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Abstract. We investigated variable selective pressures among amino acid sites in HIV-1 genes. Selective pressure at the amino acid level was measured by
using the nonsynonymous/synonymous substitution
rate ratio (x = dN/dS). To identify amino acid sites
under positive selection with x > 1, we applied
maximum likelihood models that allow variable x
ratios among sites to analyze genomic sequences of 26
HIV-1 lineages including subtypes A, B, and C.
Likelihood ratio tests detected sites under positive
selection in each of the major genes in the genome:
env, gag, pol, vif, and vpr. Positive selection was also
detected in nef, tat, and vpu, although those genes are
very small. The majority of positive selection sites is
located in gp160. Positive selection was not detected
if x was estimated as an average across all sites, indicating the lack of power of the averaging approach.
Candidate positive selection sites were mapped onto
the available protein tertiary structures and immunogenic epitopes. We measured the physiochemical
properties of amino acids and found that those at
positive selection sites were more diverse than those
at variable sites. Furthermore, amino acid residues at
exposed positive selection sites were more physiochemically diverse than at buried positive selection
sites. Our results demonstrate genomewide diversifying selection acting on the HIV-1.
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Introduction
The primary human defense system against HIV-1
is a combination of humoral (antibody) and cytotoxic T-lymphocyte (CTL) responses. Antibody
response is produced by B lymphocytes upon
recognition of foreign antigens via immunoglobulin
receptors (Bondada and Chelvarajan 1999). T
helpers are responsible for activation of neutralizing
antibodies and maintenance of the CTL response
(Phillips et al. 2001). CTLs are a major component
of T cells and are capable of recognizing and
eliminating infected host cells (Gotch 1998). Several
studies have shown both antibody and CTL responses following invasion of HIV-1 (reviewed by
Fomsgaard 1999). Many viral proteins are targeted
by antibodies, CTLs, and T helpers throughout the
course of infection. However, the immune system
itself is the main target of HIV-1, leading to the
reduced CD4+ T-lymphocyte (T-helper) count that
is characteristic of HIV infection. When CD4+-cell
counts drop to <200 cells/ll, the infected individual
becomes very susceptible to additional opportunistic infections and is characterized as an AIDS
patient (Siliciano 2001).
The success of HIV-1 lies in its ability to evade
recognition by CTLs and antibodies. HIV-1 speciﬁc
CTL counts tend to peak in the ﬁrst 3 to 4 weeks of
infection. This is followed by a sharp increase in viral
mutants with substantial sequence variation (Allen
et al. 2000). Decline of CTL epitope-speciﬁc lymphocytes is a direct result of viral escape by means
of mutation. Direct sequencing of the entire virus
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genome immediately after the acute infection phase (8
weeks) showed that amino acid altering mutations
accumulated within CTL epitopes (Allen et al. 2000).
Presumably, there was strong positive selection acting
on CTL epitopes, as neutral evolution alone could
not account for the observed level of divergence in
such a short period of time (Lukashov and Goudsmit
1997). Furthermore, a sharp increase in antibody titer
is also observed following HIV infection. Various
in vitro and in vivo studies using animal models
demonstrated that selective pressure was also exerted
on neutralizing antibody epitopes and was suﬃcient
to generate escape mutations (Langedijk et al. 1995;
Igarashi et al. 1996; Calarota et al. 1996; McLain et
al. 2001). Apparently, maximizing variation in the
surface antigen allows HIV-1 to escape immune surveillance.
The HIV-1 genome encodes seven proteins and
two polyproteins. The genome is highly compact,
with every gene overlapping with other genes or with
long terminal repeats. The HIV-1 genome is also
characterized by a high rate of evolution (with an
average rate of 1.6 · 10)2 nucleotide substitutions per
site per year) compared with the substitution rates of
human nuclear genes, estimated to be 1.3 · 10)9
substitutions per site per year (Eyre-Walker and
Keightley 1999; Fu 2000). Positive selection at sites
crucial to maintaining antigenic variation could
contribute to this high evolutionary rate. Positive
selection is likely to operate in regions of a protein
where a high level of structural speciﬁcity is not required (e.g., Walker and Goulder 2000). Thus, identiﬁcation of sites with excess amino acid replacements
could contribute to our understanding of positive
selection and antigenic variation. In this crosssectional statistical study, we attempted to identify
sites that were under recurrent selective pressure over
long evolutionary time.
Materials and Methods
Sequence Alignment and Phylogenetic Inference
The complete genomes of 26 HIV-1 isolates were obtained from
GenBank. The data set comprised 5 subtype A, 7 subtype B, and
14 subtype C nonrecombinant isolates (accession Nos.
AF069669–AF069673, AF042100–AF042106, and AF110959–
AF110981) (Robertson et al. 1999). Due to extensive overlap with
diﬀerent reading frames, we excluded tat, rev, and vpu from most
of the analysis. All overlapping regions of the remaining genes
were also excluded. The data set was aligned using ClustalX
(Thompson et al. 1997) and manually adjusted using GeneDoc
(Nicholas et al. 1997). Regions of large indels were excluded from
analysis. Due to alignment uncertainty, we also excluded hypervariable regions of gp160 (part of VI and V2 loops). Alignments
are available from the authors on request. A phylogenetic tree
was estimated using maximum likelihood under the model of
Hasegawa et al. (1985), as implemented in the program PAUP*
4a7b (Swoﬀord 2000).

Likelihood Ratio Test of Positive Selection and
Estimation dN/dS (x) Ratios Across the Genome
We employed six codon substitution models (Yang et al.
2000)—M0 (one ratio), M1 (neutral), M2 (selection), M3 (discrete),
M7 (b), and M8 (b and x)—as implemented in PAML (Yang
2000). We used the discrete model (M3) with three x classes. The
LRT comparing M0 with M3 was a test for among-site rate variation. The comparisons of M1 with M2 and M7 with M8 were tests
for positive selection. Codon usage bias is well known to aﬀect
estimation of synonymous and nonsynonymous substitution rates
(Yang and Nielsen 1998). Thus we used two models to account for
codon usage bias in all our analyses: (i) F3·4, which computes
equilibrium codon frequencies from the nucleotide frequencies at
the three codon positions; and (ii) F61, which uses empirical estimates of individual codon frequencies. We found that the results
under the two models were similar, and present those under F3·4
only. Branch lengths of the phylogeny (measured as the expected
number of nucleotide substitutions per codon along a branch) and
the transition-to-transversion rate ratio (j) were estimated using
ML. The posterior probability that a site belonged to each x class
was estimated using Bayesian methods. Sites with a posterior
probability >95% of being from the class with x > 1 were identiﬁed from M2 and are referred to as ‘‘positive selection sites’’
(Yang et al. 2000). Sites identiﬁed from the x = 1 rate class of M2
with a posterior probability >95% are referred to as ‘‘variable
sites.’’

Amino Acid Acceptability, Protein 3D Structure,
and Epitope Mapping
Amino acid acceptability was measured at each site relative to four
physiochemical properties: (i) polarity (Grantham 1974), (ii) volume (Grantham 1974), (iii) hydropathy (Kyte and Doolittle 1982),
and (iv) isoelectric point (Alﬀ-Steinberger 1969). The means and
standard deviations (SD) of polarity, volume, hydropathy, and
isoelectric point were computed for amino acids at each site using
DAMBE version 4.0.39 (Xia 2000). Amino acid acceptability at a
site was measured for each physiochemical property as 100 · (SD/
mean). Amino acid acceptability is a measure of functional constraints acting on the amino acids at a site, with low acceptability
indicating conservation of physiochemical properties at a site.
Tertiary structures were available from RCSB Protein Data
Bank for all proteins except Vif. Buried and exposed sites were
identiﬁed using the program WEBMOL (Walther 1997). We
compared patterns of amino acid acceptability at positive selection
sites and variable sites and also at exposed and buried residues of
the proteins.
CTL, antibody, and T-helper epitopes were collected from the
HIV Molecular Immunology 2000 database (Korber et al. 2000).
CTL epitopes were used only if CTLs recognized the naturally
processed epitopes and both the optimal epitope and the restricting
HLA molecule were deﬁned; this subset of CTL epitopes is given by
1 Brander and Goulder (2000).

Results
Positive Selection in the HIV-1 Genome
Maximum likelihood estimates of parameters under
diﬀerent models of variable x ratios among sites are
presented in Table 1 for the ﬁve major genes in the
HIV-1 genome. Patterns of selective pressure were
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Note: LC is the number of codons after the removal of alignment gaps. pi is the proportion of sites assigned to an x category or to a b distribution with parameters p and q. x ratios greater than 1.0 and
corresponding proportions of sites are in bold face. The supergene was constructed by concatenating all ﬁve protein-coding genes.
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Likelihood ratio statistics (2Dl) for comparing models of variable x’s among sites

Table 2.
Gene

M0 vs. M3 (v20:01;4 = 13.28)

M1 vs. M2 (v20:01;2 = 9.21)

M7 vs. M8 (v20:01;2 = 9.21)

gag
pol
vif
vpr
env
Supergene

361.11
524.86
160.80
88.66
1666.43
1137.28

20.13
82.54
22.79
13.73
550.63
1047.95

18.36
84.29
15.91
14.66
382.46
252.42

Table 3.

Sites identiﬁed as evolving by positive selection under M2

Gene

Combined data set

Consensus selection sites from separate subtypes

gag

15R, 28K, 54S, 62G, 69Q, 79Y, 84T, 91R,
138I, 146A, 215V, 252N, 280T, 357G
119L, 278D, 317S, 328K, 362Q, 366R, 400V,
441T, 489Q, 531T, 532T, 590V, 623T, 638Y, 709A,
834S, 839A
31V, 33G, 36R, 37G, 39F, 61D, 63R, 92K, 101E,
127H, 132R, 167T
28N, 37I, 41G, 48E, 55A, 60I, 77R, 84T
62D, 85V, 87V, 92N, 130K, 132T, 173Y,
178K, 183P, 187D, 188P, 190S, 200V, 230N, 231K,
232T, 238P, 240T, 275V, 277F, 281A, 283T,
289N, 291S, 295N, 308R, 321G, 336A, 337K, 279D,
340N, 343K, 344Q, 345A, 346A, 351E, 350R, 362K,
389Q, 440S, 442Q, 446S, 460N, 461S,
467I, 500K, 607A, 612A, 619L, 620E, 621Q,
624N, 640S, 641L, 644S, 815L, 817A, 832V, 833V, 836A, 851L

28K, 62G, 69G, 84V, 91R, 146A, 280T

pol

vif
vpr
env

119L, 278D, 328K, 362Q, 623T, 709A

33G, 36R, 39F, 92K, 127H, 167T
28N, 37I, 41G, 60I, 77R, 84T
85V, 87V, 130K, 173Y, 187D, 200V, 240T, 232T, 281A,
291S, 308R, 336A, 337K, 340N, 344Q, 346A, 350R, 362K,
440S, 442Q, 446S, 460N, 612A, 640S, 644S, 815L,
817A, 851L

Note: Sites are numbered according to the reference sequence HXB2 (GenBank accession number K03455). Positive selection sites were
identiﬁed using the empirical Bayes approach with posterior probability P ‡ 90%, with those at P ‡ 95% in boldface. Consensus selection
sites were positive selection sites identiﬁed in separate analyses of all three subtypes.

similar among all ﬁve genes. Here we present the gag
gene as an example of our ﬁndings. Estimation of x
as an average across all sites and evolutionary history
(M0) suggested that gag was evolving by purifying
selection. The average x of 0.24 indicated that a replacement mutation had approximately one-fourth
the chance of being ﬁxed compared to a silent mutation (Table 1). However, analyses using models that
allowed variable selective pressures indicated that
sites of the gag gene were subjected to diﬀerent selection intensities (Table 1). Under the neutral model
(M1), maximum likelihood estimation suggested that
60% of the sites were conserved with x0 = 0, while
the remaining 40% evolve ‘‘neutrally’’ with x0 = 1.
The addition of an extra rate class in M2 indicated
that 1% of the sites are under positive selection, with
x2 = 4 (Table 1). Under M3, 72% of sites had an x
ratio of 0.05 (Table 1), 23% of sites had an x ratio of
0.59, and 5% had an x ratio of 1.81. Under M8, the
estimates suggest that 5% of sites are evolving by
positive selection with x =1.79. The likelihood ratio
test suggested rejection of the null model in each of
the three comparisons: M0 (one-ratio) against M3
(discrete), M1 (neutral) against M2 (selection), and
M7 (b) against M8 (b and x) (Table 2).

We note that models M1 and M2 are unrealistic
for most genes. As a result, they tend to be conservative for the purposes of testing and identifying
positively selected sites (Yang et al. 2000; Anisimova
et al. 2001, 2002). Because M2 has a site class with
x = 1, some sites evolving under weaker positive
selection (with x slightly >1) tend to be lumped into
this class, so that M2 often identiﬁes a subset of the
sites identiﬁed by M3 (discrete) or M8 (b and x). This
is the case for the gag gene, although parameter estimates for other genes are very similar between the
models (Table 1). Thus, in the analysis of chemical
properties of amino acids at positive selection sites
(see below), we use the conservative set of sites
identiﬁed under M2 (Table 3).
Parameter estimates under all models indicated
that all ﬁve genes (gag, pol, vif, vpr, and env) were
subject to similar patterns of selective pressure. In
each gene, the majority of sites was subjected to
strong functional constraints, with x close to zero.
Among the remaining sites a large fraction was
evolving under weak functional constraints, with x
ratios between 0.5 and 0.95 (M3; Table 1). Most
importantly, a small fraction of sites in each gene was
evolving by positive selection, with x > 1 (Table 1).
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Table 4.
epitopes

Partition of sites within diﬀerent class of immunogenic

Epitope type
CTL
Epitope
Nonepitope
Antibody
Epitope
Nonepitope
T helper
Epitope
Nonepitope
Total
Epitope
Nonepitope

Total sites

Positive selection sites

1057
1134

44
68

960
1231

43
69

1151
1040

79
33

1679
512

98
14

In each gene, LRTs indicated that some variation in
selective pressure was due to positive selection (Table
2). Parameter estimates under M2 and M8 were
consistent with M3 in indicating evolution by positive
selection at a small fraction of sites (Table 1).
We also analyzed a ‘‘supergene’’ sequence constructed by concatenating all ﬁve protein-coding
genes. Results of this analysis were virtually the same
as in the separate analysis (Tables 1 and 2). Similar
parameter estimates and likelihood values were obtained using diﬀerent trees reconstructed using different phylogenetic methods (data not shown); hence,
our analysis was robust to tree topology.
At a threshold posterior probability of 90%, M2,
M3, and M8 identiﬁed 112 positive selection sites
(Table 3). We also conducted a separate analysis for
each of the A, B, and C subtypes represented in our
sample. Sites identiﬁed to be under positive selection
(with posterior probabilities ‡90%) in every subtype
were designated consensus selection sites (CSS). Because this criterion is much more stringent, the CSS
was a subset of sites identiﬁed in the combined
analysis of all subtypes (Table 3).
Amino Acid Diversity, Protein Tertiary Structure,
and Immunogenic Epitopes
We mapped known immunogenic epitopes (CTL,
antibody, and T helper) onto our sample of DNA
sequences and partitioned all the codon sites into
epitope and nonepitope sites (Table 4). We used a v2
test to determine whether there was a signiﬁcant excess of the 112 positive selection sites in any one class
of epitope by comparing the frequency of positive
selection sites at epitope and nonepitope sites to the
expected frequencies if such sites had been drawn at
random from the genome. At CTL and antibody
epitopes the observed and expected proportions did
not diﬀer signiﬁcantly. However, there was a highly
signiﬁcant excess of positive selection sites at T-helper
epitopes (p < 0.0001). In total, 98 of the 112 positive

Table 5. Acceptability of amino acid substitutions at exposed and
buried sites
Exposed sites
Polarity
Positive selection
Variable sites
Volume
Positive selection
Variable sites
Hydropathy
Positive selection
Variable sites
Isoelectric point
Positive selection
Variable sites

Buried sites

sites

16.91
5.16

8.49
5.13

sites

41.34
14.54

25.38
12.37

sites

44.68
13.22

32.88
19.80

sites

24.56
8.31

20.01
1.39

Note. Acceptability was calculated as 100 · (SD/mean). There are
75 exposed and 37 buried positive selection sites and 163 exposed
and 30 buried variable sites.

selection sites were located at at least one of the three
types of epitope site. Our results, however, suggest
that the dominant pattern is an association with Thelper epitopes.
We selected sites from M2 with a posterior probability of 95% and estimated the acceptability of
amino acids at those sites (see Materials and Methods). Acceptability was measured in terms of polarity, volume, hydropathy, and isoelectric point. As a
test of robustness, we also estimated acceptability for
positive selection sites inferred under M3. Results
under M3 were highly similar to those obtained under
M2; results under M2 are listed in Table 5. Note that
at the threshold of 95%, M8 inferred the same set of
positive selection sites as M3.
To investigate diﬀerences between positive selection and relaxed functional constraints, we compared
the acceptability of positive selection sites with that of
variable sites (x2 = 1 rate class, under M2, with a
2 posterior probability ‡95%) (Fig. 1). Amino acids at
positive selection sites had a higher physiochemical
diversity than those at variable sites. Furthermore,
the mean acceptabilities at exposed positive selection
sites, in terms of polarity, volume, and hydropathy,
were substantially higher than both buried positive
selection sites and exposed variable sites (Table 5).
Diﬀerences between acceptability of exposed and that
of buried variable sites depended on the physiochemical property, with greater acceptability in volume and isoelectric point, nearly equal acceptability
in polarity, and lower acceptability in hydropathy at
exposed sites (Table 5).
Discussion
Evidence of Positive Selection in the HIV-1 Genome
Many studies on HIV-1 evolution have focused primarily on single-gene analysis, with separate studies
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Fig. 1. Relative frequency of positive selection sites (black bars) and variable sites (white bars) at diﬀerent amino acid acceptabilities, with
the acceptability measure: (a) polarity, (b) volume, (c) hydropathy, and (d) isoelectric point.

on pol, vif, env, and nef indicating a role for positive
selection (Zanotto et al. 1999; Yamaguchi-Kabata
and Gojobori 2000; Yang et al. 2000). We expanded
upon previous studies by analyzing all genes in the
entire HIV-1 genome. We sampled three of the most
prevalent subtypes (A, B, and C) to identify sites that
were under continual selective pressure. The likelihood analysis suggested positive selection in all ﬁve
major genes, gag, pol, vif, vpr, and env, in all three
subtypes. We also analyzed nef for subtypes A and C
and found that it was undergoing positive selection; it
was excluded in the combined analysis because it was
incomplete in subtype B. The two small genes, tat and
vpu, were also found to be under positive selection by
the likelihood ratio test. However, we excluded them
from further analysis because they had only 39 and 58
nonoverlapping codons, respectively. We were unable
to analyze rev, as its reading frame is completely
overlapped by tat and env. In sum, our study is the
ﬁrst to suggest that essentially every gene in the
HIV-1 genome is evolving under positive selection.
In viral evolution, x is commonly used as a measure of selective constraints on a protein (e.g.,
Crandall et al. 1999; Zanotto et al. 1999; YamaguchiKabata and Gojobori 2000). Early analyses estimated
x as an average across all sites between a pair of
lineages and indicated no role for positive selection in
HIV-1 evolution (Seibert et al. 1995; Leigh Brown

1997; Plikat et al. 1997). Recent studies, however,
showed that a subset of sites in vif, env, and nef is
evolving by positive Darwinian selection (Nielsen and
Yang 1998; Yang et al. 2000; Zanotto et al. 1999).
Traditional approaches failed to detect positive selection in env and nef because most sites in those
genes were evolving under purifying selection, yielding an average dN/dS over all sites of >1 (Sharp 1997;
Yang et al. 2000). Our ﬁndings indicate that this
pattern is characteristic of all HIV-1 genes examined;
most sites are evolving under purifying selection, with
positive Darwinian selection acting on only a small
set of sites. Furthermore, when we estimated x as an
average over all sites, no positive selection was indicated in any HIV-1 gene. This situation is not unique
to HIV-1, as methods that average dN/dS over sites
had a low power to detect positive selection in other
viruses (e.g., Gojobori et al. 1990).
The empirical Bayes approach has become a
popular method for inferring positive selection sites
(Haydon et al. 2001; Swanson et al. 2001; Fares et al.
2001), however, Haydon et al. (2001) recently expressed concerns about type I error rates. Recent
simulation studies suggested that the Bayes approach
was reliable provided that the sample size was not too
small and the sequence divergence was not too low
(Anisimova et al. 2002). In simulations, identiﬁcation
of positively selected sites was reliable for a data set
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with as few as 17 taxa and 0.07 expected substitution
per branch (Anisimova et al. 2002). With approximately 0.16 expected substitution per branch under
M2, M3, and M8, our data sets appear to be well
within the window of sequence divergence required
for reliable identiﬁcation of positively selected sites.
Two additional lines of evidence support this notion.
First, under all three models positive selection sites
with a posterior probability >90% were almost
identical. Second, sites we identiﬁed in env were
highly consistent with those identiﬁed previously
(Yamaguchi-Kabata and Gojobori 2000; Yang 2001).
Yamaguchi-Kabata and Gojobori (2000) identiﬁed
33 positive selection sites, 16 of which were located in
regions excluded from our analysis due to alignment
uncertainty. We identiﬁed the remaining 17 sites as
being under positive selection. We also identiﬁed
seven additional positive selection sites, four of which
were also identiﬁed in Yang’s (2001) analysis. Our
analysis diﬀered from the previous two studies of env
by only three additional sites, although our data set
included sequences from two additional subtypes of
HIV-1.

The Inﬂuence of Recombination
The HIV-1 genome is characterized by a high recombination rate that is estimated to be as high as
three crossovers per genome per replication event
(Jetzt et al. 2000). There are two types of recombination, intersubtype and intrasubtype. Intersubtype
recombination gives rise to circular recombinants but
does not aﬀect this analysis because we sampled only
those sequences classiﬁed to be nonrecombinant at
the subtype level (see Materials and Methods).
However, intrasubtype recombination is much more
diﬃcult to detect, limiting our ability to deﬁne a
completely recombination-free data set. With recombination, diﬀerent sites may have diﬀerent phylogenetic histories. Hence assuming one phylogeny
may lead to false detection of sites under selection
because the phylogeny is incorrect for those sites. To
investigate the impact of assuming an incorrect phylogeny, we analyzed these data assuming a star tree,
which should be wrong for all sites. Results obtained
from the star tree were highly similar to those obtained using the estimated gene tree. Furthermore,
one expects false positives due to recombination to be
clustered along the primary sequence, as a recombination event is expected to aﬀect a set of contiguous
bases in the primary sequence. However, in our
analysis, positive selection sites were dispersed in the
primary sequence and clustered on the tertiary
structure. Those results suggest that our results concerning positive selection may not be seriously
aﬀected by possible recombination events.

Amino Acid Substitution Patterns at Positive
Selection Sites
There are potentially contrasting views regarding
amino acid substitution pattern and positive selection. One suggests that positive selection promotes
change among residues with large diﬀerences in
physiochemical properties (Hughes et al. 1990;
McClellan and McCracken 2001). The other suggests
that positive selection must operate within certain
structural constraints and amino acid substitution
should be physiochemically constrained (Haydon
et al. 1998, 2001). Our ﬁndings suggest that in HIV,
substitution patterns promoted by positive selection
are related to tertiary structure. Positive selection
appears to promote physiochemically diverse substitutions at externally located positive selection sites,
whereas less radical amino acid substitutions appear
to be favored at buried positive selection sites. Rather
than competing hypotheses, these two views appear
to reﬂect two diﬀerent aspects of adaptive evolution
in HIV.
The tertiary structure of a protein could have a
profound eﬀect on all amino acid substitutions, not
just those at positive selection sites. It is expected that
residues in regions such as the core of the protein
should be subjected to strong functional constraint,
with conserved patterns of amino acid evolution. This
notion was ﬁrst linked to HIV-1 sequence evolution
when Yamaguchi-Kabata and Gojobori (2000) noted
that endodomains of the most variable HIV-1 protein, gp120, are more conserved than the ectodomains. We expand on this by noting that buried
residues were subjected to more intense functional
constraints relative to isoelectric point. However,
for polarity, volume, and hydropathy, both exposed and buried variable sites were subjected to
similar levels of selective constraints. Positive selection sites exhibited much less constraint on physiochemical properties than variable sites. Moreover,
acceptability was always much lower at buried positive selection sites than at exposed positive selection
sites. Our results suggest that even positive selection must operate within the functional constraints
associated with internal residues. Interestingly, this
is not unique to viruses, as a study of ﬁmA from
Escherichia coli yielded similar conclusions (Peek et al.
2001).
It is important to note that the majority of positive
selection sites was located in gp120, and this subunit
undergoes many conformational changes that are not
stable enough to undergo structural assessment.
Hence, our knowledge of what are the ‘‘constant’’
core residues is limited. However, regardless of the
structural information, our ﬁndings support the notion that there are at least two classes of positive
selection sites: physiochemically radical and conser-
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vative. Moreover, the fact that these two classes of
sites are related to the inferred tertiary structure is
consistent with the notion that the available 3D
structure, although problematic, provides a reasonable model of the true 3D structure.
Diversifying Selection, Antigenic Variation,
and Epitope Evolution
Adaptive evolution at the DNA level could be either
directional or diversifying. Directional positive selection promotes a speciﬁc type of substitution that is
selectively advantageous, leading to an increase in a
certain phenotype, whereas diversifying selection
maximizes the variation of a population. Directional
positive selection is less easily detected using the x > 1
threshold. Hence it is more likely that the sites inferred in our analysis reﬂect the impact of diversifying
selection rather than directional positive selection.
This notion is supported by the observation that the
pattern of amino acid substitution is physiochemically most diverse at external positive selection sites
(Hughes et al. 1990).
As the immune response is a mixture of antibody
and CTL response, either antibody or CTL epitopes
might experience more intense selective pressure
compared to the rest of the protein. If evolution at
these epitopes strongly favors immune escape, they
are expected to be evolving by positive selection for
escape mutants. This notion was conﬁrmed in experimental longitudinal studies of CTL escape, where
the frequency of such escape mutations increased
over time (Evans et al. 1999; Allen et al. 2000). Although we found 44 positive selection sites at known
CTL epitopes, this number was slightly less than expected if we had sampled sites at random from the
genome. Experimental longitudinal studies also indicate an accumulation over time of escape mutations
for neutralizing antibodies (Zhang et al. 1999; Beaumont et al. 2001). Again, we found a large number of
positive selection sites at antibody epitopes (43), but
this number was less than expected under a random
sample of sites. It is important to note that the approach used in this paper detects only sites that have
been subject to recurrent positive selection over long
periods of time. Our results do not indicate that these
epitopes are not under selection for escape mutation:
rather, they indicate that selection for escape mutation at either CTL or antibody epitopes has not
persisted at any one site for long periods of time.
In contrast to CTL and antibody epitopes, we
found a signiﬁcant excess of sites under positive selection at T-helper epitopes (p = 0.0001). Although
involved in the maintenance of antibody and CTL
response, the exact role of T helpers in viral clearance
is much less well understood. It has been diﬃcult to
obtain clear evidence supporting directional T-helper

escape in an experimental longitudinal study (Harcourt et al. 1998). However, Harcourt et al. (1998)
have isolated viral mutants that were not recognized
by T helpers, implicating involvement of T helpers in
viral control. Moreover, mounting experimental evidence indicates that T-helper identiﬁcation plays a
critical role in controlling HIV-1 infection (Rosenberg et al. 2000; Altfeld et al. 2001). In addition to
this cross-sectional study, a statistical longitudinal
study of HIV-1 has identiﬁed an excess of positive
selection sites at T-helper epitopes in long-term progressors (Ross and Rodrigo 2002), further emphasizing the importance of T helpers in viral clearance.
Our ﬁndings indicate that selective pressure at
T-helper epitopes diﬀers in a fundamental way from
that at CTL and antibody epitopes in that it is stable
at some sites over long periods of time. This ﬁnding
supports the notion that T-helper epitopes should
play a more important role in vaccine design (Norris
et al. 2001; Altfeld et al. 2001).
From experimental studies, it is evident that escape
mutations at T-cell or antibody epitopes occur frequently as a consequence of selective pressure (Allen
et al. 2000; Beaumont et al. 2001). As many CTL,
antibody, and T-helper epitopes overlap, it is diﬃcult
to assess the major target of the immune system. This
matter is further complicated in this study by the long
divergence time of the three subtypes sampled, where
the virus experiences selective pressure from individuals with diﬀerent HLA loci. Hence, sites that were
once selected may drift once the selective pressure is
oﬀ. Clearly, longitudinal studies with well-deﬁned
epitopes and known HLA loci are ideal for identifying directional escape mutations (such as Harcourt
et al. 1998). However, statistical cross-sectional
studies have the power of identifying sites under longterm recurrent selective pressure, as sites that only
brieﬂy experience selection would not have been detected. Hence, regardless of the underlying selective
mechanism, sites with high posterior probabilities of
evolving under positive selection identiﬁed in this
study must be highly immunogenic.
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