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The unambiguous footprint of positive Darwinian selection in
protein-coding DNA sequences is revealed by an excess of non-
synonymous substitutions over synonymous substitutions com-
pared with the neutral expectation. Methods for analyzing the
patterns of nonsynonymous and synonymous substitutions usu-
ally rely on stochastic models in which the selection regime may
vary across the sequence but remains constant across lineages for
any amino acid position. Despite some work that has relaxed the
constraint that selection patterns remain constant over time, no
model provides a strong statistical framework to deal with
switches between selection processes at individual sites during the
course of evolution. This paper describes an approach that allows
the site-specific selection process to vary along lineages of a
phylogenetic tree. The parameters of the switching model of codon
substitution are estimated by using maximum likelihood. The
analysis of eight HIV-1 env homologous sequence data sets shows
that this model provides a significantly better fit to the data than
one that does not take into account switches between selection
patterns in the phylogeny at individual sites. We also provide
strong evidence that the strength and the frequency of occurrence
of selection might not be estimated accurately when the site-
specific variation of selection regimes is ignored.

positive selection | codon-based model of nucleotide substitutions |
phylogeny | maximum likelihood

An excess of nonsynonymous changes to synonymous changes
in protein-coding DNA sequences is an unambiguous sig-
nature of adaptive molecular evolution (1). Such a pattern is best
explained by a selective advantage in the past for substitutions
that cause amino acid changes. Indeed, there are numerous
examples where substitutions causing amino acid changes confer
a selective advantage. For example, in the MHC, overdominant
selection appears to be responsible for the excess of replacement
substitutions in the antigen-recognition site (1). Similarly, pos-
itive selection has been detected in viral proteins subject to
immune surveillance (2-4), in abalone sperm lysins (5), primate
lysozymes (6), and regions involved in species-specific sperm-
egg interaction (7).

A number of methods have been proposed to estimate the
number of nonsynonymous and synonymous substitutions per
site between two homologous sequences (e.g., refs. 8—10). These
approaches aim to estimate the ratio between the number of
nonsynonymous (and synonymous) substitutions per codon and
the number of nonsynonymous (and synonymous) mutations per
codon. Simulations have shown that some of these methods
provide reliable average estimates of the nonsynonymous/
synonymous rate ratio (10). However, these approaches assume
that amino acids in the sequence evolve under the same selection
pressure. This assumption is unrealistic because only a few amino
acid sites are found to be responsible for adaptive evolution in
almost all proteins that evolve under positive selection (1, 2, 11).
As a result, these methods have little power in detecting positive
selection when analyzing real data sets (e.g., refs. 12-14).

www.pnas.org/cgi/doi/10.1073/pnas.0402177101

Nielsen and Yang (2) described a codon-based model of
nucleotide substitutions that allows the selection process to vary
among sites. This model is very similar in its structure to the one
proposed earlier by Goldman and Yang (15). These authors
describe the substitutions at the codon level as a continuous-time
Markov chain, with a state space on the 61 sense codons. Under
such a model, a (codon) site evolves under purifying, neutral, or
positive selection. The nonsynonymous/synonymous substitu-
tion rate ratio varies across these different classes of selection.
For example, an amino acid position that is evolving under strong
purifying selection should have a small nonsynonymous/
synonymous substitution rate ratio, whereas a position under
positive selection should exhibit a nonsynonymous,/synonymous
rate ratio of >1. The parameters of the model explored by
Nielsen and Yang (2), and later by Yang et al. (16), include the
nonsynonymous,/synonymous rate ratio for each selection class
of substitution, frequency parameters that are interpreted as the
prior probability that a site falls into any specific selection
category, and parameters such as the equilibrium codon fre-
quencies and transition/transversion rate ratio that are intended
to describe the vagaries of the substitution process beyond the
most basic ones of selection pressures on nonsynonymous and
synonymous substitutions. All of these parameters can be esti-
mated from alignments of protein-coding DNA sequences by
using either a maximum-likelihood or a fully Bayesian approach.
The analysis of real data sets suggests that this approach is more
efficient than pairwise-based methods for detecting positive
selection at the protein level (e.g., ref. 14).

In the widely used codon models described by Nielsen and
Yang (2), and by Yang et al. (16), the selection process does not
vary along lineages of the phylogeny. This constraint is probably
unrealistic because several studies have demonstrated that
switches between selection processes, or variation of the selec-
tion intensity, are likely to occur (e.g., refs. 4, 6, and 17-19). Yang
and Nielsen (20) proposed a test for positive selection at some
branches of the phylogeny, while simultaneously allowing selec-
tion to vary among sites. However, under their model, branches
with a different pattern of positive selection must be specified a
priori. This model is especially useful when one wants to test for
an association between speciation (19) or gene-duplication (20,
21) events and positive selection. Similarly, Forsberg and Chris-
tiansen (22) described a codon-based model of substitution that
allows nonoverlapping subtrees of the phylogeny to evolve under
different selection patterns. Again, the parts of the tree that
undergo different selection regimes must be specified a priori.
The authors demonstrated that this model is well suited for
analyzing how selection acts on variants of a parasite’s genes in
different hosts.

Whereas earlier studies (4, 6, 17-23) demonstrate that
switches between selection patterns across lineages are likely to
occur, little is known about the rates at which these changes
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happen. Indeed, current methods make it difficult to evaluate
how frequently variable selection over time leaves an identifiable
footprint in alignments of homologous protein-coding se-
quences. Moreover, the variation of selection processes during
the course of evolution may show different patterns, depending
on the site to be considered. For example, independent conver-
gent/parallel evolution events might occur in distinct lineages at
different sites. In this case, models that define lineages where
molecular adaptation occurred a priori are not well suited.

In this paper, we generalize a codon-based model of DNA
substitution to allow selection to change over time. Unlike
previous approaches, our model does not constrain switches
among selection categories to any particular lineage a priori.
Instead, the switch between one selection regime and another at
a given codon position is a stochastic process, mediated presum-
ably by external forces. This approach is similar to the one
followed by Tuffley and Steel (24) for modeling the site-specific
variation of substitution rates. Our model has been implemented
in the maximum-likelihood framework. Because the traditional
model is a special case of our more general model, we could
perform likelihood-ratio tests of the null hypothesis that the
site-specific selection regime remains constant across lineages.

The analysis of eight HIV-1 env sequence data sets shows that
our model provides a statistically significant better description of
these data than does the traditional model. We also argue that
the role played by negative selection is underestimated when
site-specific selection process varies across lineages and is ig-
nored. Finally, a site-by-site analysis demonstrates that our
approach can be used to detect episodic adaptive events at
individual amino acid position.

Methods

The Model. Our codon-based substitution model combines two
processes. As with other models [e.g., Nielsen and Yang (2)], we
allow substitutions between codons to occur under one of three
selection regimes (purifying, neutral, and positive selection).
However, we also allow changes between selection classes (or
switches) to occur according to a continuous-time Markov chain.
In the following description, we will first describe the assump-
tions we make about the substitution process, and then detail the
switching process. Finally, we will describe the combined sub-
stitution/switching process.

Substitutions between codons are modeled as a continuous-
time Markov process. The instantaneous rate of change from
one sense codon to another is described by a 61 X 61 rate matrix.
Following examples in earlier work (15), we parameterize the
rate matrix as:

0: if codons i and j differ at more
than one nucleotide position
77X NONSynonymous transversion

o) =1 7

j: SyNONymous transversion
K, T;: NONSYNONYmous transition
K77, Synonymous transition

where Q.(jj) is the rate of change from codon i to codon j when
sequences evolve under selection pattern x, w, is the nonsyn-
onymous/synonymous rate ratio that characterizes selection
process x, and ; is the stationary frequency of codon j. For each
i and j, m, m, and Q.(§j) remain constant through time and m;
O:(ij) = 7 Q.(ji). The matrix Qx = {Q.(ij)} therefore defines a
stationary, homogeneous, and time-reversible Markov process
of substitution between codons.

We consider two parameterizations of the substitution model.
Both parameterizations have three classes of nonsynonymous/
synonymous rate ratios. The first was described by Nielsen and
Yang (2) and was later designated the “M2” model by Yang et

12958 | www.pnas.org/cgi/doi/10.1073/pnas.0402177101

al. (16). Under this model, nonsynonymous mutations are
strongly deleterious and eliminated under the first selection
pattern (x = 1), so that w; = 0. Rates of nonsynonymous and
synonymous substitutions are equal under the second selection
process (x = 2), so that w, = 1. Nonsynonymous mutations
provide a selective advantage under the third selection process
(x = 3), so that w3 > 1. The second parameterization we consider
was designated the “M3” model by Yang er al. (16). The
nonsynonymous/synonymous rate ratio is less constrained under
this model; the only constraint is that w; < w> < ws.
Substitutions between selection classes are governed by a
three-state continuous-time Markov process with rate matrix

= (p2+ p3a) P2 psa
R=35 P —(p.+ psB) 3B .
pia p2B —(pia+p2B)

The element R(xy) on the xth row and yth column of R
corresponds to the rate of switching between selection processes
x and y. The parameter § is the rate of interchange between
selection patterns and p, is the equilibrium frequency of selection
process x. The a and 3 parameters are two relative rate ratios
with important biological meanings; values of « >1 indicate that
switches between negative and positive selection occur more
frequently than switches between negative selection and a
neutral process of molecular evolution. The comparison of these
relative rates might be relevant. For example, Messier and
Stewart (6) have shown that adaptive episodes (i.e., positive
selection) during the evolution of primate lysozyme were fol-
lowed by episodes of negative selection. A value of & >1 and also
greater than B would confirm this observation. For each x and
¥, Px, Py, and R(xy) remain constant through time, and p, R(xy) =
py R(yx). Hence, the process describing switches between selec-
tion classes follows a stationary, homogeneous, and time-
reversible stochastic process.

The combined substitution and switching process may be
formulated in terms of a single continuous-time Markov chain

with stationary distribution (p; 1, . . ., p1 Te1, P2 M5 . - -, P2 Te1,
p3 Ty, .., P3 Te1), and rate matrix
Q 0 0
S={0 Q 0
0 0 Q;
- (pz"l'p;;ll)l sz pg,[XI
+8 pil = (pr+p3p)I p3BI ,
pial p2BI = (pra + p2p)l

where I denotes the 61 X 61 identity matrix. It is straightforward
to demonstrate that S is stationary, time-reversible, and homo-
geneous whenever Qj, Q2, Qs, and R are. The matrix S is scaled
so that time is measured by an expected number of codon
substitutions per amino acid position. The transition probabili-
ties from state / to state j on a branch of length v are contained
in a 183 X 183 matrix designated P,. The matrix P, is calculated
by using the following matrix exponentiation: P, = e%. The
probability of observing each site pattern (given a phylogenetic
tree and the values of the parameters) under the combined
substitution/switch process can be calculated by using Felsen-
stein’s pruning algorithm (25).

Note that the model described here has only three additional
parameters (5, a, and B) as compared with the traditional model.
Moreover, the models are nested: the traditional model arises as
the switching rate tends to zero (6 — 0). This nesting of the
models allows us to apply likelihood ratio tests of the following
null hypotheses: Hj, there is no switching among selection
categories; and H,, there is no bias in the switching pattern
among selection categories. The likelihood ratio test statistic,
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minus twice the difference in the log likelihoods under the null
hypothesis and the more general alternatlve hypothesis, asymp-
totlcally follows a 50:50 mixture of xZ and x? distributions for H;
and a x3 distribution for H, [see Self and Liang (26)].

It is also worthwhile to note that the switching model of codon
substitution is identical in its structure to the covarion model
described by Tuffley and Steel (24). Whereas a covarion process
takes into account site-specific variation of substitution rates in
a phylogenetic tree, our model describes site-specific variation of
selection forces along lineages.

Codon models with switches among categories are designated
with “+S1” when a = B = 1 or with “+S2” when « and B are free
to vary. For example, “M2+S1” designates the model of codon
substitution described by Nielsen and Yang (2), allowing switching
among categories under the constraint that « = B = 1, and
“M3+82” designates the M3 model first described by Yang et al.
(16), while allowing for a potentially biased pattern of switching
among selection categories. “M2+S” designates any switching
model derived from M2. “M3+S” is defined in a similar manner.

Detection of Positively Selected Sites. Under M2 or M3, the
posterior probability of a given selection class at some site can
be estimated by using either an empirical Bayesian approach (2)
or a fully Bayesian one (27). The category that maximizes the
posterior probability is the most likely selection process to have
acted at the corresponding site. For switching models, one
cannot rely on a site remaining in any particular selection
category through time. Instead, we calculate the expected frac-
tion of time that selection process spends in a particular class.
Therefore, these models can be used to detect sites in the
alignment where positive selection is likely to have occurred in
most of the lineages.

Let d.(v, x, y) be the amount of time that the process dwells on
selection regime z on a branch of length v, with x and y being the
selection patterns at both ends of this branch. We have

vpxz(s)pzy(v - S)

E[d.(v,x,y)] = f Po(¥)
xy

0

where p,(s) is the probability of change from selection process
x to z after s codon substitution events; p,,(v — s) and p,,(v) are
defined in a similar manner. These probabilities can be derived
from P,, or from the calculation of the matrix e®*. Conditional
on the selection class.x at one end of a branch of length v and class
y at the other end, the probability of finding the switch process
in state z is then Pr(z| x, y,v) = E[d,(v, x,y)]/v.

Of course, one cannot be certain that the selection regimes x
and y really occur at either end of the branch. Therefore, the
expected frequency of the selection regime z is a weighted
average over all possibilities of states x and y at either end of the
branch, conditional on the observed codon states at the tips of
the tree.

By using this approach, we are able to calculate two important
quantities: (i) the expected frequency of the positive selection
regime on a branch-by-branch basis, for each site of the align-
ment and (i7) the probability that a site is under positive selection
over the entire phylogenetic history of the group by taking the
expected time of occurrence of the positive selection pattern for
the entire tree and dividing that number by the expected number
of codon substitutions at this site (i.e., the sum of the branch
lengths).

Data. We analyzed partial env sequences from HIV-1 (C2-V5)
that had been obtained in a longitudinal study (28). These data
sets are derived from samples that were collected on average
every 8 months from eight infected patients. Sequences were
aligned collectively by using CLUSTALX (29) and were then

Guindon et al.

manually adjusted within subjects. Gaps were removed in a
balanced manner to preserve codon alignment (30). An earlier
study (4) of the eight homologous sequence alignments using
traditional codon models of substitution showed that the broad
genetic diversity of HIV-1 in infected individuals is a conse-
quence of site-specific positive selection, a likely consequence of
immune recognition.

Parameter Estimation. An initial phylogeny was estimated for each
of the eight data sets by using maximum likelihood under the
general time-reversible model of nucleotide substitution (a
model that allows four states) with the program pHYML (31).
Among-site rate variation was modeled by using a discrete
gamma distribution (32).

The tree topologies were considered fixed during the estima-
tion of the codon model parameters. The equilibrium frequen-
cies of codons () were estimated by using the observed
frequencies of the nucleotides at the three codon positions. The
other parameters of the model; branch lengths, transition/
transversion rate ratio (k), equilibrium frequencies of the selec-
tion classes (pys), switching parameters (8, «, and B), and
nonsynonymous/synonymous rate ratios (ws), were estimated by
means of maximum likelihood by using a program written by
S.G., which is available on request.

Results

Likelihood Analysis. Table 1 shows the maximum values of the log
likelihood (InL), nonsynonymous/synonymous rate ratios (wi,
w,, and w3) and equilibrium frequencies of the three selection
classes (p1, p2, and p3) obtained under the six models examined
in this study, for the eight HIV-1 env data sets. We first tested
the null hypothesis that switching between selection categories
did not occur during the history of these sequences.

Under the hypothesis that M2 describes perfectly the substi-
tution process, twice the difference of log likelihoods obtained
under M2 and M2+S1 asymptotically follows a 50:50 mixture of
X6 and x? distributions (see Methods). The same holds true for
the comparison M3 vs. M3+S1. For both the M2 and M3 models,
the null hypothesis that the site-specific selection pattern re-
mains constant across lineages is rejected for each of the eight
data sets. The smallest difference is obtained with the patient 2
data set by comparing the log likelihood obtained under M3 and
M3+S1. The probability of such a difference or more if se-
quences evolved under M3 is p = 1.48 X 10~* Therefore, the
site-specific variation of selection regime is likely to have played
an important role during the evolution of the sequences analyzed
in this study.

We now examine the second null hypothesis posed above, that
the pattern of switching from one category to another is not
strongly biased (i.e., we test the null hypothesis: « = 8 = 1).
Here, we compare the simple switching model S1 with the S2
model, which allows o and B to freely vary. Under the hypothesis
that sequences evolved under M2+S1, twice the difference of log
likelihood obtalned under M2+S1 and M2+S2 now asymptot-
ically follows a x3 distribution. This finding also holds for the
comparison M3+S1 vs. M3+8S2. The largest differences in log
likelihood values are observed in patient 8 by comparing M2+S1
vs. M2+S2 and M3+S1 vs. M3+S2, and in patient 7, by
comparing M2+S1 vs. M2+S2. These three differences are
statistically significant at the 5% level. However, these are the
only cases where switches between selection patterns are likely
to be biased. For all of the other combinations of data sets and
switching models analyzed here, we cannot reject the null
hypothesis that « = 8 = 1.

It is also interesting to note that the differences of log
likelihood obtained under M2 and M3 decrease when switches
between selection regimes are taken into account. Under the
hypothesis that sequences evolved under M2, twice the differ-
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Table 1. Likelihood analysis of eight HIV-1 env gene sequence data sets

M2 M2+51 M2+S2 M3 M3+51 M3+S2

P1

InL —3,050.46 —-3,021.78 —3,019.93 —3,036.87 —-3,021.15 -3,019.13
w1 w2 w3 0.00 1.00 8.31 0.00 1.00 9.40 0.00 1.00 10.01 0.151.227.50 0.04 0.91 8.62 0.040.719.43
p1p2Pp3 0.39 0.56 0.04 0.67 0.29 0.05 0.64 0.320.05 0.70 0.26 0.03 0.69 0.26 0.05 0.60 0.35 0.05
P2

InL —3,672.49 —3,652.61 —3,651.67 —3,658.85 —3,652.30 —3,651.23
W Wy w3 0.00 1.00 4.39 0.00 1.00 3.86 0.00 1.00 4.47 0.151.14 3.85 0.06 1.36 4.23 0.03 0.49 3.98
P1pP2pP3 0.30 0.62 0.07 0.57 0.330.10 0.550.38 0.08 0.58 0.37 0.06 0.65 0.28 0.07 0.46 0.42 0.13
P3

InL —3,205.90 -3,171.99 -3,169.07 —3,184.05 —3,165.13 —-3,162.90
w1 w2 w3 0.00 1.00 5.20 0.00 1.00 5.07 0.00 1.00 14.17 0.192.105.95 0.002.929.99 0.00 2.83 13.82
p1 P2 p3 0.36 0.49 0.15 0.710.150.14 0.750.20 0.05 0.73 0.22 0.05 0.780.18 0.03 0.790.190.02
P5

InL —3,889.82 —-3,819.30 —-3,817.56 —3,838.40 -3,816.79 —3,815.98
w1 w2 w3 0.001.00 11.88  0.00 1.00 10.01 0.00 1.00 10.44 0.141.047.34 0.051.71 11.51 0.05 1.39 10.80
p1 P2 P3 0.350.62 0.04 0.73 0.230.03 0.710.26 0.03 0.77 0.20 0.04 0.840.14 0.02 0.790.18 0.03
P6

InL —3,000.11 —2,951.67 —2,950.86 —2,977.53 —2,951.03 —2,950.77
w1 0 w3 0.00 1.004.33 0.00 1.00 5.95 0.00 1.00 6.43 0.08 0.84 2.93 0.00 1.23 6.22 0.00 1.05 6.24
P1P2P3 0.510.43 0.06 0.800.150.05 0.810.14 0.05 0.710.21 0.08 0.820.13 0.05 0.810.140.05
P7

InL -4,121.97 —4,060.46 —4,057.37 —4,084.47 —4,050.26 —4,049.37
w7 w2 03 0.00 1.00 8.40 0.00 1.00 11.61 0.00 1.00 11.81 0.322.7011.84 0.193.2914.56  0.17 3.07 15.09
p1 P2 P3 0.250.63 0.12 0.610.32 0.07 0.58 0.350.07 0.790.17 0.04 0.830.130.04 0.810.14 0.05
P8

InL -4,174.14 —4,098.80 —4,092.67 —-4,136.79 —4,095.89 —4,090.22
w1 w2 w3 0.001.00 5.34 0.00 1.00 9.20 0.00 1.00 15.05 0.10 1.03 4.17 0.031.419.93 0.05 1.06 14.85
p1 P2 P3 0.38 0.53 0.09 0.68 0.27 0.05 0.68 0.29 0.03 0.64 0.28 0.07 0.74 0.22 0.04 0.710.26 0.03
P9

InL —-2,825.52 —2,792.29 —2,792.29 —2,805.91 —2,785.20 —2,784.66
W W w3 0.00 1.00 7.23 0.00 1.00 8.17 0.00 1.008.16 0.221.787.56 0.122.079.33 0.122.039.22
p1p2P3 0.24 0.63 0.12 0.56 0.350.10 0.56 0.350.10 0.610.310.08 0.720.20 0.08 0.720.19 0.09

M2, M2+S1, M2+52, M3, M3+51, and M3+S2 denote the codon-based models of substitution compared in this analysis (see text).
InL stands for log likelihood. w1, wz, and w3 correspond to the nonsynonymous/synonymous rate ratio that characterize a negative, a
(strictly or nearly) neutral, and a positive selection regime, respectively. ps, p,, and p3 are the corresponding equilibrium frequencies of

these three selection patterns.

ence of log likelihood obtained under M2 and M3 asymptotically
follows a x5 distribution. This finding also holds true for the
comparison M2+S1 vs. M3+S1 and M2+82 vs. M3+S2. The
null hypothesis is rejected at the 1% level for each or the eight
data sets when comparing M2 with M3. This is no longer the case
when comparing M2+S1 with M3+S1: the null hypothesis is
rejected at the 5% level for only three data sets (P3, P7, and P9).
The comparison M2+S2 vs. M3+S2 leads to the same conclu-
sions. Hence, the description of the substitution process given by
M2 is often not significantly worse than the one given by M3 if
switches between selection patterns at individual sites are mod-
eled. From a statistical point of view, it is satisfactory to note
that, in most cases, taking into account switches between selec-
tion regimes allows one to put a limit on the number of free rate
parameters that are needed to describe the distribution of
nonsynonymous/synonymous rate ratios. The comparison of log
likelihoods obtained under M2+S1 and M3 is perhaps even
more convincing: M2+S1 (five rate free parameters) provides a
better description of the data than M3 (six free rate parameters)
for the eight data sets analyzed in this study.

Parameter Estimates. Estimates of w3 obtained under M3+S are
greater than those obtained under M3 for every data set
analyzed. A similar tendency is observed with M2+ S vs. M2. This
result is expected because M2 and M3 define ws as a site-specific
rate ratio. Therefore, the value of this parameter corresponds to
an average of different nonsynonymous/synonymous rate ratios

12960 | www.pnas.org/cgi/doi/10.1073/pnas.0402177101

over lineages. This averaging effect is less important with M2+S
and M3+S because these models accommodate site-specific
variation in the nonsynonymous/synonymous rate ratio. This
result shows that the strength of positive selection that acts on the
eight HIV-1 env sequences is likely to be underestimated when
the site-specific variation of selection processes across lineages is
not taken into account.

Note also that the negative selection and neutral process
equilibrium frequency estimates (p; and p;) vary greatly from M2
to M2+S, with p; being always smaller under M2 than under
M2+S. Sites at which only a few nonsynonymous substitutions
occurred as compared with synonymous substitutions provide an
explanation. Under M2, the probability for such sites to have
been generated under a negative selection process is low because
of the presence of nonsynonymous substitutions. Under M2+S,
these sites have a higher probability of having been generated
under a negative selection regime if the nonsynonymous substi-
tutions are clumped. Such sites are also well described by models
that allow intermediate values of the nonsynonymous/
synonymous rate ratio (such as M3). This observation explains
why the equilibrium frequencies of the different selection re-
gimes obtained under M3 and M3+S are similar (Table 1). Note,
however, that estimates of the frequency of negative selection
given by M3 are still almost systematically smaller than those
given by M3+S. Therefore, even if the tendency to underesti-
mate this parameter is much stronger under M2, estimates
obtained under M3 are likely to be biased, too, because the
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site-specific variation of selection patterns is not taken into
account.

Site-By-Site Analysis. Codon-based models of substitution provide a
suitable framework for the probabilistic detection of positively
selected amino acid positions (2, 27). The calculation of the
posterior probability of the positive selection regime at each site is
straightforward if the substitution model does not allow switches
between selection patterns at individual sites. If the model allows
such switches, the expected frequency of the positive selection
process given the data are based on the calculation of the expected
time the substitution process dwells in positive selection (see
Methods).

When considering the eight HIV-1 env data sets together, 18
sites evolved under positive selection according to M3 but not
M3+S1. Among these sites, four are of particular interest
because they are associated with posterior probability >0.95
under M3, while positive selection is not the most likely regime
to have occurred at these sites according to M3+S1.

For each of these four sites, ancestral codon states were
inferred by using a joint maximum-likelihood approach (33).
This method relies on a stochastic model of sequence evolution
and the ancestral states were inferred under M3+S1 (M3 gave
very similar results). The branches where substitutions have
probably occurred in the corresponding phylogenies were then
identified from the comparison of ancestral codon states be-
tween two adjacent nodes. The great majority of substitutions
inferred from the four sites at which M3 and M3+S1 strongly
disagree are likely to be nonsynonymous substitutions. These
substitutions are generally clumped on a few branches of the
phylogeny instead of being scattered on the whole tree.

Fig. 1 illustrates such an uneven distribution. The positions of
the substitutions were inferred from two conflicting sites found
in the data set of patient 6. Under the assumption that only one
substitution occurred on branches with distinct ancestral codon
states at their two ends, substitutions inferred at these two sites
are all nonsynonymous substitutions. Their estimated positions
are clearly not homogeneously distributed on the phylogeny.
Indeed, these substitutions did not occur at the beginning and at
the end of the infection for this patient. The conflict between M3
and M3+S1 is best explained by this rather obvious variation of
substitution processes across lineages.

It is also striking that substitutions are located here on the
same closely related lineages of the tree, regardless of the site to
be considered. A detailed investigation of the role played by
these substitutions is outside the scope of this paper. However,
it is worth noting that the two sites that show this peculiar pattern
of substitutions are located in HIV T-helper epitope regions
(34). These observations suggest that the substitutions inferred
at the sites where M3 and M3+S1 strongly disagree may be of
biological interest.

Conclusions

We introduce a codon-based model of nucleotide substitution
that accommodates variation of natural selection processes
across a tree for protein-coding DNA sequences. More precisely,
site-specific switches between different values of the nonsynony-
mous/synonymous rate ratio are explicitly taken into account.
This model extends the widely used traditional model of substi-
tution between codons (2, 16). Because the traditional model is
a special case of our model, their fit to the data can be compared
in a rigorous statistical framework by using likelihood ratio tests.

Whereas the simplest switching model has only one additional
parameter as compared with the standard model, the increase in
the likelihood is noticeable and statistically significant for each
of the eight HIV-1 env gene sequence data sets to be considered.
Hence, switches between selection patterns at individual sites are
an important evolutionary feature here. This feature is recov-
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Fig. 1. Phylogenetic positions of substitutions inferred at two amino acid
sites of patient 6 data set. M3 strongly supports the hypothesis that sequences
evolved under positive selection at these sites, whereas the statistical support
given by M3+51 to the same hypothesis is less important. % and ® correspond
to the substitutions inferred at sites 41 and 180, respectively. All of these
substitutions are likely to be nonsynonymous. The leaves of the tree are
labeled with the rank of the corresponding sample time (1 is the earliest
sample and 10 is the latest). The position of the root was determined by using
outgroup sequences collected during the earliest stages of the infection.

ered under two different hypotheses concerning the processes of
substitution between codons (i.e., M2 and M3). This result
demonstrates, at least for these data sets, the robustness of our
model.

Yang and Nielsen (20) pointed out that “. .. averaging (the
nonsynonymous/synonymous rate ratio) over sites is a more
serious problem than averaging over lineages” and showed
convincing results that confirm this assertion. However, our
results indicate that ignoring the site-specific variation of selec-
tion processes may result in an underestimation of the strength
of positive selection. Note that this trend should not change
drastically the results of analyses that aim to identify sites that
evolve under positive selection. However, more accurate esti-
mates to measure the intensity of positive selection are obviously
of great interest for deciphering the processes of molecular
evolution.

M2 and M2+S models largely agree on the frequency with
which positive selection acts on the HIV-1 env sequences.
However, they clearly diverge when considering the negative
selection (w; = 0) and neutral process (w; = 1) equilibrium
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frequencies. Indeed, because the M2 model does not account for
the distribution of nonsynonymous and synonymous substitu-
tions on the phylogeny, it tends to overestimate the expected
frequency of the neutral process category. This discrepancy
between estimates leads to a different interpretation of the role
played by purifying selection in HI'V-1 env sequences. According
to M2, these sequences mainly evolve under a neutral process,
whereas the most common evolutionary force is negative selec-
tion according to M2+S. Therefore, taking into account the
site-specific variation of selection processes across lineages leads
to a dramatically different assessment of the roles played by
distinct selection regimes.

However, it must be stressed that w; = 0 and w; = 1
correspond to very stringent definitions of negative selection and
neutrality, respectively. M3 is a more flexible model because its
three selection classes correspond to strong purifying selection
(0 < w; << 1), weak purifying or diversifying selection (w2 = 1),
or strong positive selection (w3 > 1). The first class of this model
is well suited for describing sites at which a few nonsynonymous
substitutions occurred. As a result, differences between equilib-
rium frequencies estimated under M3 and M3+S are smaller
than those observed when comparing M2 and M2+S (Table 1).
Nonetheless, it is worth to keep in mind that any model that does
not allow site-specific switches between selection regimes will
underestimate the role played by negative selection in the
presence of sites at which nonsynonymous substitutions are
clustered due to episodic adaptive events.

We would also like to warn readers against another potential
pitfall related to the use of M2. This model poorly describes the
amino acid positions where the number of synonymous substi-
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tutions is much larger than the number of nonsynonymous
changes. Because these sites are better described by M2+S, the
difference of log likelihood obtained under the two models will
frequently lead to reject the hypothesis of a constant site-specific
selection pattern. However, these sites could actually have been
generated under a constant site-specific selection regime with a
value of the nonsynonymous/synonymous rate ratio intermedi-
ate between 0 and 1. In this case, the log likelihoods obtained
under M3 and M3+S will be similar. Hence, it is much safer to
test the hypothesis of the constancy of the site-specific selection
process by comparing M3 vs. M3+S instead of M2 vs. M2+S.

Probabilistic-based approaches have been developed during
the last decades to identify codon positions that are likely to have
evolved under diversifying selection. In this context, detecting
site-specific variations of the intensity of positive selection or
changes in selection regimes is worthwhile. A site-by-site analysis
of the eight HIV-1 data sets actually reveals positions at which
switches between selection processes have probably occurred.
Hence, the model described in this paper is also suited to
investigate switches between selection regimes at the single-site
level.

Software Availability. A program that implements the models
described in this paper is available on request from S.G.
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