposed to neutralizing antibodies (2).
This may allow the NSI variants to survive under humoral
immune pressure against their V3 sequences, while some SI
variants may be eliminated by neutralizing antibodies recog-
nizing their V3 loops. This difference in fitness between the
NSI/R5 and SI/X4 variants may in turn lead to the difference in
the number of substitutions driven by positive selection.

Second, even if the intensity of positive selection pressure is
comparable among NSI/R5 and SI/X4 variants, the functional
constraint to interact with the CXCR4 molecule may be much
weaker than the constraint to interact with the CCR5 mole-
cule. It was reported that the V1/V2 region of a dualtropic
variant could confer on a macrophagetropic virus the ability to
use CXCR4, even if the maximum efficiency of the CXCR4
usage was obtained by a combination of V1/V2 and V3 loop
replacement (4). The V1/V2 ability to dictate the CXCR4
choice of virus may rescue a virus that has a V3 loop with a
deleterious mutation of the CXCR4-dictating function, leading
this region to be relatively changeable. Furthermore, the V3
loop sequences of laboratory NSI strains selected for growth in
macrophages in vitro are generally highly conserved, whereas
those of the laboratory SI strains selected for growth in the
transformed T-cell lines are still highly variable (42). This
implies that the NSI/R5 variants are more sensitive to muta-
tions in the V3 loop than the SI/X4 variants in the absence of
immune pressure. To determine why the V3 sequences of the
NSI/R5 variants are more resistant to positive selection pres-
sure than those of the SI/X4 variants, experiments to assess the
neutralization sensitivity and intensity of the functional con-
straint of the HIV-1LAI-NHV3 recombinant viruses are in
progress.

In summary, this study demonstrates that the V3 sequence

TABLE 2. Numbers of synonymous and nonsynonymous substitutions per sequence for each C2/V3 lineage on a V3 loop and its
flanking regions

Time of sampling
V3 loop Probabilitya Flanking regions Probability

of neutral
evolutionNonsynonymous Synonymous Neutral evolution Intergroup Nonsynonymous Synonymous

1st sampling point
Sibling I

Changes 6 (n) 7 (s)
0.29

0.01

0.00

0.05

32 (n) 9 (s)
No changes 75 (N 2n) 17 (S 2s) 0.01 134 (N 2n) 35 (S 2s) 0.16

Sibling II
Changes 3 (n) 6 (s) 11 (n) 4 (s)
No changes 78 (N 2n) 18 (S 2s) 0.00 156 (N 2n) 39 (S 2s) 0.20

Sibling III
Changes 16 (n) 3 (s) 9 (n) 2 (s)
No changes 65 (N 2n) 21 (S 2s) 0.19 157 (N 2n) 42 (S 2s) 0.30

NH2 follow-up
Sibling IV

Changes 7 (n) 5 (s) 37 (n) 6 (s)
No changes 74 (N 2n) 19 (S 2s) 0.08 130 (N 2n) 37 (S 2s) 0.09

Sibling V
Changes 17 (n) 2 (s) 27 (n) 10 (s)
No changes 63 (N 2n) 23 (S-s) 0.08 139 (N 2n) 34 (S 2s) 0.10

a By Fisher’s exact test.









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


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of the HIV-1 subtype E NSI/CCR5 variants were more resis-
tant to positive selection pressure than those of the SI/X4
variants and had evolved according to the neutral theory in the
infection of the Japanese family. It is not clear whether it is
applicable to another subtype or to a subtype E virus with very
different V3 sequence. Further studies using more follow-up
specimens from epidemiologically unrelated individuals and
more extensive genetic elements are needed to confirm the
generality of the present observations.
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