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ABSTRACT Clonal diversifications of HIV virus were
monitored by periodic samplings on each of the six patients
with regard to 183- to 335-bp segments of the env gene, which
invariably included the functionally critical V3 region. Sub-
sequently, six individual phylogenetic trees of viral variants
were constructed. It was found that at one time or another
during the course of disease progression, viral variants were
inexplicably released from a strong negative selection against
nonsynonymous base substitutions, possibly indicating posi-
tive selection. This resulted in concentrated amino acid sub-
stitutions at five specific sites within the V3 region. It was
noted that these sites were often involved as antigenic deter-
minants that provoked the host immune response and that
these sites were also involved in the determination of viral
phenotypes as to their cell tropism, syncytium formation
capability, and replication rates.

Because of the high error rate of reverse transcriptase (1-3), the
genome of HIV, like that of other retroviruses, mutates at a very
high rate. Accordingly, the rate of nucleotide substitution for
retroviruses is about a million times higher than that of the host
genes (4-9). Due to this high mutation rate, genomic sequences
of HIVs within a single host are not homogeneous; rather, they
comprise a heterogeneous population in which all members are
closely related to each other (10).

Of those sequence variants constantly generated by successive
viral replication, some are destined to be eliminated because of
their defects in the replication machinery (11), whereas others
may enjoy selective advantage because of newly acquired endow-
ments that facilitate escape from immune persecution by the host.
To elucidate the mechanisms of viral evolution, we need to
characterize the viral variants that can survive in a host and can
successfully infect another host. In this study, we intended to
elucidate the evolutionary mechanisms of viruses within a host at
the molecular level and understand the dynamics of the viral
population within a host by analyzing sequence variations of HI'V,
periodically sampled from a single host.

The genome of HIV is composed of three major protein-
coding regions (gag, pol, and env), long terminal regions at both
the 5" and 3’ ends, and regulatory genes. In particular, it is known
that the env region has a great many variations.

The third variable envelope (V3) region (12) of HIV contains
a target for neutralizing antibodies (13), a recognition site for the
T cells of HIV (14), and the determinants of infectivity (15, 16),
cell tropism (17), syncytium formation (SI) capability (18, 19),
and replication rates (19). We examined the patterns of nucleo-
tide substitutions in this region to see when and at which amino

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright © 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424/97/941264-6$2.00/0
PNAS is available online at http://www.pnas.org.

1264

acid sites positive selection is operating on the V3 region within
a single host. We collected nucleotide sequence data of HIV
clones isolated from a single host at several points in time after
infection (20-22). By estimating the rates of synonymous and
nonsynonymous substitutions for the V3 region of HI'V within a
single host at each period of time, we found that the rate of
nonsynonymous substitution for the V3 region was significantly
higher than that of synonymous substitution at one time or
another after infection. We also estimated the number of amino
acid substitutions that occurred at each amino acid site in the V3
region within single hosts. As a result, we found that amino acid
substitutions dominantly occurred at five specific amino acid sites
where the substitutions are known to be possibly responsible for
production of antigenic variation and determination of the viral
phenotypes. These observations indicate a strong possibility that
positive selection is taking place by changing particular amino
acid sites in the V3 region of HI'V within a single host at one time
or another after the infection.

MATERIALS AND METHODS

Nucleotide Sequence Data and Clinical Status of the Patients.
We collected the nucleotide sequence data of the V3 region for
clones that were periodically isolated from each of six patients
(20-22). In practice, we used the nucleotide sequence data of
those clones stored in the international DNA databases (DDBJ/
EMBL/GenBank). The clinical status of the patients and meth-
odological information about the isolation of viral clones and
nucleotide sequencing are summarized in Table 1.

Construction of Phylogenetic Trees. Phylogenetic trees were
constructed by the neighbor-joining method (23) using the num-
ber of nucleotide substitutions. The numbers of nucleotide sub-
stitutions were estimated by the six-parameter method (24).
Bootstrap probabilities for major clusters were examined (25).
The resampling procedure was repeated 2000 times.

Estimation of Rate of Nucleotide Substitutions. For each clone,
the numbers of synonymous and nonsynonymous substitutions
from the ancestral sequence were estimated using the method of
Nei and Gojobori (26). When nucleotide sequences in the first
sample were completely homogeneous, the sequence was re-
garded as the ancestral sequence. When nucleotide sequences in
the first sample were not completely homogeneous, we deduced
the ancestral sequence using a maximum parsimony principle.
The deduced ancestral sequence was used as the reference
sequence. The average rates of synonymous and nonsynonymous
substitutions between two points in time were estimated (27). A
statistical test was done by use of the bootstrap resampling test
(28). The resampling procedure was repeated 2000 times.

Abbreviation: AZT, azidothymidine.
#To whom reprint requests should be addressed. e-mail: tgojobor@
genes.nig.ac.jp.
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Table 1. Data used in our analyses
Designation in our
analyses Patient A Patient B Patient C Patient D Patient E Patient F
Designation in the p82 (20) 495 (21) 1(21) s2 (22) s1(22) s4 (22)
original paper
(ref. no.)
Presumed A single batch Homosexual Homosexual NA NA NA
transmission mode of factor contact contact
VII
Clinical status Asymptomatic AIDS in 1989 Asymptomatic NA NA NA
CD4 counts during Decreasing Decreasing Decreasing Decreasing Fluctuating Decreasing
the study
Antiviral therapy None AZT from None None None None
1989
Term for the study 1984-1991 1985 until after 1985 until after May 1985- Nov. 1985- Jan. 1985-
56 months 59 months Oct. 1987 May 1989 June 1989
Nucleotide sequences 234 nt 183-276 nt 183-276 nt 332-335 nt 332-335 nt 332-335 nt
determined
Tissue Plasma Serum Serum Peripheral blood Peripheral blood Peripheral blood
leukocytes leukocytes leukocytes
Molecular type Viral RNA Viral RNA Viral RNA DNA DNA DNA
NA, not available.
RESULTS substitution for the V3 region was significantly higher than that

Phylogenetic Relationships Among HIV Clones Isolated from
a Single Host. We constructed phylogenetic trees of HI'Vs within
a host using nucleotide sequence data covering a part of the env
gene, including the V3 region (Fig. 1). Though the nucleotide
sequences in the initial samples were completely or nearly ho-
mogeneous in and around the V3 region, an accumulation of
nucleotide changes was observed at all successive time points in
all six patients.

In patient A, the nucleotide sequences of the first samples were
completely homogeneous. In 1987, 3 years after the first samples
were taken, 13 variants were observed. However, the minor
cluster in 1987 seemed to have survived in the successive period.
After 1988, two major clusters corresponding to preferentially
macrophage-tropic or T cell line-adapted phenotypes (29) were
observed (20).

In the case of patient B, though the nucleotide sequences of the
first samples were nearly homogeneous, the accumulations of
nucleotide substitutions were observed every year. Patient B was
diagnosed as having AIDS in 1989, and 55 months after the
primary infection, azidothymidine (AZT) treatment was started
(21). Clones sampled right after AZT treatment were closely
related to each other. The hypothesis that only a certain variant
was resistant to AZT can explain this reduction of sequence
variation. Several studies reported that HI'V variants resistant to
AZT often have amino acid changes in reverse transcriptase (30,
31). In this case, though the nucleotide sequences of reverse
transcriptase were not available, these variants might have mu-
tations in the pol gene on the same genome, which enabled the
viruses to be resistant to AZT.

In patient C, sequential shifts in the viral population (32) were
observed at a later stage after infection. In patient D, some clones
sampled after 29 months from the first sample, differed greatly
from the ancestral clone at the nucleotide sequence level, while
the other two clones sampled at that time were closely related to
the ancestral clone. Such differences in the rate of nucleotide
substitution among clones sampled at the same time were ob-
served in patients E and F.

Rates of Nucleotide Substitution for the V3 Region Within a
Single Host. To examine whether positive selection is operating
on the V3 region within the human body, we estimated the
average rates of synonymous and nonsynonymous substitutions
(26, 27) for the V3 region within a single host between two points
in time. The results are summarized in Fig. 2. During some
periods of time after infection, the rate of nonsynonymous

of synonymous substitution (Fig. 2). These data cannot be attrib-
uted to random genetic drift (33), indicating that positive selec-
tion is taking place in the V3 region of HIV within a single host
at one time or another after infection. However, we also noticed
that for other periods of time, the rate of synonymous substitution
for the V3 region was significantly higher than that of nonsyn-
onymous substitution. This suggests that natural selection may
take place at one time or another after the infection. The average
rates of synonymous substitutions for the V3 region also greatly
fluctuated with time. It may be that not all viral particles replicate
at a uniform rate during the course of time after infection. The
existence of substantial variation in replication rates among the
viral variants may affect fluctuations in the rate of synonymous
substitution in HIV.

Distribution of Amino Acid Substitutions. To elucidate the
kind of selection operating on each amino acid site, we estimated
the number of amino acid substitutions that occurred at each
amino acid site in the V3 region (Fig. 3) and examined the
correspondence between biological function and relative fre-
quency of amino acid substitution. It has been reported that in the
V3 region, amino acid changes at the 13th and 25th amino acid
sites from the cysteine on the 5’ side of the V3 region can alter
antigen binding specificities (21, 34). It is also known that changes
at the 11th, 24th, and 25th amino acid sites from the cysteine on
the 5’ side of the V3 region, affect syncytium formation or cell
tropism (35, 36). Determination of crystal structure revealed the
amino acid stretch (Fig. 4) with which monoclonal antibodies for
HIV interact (37, 38). We found that there were five amino acid
sites (the 11th, 13th, 18th, 20th, and 25th amino acid sites from the
cysteine on the 5’ side of the V3 region) where amino acid
substitutions predominantly occurred. We also found that the
frequencies of amino acid changes at these positions were signif-
icantly larger according to a statistical test based on the Poisson
distribution. All five amino acid sites detected are sites where
substitutions are known to be possibly responsible for antigenic or
phenotypic variations in HIV. These are also sites with which
monoclonal antibodies for HIV interact. These observations
suggest that amino acid substitutions predominantly occurred at
the particular amino acid sites where substitutions are possibly
responsible for the production of antigenic variation and deter-
mination of viral phenotypes.

Population Dynamics of HIV Variants Within a Single Host.
We wanted to observe the population dynamics of HIV variants
within a single host (20). We classified the HI'V variants into an
appropriate number of types according to amino acid variation at
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Fic. 1. Phylogenetic trees of HI'Vs within single hosts. Clones are shown by colored dots according to their sampling time. Bootstrap probabilities (25)
for major clusters are also shown by percentages (%). (4) Phylogenetic tree of HI'Vs periodically sampled from patient A (20) using a 234-nt sequence. (B)
Phylogenetic tree of HIVs periodically sampled from patient B (21) using a 183-nt sequence. (C) Phylogenetic tree of HIVs periodically sampled from patient C (21)
using a 183-nt sequence. (D) Phylogenetic tree of HI'Vs periodically sampled from patient D (22) using a 332-nt sequence. (E) Phylogenetic tree of HIVs periodically
sampled from patient E (22) using a 335-nt sequence. (F) Phylogenetic tree of HIVs periodically sampled from patient F (22) using a 332-nt sequence.
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Fic. 2. Rates of synonymous and nonsynonymous substitutions of the V3 region within single hosts. One and two asterisks indicate that
difference between the rates of synonymous and nonsynonymous substitutions has statistical significance at the 5% and 1% levels, respectively.

particular sites in the V3 region, where substitutions are respon-
sible for antigenic variation or where monoclonal antibodies for
HIV interact with (21, 34, 37, 38). We can trace the population
dynamics of HIV variants by focusing attention on particular
amino acid sites that are possibly responsible for natural selection.
Let us examine the case of patient A (20). We illustrated the
change of frequency for each type of HIV within a single host
over time (Fig. 4). It is clear that the ancestral type was lost three
years after the first sampling. We observed 19 types of HIV in 7
years in this patient. At the 25th amino acid site from the cysteine
on the 5’ side of the V3 region, though the ancestral amino acid
was glutamic acid, this type of variant was completely lost by 1987.
In fact, viral types in which this position was occupied by aspartic
acid, glutamine, glycine, and arginine were all found during the
study. The substitutions at this site were known to be possibly
responsible for antigenic and phenotypic variation (34), and the
largest numbers of amino acid substitutions were observed in this
patient. Positive selection on this site might affect the rapid
change and population dynamics of HI'V variants.

DISCUSSION

Elucidation of the mechanism for viral evolution within a human
body is of particular importance in understanding the evolution-
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ary mechanism of viruses and for developing effective strategies
for antiviral therapy. We analyzed the nucleotide sequence data
of HIV, periodically sampled from six patients (20-22). Our
analyses, including phylogenetic analysis, periodic examination of
rates of nucleotide substitution, and relative frequencies of sub-
stitution at each amino acid site, provided much information
about the nature of evolution of HI'V within the human body. In
particular, we identified time periods in which positive selection
may operate and the amino acid sites where positive selection
takes place. Our attempts at tracing the frequency changes of
HIV variants classified by particular amino acid sites enabled us
to see the population dynamics of HIV variants very clearly.
Our phylogenetic analysis showed particular variants in patient
B that might survive AZT treatment. Though we analyzed only
a part of the env gene, the survivors may have mutations in the
pol gene (30, 31) on the same genome that enable the virus to
escape from AZT treatment. Phylogenetic analysis is very useful
in tracing surviving lineages and revealing how each variant arises.
Wolinsky et al. (32) constructed phylogenetic trees for viral clones
periodically sampled from each of two patients. One patient
showed clear sequential shifts in the population of viruses, while
the other patient showed substantial intermingling of viral se-
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Fic. 3. Estimated number of amino acid substitutions at each amino acid site of the V3 region observed for the six patients. In estimating the
number of amino acid substitutions for each patient, we inferred the ancestral amino acid sequences at all branching points from the phylogenetic
tree. Amino acid positions with one or two red asterisks are the sites where amino acid substitutions dominantly occurred with statistical significance
at the 5% or 1% level, respectively. Horizontal bars show the amino acid stretches with which monoclonal antibodies interact. #: Amino acid sites
responsible for antigenic variation. 0, Amino acid sites responsible for cell tropism or syncytium-inducing phenotype.
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F1G. 4. Population dynamics of HI'V variants within patient A. (4) The amino acid stretch including the crown of the V3 loop. The amino acid
sites shown by single letters in red, where higher numbers of amino acid substitutions were observed, are thought to be responsible for antigenic
variation in HIV. (B) Frequency change of HIV variants within patient A. We classified the HIV variants according to amino acid variation at

the red sites in A.

quences from different time points (32). Our phylogenetic anal-
yses showed more general aspects of viral evolution within a
human body.

It is known that some types of HIV have the capability to
induce syncytium formation. This syncytium-inducing capability
of HI'V depends on an amino acid sequence of the V3 region (35).
We classified HI'V clones into two categories, syncytium-inducing
(SI) clones and non-syncytium-inducing (NSI) clones, by looking
at amino acids occupying the 11th, 24th, and 25th sites of the V3
region. We found that the SI viruses evolved faster than the NSI
viruses (data not shown). Our findings are consistent with several
reports that SI viruses replicates themselves faster than NSI
viruses and that NSI viruses are more resistant to neutralizing
antibodies than SI viruses (39).

We estimated the rate of nucleotide substitution using the
sequence data of HIV variants periodically sampled. We per-
formed a statistical test using the bootstrapping resampling
method. Statistical tests are necessary when we compare the
number of synonymous substitutions with that of nonsynonymous
substitutions to conduct a test of neutrality. We found periods in
which the rate of nonsynonymous substitution was higher than
that of synonymous substitution. Thus, it is possible that positive
selection is operating on amino acid changes in the V3 region of
HIV during those periods, to escape from the immune system of
the host. This possibility is supported by the evidence of Phillips
et al. (40) of immune escape from cytotoxic T lymphocyte
recognition by HIV. It was also noted that positive selection was
also found to take place in the tax gene of HTLV-1, which is the
dominant antigen recognized by HTLV-1-specific cytotoxic T

lymphocyte (41). However, we also noticed that for other periods,
the rate of synonymous substitution was higher than that of
nonsynonymous substitution. The type of selection and its inten-
sity may not be constant all the time in the human body. Periodic
analysis of the intrabody evolution of HIV may reveal the
processes and forces of evolution.

We also found that amino acid substitutions predominantly
occurred at five amino acid sites where substitutions may be
responsible for production of antigenic variation and determina-
tion of viral phenotypes. This may suggest that nucleotide sub-
stitutions occurring in the V3 region may be important for
survival of the virus. This analysis at each amino acid site enabled
us to examine the relationships between the pattern of amino acid
substitutions and biological function at the amino acid site.
Lukashov er al. (42) suggested that rate of nonsynonymous
substitution in the V3 region correlated with length of the
immunocompetent period. We observed a preponderance of
amino acid substitutions at sites responsible for antigenic varia-
tion. Our observations may be consistent with their suggestion
(42). However, other types of positive selection may be operating
in this region. HIV in early infection is mainly macrophage tropic
and replicates slowly compared with T cell tropic HI'V. Virulent
HIV often has syncytium formation capacity. Our analyses
showed that highly variable amino acid sites are not only sites
responsible for antigenicity but also sites that are responsible for
cell tropism. This indicates that positive selection may operate on
mutations that alter viral cell tropism and replication rate.

Seibert et al. (43) deduced from observation of HIV clones
isolated from different individuals that positive selection may be
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operating in the V3 region of HIV-1, because nonsynonymous
substitution had a higher rate than synonymous substitution. For
antigenic sites of the hemagglutinin gene of the influenza A virus,
a higher rate of nonsynonymous substitution was reported (44)
from a comparison of 21 strains. Some nonsynonymous substi-
tutions that occur in both regions of these viral genomes might
enable the virus to escape from recognition by the host immune
system, because both regions react with antibodies of the host
immune system. Almost all examples of genes examined so far, on
which positive selection operates, were molecules that take part
in the interaction between antigen and antibody (44—46). There-
fore, it may be common for positive selection to operate in
epitope regions of many parasites and viruses. However, from
these observations, we do not know whether viral variants having
mutations on epitopes are more infectious or advantageous for
survival in the host. We do not know much about how transmit-
ting variants are selected within a heterogeneous viral population
within a host.

Several studies (47, 48) suggest the possibility that functional
constraints on the envelope protein exist upon primary infection
with HIV. On the other hand, some studies (49, 50) have
suggested that there is no signature amino acid sequence of the
envelope protein upon primary infection of HI'V. Therefore, it is
difficult to understand the mechanism of evolution of a viral
population from comparisons of rates of synonymous and non-
synonymous substitutions among strains isolated from different
hosts. It is necessary to investigate whether viral variants having
mutations on epitopes can be more infectious or advantageous for
survival within the host. Our study showed that there are partic-
ular periods of time in which positive selection may operate on the
V3 region within a single host.

Rapid changes in the viral genome are obstacles to developing
effective vaccines. However, an understanding of the population
dynamics of the viral population within a single host and the
empirically obtained pattern of amino acid substitutions in the
principal neutralizing domain would be helpful in developing
effective strategies for antiviral therapy.

This study was supported by the Proposal-Based Advanced Indus-
trial Technology Research and Development Program from the New
Energy and Industrial Technology Development Organization
(NEDO) of Japan.
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