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Multiple targets for immune recognition and cellular tropism are localized to the Vi and V2 hypervariable
regions in the amino portion of human immunodeficiency virus type 1 (HIV-1) gpl20e`v. We have assessed
genetic diversity in env Vl and V2 hypervariable domains in vivo within epidemiologically related strains of
HIV-1. Our strategy was to analyze longitudinal samples from two seropositive mothers and multiple children
infected by perinatal transmission. Although the Vi and V2 domains are closely linked in the HIV-1 genome,

nucleotide sequences in Vl and in V2 evolved independently in maternal-infant viruses in vivo. A high
proportion of the nucleotide substitutions would introduce amino acid diversity in Vl and in V2. A significant
excess of nonsynonymous over synonymous substitutions was identified in HIV-1 env Vl and V2 peptides in the
mothers and in two older children but was not generally apparent in HIV-1 sequences in infants. An excess of
nonsynonymous over synonymous substitutions indicated that there is positive selection for independent genetic
variation in the Vl and V2 domains in vivo. It is likely that there are host responses to complex determinants
in the Vi or V2 hypervariable domain of HIV-1 gpl20.

Genetic variability within the human immunodeficiency
virus type 1 (HIV-1) genome is most pronounced in env, in
which nucleotide substitutions, duplications, and deletions
produce extensive amino acid diversity within five hyper-
variable domains in the envelope glycoprotein (7). The
hypervariable domains, designated Vi through V5, are in-
terspersed with conserved regions along the gp120 molecule
(42, 44, 70). Sequence variation in env can affect an array of
functional parameters of the virus in vivo and in culture (8,
9, 14, 16, 28, 52, 57, 59, 61, 62, 74). Major determinants
critical for HIV-1 tropism, for cytopathology in culture, and
for host immunological responses to HIV-1 infection have
been mapped to the carboxyl half of gp120, where V3, V4,
and V5 are localized (14, 15, 24, 35). The V3 hypervariable
region in particular encodes the principal neutralizing do-
main in gp120 (25). Nucleotide variability in the V3 loop is
characterized by a high proportion of nonsynonymous sub-
stitutions indicative of positive genetic selection (1, 60, 71).
A principal mechanism contributing to evolution of genetic
variability in the V3 domain of gp120 is the host immune
response (6, 21, 30, 39).
Complex functional determinants are not restricted to the

V3 region of gpl20. Sequences associated with HIV-1 tro-
pism for macrophages (49, 69) or encoding targets for
immune recognition (13, 17, 26, 32, 67) are also localized in
the amino half of env gp120 in the Vi and V2 hypervariable
regions. Genetic variation results in Vi and V2 domains that
are distinctly different in nucleotide sequence, in deduced
amino acid composition, and in peptide length among epide-
miologically unrelated isolates of HIV-1 (19, 44), yet only
limited genetic variability develops in Vi and V2 after
short-term cultivation of HIV-1 isolates in peripheral blood
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mononuclear cells (19, 29, 68). These results suggest that the
environment in vivo contributes to the evolution of diversity
in Vl and V2. In contrast to the extensive analyses of V3
variability, there is very little information about Vi and V2
variability in vivo (2, 11, 23, 29). If extensive genetic
variation in Vl and V2 evolves in vivo, selective pressures
would contribute to an excess of nonsynonymous nucleotide
substitutions in the region. If there is evidence for selective
pressures, direct associations between genetic diversity in
the Vi and V2 domains and functional epitopes that map to
the region become an aspect of virus-host interactions that
requires examination.
Vl and V2 may evolve coordinately as a single hypervari-

able region or independently as two distinct domains. In
contrast to V3, V4, and V5, which are separated from each
other in gpl20 by a minimum of 50 conserved amino acids,
Vl and V2 are closely linked, with no more than 12 con-
served amino acids interspersed between the two clusters of
hypervariable sequences (42, 44, 70). Secondary structure
predicted for Vi and V2 domains on the basis of disulfide
linkages between cysteine residues is a complex double-loop
structure rather than the single-loop configuration of V3 or
V4 (31). The extent to which genetic variation develops in
each of the Vl and V2 hypervariable domains in vivo has not
been examined.
We have assessed genetic variability in env Vl and V2

sequences over time in infected individuals. Our studies are
focused on maternal-infant strains of HIV-1 following peri-
natal transmission of the virus. There are a number of
advantages to studying transmission and genetic variation of
HIV-1 in infected women and children. A principal advan-
tage is that the source of HIV-1 infection in the infant is
unambiguous. Another is that evolution of genetic diversity
in related strains of HIV-1 can be examined both in adults
and in the context of the developing immune system of the
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FIG. 1. Internal variability in HIV-1 env Vl and V2 hypervari-
able domains in two mothers and their children. Twenty-one sam-
ples obtained over a 2-year period were analyzed. Time in years is
represented by the top line, with 1990 (90) and 1991 (91) indicated.
Vertical boxes along the time lines indicate when samples were
obtained. Numbers under boxes designate samples. The precise
timing of HIV-1 infection in the mothers (MA and MB) is not known
but preceded the birth of oldest child (Al, born in January 1988; Bi,
born in February 1987). For the four other children, time lines start
at their births and, in two cases (A2 and A3), end with a vertical line
at the time of their deaths.

child. Our strategy was to evaluate longitudinal samples that
have been obtained from two families, each with multiple
children infected by maternal transmission of HIV-1. Anal-
yses of HIV-1 sequences in longitudinal samples provides an
overview of the dynamics of genetic variation within in-
fected individuals not apparent from analyses at a single
point in time (19, 22, 37, 60, 65, 71). Our goals were to
determine whether Vi and V2 are linked or independent
genetic domains in env and to assess whether sequence
variation in the region reflects positive selection. A total of
120 nucleotide sequences were evaluated from eight individ-
uals over a period of 2 years. Vl and V2 domains were found
to vary independently in mothers and children. An excess of
nonsynonymous over synonymous nucleotide substitutions
indicated that genetic variation in Vl and in V2 reflected
selective pressures in vivo.

MATERIALS AND METHODS

Clinical samples. Twenty-one samples of peripheral blood
mononuclear cells were collected over a period of 16 to 24
months from eight individuals in two families (Fig. 1). The
mothers were infected with epidemiologically unrelated vi-
ruses by heterosexual transmission from independent
sources. During the period of these studies, the clinical
status of mothers MA and MB progressed from asymptom-
atic to AIDS. Samples were obtained simultaneously from
the mothers and from three newborns: A2 at 7 and 18 weeks
of age; A3 at 5 days, 9.5 weeks, and 14 weeks; and B3 at 4
weeks. Clinical staging of the three newborns was Centers
for Disease Control classification P1 at the time the first
sample was obtained (5). A2 and A3 progressed rapidly to
clinical stage P2AD and died within the first year of life.
Samples were obtained from a fourth child, B2, at about 1

year of age, when he was clinical stage P2ABD, and from the
oldest child in each family, Al (at 21, 28, and 36 months of
age) and Bi (at age 29, 31, and 49 months), each of whom
was stage P2A. The studies were carried out under a
protocol approved by the Institutional Review Board of the
University of Florida. Informed consent was obtained.

Nucleic acid extraction, amplification, and sequencing. Cell
separation, DNA purification, and amplification procedures
were carried out in a separate laboratory free of cultured
HIV-1 isolates or cloned HIV-1 sequences. DNA was pre-
pared from Ficoll-Hypaque-separated peripheral blood
mononuclear cells according to standard procedures (55).
HIV-1 sequences were amplified by the polymerase chain

reaction (PCR), and nested oligonucleotide primers were

prepared in the DNA synthesis core facility of the Interdis-
ciplinary Center for Biotechnology Research at the Univer-
sity of Florida. Sequences for all primers were located in the
highly conserved regions of env, which flank Vi and V2 in an
array of HIV-1 isolates from diverse geographical locations
(19, 44). The outer primers were ENV5 (5'-GGTAGAACA
GATGCATGAGGAT-3') and ENV6 (5'-CCATGTGTA
CATTGTACTGTGCT-3'), located at nucleotides 6102 to
6123 and 6544 to 6566 in the HIVLAI genome (44). The inner

primers were SK122 and SK123 (19). HIV-1 env sequences
were amplified from 1 p,g of DNA in 100-pl reactions with
PCR buffer (1.75 mM MgCl2, 50 mM KCl, 20 mM Tris [pH
8.4], 0.1% bovine serum albumin), 100 pmol of each primer,
200 ,umol of each deoxynucleoside triphosphate, and 2.5 U
of AmpliTaq (Perkin Elmer) overlaid with 25 ,ul of mineral
oil. Reagent controls and DNA from uninfected cells were
included in every reaction. Amplification reactions were
carried out in an automated 48-well thermal cycler (Perkin
Elmer Cetus) programmed for one cycle of denaturation
(94°C for 10 min), 25 cycles of amplification (each cycle
included 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C), and
one cycle at 72°C for 10 min. After passage through a
Centricon 100 filter (Amicon), 1/10 of the product was used
as template in a second round of amplification for 20 cycles
with inner primers and the same profile as specified above.
Controls from the first round of amplification, including
multiple reagent controls, were included in the second round
of amplification.

Amplified products of approximately 400 to 450 bp in-
cluded Vl, V2, and 100 bp of C2, the conserved region
adjacent to V2 (44). DNA fragments were isolated from
agarose gels and blunt-end ligated into pGEM-3Z plasmid
vectors (Promega). Multiple recombinant plasmids from
each sample were sequenced by the dideoxy-chain termina-
tion method with SP6 and T7 primers, [35 ]dATP, and
Sequenase version 2.0 (U.S. Biochemical) (56). The error
rate of Taq polymerase during two rounds of amplification
under the conditions of our experiments was approximately
105, as calculated by diluting 1 ng of plasmid DNA contain-
ing the V1-V2-C2 sequences in 1 ,ug of genomic DNA,
amplifying the DNA, and then cloning and sequencing 20
recombinants.

Analyses of nucleotide sequences. Sequences from each
individual within a family were aligned to give minimum
evolutionary distances, using the multiple aligned sequence
editor program (D. Faulkner and Y. Jerka, Molecular Biol-
ogy Computer Research Resource, Harvard University).
After translation of nucleotide sequences by using Microge-
nie (Intelligenetics) to maximize amino acid alignments,
nucleotide alignments were subsequently edited and gaps
were removed by hand. The program SYNO (kindly pro-
vided by M. Nei, Pennsylvania State University) was used to
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TABLE 1. Distances in the V1-V2-C2 region of env over time within individuals in each family
Family A Family B

Sample Date (/y No. of Distance Sample Date (mo/yr) No. of Distance
set' D moyr) clones (% [±SEI)b set clones (% [-SE])

MA ALL 15 3.7 (0.4) MB ALL 21 7.4 (0.7)
.80 10/89 5 8.2 (1.1) .29 6/89 5 7.0 (0.9)
.123 9/90 5 0.2 (0.1) .43 7/89 5 7.3 (1.0)
.179 11/90 5 1.6 (0.4) .183 11/90 6 4.6 (0.7)

.250 10/91 5 4.5 (0.7)
A3 ALL 22 3.6 (0.4) B3 .251 10/91 4 8.6 (1.1)

.124 9/90 8 1.3 (0.3)

.177 11/90 9 3.2 (0.4)

.194 1/91 5 8.4 (1.2)
A2 ALL 12 0 B2 ALL 11 4.3 (0.5)

.79 10/89 5 0 .187 2/91 5 2.0 (0.5)

.114 1/90 7 0 .206 4/91 6 5.6 (0.7)
Al ALL 16 6.6 (0.6) Bi ALL 19 5.5 (0.5)

.78 10/89 6 2.1 (0.5) .42 7/89 8 5.9 (0.7)

.122 5/90 5 7.4 (0.9) .50 9/89 3 5.6 (1.0)

.196 1/91 5 4.8 (0.8) .182 11/90 8 4.3 (0.6)

a Multiple clones for each sample set were sequenced.
b Calculated for all sequences from an individual and for sequences from each time point.

calculate nucleotide distances transformed by the Jukes-
Cantor formula, as well as nonsynonymous and synonymous
substitutions (dN and ds) according to Nei and Gojobori (33,
47). Means and standard errors of dN and ds values were
calculated by using the program SEND (48). Distance cal-
culations were carried out on intrapatient sequences, that is,
those found within each individual. Student's t test was used
to evaluate the significance of differences within each indi-
vidual between overall nucleotide distances or between dN
and ds values.

Nucleotide sequence accession numbers. Sequences have
been submitted to GenBank with accession numbers L15085
to L15187. Alignments of sequences have been provided to
the Human Retroviruses and AIDS Database.

RESULTS

Variation in nucleotide sequences within, individuals. The
subgenomic region of HIV-1 env that was amplified extended
approximately 400 to 450 bp and included Vi and V2 (240 to
300 bp) flanked 5' and 3' by 30 and 130 bp, respectively, of
conserved sequences. The extent of genetic variability or
distance across the amplified region ranged from less than 1
to 8.5% within any set of sequences from each member of
family A and family B (Table 1). Distance in V1-V2-C within
sample sets was similar to variation found for other regions
of env in related viruses (34, 44, 54, 71, 72). The number of
clones in a sample set ranged from three to nine, with most
(19 of 21) of the samples having five or more sequences
(Table 1). Extent of diversity detected in the amplified region
within an individual at any time point does not appear to be
related to the number of sequences determined for a sample.

Variation identified between samples in most individuals
was not simply a consequence of time (Table 1). For
example, mean distances in HIV-1 variability were signifi-
cantly different between samplez obtained a year or more
apart from MA.80 and MA.123 (P < 0.001) or MB.43 and
MB.183 (P < 0.05). Likewise, significant differences in
variation of HIV-1 sequences could be detected between
samples obtained at 6- to 8-month intervals from child Al (P
< 0.001 for A1.78 and A1.122; P < 0.05 for A1.122 and
A1.196) or only 7 weeks apart from child B2 (B2.187 and

B2.206, P < 0.001). In contrast, samples obtained 12 months
apart from child Bi (B1.50 and B1.182) were not significantly
different from one another in the extent of their genetic
variation.

Variation in env ranging from 1.3 to 8.4% was detected in
independent samples obtained during the first 14 weeks of
life in infant A3. Likewise, in infant B3, genetic variation
was 8.6% at 4 weeks of age. However, there was a marked
absence of heterogeneity in HIV-1 env sequences from two
independent sample sets obtained 11 weeks apart in a second
newborn, A2. Restricted variation in Vl and V2 sequences
found in infant A2 did not necessarily reflect virus latency
because results of p24 antigen assays were positive at both
time points, indicating virus replication at some site in the
infant. Apparent homogeneity in V1-V2-C2 did not reflect
overall virus homogeneity in infant A2 because variation was
detected in other subgenomic regions of HIV-1 in the infant
(20). It is unlikely that this particular HIV-1 genome ampli-
fied preferentially because a highly related sequence, to-
gether with three additional genotypes, was identified in one
maternal sample set, MA.80. The results from infant A2
suggested that HIV-1 replication in vivo need not introduce
detectable genetic variation in the Vi and V2 hypervariable
domains. When sequence variation in the V1-V2-C2 region
was found in vivo within infected individuals, it appeared to
be unrelated to age, clinical status, or duration of infection.

Independent variation in Vl and V2 nucleotide sequences.
Genetic variation in vivo was not random across the ampli-
fied sequences but mapped primarily to Vi and V2 rather
than the conserved region (data not shown). The proximity
of Vi and V2 in env raised a question as to whether genetic
variation in the two domains fluctuated coordinately or
independently in individuals infected with related viruses.
To address the question, distances within nucleotide se-
quences in Vi (approximately 75 to 90 bp), V2 (120 to 145
bp), and C2 (130 bp) were analyzed separately for each of 19
samples.

Results indicated that mean variation in the Vi or V2
domain ranged from 2% to more than 20% between any two
sequences in the same sample set (Fig. 2). In contrast, mean
variation in the conserved sequences of env did not exceed
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FIG. 2. Independent variability in HIV-1 Vi, V2, and C (con-
served region 3' of V2) regions ofenv in members of family A (upper
panels) and family B (lower panels). Two samples from infant A2
were not included because there was no internal variation in the
amplified region. The vertical axis indicates variability as percent
distance. Vertical bars represent variability within Vi (diagonal
lines), within V2 (open), and within C (solid). Numbers under bars
designate samples. The asterisk indicates that partial C sequences
were not determined in A1.78.

4%. Among the 14 samples in which overall internal vari-
ability was greater than 2%, mean distances in Vi and V2
were similar in 6 samples. Two samples appeared in family A
(A3.194 and A1.196), while four samples were identified
among members of family B (MB.250, B2.206, B1.42, and
B1.182).

Significant differences in mean variation between Vi and
V2 were identified in eight samples from six individuals.
Variation in Vi was two- to fourfold greater than in V2 in
MA.80 (P < 0.001), in B3.251 (P < 0.001), and at three time
points in MB (MB.29 and MB.43, P < 0.001; MB.183, P <
0.05). Vl sequences could be almost 10-fold more variable
than sequences in V2, as identified in one sample, B1.50,
from child Bi. However, Vi was not always more variable
than V2. In samples from two children in family A, A1.122
and A3.177, V2 domains were four- or sevenfold more
variable than their respective Vi domains (P < 0.001).
Scatter plot analysis revealed no significant correlation be-
tween Vi and V2 variation in these sample sets (data not
shown). The results suggest that Vi and V2 are independent
domains in env that can and do vary independently within
related strains of HIV-1 in vivo.
Amino acid substitutions. The impact of nucleotide diver-

sity in the amplified region would be reflected in multiple
amino acid substitutions clustered within Vi or V2 in each
sequence within a sample set (Fig. 3). The Vi and V2
domains are defined by the cysteine residues that are pro-
posed to form disulfide linkages in the region (31). Because
all sequences from members of a family were aligned relative
to the most recent maternal sequences, nonsynonymous
substitutions were apparent within sequence sets from an
individual and between sample sets from different individu-
als. In family A, 40 different genotypes were identified

among 65 clones sequenced; in family B, 53 of 55 clones
were different. Sequences appeared to be representative of
the population of the HIV-1 sequences within most of the
individuals because repeated V1-V2-C sequences were iden-
tified in 13 of 21 sample sets.
Nonsynonymous substitutions were only one source of

amino acid variation in Vl and V2. Imprecise duplications of
nucleotides would introduce in-frame insertions of 3 to 5
amino acids in Vl sequences in MA or 8 to 17 amino acids in
the V2 domain in child Al. An additional source of variation
was contributed by recombination of Vi and V2 sequences
within sample sets. For example, in MA.80.2 and A3.177.7,
closely related V2 genotypes were linked to different Vl
sequences. Conversely, in sample MA.80.3, a unique Vl
sequence was associated with the predominant V2 genotype.
The frequencies of different V1-V2 combinations in sample
MA.80 (one of five clones, or 20%) and in sample A3.177
(one of nine clones, or 11%) were higher than the 5%
recombination reported for PCR artifacts (23, 40, 41, 58).
However, we cannot exclude the possibility that our ampli-
fication conditions are more likely to generate recombination
in vitro. Defective genomes were not a feature of HIV-1
sequences in vivo in either family. Among a total of 120
sequences, only one, MB.29.1, had a translation termination
codon introduced by a nucleotide substitution (Fig. 3B).
There were no single nucleotide insertions or deletions that
would shift the open reading frame in the amplified region.
Twelve conserved amino acids were localized between the

hypervariable sequences in Vi and V2 (Fig. 3). The con-
served amino acids were essentially invariant in all HIV-1
strains in vivo as a result of little, if any, nucleotide diver-
sity. Conserved regions flanking Vi and V2 were also
relatively homogeneous in peptide sequence, although nu-
cleotides encoding the conserved regions were not invariant.
Nonsynonymous and synonymous substitutions. To assess

the impact of genetic variation in this region of HIV-1 env,
distances for nonsynonymous and synonymous changes
were calculated. A portion of the C2 constant region ex-
tended 44 amino acids adjacent to V2 and was characterized
by a low frequency of both nonsynonymous (dN) and syn-
onymous (ds) changes within all individuals in either family
(Table 2). For most sample sets, mean dN and ds values
ranged from 1 to 5%. An excess of nonsynonymous over
synonymous substitutions was not detected in the constant
region of any sample set. The ratio dN/ds in C2 was always
less than 1 (Table 2).

In the Vi and V2 hypervariable domains, the extent of
nonsynonymous substitutions was greater than in the adja-
cent conserved region (Table 2). To assess the implication of
nonsynonymous substitutions within independent hypervari-
able domains, the ratio dN/ds in Vi and in V2 was calculated
for all sample sets in each individual. Values of dN that were
significantly greater than values of ds within a hypervariable
domain are highlighted in Table 2. A significant excess of
nonsynonymous over synonymous substitutions was identi-
fied in all samples from two individuals. In mother MA ALL,

FIG. 3. Deduced amino acid sequences of Vl, V2, and C over time in maternal-infant strains of HIV-1 from family A (A) and family B
(B). Sequences from all individuals within a family are aligned with the most recent set from the mother as the reference. Multiple samples
from an individual are arranged from the most recent sequence set to the earliest set. Sample numbers are as in Fig. 1. Sequences encoding
amino acid differences within a sample set are numbered. Sequences of the overall region that were identified more than once in a set are
designated by n = followed by the number of clones with that sequence. Dashes represent amino acid identity with the reference sequence.
Spaces were introduced to maximize alignment. The asterisk in the Vl sequence of MB.29.1 designates a translation termination codon. Dots
in A1.78 indicate that conserved sequences were not determined. Boxes delineate Vl and V2 domains as defined by cysteine residues (31).
Amino acids in bold between Vl and V2 are conserved.
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TABLE 2. Means and standard errors of nonsynonymous and synonymous substitutions within Vl, V2,
and C2 in individuals at different time points

Extent of substitution (mean % [+ SE])'

Family Sample set Vi V2 C2

dN dS dN/ds dN ds dNIds dN ds dNlds

A MA ALL 8.3 (1.4) 4.8 (1.0) 1.7 6.6 (1.2) 4.5 (0.8) 1.5 0.8 (0.4) 1.0 (0.4) 0.8
.80 24.0 (3.9) 16.2 (3.4) 1.5 11.8 (2.3) 12.5 (2.2) 0.9 1.0 (0.6) 3.4 (1.2) 0.3
.123 <0.1 (0.01) <0.1 (0.05) 0 <0.1 (0.6) 0.6 (0.5) <0.1 (0.02)
.179 3.0 (1.2) <0.1 (0.08) >3.0 2.7 (1.0) 2.9 (0.9) 0.9 0.4 (0.4) <0.1 (0.08)

A3 ALL 4.3 (0.7) 4.2 (0.9) 1.0 8.1 (1.0) 6.2 (0.7) 1.3 0.8 (0.4) 2.5 (0.6) 0.3
.124 1.4 (0.7) <0.1 (0.7) >3.0 1.9 (0.6) <0.1 (0.07) >3.0 1.1 (0.6) 3.3 (0.9) 0.3
.177 1.0 (0.5) 2.4 (0.7) 0.4 8.3 (1.2) 11.4 (1.4) 0.7 0.8 (0.4) 1.5 (1.5) 0.5
.194 17.1 (3.4) 15.4 (3.2) 1.1 19.3 (2.8) 6.2 (1.6) 3.1 0 3.4 (1.2)

Al ALL 8.2 (1.8) 3.4 (0.7) 2.4 15.0 (1.8) 4.7 (1.0) 3.2 2.5 (0.7) 7.6 (1.3) 0.3
.78 3.2 (1.2) <0.1 (0.1) >3.0 3.5 (0.9) 4.0 (1.0) 0.8 ND ND
.122 5.9 (1.8) <0.1 (0.1) >3.0 18.2 (2.7) 4.8 (1.3) 3.8 0 5.4 (1.4)
.196 11.2 (2.3) 10.3 (2.2) 1.0 10.1 (1.9) 6.2 (1.3) 1.6 1.8 (0.7) 4.3 (1.2) 0.4

B MB ALL 21.6 (3.0) 19.8 (1.4) 1.1 8.2 (1.2) 7.1 (1.2) 1.1 2.7 (0.7) 4.9 (0.9) 0.6
.29 19.3 (3.4) 17.2 (3.1) 1.1 11.7 (2.3) 6.0 (1.7) 1.9 1.9 (0.8) 4.7 (1.2) 0.4
.43 23.2 (3.7) 14.1 (3.0) 1.6 5.7 (1.5) 8.5 (2.2) 0.7 2.7 (0.9) 5.3 (1.4) 0.5
.183 9.5 (1.9) 8.4 (2.2) 1.1 3.8 (1.1) 5.8 (1.5) 0.6 2.8 (0.9) 7.3 (1.8) 0.4
.250 5.7 (1.6) 9.1 (2.0) 0.6 7.5 (1.9) 4.3 (1.4) 1.7 2.7 (0.9) 4.9 (0.4) 0.6

B3 .251 19.3 (3.6) 21.4 (3.6) 0.9 10.0 (2.3) 12.7 (2.6) 0.8 1.6 (0.9) 5.0 (1.5) 0.3
B2 ALL 11.5 (1.6) 11.5 (1.6) 1.0 7.1 (1.2) 10.0 (1.7) 0.7 1.0 (0.4) 2.8 (0.8) 0.4

.187 1.9 (0.9) 3.1 (1.1) 0.6 1.5 (0.8) 0.9 (0.6) 1.1 0.9 (0.6) 1.0 (0.5) 0.9

.206 11.2 (2.2) 16.0 (2.4) 0.7 8.5 (1.7) 9.7 (2.3) 0.9 0.1 (0.6) 2.2 (1.0) 0.5
Bi ALL 7.0 (1.3) 9.5 (0.8) 0.7 6.6 (1.3) 6.5 (1.7) 1.0 1.1 (0.5) 1.5 (0.7) 0.7

.42 11.2 (2.1) 10.4 (2.1) 1.1 8.0 (1.6) 13.1 (2.3) 0.6 0.7 (0.4) 2.5 (1.0) 0.3

.50 19.3 (3.6) 30.3 (5.3) 0.6 2.0 (1.2) 6.1 (1.9) 0.3 1.0 (0.7) 2.1 (1.1) 0.5

.182 8.6 (1.9) 5.3 (1.4) 1.6 5.2 (1.2) 7.4 (1.7) 0.7 1.4 (0.6) 3.3 (0.8) 0.4

a Boldface numbers indicate dN/ds ratios that are significantly greater than 1, as determined by Student's t test. ND, not determined. Data for A2 are not
included.

nonsynonymous substitutions occurred more frequently
than synonymous changes in Vi (P < 0.05) but not in V2. In
child Al ALL, dN was greater than ds in Vi (P < 0.05) and
in V2 (P < 0.001).
Excess dNIds values in overall env hypervariable se-

quences actually reflected temporal differences in excess
nonsynonymous over synonymous substitutions within each
individual. For example, dN values were significantly greater
than ds values in samples MA.80 (P < 0.001) and MA.179 (P
< 0.05), in contrast to sample MA.123. In child Al, there
were points in time when nonsynonymous changes were no
more frequent than synonymous changes, as in the V2
domain in A1.78 and in the Vi domain in A1.196. Likewise,
in MB and her oldest child Bi, significant differences in
dN/ds became apparent only when sample sets from specific
time points were analyzed (Table 2).
Nonsynonymous substitutions were significantly greater

than synonymous substitutions in one infant A3 at 5 days
(A3.124) and 14 weeks (A3.194) of age. The excess nonsyn-
onymous substitutions occurred in both the Vl and V2
domains. In contrast, there was no excess of nonsynony-
mous changes in either Vl or V2 among three additional
infants (A2, B2, and B3), even though mean values for both
dN and ds were high in B2.206 and B3.251 (Table 2).
A significant excess of dN/ds in a hypervariable domain

was not always related to overall genetic variation within a
sample set. Among 18 samples which displayed dN and ds
values greater than 1%, a significant excess of nonsynony-
mous substitutions was identified in the hypervariable do-
mains of 11 sample sets. In general, dN values were usually
higher than ds values in either one or the other hypervariable

domains. There was no significant correlation for nonsynon-
ymous or synonymous substitutions between Vl and V2
within any individual, consistent with the overall indepen-
dent genetic variation in the two domains. The results
indicate a role for selective pressures in amino acid diversity
and suggest that Vl and V2 are responsive to different
selective pressures.

DISCUSSION

HIV-1 genetic variation, pathogenesis, perinatal transmis-
sion, and host interactions cannot be examined directly in an
animal model. Maternal transmission of HIV-1 provides a
natural alternative because the source of virus transmitted to
the infected infant is unambiguous and because evolution of
related HIV-1 genotypes can be followed in genetically
related individuals.

In our studies of two HIV-1-infected families, localization
of genetic variation in the 5' portion of env in vivo is not
random but maps almost exclusively to the hypervariable
domains Vl and V2. In contrast to V3, V4, and V5, which
are organized as distinct domains, Vl and V2 have a close
physical linkage within gpl20. The evidence from our studies
establishes that the Vi and V2 hypervariable domains are
distinct genetic entities that can vary independently of each
other and the surrounding constant regions. Although the
sequences that we analyzed were by no means exhaustive of
virus populations in vivo, we found that Vi and V2 fluctu-
ated over time and diverged independently in related indi-
viduals infected with epidemiologically related viruses. Only
a limited number of studies have evaluated subgenomic
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sequence variability in HIV-1 in vivo from longitudinal
samples (1, 10, 22, 37, 40, 71). Nonetheless, a picture is
emerging of fluctuations in HIV-1 provirus sequences in
peripheral blood cells that were shown in one study to reflect
the sequences found in plasma virus (60).

It is possible that fluctuations in genetic variation in vivo
accumulate stochastically during virus replication and do not
necessarily reflect the influence of selective or adaptive
pressures (4, 64, 73). If this were the case, one could predict
that genetic variation in vivo and in culture might be similar.
However, our results indicate that there are distinct differ-
ences in Vi and V2 domains between viruses in vivo and
those in culture. The extent of variation in Vl or V2 that we
found in infected individuals exceeds genetic variation that
accumulates when HIV-1 isolates are passaged in peripheral
blood mononuclear cells in culture (19, 29). In contrast to
virus strains in culture, which can accumulate defective
genomes as a result of stop codons in Vi and V2 (19),
defective genomes in vivo were not a feature of the HIV-1
sequences in our studies. Variation in Vi or V2 in vivo can
be dramatically different within related viruses infecting
members of the same family. Moreover, a significant excess
of nonsynonymous over synonymous changes in vivo be-
came apparent when Vi and V2 were analyzed at different
points in time within an infected individual.
The significant excess of nonsynonymous over synony-

mous changes in Vi and V2 hypervariable domains of env is
characteristic of positive genetic selection (22, 23) and
suggests that the host environment plays a role in virus
variation. However, host factors are apparently unrelated to
age, mode or duration of infection, or time interval between
samples. There was not an obvious relationship between
extent or type of genetic variation in Vi or V2 and clinical
status of the individuals in our study. Perhaps changes in Vi
and V2 are irrelevant in the clinical course of HIV-1 disease.
Because all of the individuals progressed to AIDS during the
course of our study, variation in Vi and V2 during prolonged
clinical latency is not known. Fluctuations in Vi and V2
variation may reflect periodic restriction in virus populations
that would require analyses of more frequent samples sets to
detect. Alternatively, a relationship between specific geno-
typic changes in Vi or V2 and clinical status of the host may
not be obvious in view of the extent of diversity in HIV-1
sequences in the region. Associations between lentivirus env
genotypes and disease progression have been made in animal
models by using molecular clones as inocula (27, 50). None-
theless, a multiplicity of genotypes evolve and can be
detected late in disease. In humans, associations between V3
genotype and HIV-1 phenotype were not immediately obvi-
ous. As a result of a larger data base and functional analyses,
substitutions in specific amino acid positions in the V3 loop
which are significant for virus phenotype and can be associ-
ated with disease progression have been identified (30, 65).
An excess of nonsynonymous over synonymous substitu-

tions in Vi and V2 is reminiscent of the V3 hypervariable
domain, for which there is evidence that immune selection
contributes to the evolution of sequence variation (22, 71,
75). An excess of nonsynonymous substitutions in Vi or V2
within infected individuals would alter the virus phenotype
and could result in the emergence of antigenic variants of
HIV-1. The possibility that positive selection in Vi or V2
results at least in part from immune pressures is a plausible
hypothesis for several reasons. Although V3 is an immun-
odominant domain in gp120, recognition of V3 epitopes can
be modulated by genetic changes outside the V3 hypervari-
able domain (38, 43, 45, 46). Host immune responses against

HIV-1 are not restricted to determinants in V3 but map to
regions within Vi and V2 as well. For example, antibodies
cross-reactive with linear Vi epitopes can be identified in
individuals infected with HIV-1 (67). Likewise, epitopes in
V2 can provide targets for conformation-dependent and
-independent antibodies that neutralize homologous strains
of HIV-1 (17). Because Vi and V2 are independent domains
that could be involved in multiple functions, positive selec-
tion in Vi or V2 need not be restricted to neutralization
antibodies but may also include T-cell recognition epitopes
(13), antibodies that enhance infection (26, 63), or cell
tropism (69). Isolates of HIV-1 develop multiple nonsynon-
ymous substitutions in V2 after propagation in a macrophage
cell line that do not appear when the strains are cultivated on
a T-cell line (68). Moreover, determinants that, in conjunc-
tion with sequences in V3, are critical for macrophage
infectivity by HIV-1 in vitro have been localized to V2 (69).
The full extent of functional interplay between epitopes in
V3 and domains in V2 or Vi remains to be examined
directly.
A significant excess of nonsynonymous over synonymous

changes in Vi or V2 was not apparent in all of the infants.
Genetic variability and the extent of nonsynonymous and
synonymous substitutions could fluctuate, indicating that
virus populations in the infants were not static. Even in one
infant with homogeneous Vi and V2 sequences, there was
evidence of active viremia. Therefore, although genetic
variation in HIV-1 sequences occurs in infants, it does not
necessarily reflect the extent of selective pressures observed
in older children and adults. Positive selection may not be a
factor in infants because of where the virus is replicating,
because of the naive state of the neonatal immune system, or
because of impaired immune function induced by neonatal
HIV-1 infection.
Antibody titers and affinities for epitopes in gpl20 have

been implicated as factors protecting infants from perinatal
transmission of HIV-1 (12, 18, 51, 53, 66) or in delaying
disease progression in infected children (3, 36). Conforma-
tion-dependent or -independent epitopes that are localized
within the principal neutralization domain or are located
outside the V3 loop can contribute to maternal humoral
immune responses (66). There is evidence to suggest that
determinants in Vl and V2 can elicit immune responses in
HIV-1-infected individuals (67). Therefore, effective im-
mune strategies to prevent perinatal HIV-1 infection should
consider the extent to which protective immunity involves
Vi and V2 epitopes of maternal HIV-1 strains.
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