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Phylogenetic analysis was used to study in vivo genetic variation of the V3 region of human immunodefi-
ciency virus type 1 in relation to disease progression in six infants with vertically acquired human immuno-
deficiency virus type 1 infection. Nucleotide sequences from each infant formed a monophyletic group with
similar average branch lengths separating the sets of sequences. In contrast to the star-shaped phylogeny
characteristic of interinfant viral evolution, the shape of the phylogeny formed by sequences from the infants
who developed AIDS tended to be linear. A computer program, DISTRATE, was written to analyze changes in
DNA distance values over time. For the six infants, the rate of divergence from the initial variant was inversely
correlated with CD4 cell counts averaged over the first 11 to 15 months of life (r = —0.87, P = 0.024). To
uncover evolutionary relationships that might be dictated by protein structure and function, tree-building
methods were applied to inferred amino acid sequences. Trees constructed from the full-length protein
fragment (92 amino acids) showed that viruses from each infant formed a monophyletic group. Unexpectedly,
V3 loop protein sequences (35 amino acids) that were found at later time points from the two infants who
developed AIDS clustered together. Furthermore, these sequences uniquely shared amino acids that have been
shown to confer a T-cell line tropic phenotype. The evolutionary pattern suggests that viruses from these

infants with AIDS acquired similar and possibly more virulent phenotypes.

Since the discovery of human immunodeficiency virus type 1
(HIV-1), it has been recognized that the virus is characterized
by extensive genetic variation and biological heterogeneity (3,
27, 39, 47). Furthermore, it has been suspected that these
properties of HIV-1 are related to viral pathogenesis. Numer-
ous studies have shown that HIV-1 strains that are isolated
from individuals with AIDS differ in biological properties from
those isolated from asymptomatic persons (6, 11, 34, 46). In
addition, strains recovered from an individual early during the
course of infection differ from those isolated from the same
individual at a later time, when disease has developed. Among
the properties of HIV-1 that have been shown to change over
time in infected individuals are efficiency of viral replication in
vitro, differential tropism for macrophages and T-cell lines,
and ability to induce syncytium formation in T-cell lines (13,
20, 26, 30, 37, 40, 48). The genetic determinants of these
biological properties of HIV-1 have been localized primarily to
the V3 region of the env gene. Although HIV-1 strains appear
to change over time and to acquire properties associated with
virulence, how this process occurs is unknown.

One approach to the study of genetic variation is the use of
phylogenetic analysis to reconstruct evolutionary relationships.
The methods of molecular phylogeny have been used to assign
HIV-1 genomes to six major subtypes (28, 31), to estimate the
time of divergence of HIV-1 from a common ancestor and
from other lentiviruses (32), and to help resolve questions
about the probable source of transmission of HIV-1 (2, 8, 22,
38, 51). Phylogenetic methods have not been applied as exten-
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sively to the analysis of sequence data from sequential speci-
mens from HIV-1-infected individuals (21, 44).

We undertook a longitudinal study to characterize the evo-
lution of plasma HIV-1 env C2-V3 region cDNA sequences in
relation to disease progression in six infants with vertically
acquired HIV-1 infection. Longitudinal studies of disease pro-
gression in HIV-1-infected infants have two advantages over
similar studies of HIV-1-infected adults. Since most infants
acquire the infection in utero or during the birthing process,
the duration of infection is known with reasonable accuracy
and the disease process can be studied from a time close to its
inception. Prospective studies are practical because approxi-
mately 10 to 25% of HIV-l-infected infants develop AIDS
within the first 2 years of life.

One limitation of studies of genetic variation is the high cost
of sequencing multiple variants. We used heteroduplex analy-
sis to screen large numbers of clones for those that might
contain sequence variants. This approach allowed us to detect
rare clones and to determine the frequency of variants while
minimizing the amount of sequencing that needed to be done.
Having a longitudinal data set allowed us to generate an actual
rate of nucleotide substitution. To estimate rates, we designed
a computer program, DISTRATE, that calculates and plots
DNA distance values against time. This analysis showed that
the rate of divergence from the initial variant was inversely
correlated with the average CD4 cell count during the first year
of life. For nucleotide sequence data, we used phylogenetic
methods to determine the genetic lineage of viral variants, and,
as expected, found that C2-V3 variants from each infant
formed a distinct lineage. We also analyzed inferred amino
acid sequences for similarities by using tree-building methods
and inspection of multiple sequence alignments. Unexpectedly,
analysis of the V3 loop region showed that sequences identi-
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FIG. 1. Heteroduplex analysis of selected recombinant plasmids containing HIV-1 C2-V3 region gene segment inserts. (A) PCR-amplified DNA fragments of the
inserts from individual plasmids were mixed with the homologous PCR-amplified DNA fragment of HIV-1,,. The reaction mixture was heated to 95°C for 10 min,
incubated at 37°C for 15 min, cooled rapidly on ice, loaded into the well of a 5% neutral Hydrolink polyacrylamide gel, and electrophoresed overnight in a tap
water-cooled gel apparatus. Clonotypes were distinguished on the basis of distinct band migration patterns (A to E), and identical clonotypes were enumerated (Al,
A2, etc.). ITIB, reaction of the IIIB DNA segment with MN; MN, reaction of MN DNA segment with itself; M, molecular weight marker. (B) DNA inserts were
sequenced, and a matrix of all pairwise comparisons based on percent dissimilarity was constructed. Overall, identical clonotypes differed by 0.0 to 2.6% (mean, 1.2%),

and in this example, clonotypes differed from each other by 1.4 to 8.6%.

fied at later times from the two infants who developed AIDS
clustered monophyletically. Furthermore, these sequences
uniquely shared amino acids that have been shown to confer a
T-cell line tropic phenotype. One interpretation of this finding
is that disease progression is associated with convergent evo-
lution toward a possibly more virulent phenotype.

MATERIALS AND METHODS

Study subjects and sample collection. Blood samples were obtained from
HIV-1-infected infants seen at The Johns Hopkins Hospital. After informed
consent was obtained from the parents of the infants, blood specimens were
collected in acid-citrate-glucose and transported to the laboratory within 6 h of
phlebotomy.

Sample preparation. Plasma was separated from whole blood by centrifuga-
tion at 500 X g for 20 min and then for a further 10 min at 2,000 X g. To pellet
virions, a 50- to 200-pl aliquot of plasma was subjected to ultracentrifugation at
35,000 rpm for 1 h in a Beckman SW 50.1 rotor. Pellets were resuspended in 100
wl of 20 mM Tris-HCI (pH 7.5)-150 mM NaCl-2 mM EDTA containing 1 mg of
proteinase K per ml and 0.1% sodium dodecyl sulfate and incubated at 37°C for
1 h. RNA was precipitated with ethanol in the presence of 40 g of glycogen and
10 ng of 7.5-kb synthetic RNA per ml as a carrier. The precipitate was recovered
by ultracentrifugation. The pellets were dried and dissolved in 100 pl of sterile
diethylpyrocarbonate-treated water. Five cDNA samples failed to yield an am-
plification product in the nested PCR. For these blood samples, HIV-1 proviral
DNA was amplified from lysates of peripheral blood mononuclear cells. Periph-
eral blood mononuclear cells were isolated by Ficoll-Hypaque density gradient
centrifugation, resuspended (8 X 10%ml) in PCR buffer containing 0.5% Tween
20, 0.5% Nonidet P-40, and 100 wg of proteinase K per ml, and incubated
overnight at 37°C. An aliquot of cellular material equivalent to 2 X 10° cells was
used in the nested PCR assay.

Reverse transcription reaction. For the reverse transcription reaction, a 5-pl
aliquot of RNA was heated to 65°C for 10 min and then annealed to 10 pmol of
random hexanucleotide primers for 5 min at 65°C. The mixture was adjusted to
a final volume of 20 pl of 50 mM Tris-HCI (pH 8.3)-75 mM KCI-3 mM
MgCl,-20 mM dithiothreitol containing 0.5 mM deoxynucleoside triphosphates.
After addition of 200 U of Moloney murine leukemia virus reverse transcriptase,
the reaction was allowed to proceed for 1 h at 37°C.

Nested PCR amplification of V3 region of env gene of HIV-1. Nested PCR was
performed for an approximately 330-bp product, which included the third vari-
able (V3) and flanking regions of the env gene, with the following primers
(positions correspond to HIV-1 isolate HXB2; accession number K03455):
PND-01, 5'-CAGCACAGTACAATGTACACATGGAAT-3' (bp 6949 to 6975);
PND-02, 5'-ATTACAGTAGAAAAATTCCCCTCCAC-3" (bp 7381 to 7356);
PND-03, 5'-TGGCAGTCTAGCAGAAGAAG-3' (bp 7009 to 7028); and PND-
04, 5'-ACAATTTCTGGGTCCCCTCCT-3' (bp 7338 to 7318). Mixtures for
PCR consisted of 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 2.5 mM MgCl, (PCR
buffer) containing each of the four deoxynucleotide triphosphates at 0.2 mM,
each primer at 0.25 uM, 2 U of Taq polymerase, and a 5-pl aliquot of cDNA in
a volume of 50 pl. Cycle conditions were set at 94°C for 15 s, 55°C for 15 s, and
72°C for 30 s. After 30 cycles, the product was extended at 72°C for 10 min. The

product of the first PCR was diluted 1:100 in deionized water, and 5 pl of the
diluted product was used in the second PCR. Conditions for the second PCR
were identical to those for the first PCR.

Cloning of PCR products. The PCR products were ligated to Novagen
pT7Blue T-vector, which is a thymidine-tailed vector, and transfected into No-
vaBlue competent cells as recommended by the manufacturer (Novagen, Inc.).
The transformed Novablue cells were streaked onto agar indicator plates, and 25
to 45 white colonies were picked, grown overnight in 1-ml liquid broth cultures,
and screened for inserts by PCR. For screening, a 5-ul sample of the bacterial
culture was amplified through 25 cycles with primers PND-03 and PND-04 and
the cycle conditions described above.

Heteroduplex mobility assay for screening of clones. Clones were screened for
sequence variants by a heteroduplex mobility assay. Heteroduplex analysis is a
method for detection of sequence variants based on differences in electro-
phoretic mobility of hybrids between different sequences (15). Equal amounts of
PCR-amplified sequences from the clones and from HIV-1,,y were mixed in a
final volume of 5 pl containing 0.1 mM EDTA. The mixture was heated to 94°C
for 10 min, incubated at 37°C for 15 min, and rapidly cooled on ice. An aliquot
of the reaction mixture was loaded into the well of a 5% neutral Hydrolink
polyacrylamide gel and electrophoresed overnight in a tap water-cooled gel
apparatus. The gel was fixed and stained with silver nitrate (7). Heteroduplexes
formed by nonhomologous allelic PCR products were visualized as bands that
migrate more slowly on the gel than bands formed by fully complementary
homoduplex molecules. The number of clones corresponding to a particular
heteroduplex band pattern was recorded, and one clone was arbitrarily selected
for sequencing. Sequence analysis of 42 pairs of clones with identical mobility on
heteroduplex gels showed that the average nucleotide sequence difference be-
tween pairs was 1.2% (range, 0.0 to 2.6%). The agreement between heteroduplex
mobility analysis and DNA sequence analysis was accurate enough to allow us to
determine the frequency of viral variants by heteroduplex analysis, thereby min-
imizing the number of clones that had to be sequenced. A representative het-
eroduplex gel and a comparison of the nucleotide sequences of the variants are
shown in Fig. 1.

Nucleotide sequencing. Plasmid DNA was isolated from a 30-ml broth culture
by the Qiagen Plasmid Midi Kit in accordance with the manufacturer’s instruc-
tions. DNA templates were sequenced in both directions with Pharmacia Auto-
Read Sequencing Kits and a Pharmacia Biotech ALF DNA Sequencer in accor-
dance with the manufacturer’s instructions. The sequence data were edited in the
SEQMAN program of the DNASTAR software package. Ambiguities were
resolved by forming a consensus with sequences generated in the forward and
reverse directions. The error for the amplification, cloning, and sequencing
procedure was estimated at 1 in 5,580 bases.

Phylogenetic analysis. Nucleotide sequences were aligned manually in the
ESEE program, version 3.0 (10). Proper alignment required the insertion of a
single gap in the 3’ flanking region of all 24 sequences from infant D. This site
was stripped from all analyses. A pairwise matrix of evolutionary distances was
generated with the DNADIST program (maximum-likelihood option) in the
PHYLIP package, version 3.55c (18). The matrix was based on 279 sites, 147 of
which varied. A phylogenetic tree was constructed from the distance matrix with
the FITCH program on the basis of the topology generated by bootstrap analysis
(17). The bootstrap analysis was performed with SEQBOOT (100 resamplings),
DNADIST, NEIGHBOR (neighbor joining), and CONSENSE. Phylogenetic
analysis was also performed by the maximum-parsimony method with the
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TABLE 1. Sampling times and CD4™ cell data for six HIV-1-
infected infants

Infant Sample Age Date of No. of CD4* % of CD4™"
no. (days) birth cells/mm? cells
A 1 14 2/18/93 3,929 27
2 65 4,229 33
3 97 2,302 17
4 124 955 13
5 186 ND“ ND
6 404 1,044 15
B 1 22 7/5/93 3,666 47
2 43 2,918 34
3 66 1,747 38
4 128 1,201 36
5 186 1,126 40
C 1 15 8/16/92 4,040 60
2 162 2,508 25
3 215 1,667 25
4 397 2,672 26
5 463 1,757 19
6 488 ND ND
7 589 ND ND
D 1 59 1/30/93 2,861 51
2 79 1,079 16
3 90 343 10
4 192 49 2
5 212 ND ND
6 248 ND ND
7 305 16 0.7
E 1 21 10/26/93 2,761 57
2 161 2,004 31
3 212 1,305 28
4 240 654 17
5 385 45 2
6 410 ND ND
7 465 6 0.4
8 531 ND ND
F 1 2 6/13/93 ND ND
2 16 860 20
3 25 1,809 38
4 94 2,449 25
5 130 1,317 22
6 196 2,259 26

“ ND, not determined.

DNAPARS program of the PHYLIP package. The trees for each method were
rooted with the HIV-1y,y, HIV-1gg,, and HIV-1g; | sequences with equivalent
results.

Amino acid sequences were inferred from the set of nucleotide sequence data.
Phylogenetic distances were generated from the Dayhoff PAMO001 matrix with
the PROTDIST program from the PHYLIP package. The matrix was based on
92 sites, 67 of which varied. A phylogenetic tree was constructed from these
distances with the FITCH program on the basis of the topology generated by
bootstrap analysis. The bootstrap analysis was performed with SEQBOOT (100
resamplings), PROTDIST, NEIGHBOR (neighbor joining), and CONSENSE.
Phylogenetic analyses were also performed by the maximum-parsimony method
with the PHYLIP program PROTPARS. The trees for each method were rooted
with the HIV-1y, HIV-1gg,, and HIV-1g; ; sequences with equivalent results.

Analyses of subdomains of the C2-V3 region, the V3 loop, and flanking
segments were based on the predominant sequence from each time point. The
predominant sequence was defined as the majority sequence. When there was no
majority sequence, the sequence that matched the consensus sequence for that
time point was used. Consensus sequences were based on the most common
amino acid in a given position. The frequency of viral variants as determined by
heteroduplex analysis was used to determine the majority sequence and to select
the most common amino acids. Phylogenetic distances were generated from the
Dayhoff PAMO001 matrix with the PROTDIST program from the PHYLIP pack-
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FIG. 2. Phylogenetic tree of 151 HIV-1 env C2-V3 nucleotide sequences
from six infants with vertically acquired HIV-1 infection sampled serially over a
6- to 15-month period. The tree was generated by the Fitch-Margoliash distance
method and drawn with the DRAWTREE program. Branch lengths are drawn to
scale (as indicated). The circled numbers at the nodes indicate proportion of
support in 100 bootstrap resamplings. The numbers of sequences from infants A,
B, C, D, E, and F were 17, 14, 17, 24, 42, and 37, respectively.

age. A phylogenetic tree was constructed from these distances with the FITCH
program. Bootstrap analysis was performed with the SEQBOOT (500 resam-
plings), PROTDIST (PAMO001 matrix), FITCH, and CONSENSE programs. For
analysis of the V3 loop, distances were also generated with the PROTDIST
program by using the Kimura and categories options, and phylogenetic analyses
were also performed by the neighbor-joining and maximum-parsimony methods
with the PHYLIP programs NEIGHBOR and PROTPARS, respectively. Amino
acid sequences were also analyzed by the adaptation of the PIMA program
described by Korber et al. (24). Gap penalty values were not relevant, as our data
contained no length polymorphisms in the V3 loop. The PIMA-generated sim-
ilarity scores were put into a UPGMA clustering program to generate a pheno-
gram. The trees for each method were rooted with the HIV-1yy, HIV-1gg,, and
HIV-1g;; sequences with equivalent results.

DISTRATE computer program. The DNA distance matrix and information
regarding dates of birth and sample collection and the number of times each
variant was detected were used as input to DISTRATE, a computer program
which calculates and plots weighted means against time. To calculate weighted
means, the distance between each sequence in the first successive sample and
each sequence in samples was multiplied by the proportion of each sequence in
its respective sample. The proportion was based on the number of clones with the
same heteroduplex band pattern as a representative clone, which was selected
arbitrarily for sequencing. The weighted mean DNA distance was generated by
summing the products.

Synonymous and nonsynonymous substitution frequencies. Matrices of syn-
onymous and nonsynonymous frequencies were generated by using the method
of Nei and Gojobori (35) and used as input for the DISTRATE computer
program described above. Rates were determined from regression lines fitted to
the mean value at each time point. The ratio of synonymous to nonsynonymous
substitutions was calculated from the entire set of sequences from each patient.
For each infant, all pairwise comparisons were made by the method of Nei and
Gojobori and then averaged. The values were used to obtain the ratio of syn-
onymous to nonsynonymous substitution frequencies.

Nucleotide sequence accession numbers. The sequences reported here have
been deposited in the GenBank database under accession numbers U22682 to
U22810 and U22834 to U22835.
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FIG. 3. Phylogenetic trees of HIV-1 env C2-V3 nucleotide sequences from six infants. The trees were generated by the Fitch-Margoliash distance method and drawn
with the DRAWGRAM program. Branch lengths are drawn to scale (as indicated). Taxa are identified with a letter for the infant, followed by a number for days of
life at time of sample collection and a letter for unique sequences from the same sample. A smaller font size was used for taxa that constituted less than 15% of the

viral variants in a sample.

RESULTS

Characteristics of the study population. The studies were
done with blood samples from six unrelated, HIV-1-infected
infants (Table 1). The six infants were born in Baltimore, Md.,
between August 1992 and July 1993. Two of the infants (D and
E) developed AIDS. Infant D was diagnosed with encephalop-
athy at 11 months of age, and infant E developed Candida
esophagitis and ecthyema gangrenosum at 16 months of age.
Both of these infants had fewer than 50 CD4™ cells per pl by
1 year of age. On the basis of the decline in their CD4™" cell
counts, infants A and B had progressed to a more advanced

stage of disease than infants C and F. All of the infants re-
ceived antiviral drug therapy. Peripheral blood samples were
obtained at various intervals over a sampling period ranging
from 10 to 19 months for five infants and a period of 6 months
for infant B. The first sample was obtained from four infants
within 2 months of birth and from two infants within 6 months
of birth. In total, 37 blood samples were obtained from the six
infants, with five to seven samples per infant.

Nucleotide sequence analysis. One hundred thirty-one
unique viral nucleotide sequences were identified from 37
blood samples. When sequences detected on more than one
visit from the same infant were counted, the number of se-
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FIG. 4. Weighted mean DNA distance from the first date of collection versus time for six infants with vertically acquired HIV-1 infection. A distance matrix was
calculated from the sequence data by using the maximum-likelihood option of the DNADIST program in the PHYLIP package. This matrix and information regarding
the dates of collection were then used as input to DISTRATE, a computer program which calculates and plots weighted means against time. Lines were generated by

least-squares linear regression.

quences used for analysis was 151. To determine the evolu-
tionary relationship among these viral variants, the nucleotide
sequences were subjected to phylogenetic analyses. The phy-
logenetic tree showed that sequences from each infant formed
a monophyletic group which was strongly supported by boot-
strap analysis (Fig. 2). The pattern of interinfant viral evolution
is consistent with a star phylogeny, as the average nucleotide
branch lengths separating the sets of sequences from each
infant were similar, with the exception of infants A and B,
whose sequences were more closely related to each other than
to those of the other infants. The same relationship among the
infants’ sequences was also found by phylogenetic analysis by
using a parsimony method (data not shown). The branches
denoting sequences from the two infants who developed AIDS
extended further and thus diverged more from the putative
ancestral node than those from the asymptomatic infants. The
average branch lengths for the infants with AIDS, 0.049 (range,
0.0 to 0.085) and 0.033 (0.0 to 0.096), were greater than those
for the asymptomatic infants, 0.013 (0.0 to 0.034), 0.008 (0.0 to
0.018), 0.019 (0.0 to 0.035), and 0.019 (0.0 to 0.042), indicating
that viruses from the infants who developed AIDS are genet-
ically more diverse. In contrast to the pattern of multiple dis-
tinct lineages for each infant, viruses from the infants who
developed AIDS (D and E), but not viruses from asymptom-
atic infants (A to C and F), tended to form a pattern of
sequential dominant lineages with sequences from the earliest
time points closest to the ancestral node (Fig. 3).

As another approach to the investigation of evolution of
viral variants, we wrote a computer program, DISTRATE, that

calculates and plots the weighted DNA distance between se-
quences from the first sample and each subsequent sample
versus time (Fig. 4). The DNA distance values were weighted
according to the proportional representation of each sequence
variant as determined by heteroduplex mobility assay of mul-
tiple clones. Weighting allowed us to include a measure of the
frequency of genetic variants, as well as nucleotide sequence
composition, in the determination of genetic diversity. For
each infant, the slope of the regression line fitted to the DNA
distance values was positive, indicating that sequences di-
verged from the initial variants over time. The rates of diver-
gence for sequences from infants A, B, C, D, E, and F were 1.7,
2.1, 0.6, 7.4, 1.6, and 0.9% per year, respectively. These values
correlated with disease progression as measured by serial
CD4™ cell counts. The CD4™" cell counts obtained during the
study period were plotted against time, and a time-weighted
average CD4™ cell count was determined from the area under
the curve divided by the time interval (4). The average CD4™"
cell counts during the study period were 1,614, 1,717, 2,528,
288, 1,106, and 1,953 cells per mm? for infants A, B, C, D, E,
and F, respectively. The rate of sequence divergence was in-
versely correlated with the average CD4™ cell count (Pearson’s
correlation coefficient, » = —0.87, P = 0.024). Extrapolation of
the regression line to the y axis yielded a y intercept value
which can be interpreted as a measure of the genetic diversity
of the initial virus population. The inferred initial diversity of
viruses from infants who developed AIDS (1.9 and 2.0%) was
greater than that of viruses from asymptomatic infants (1.1,
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FIG. 5. Phylogenetic tree of 91 HIV-1 env C2-V3 amino acid sequences from
six infants with vertically acquired HIV-1 infection sampled serially over a 6- to
15-month period. Amino acid sequences were inferred from 131 unique nucle-
otide sequences. The number of taxa was reduced by eliminating identical se-
quences obtained from the same infant. The tree was generated by the Fitch-
Margoliash method and drawn with the DRAWTREE program. Branch lengths
are drawn to scale (as indicated). The circled numbers at the nodes indicate
proportion of support in 100 bootstrap resamplings. The numbers of sequences
from infants A, B, C, D, E, and F were 8, 8, 15, 16, 23, and 30, respectively.

1.0, 0.9, and 0.0%); however, the difference did not reach
statistical significance (¢-test P = 0.08).

We also calculated actual synonymous and nonsynonymous
nucleotide substitution rates from similar plots. The rates of
nonsynonymous nucleotide substitution were higher for the
infants who developed AIDS (6.5 X 1072 and 2.0 X 1072
substitutions per site per year) than for the asymptomatic in-
fants (1.4 X 1072, 1.2 X 1072 0.8 X 1072 and 1.0 X 1072
substitutions per site per year) (¢-test P = 0.03). The synony-
mous substitution rate could not be determined in all cases by
this method because of low regression coefficients (<0.1).
Therefore, the ratio of synonymous to nonsynonymous substi-
tutions was calculated by a more conventional method in which
all of the sequences from each patient were compared (35). In
this type of analysis, the temporal relationship among the se-
quences is not considered. The mean ratio of synonymous to
nonsynonymous substitutions for the six infants was 1.4 (range,
0.6 to 2.3). This ratio is consistent with previous findings for the
env C2-V3 region and suggests that the env gene is under
selective pressure (43, 50).
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Inferred amino acid sequence analysis. To uncover evolu-
tionary relationships among viral variants that might be dic-
tated by protein structure and function, we applied tree-build-
ing methods to the analysis of inferred amino acid sequences.
After removal of identical sequences obtained from the same
infant, there were 91 unique amino acid sequences. Trees
constructed from the full-length protein fragment (92 amino
acids after stripping of a gap) by using distance and parsimony
methods revealed phylogenetic relationships similar to those
found by analysis of nucleotide sequence data (Fig. 5).

Because it is a biologically important domain, we also ana-
lyzed the V3 loop region (35 amino acids) separately (16, 29,
41, 42). Unexpectedly, the tree generated by the Fitch-Margo-
liash method showed that V3 loop amino acid sequences de-
tected at later time points from the infants who developed
AIDS formed a monophyletic group (Fig. 6). In contrast, se-
quences obtained at earlier time points from these subjects
were distantly related. The monophyletic grouping of late se-
quences from the infants who developed AIDS recurred in 453
of 500 replicate trees by bootstrap analysis and was seen in
trees constructed by other distance methods and a parsimony
method (data not shown). Analysis of the 3’ flanking sequences
(31 amino acids) and the combined flanking sequences (55
amino acids) did not show significant interinfant clustering of
sequences, except for infants A and B, whose full-length
amino acid sequences were also significantly related (data
not shown).

The C2-V3 region sequences were also analyzed for amino
acid similarities by inspection of multiple sequence alignments
(Fig. 7). The coding potential of the envelope open reading
frame was maintained in all sequences. The two cysteines
which define the V3 loop region were preserved in 134 of 136
sequences. The N-linked glycosylation site proximal to the 5’
cysteine of the V3 loop was absent from all sequences obtained
in the first 6 months of life from the four asymptomatic infants.
This finding is in agreement with the results of Ahmad et al.
and Wolinsky et al. (1, 51). For the two asymptomatic infants
(A and C) who had blood samples obtained after 6 months of
life, the N-linked glycosylation site was present in all or most
sequences. In contrast to the asymptomatic infants, the glyco-
sylation site was present in all sequences from the two infants
who developed AIDS, including sequences obtained from in-
fant D at 2 months of life.

For each infant, consensus V3 loop sequences were formed
from the set of sequences obtained during the first (early) half
and second (late) half of the study period (Fig. 8). The early
and late amino acid consensus sequences of the infants who
developed AIDS differed by six or seven amino acid replace-
ments, while those of the asymptomatic infants differed by zero
to one amino acid replacement. The greater number of amino
acid replacements in sequences from the infants who devel-
oped AIDS is consistent with evidence from the phylogenetic
analysis for more rapid viral evolution in these infants. The late
consensus sequences of the infants who developed AIDS
uniquely shared three amino acids: an arginine in position 11,
a valine in position 19, and a lysine in position 32. They also
shared a threonine in position 13 that was not present in the
consensus sequences of the asymptomatic infants or in the
early consensus sequence of infant D. These amino acids have
previously been shown by site-directed mutagenesis to be crit-
ical for conferring T-cell line tropism on a macrophage tropic
strain (12, 25, 49). The proportion of variants containing this
motif increased over time, and they constituted 100% of the
variants in the last sampling from both infants (Fig. 7).
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FIG. 6. Phylogenetic tree of 37 predominant HIV-1 env V3 loop amino acid
sequences from six infants with vertically acquired HIV-1 infection sampled
serially over a 6- to 15-month period. Infants D and E developed AIDS, and
infants A, B, C, and F were healthy. The predominant sequence was defined as
the majority sequence. When there was no majority sequence, the sequence that
matched the consensus sequence for that time point was used. Consensus se-
quences were based on the most common amino acid in a given position. The
frequency of viral variants as determined by heteroduplex analysis was used to
determine the majority sequence and to select the most common amino acids.
The tree was generated by the Fitch-Margoliash method and drawn with the
DRAWGRAM program. The circled numbers at the nodes indicate the propor-
tion of support in 500 bootstrap resamplings. Each sequence is identified with a
letter for the subject, followed by the age in days at the time of sampling.
Horizontal branch lengths are drawn to scale (as indicated) with arbitrary vertical
spacing.

DISCUSSION

One approach to the study of HIV-1 genetic variation is the
use of sequence data to reconstruct evolutionary relationships.
We applied these methods to V3 nucleotide and inferred
amino acid sequences obtained in a longitudinal study of HIV-
l-infected infants. The phylogenetic analysis of nucleotide se-
quences revealed differences in the modes of inter- and intra-

J. VIROL.

infant viral evolution. The clusters of sequences from the six
infants were arrayed in a star-shaped phylogeny, as has been
found in general for HIV-1 (28, 31). This pattern of evolution
is indicative of a fixed rate of divergence from a common
ancestral sequence. There is no direct epidemiological linkage
between the infants or their mothers; therefore, the sequence
may represent a general ancestral subtype B virus or the an-
cestor of particular local strains. For intrainfant viral evolution,
the shape of the phylogeny tended to be linear. The pattern is
most clearly illustrated by the infants who developed AIDS,
whose sequences can be ordered in a stepwise pattern with the
earliest sequences closest to the ancestral node. The phylogeny
is reminiscent of that for influenza A and parainfluenza viruses
isolated over many years (5, 9) and suggests a process of se-
quential replacement of variants, perhaps as a result of peri-
odic escape from an immune response (36) or increasing tro-
pism for a productive host cell type (26, 30, 33, 50). The rapid
viral evolution in infants who develop AIDS is most likely due
to high rates of viral replication.

Having a set of longitudinal data allowed us to generate an
actual rate of nucleotide substitution. To estimate rates, we
designed a computer program, DISTRATE, that calculates
and plots DNA distance values against time. Several measures
of sequence variation over time were derived from the pro-
gram, including rate of sequence divergence, rates of synony-
mous and nonsynonymous nucleotide substitution, and in-
ferred initial diversity of the viral population. For most measures,
there was a trend toward higher rates for infants whose disease
progressed more rapidly; however, studies with larger numbers
of infants are necessary to determine if DISTRATE analysis
can predict disease progression and provide insights into the
genetic mechanisms underlying viral diversity.

The most striking finding from the analysis of inferred amino
acid sequences was the unexpected clustering of V3 loop se-
quences detected at later time points from the two infants who
developed AIDS. This clustering was unexpected given the
initially diverse genetic background of the infants’ viruses and
the tendency of these viruses to diverge over time. The obser-
vation was robust, since multiple tree-building methods gave
the same result and the clustering was supported by bootstrap
analysis. There are two possible explanations for the discrep-
ancy between the clustering of viral variants based on genetic
lineage and the protein similarity-based clustering of V3 loop
sequences. One explanation is that the apparent similarity is
due to lack of divergence from an evolutionarily conserved
sequence. This explanation assumes that the infants were in-
fected with multiple strains and that the later sequences from
the infants who developed AIDS failed to replicate efficiently
during the early period of infection. However, recent studies
have shown that viruses detected during primary infection are
genetically homogeneous (52, 53). In addition, from their in-
ferred phenotype, the later sequences from the infants with
AIDS would be expected to replicate efficiently (6, 13, 14, 19,
41). Convergent evolution, or the acquisition of identical
amino acids and function in two lineages after they have di-
verged, could also explain the finding (45). A number of ob-
servations support this hypothesis. The viruses from the infants

FIG. 7. Deduced amino acid sequence alignments of the C2-V3 region of the envelope gene for six HIV-1-infected infants. The sequences from each infant (A to
F) are aligned with the majority consensus sequence from that infant at the top of each alignment. Amino acids identical to the consensus sequence are indicated by
a dash. The dot in the consensus sequence of infant D indicates a gap inserted to maintain alignment with the consensus sequences of the other infants. N-linked
glycosylation sites are indicated by underlined letters with the first letter italicized. The V3 loop region is boxed. Each amino acid sequence is identified by a capital
letter for the infant, followed by the age in days at the time of sample collection and a lowercase letter for unique DNA sequences from the same sample (in some
cases, two or more DNA sequences encoded the same amino acid sequence). Sequences marked by asterisks were obtained by amplification of viral DNA from
peripheral blood monocytes. For each sampling, the proportion of clones with identical amino acid sequences is shown to the right of the sequence.
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SUBJECT TIME PERIOD CONSENSUS SEQUENCE

A EARLY CIRPNNNTRKSINMGPGRAFYTTGDIIGDIRQAHC
LATE -T

B EARLY CTRPNNNTRRSINMGPGRAFYTTGDIIGDIRQAHC
LATE K

c EARLY CMRPNNNTRKSIHIGPGRAFYTTGEI IGDIRQAHC
LATE -T

D EARLY CTRPSNNTRKSIPMGPGRAFYTTGDIIGDIRQAKC
1aTE B A e

E EARLY CTRPNNNTRKSITIGPGRAFYTTGEIIGDIRQAHC
LATE | mmmemmeeen A K---

F EARLY CIRPNNNTRRSIPIGPGRAFYATGDIIGDIRQAHC
LATE

FIG. 8. Comparison of HIV-1env V3 loop protein consensus sequences from
early and late time periods during infection of AIDS-affected (D and E) and
healthy (A, B, C, and F) infants. Early and late time periods were defined as the
first and second halves of the sampling period, respectively. A consensus se-
quence based on the most common amino acid in a position was determined
from the set of sequences for each time period. The frequency of viral variants
as determined by heteroduplex analysis was used to select the most common
amino acid. Dashes represent identity with the upper sequence in each pair.
Amino acids that are shared between late consensus sequences of the subjects
who developed AIDS are in boldface and underlined.

constitute distinct lineages. There was a temporal progression
from early, phylogenetically unrelated sequences to late, con-
vergent sequences. Convergence would be expected to occur in
a functional domain of a protein and to alter an important
biological property of a gene. The V3 loop region of the env
gene can be considered a functional domain, and the inferred
phenotype of the convergent sequences is T-cell line tropic
while that of the early sequences from the same infants is
macrophage tropic (23, 34, 42, 48). The consensus V3 loop
amino acid sequence of the convergent viruses is identical,
except for one conservative substitution, to a previously de-
scribed motif for T-cell line tropic viruses (12, 49). The impor-
tance of these sites for protein structure and function is also
supported by the observation of Korber et al. that three of the
four sites are involved in covariant mutations (25). Finally, the
inferred phenotype of the convergent sequences is one that has
been associated previously with AIDS (13, 29, 33, 34).

Because most mutations are selectively neutral and the same
function can be performed in different ways, convergent evo-
lution is rare. The best example is the stomach lysozyme of two
foregut fermenters, the cow and the langur monkey. From a
tree analysis of the lysozyme enzymes of these and related
species, Stewart et al. (45) have suggested that the langur
monkey lysozyme gained sequence similarity to the cow ly-
sozyme. Convergence within the V3 loop of HIV has also been
proposed previously. Holmes et al. (21) identified mutations
that resulted in the same hexapeptide motif (GPGSAYV) in the
crown of the V3 loop in viruses from two lineages from a single
patient. However, a specific function was not associated with
the motif, and for viruses from the same patient, it is difficult
to exclude the possibility of a recombination event.

Whether convergent evolution toward the particular V3
loop amino acid motif we observed will occur in other individ-
uals infected with subtype B viruses and in individuals infected
with viruses of other subtypes needs to be determined by future
studies. However, it is noted that three of the four amino acids
characteristic of the convergent sequences have been described
in viruses from subtypes A, B, D, E, and U, and two of these
amino acids have been described in subtype C viruses (31).
Thus, it is possible that the same motif could occur in individ-
uals infected with viruses of other subtypes.

CONVERGENT EVOLUTION IN HIV-1 V3 LOOP 7557

Convergent evolution of HIV-1 variants from infants who
develop AIDS lends support to the notion that progression to
disease is associated with the emergence of specific viruses. If,
as their inferred phenotype suggests, these viruses are also
more virulent than those found during the early, asymptomatic
period of infection, then convergence would also imply that
there are a limited number of ways that HIV-1 can cause
AIDS. This, in turn, could have important implications for
early identification of patients at risk for progression to dis-
ease, as well as for development of vaccines and other thera-
peutic modalities to prevent AIDS.
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