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Understanding how pathogens acquire resistance to drugs is important for the design of treatment strategies, particularly for
rapidly evolving viruses such as HIV-1. Drug treatment can exert strong selective pressures and sites within targeted genes
that confer resistance frequently evolve far more rapidly than the neutral rate. Rapid evolution at sites that confer resistance
to drugs can be used to help elucidate the mechanisms of evolution of drug resistance and to discover or corroborate novel
resistance mutations. We have implemented standard maximum likelihood methods that are used to detect diversifying
selection and adapted them for use with serially sampled reverse transcriptase (RT) coding sequences isolated from a group
of 300 HIV-1 subtype C—infected women before and after single-dose nevirapine (sdNVP) to prevent mother-to-child
transmission. We have also extended the standard models of codon evolution for application to the detection of directional
selection. Through simulation, we show that the directional selection model can provide a substantial improvement in
sensitivity over models of diversifying selection. Five of the sites within the RT gene that are known to harbor mutations
that confer resistance to nevirapine (NVP) strongly supported the directional selection model. There was no evidence that
other mutations that are known to confer NVP resistance were selected in this cohort. The directional selection model,
applied to serially sampled sequences, also had more power than the diversifying selection model to detect selection result-
ing from factors other than drug resistance. Because inference of selection from serial samples is unlikely to be adversely
affected by recombination, the methods we describe may have general applicability to the analysis of positive selection

affecting recombining coding sequences when serially sampled data are available.

Introduction

Probabilistic models of evolution are frequently ap-
plied to detect positive selection in coding sequences (Yang
et al. 2000). In one common approach to this problem, the
likelihood of a codon alignment, given an estimated phy-
logeny, is calculated under a model of evolution that con-
strains all sites to evolve neutrally or under purifying
selection and then compared with the likelihood under
a model in which a subset of sites are permitted to evolve
with nonsynonymous substitution rate greater than the syn-
onymous rate (Nielsen and Yang 1998). Under the assump-
tion that synonymous sites evolve neutrally, positive
selection is inferred when the more general model is
favored over the neutral model. Strategies such as this,
as well as other methods to compare nonsynonymous with
synonymous substitution rates, have been used to investi-
gate the evolution of resistance to drug treatment in patho-
gens including HIV-1 (Sa-Filho et al. 2003; de S Leal et al.
2004; Lemey et al. 2005; Doron-Faigenboim and Pupko
2007) and have also been used to study escape from immune
responses (Zanotto et al. 1999; Beaumont et al. 2001).

Resistance to antiretroviral drugs frequently involves
mutations in the HIV-1 protease and reverse transcriptase
(RT) enzymes (Rhee et al. 2003). Consistent mutation to
a specific amino acid can provide strong evidence of selec-
tion even in the absence of a generalized increase in the
nonsynonymous substitution rate, but this signal is not
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detected by the standard methods of inferring positive se-
lection. In order to make use of the evidence for selection
contained in the consistent replacement of one amino acid
for another Chen et al. (2004) compared counts of muta-
tions to a specific amino acid, Y, at a site (which they refer
to as Ny) with the number of synonymous mutations at that
site (Ns) and then normalized this ratio by dividing by the
ratio expected if mutations to Y occur at the neutral rate
(given the transition/transversion rate ratio). By comparing
the rate at which mutations to a specific amino acid occur
with the neutral rate this approach has the potential to detect
positive selection for drug resistance even when the overall
rate of nonsynonymous substitution is substantially below
the neutral rate.

We have developed an extension to the standard codon
models of evolution in order to adopt a model-based ap-
proach for the detection of directional selection to a specific
amino acid or set of amino acids, for example an amino acid
associated with drug resistance. The models we propose are
nonreversible and are designed with sets of paired sequen-
ces in mind, in which, for example, one sequence of the pair
is isolated before antiretroviral exposure and the second is
a postexposure sample from the same individual. We ap-
plied these models to pairs of RT coding sequences from
300 South African women infected with HIV-1 subtype
C to investigate the relationship between diversifying
and directional selection and the evolution of drug resis-
tance and as a proof-of-concept for the use of tests of
directional selection to identify novel drug resistance muta-
tions. We also discuss ways in which models of directional
selection such as we propose here can be further developed
for application to a wider range of questions and types
of data.
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Data and Methods

Paired sequences from 300 HIV-1 subtype C—infected
women at baseline and after single-dose nevirapine (sdNVP)
were obtained from 2 research studies. The first conducted at
the Chris Hani Baragwanath Hospital in Soweto, and the
King Edward Hospital in Durban, South Africa was aimed
at assessing the selection of resistant variants following the
use of intrapartum and postpartum nevirapine (NVP) ther-
apy for the reduction of mother-to-child transmission of
HIV-1. A second study conducted at the same site in Soweto
examined the effectiveness of NVP in preventing mother-to-
child transmission of HIV in a second pregnancy. The
median time between first and second samples across both
studies was 12 weeks (interquartile range: 7 weeks). The re-
gion sequenced spanned a 1.7-kb fragment of the polymer-
ase gene including both protease and two-thirds of RT from
plasma viral RNA. Sequences were manually edited using
Sequencher version 4.5 (Gene Codes, Ann Arbor, MI).
The data were generated through direct polymerase chain
reaction (PCR) sequencing and included ambiguity symbols
representing polymorphic nucleotide positions. Cases where
a polymorphic site could be interpreted unambiguously to
imply a mutation that has risen to a sufficiently high fre-
quency to be detected as a polymorphism were included
in the analysis. For example, if the codon TTG was observed
atagiven position in a given patient at the first time point and
TTR (R represents a purine, i.e., A or G) was observed at the
second time point, we infer that a mutation from TTG to TTA
has risen to sufficiently high frequency to be observed as
a polymorphism. The rationale for treating ambiguities in
this way is presented in the Discussion. RT sequences from
this study have been submitted to GenBank under accession
numbers EF381747-EF382346.

Models

We used models of codon evolution similar to Muse
and Gaut (1994) and Goldman and Yang (1994) to test for
diversifying selection. Individual codon sites were tested
separately (see Implementation) and sites with , the ratio
of nonsynonymous to synonymous substitution rates, sig-
nificantly greater than one were inferred to be evolving un-
der diversifying selection. We have also extended the
standard models of codon evolution to allow for directional
selection to a specific amino acid following drug exposure.
The instantaneous rate matrix describing this model is

0 for codons differing at more than one
position

; for a synonymous transversion

KT for a synonymous transition

OT; for anonsynonymous transversion
to an amino acid other than Y
okm;, for anonsynonymous transition to an

amino acid other than Y

orm;  for anonsynonymous transversion to
amino acid Y
orkr; for anonsynonymous transition to

amino acid Y

where T; is a parameter describing the frequency of codon j,
K is the transition/transversion rate ratio and o is the ratio of
nonsynonymous to synonymous substitution rates. This
model is identical to the standard model of codon evolution
except for the addition of a parameter wr, describing the
selection coefficient affecting nonsynonymous mutations
from codon i to codon j, where codon j encodes the “target”
amino acid Y. The addition of a specific selective coeffi-
cient acting on mutations to a given amino acid can be used
to test whether the rate of substitutions to codons encoding
that amino acid is greater than the neutral rate, as approx-
imated by the rate of synonymous substitution. Note that
the instantaneous rate matrix given above is not time revers-
ible. Correspondingly, the data is inherently time direc-
tional in that it includes information about which
sequences were obtained before and which were obtained
after exposure to the drug.

Implementation

Let Dij" be the ith codon for patient j at the first sam-
pling point and Dij® the corresponding codon at the second
sampling point. We estimated the parameters ® and « (tran-
sition—transversion rate ratio) using the data at all sites by

optimizing the following expression over ¥ and ®:

L(D) = HP(DEJ.I) —>ij.2)|0), Or = 0, K).
i

Codon equilibrium frequencies were estimated empir-
ically, again using all of the data and the F3 X 4 model
(Goldman and Yang 1994). Optimization was carried out
using the Nelder and Mead method as implemented in the
optim function in R (R Development Core Team 2005).
Let t; be the estimated length of the branch separat-
ing the sequences from patient j and k', the optimal value
of k.

To test for diversifying selection at site i/, we compared
the maximum value of

LD) = [[PD) =D |0, 0r = o,1=1,x =),
J

with ® < 1, to the maximum value obtained when ® was
unconstrained and used the likelihood ratio test to deter-
mine whether there was significant support for the more
general (unconstrained) model. We used the method of
Benjamini and Hochberg (1995) to calculate false discov-
ery rates given the P values obtained from independent
hypothesis tests carried out at each site in the sequence
alignment.

To test for directional selection to amino acid Y at a
site i, we optimized

/'aK = K/)v

L) = [[P(D) =D} o, ot =1

J
where o7 is the rate of nonsynonymous substitution to co-
dons encoding amino acid Y, and o is the rate of nonsynon-
ymous substitution to codons that encode amino acids other
than Y. In this case, we compared the maximum likelihood
obtained when ®r was constrained to be less than or

equal to 1 with the likelihood obtained when ®r was



unconstrained using the likelihood ratio test. P values for
the null hypothesis (no directional selection to amino acid
Y) obtained from the likelihood ratio test were multiplied
by 20 for comparison with P values obtained from the di-
versifying selection model, to account for the fact that, a pri-
ori, the amino acid associated with drug resistance (i.e., the
target of directional selection) is unknown and 20 separate
model comparisons are performed, one for each target
amino acid Y. This applies the conservative Bonferroni cor-
rection to correct for the multiple model comparisons that
are carried out in the directional selection case. We also ap-
plied the method of Benjamini and Hochberg (1995) to cal-
culate false discovery rates, considering all of the P values
obtained from each of the 20 hypothesis tests at each site
along the codon alignment.

An R workspace that includes the sequence data as
well as an implementation of the diversifying and direc-
tional selection models for serially sampled data is available
from the authors on request.

Results

We used the codon models for directional selection
described in Data and Methods to model the evolution
of HIV-1 coding sequences from the RT gene following
exposure to sdNVP. The data consisted of pairs of sequen-
ces, with the first sequence of each pair obtained shortly
before women received sdNVP and a second sequence
obtained after sANVP. We first tested for diversifying selec-
tion as described in Data and Methods. The 8 sites for which
the rate of nonsynonymous substitution was significantly
(P < 0.05) greater than the synonymous rate along the
branches separating the first and second sampling points
are shown in table 1. Mutations that confer high levels
of resistance to NVP have previously been reported at
4 of these 8 sites. There are 7 sites in total in the RT gene
listed as associated with high-level resistance to NVP in the
Stanford Drug Resistance Database (Rhee et al. 2003). Fol-
lowing correction for multiple testing at codon sites (see
Data and Methods) 4 of these sites remained significant
(with a false discovery rate (fdr) < 0.05).

To test for directional selection favoring amino acid
Y at position i of the RT gene after exposure to NVP,
we compared the likelihood of the data for the case in which
o in our model of codon evolution is constrained to be less
than or equal to 1 with the likelihood of a model in which
o7 is unconstrained (see Data and Methods). Sites inferred
to be evolving under directional selection after exposure to
NVP are shown in table 2. For ease of comparison with ta-
ble 1 only sites that remain significant (P < 0.05) after
Bonferroni correction was applied to correct for the fact that
20 model comparisons were carried out at each site (one for
each putative target amino acid) are shown. All but one of
these sites remained significant when we applied an fdr ap-
proach to correct for multiple testing, considering simulta-
neously multiple hypotheses tested at each site and across
all sites in the alignment. Sites at which there is evidence of
selection to regain the consensus amino acid are not shown
in table 2 (see Discussion). The top 3 most strongly selected
sites from the table (103, 181, and 188) are known to be
involved in resistance to NVP. Furthermore the amino acids
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Table 1
Sites in the Amino Acid Alignment Showing Evidence of
Diversifying Selection in Serially Sampled Data

Known Drug

Position  AlnL? P FDR" [0} Resistance

103 110.3 <107'6 <107'® 7.5 Highly resistant

181 37.5 <107'® <107'® 42  Highly resistant

123° 249 8x107% 2x107'° 35 None

188 189 4x107' 6x10® 3.0 Highly resistant

211¢ 43 2x107° 0.2 1.8  None

286 2.6 0.01 1 1.8 None

106 2.3 0.01 1 1.6  Highly resistant
4 1.9 0.02 1 1.8  None

# Logarithm of the likelihood under the diversifying selection model minus the
logarithm of the likelihood under the null model.

® False discovery rate.

¢ Sites that are evolving under diversifying selection in treatment naive
sequences.

targeted by selection at these sites after NVP exposure all
correspond to the amino acids that were previously known
to be associated with resistance to NVP. Two further known
resistance mutations (190 and 106) appear further down the
table and again an amino acid associated with resistance is
correctly identified by the directional selection model in
both cases. For all of the sites known to be associated with
NVP resistance, just one resistance mutation is selected in
our clade C data set even when there are several mutations
that are known to be associated with similar levels of drug
resistance. For example at position 103, one of the most
important sites for the evolution of resistance to NVP,
the only mutation that we detect under selection is the mu-
tation to asparagine, even though in the Stanford Drug Re-
sistance Database mutations to serine and threonine are also
listed as causing high levels of resistance to NVP. Although
these alternative mutations are known to confer resistance,
they occur extremely rarely in our cohort (once in the case
of threonine and not at all in the case of serine).

For the sites in RT that are known to confer resistance
to NVP but do not appear in table 1 or 2, it is possible to use
the directional selection model to test whether there is any
evidence of accelerated evolution toward the amino acid or
set of amino acids associated with resistance. In this case,
the targeted amino acid (or set of amino acids) can be spec-
ified a priori, resulting in an increase in power. The only
mutations that are associated with high-level resistance
but do not appear in table 2 are 101P and 230L. Neither
of these mutations appears in any of the 300 postexposure
sequences, suggesting that these resistance mutations are
extremely rare in NVP-treated South African individuals
infected with HIV-1 subtype C, if they occur at all. At
codon 101, glutamic acid is associated with low-level resis-
tance to NVP and this amino acid appears in 6 of the 300
postexposure sequences. The directional selection model
allows us to assess the evidence for selection to glutamic
acid at this site and in the case of this mutation the null
model cannot be rejected in favor of the directional selec-
tion model. We conclude that 6 mutations from lyseine
to glutamic acid (each involving a single transition) from
the 300 paired sequences are not inconsistent with neutral
evolution.
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Table 2

Sites in the Amino Acid Alignment Showing Evidence of Directional Selection

Position s? F1° F2¢ AlnL¢ P

FDR® [0}

o1 Known Drug Resistance
103 N 0.00 0.48 341.7 <1076 <107'6 0.20 44.4 Highly resistant
181 C 0.01 0.19 132.1 <1076 <107'¢ 0.17 26.8 Highly resistant
188 C 0.01 0.14 86.96 <107'6 <107'6 0.16 19.6 Highly resistant
123 S 0.19 0.22 25.42 5% 1071 7 x 10710 1.00 11.9 None
190 A 0.00 0.06 23.29 4x 10712 5% 107° 0.03 733 Highly resistant
162 C 0.12 0.13 19.64 2% 10710 2% 1077 0.85 21.1 None
36 E 0.23 0.25 11.76 6 x 1077 4% 1074 0.40 4.58 None
174 K 0.46 0.44 11.75 6 X 1077 4 x 107 0.89 471 None
211f R 0.37 0.36 10.41 3% 107°° 2% 1073 1.00 4.96 None
106 M 0.00 0.06 8.35 2% 107° 0.01 0.81 3.04 Highly resistant
286 T 0.21 0.23 7.13 8 X 107> 0.04 0.97 4.07 None
277" K 0.42 0.46 7.07 8 X 1073 0.04 0.46 2.85 None
177 D 0.25 0.27 6.19 2% 107* 0.10 0.15 3.92 None

* The selected amino acid.
® Frequency of the selected amino acid in pretreatment sequences.
¢ Frequency of the selected amino acid in the posttreatment sequences.

d Logarithm of the likelihood under the directional selection model minus the logarithm of the likelihood under the null model.

¢ False discovery rate.

T Sites that are evolving under diversifying selection in treatment naive sequences.

Simulations

We simulated serially sampled data at a single neu-
trally evolving codon site to test the false positive rate of
inference of selection using our methods. The simulation
was modeled on amino acid position 103 of the RT gene,
a site associated with high levels of resistance to NVP. Each
simulated data set consisted of 300 codons encoding lysine
(corresponding to the 300 sequences from the first sampling
time), which we evolved neutrally for a genetic distance
equal to the mean distance between the pre- and postexpo-
sure sequences in our data set using evolver (Yang 1997).
We then applied the models of diversifying and directional
selection to the resulting simulated data sets. As expected,
comparison of the likelihood ratio test statistic obtained to
the Chi-bar-square distribution with one degree of freedom
(df) (i.e., the equal mixture of a Chi-square distribution with
one df and a point mass at zero, appropriate for a one-sided
likelihood ratio test) provides a sound basis on which to
reject the null hypothesis (neutral evolution or purifying se-
lection) in the case of both the diversifying selection and
directional selection models (fig. 1). In 1,000 simulated data
sets the null hypothesis was rejected in 4.3% of cases for the
diversifying selection model and in 2.6% of cases for the
directional selection model.

To test the power of the methods to identify selection
for drug resistance we again modeled our simulations on
site 103. We wished to establish the minimum number
of resistance amino acids required for rejection of the null
hypothesis in the case of the diversifying and directional
selection models. For each value of this number from
0 to 30, we randomly selected a subset of the patients to
encode the resistance amino acid (asparagine). Asparagine
codons in excess of this number at the second time point
were mutated to the closest lysine codon. We then plotted
the logarithm of the P value of the null hypothesis as a func-
tion of the number of drug resistance codons introduced
(fig. 2). For the case of position 103 in the alignment there
is only one nucleotide difference (a transversion) between
the consensus codon and the drug resistance codon. The

number of occurrences of the codon associated with drug
resistance required to reject the null hypothesis is far lower
for the directional selection model than for the diversifying
selection model. For the directional selection model, we re-
quired just 7 resistance codons, whereas for the diversifying
selection model we required 17 resistance codons to reject
the null hypothesis. For mutations involving a transition the
number of resistance mutations required to reject the null
hypothesis is significantly greater.

Discussion

The strong selective pressure that drives the evolution
of drug resistance in HIV should be discernable at the se-
quence level, but the classic approach of calculating ®, the
nonsynonymous to synonymous substitution rate ratio, has
not always given the expected result. Crandall et al. (1999)
measured mean ® values less than one (characteristic of pu-
rifying selection) in drug-treated HI'V sequences despite the
presence of parallel evolution of identical resistance muta-
tions in sequences from several individuals, strongly indic-
ative of natural selection. Detection of selection in HIV
associated with drug treatment can be made more sensitive
by the application of methods that detect a subset of sites
with o greater than one even when the mean value of ® is
less than one, because only a minority of sites are likely to
experience selective pressure to evolve drug resistance.
Further increase in sensitivity can be gained by application
of phylogenetic methods that allow different values of ®
along different branches of the tree because drug resistance
affects only a clearly defined portion of the evolutionary
history of a set of HIV sequences. The branch-site models
of Yang and Nielsen (2002) have been applied for this pur-
pose (Lemey et al. 2005) and should give similar results to
the method used here to identify diversifying selection. Our
method considers only the branches that connect pre-NVP
exposure to postexposure sequences and is thus a far sim-
pler way to detect sites with ® > 1 from serially sampled
coding sequences. It also considers each site independently
and thus avoids making assumptions about the distribution
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of ® over sites. By introducing the additional option of
comparing rates of specific mutations to the expected rate
under neutrality the directional selection model offers a sub-
stantial further increase in sensitivity.

The diversifying selection model identified 4 of the
7 sites in the RT gene that are known to confer high levels
of resistance to NVP. However, only 3 of the 4 sites
detected remained significant after correction for multiple
testing using an fdr cutoff of 0.05. For each of these 3
known sites, the statistical support for the alternative model
was far higher with the directional selection model, both
before and after correction for multiple testing. Because
HIV has an exceptionally high mutation rate, many virions
in the population have suboptimal fitness and may even be
entirely nonviable. If an amino acid associated with rela-
tively low fitness becomes fixed in the population, it has
a high probability of being replaced by fitter viruses and
this can result in directional selection to the consensus
amino acid. For this reason none of the sites that involve
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directional selection in favor of the most common preexpo-
sure amino acid can be considered as good candidate sites
for the evolution of NVP resistance. After removing cases
in which the support for the directional selection model
could result from purifying selection to regain the consen-
sus amino acid, we retained 12 sites that are candidates for
NVP resistance. Five of these sites are among the 7 sites
associated with high-level resistance to NVP. All 5 are
retained after application of an fdr cutoff of 0.05. The pres-
ence of 5 of the known sites of high-level NVP resistance
among the 12 sites undergoing directional selection repre-
sents significant enrichment for sites associated with drug
resistance (Fisher’s Exact Test: P = 8 X 107).
Although our method provides good evidence for se-
lection along the branches of the phylogeny connecting the
pre- and post-NVP exposure sequences, the observed selec-
tion can have causes other than the evolution of drug resis-
tance. To test whether there may be other causes for the
selection pressure observed at the sites not previously
reported to be involved in NVP resistance, we established
a data set consisting of only preexposure sequences. We
also removed from the data set all sequences from mothers
who had received NVP to prevent mother-to-child trans-
mission of HIV-1 in a previous pregnancy. We constructed
a phylogenetic tree from the 150 sequences that remained
and inferred sites evolving under diversifying selection us-
ing the selection model (M2a) from Wong et al. (2004),
implemented in HyPhy (Pond et al. 2005). Five sites
(123, 174, 207, 211, and 277) showed evidence of positive
selection using this method and 4 of the 5 are found in table
2. Although recombination can cause false inference of pos-
itive selection in HIV-1 sequences, this is thought to be less
of a problem for site-specific inference of selection (Anisi-
mova et al. 2003). Our inference of selection based only on
branches connecting serially sampled sequences is unlikely
to be severely affected by recombination. Because only
2 sequences are used per patient there is no possibility
of error in the intrapatient tree topology (the intrapatient
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trees consist of a single branch). When we used the mean
branch lengths (i.e., mean distance between pairs of sequen-
ces from the same patient) instead of the estimated intrapa-
tient branch lengths, the results obtained were virtually
unchanged (not shown). This illustrates that the method
is not very sensitive to the individual branch lengths used.
Poor estimates of the branch lengths that apply at specific
sites, resulting from intrapatient recombination, are there-
fore unlikely to give rise to the high probability of false de-
tection of positive selection that has been reported for
phylogenetic methods. The presence of sequences from
individuals infected with more than one strain of HIV in
the data can cause false inference (due to multiple counting
of the same substitution events). Dual infection is evident
when sequences from the same patient fail to cluster on
a phylogenetic tree, and our method requires that data from
such patients be removed prior to the analysis.

The only candidate novel resistance mutations in table 2
following the removal of sites evolving under positive selec-
tion in the preexposure sequences are 36, 162, 177, and 286.
All of the known NVP resistance sites showed strong evi-
dence of purifying selection in the drug-naive data set, but
each of these 4 novel sites was placed in the neutral evolution
class by HyPhy. It is possible that these sites are evolving
under positive selection in the drug-naive data set but that
the selection was too weak for them to be classified in the
selection class (for which @ was 2.7). If that is the case,
the selection detected from the serially sampled data is not
necessarily indicative of an involvement in drug resistance.
To investigate this possibility, we ran a more sensitive phy-
logenetic test of selection again using HyPhy, but this time
with a model with discrete @ components at 0, 0.33, 1.5,
and 3.0. All of the novel candidate resistance sites were
placed in the @ > 1 categories with posterior probability
(summed over the 2 categories with ® > 1) greater than
0.5 except site 286 for which the sum of the posteriors was
marginally larger for the neutral and purifying categories
compared with the positive selection categories. Interest-
ingly, after correction for multiple testing, the diversifying
selection model applied to the serially sampled data detected
only one of the sites evolving under positive selection in the
drug-naive sequences compared with 4 sites using the direc-
tional selection model. This suggests that the directional
model is also likely to have more power to detect other forms
of selection than the diversifying model when applied to se-
rially sampled data. It may well be that other forms of selec-
tion, such as selection to escape from hostimmune responses,
are also better described by a directional model that allows
specific mutations to occur more frequently than the neutral
rate than by the diversifying model that measures a general-
ized increase in .

In order to evaluate further the sites in table 2 that rep-
resent possible novel NVP resistance mutations, it is useful
to combine evidence of directional selection with a compar-
ison of amino acid frequency between the pre- and postex-
posure sequences. Comparison of amino acid frequency
between drug-resistant and drug-susceptible sequences is
typically used to detect novel drug resistance mutations.
None of the 4 novel candidate resistance amino acids
(36, 162, 177, and 286) had significantly higher frequency
in the post-NVP exposure sequences compared with the

preexposure sequences. Furthermore analysis of amino
acids present at these sites in published sequences from
drug-treated and drug-naive individuals using HIVseq
(Rhee et al. 2006) provided no indication that these amino
acids are associated with resistance to non-nucleoside re-
verse transcriptase inhibitors in other studies. Therefore,
further data or experimentation will be required to deter-
mine what involvement, if any, mutations at these sites have
in the development of NVP resistance.

The model of directional selection that we propose is
nonstationary—that is, we do not expect the codon frequen-
cies to remain constant over time. Instead, for codon posi-
tions that confer drug resistance, we expect the frequency of
codons associated with the resistance amino acid to increase
following the initiation of drug treatment. We retained the
codon frequency parameters, which were estimated empir-
ically over the entire sequence length, in order to continue
modeling possible codon frequency biases such as differ-
ences in translational efficiency between codons. However,
unlike the codon models on which the model of directional
selection is based, the empirical codon frequency parame-
ters in the model can no longer be interpreted as the limiting
frequencies of the Markov process described by the instan-
taneous rate matrix. Including the codon frequency param-
eters has the advantage of causing the directional selection
model to reduce exactly to the more standard codon model
when oy is constrained to be equal to .

Typically, the codon associated with resistance follow-
ing sdN'VP does not supplant the wild-type codon completely
and instead the viral population consists of a mixture of re-
sistant and susceptible viruses. The data for this study were
generated through direct PCR sequencing and included
ambiguity symbols representing nucleotide positions that ap-
pear to be polymorphic. Our analysis considered mutations
that have reached fixation as well as mutations that have
reached a high enough frequency to be detected as polymor-
phisms, provided there was exactly one such polymorphism
in the pair of codons from a patient at a specific site. If there
was more than one polymorphism in a pair of codons, or anu-
cleotide substitution in addition to the polymorphism, then
the codon pair was omitted from the analysis (because of
the complexity introduced by having multiple possible paths
between the codon pair). Under neutrality we expect the rate
at which new mutations rise to sufficiently high frequency to
be detected as polymorphisms to be the same for synonymous
and nonsynonymous mutations. This rate should be lower for
nonsynonymous mutations compared with synonymous
mutations at sites evolving under purifying selection and
higher at sites evolving under positive selection. Therefore,
the inference of positive selection from a higher rate of
nonsynonymous than synonymous substitution remains
valid when we include mutations that have not yet reached
fixation as described above.

One of the most useful practical applications of the di-
rectional selection model we present is likely to be for eval-
uating specific hypotheses about the evolution of drug
resistance in a serially sampled cohort. Association of muta-
tions with drug treatment or drug resistance is frequently
used to identify novel resistance mutations but this associa-
tion can be an artifact of linkage or genetic drift. Evidence of
directional selection in a serially sampled cohort provides



powerful support for candidate resistance mutations identi-
fied through association. Additionally, as we see in this co-
hort, not all resistance mutations are actually selected in a
given cohort and the model of directional selection presented
here can be used to evaluate, which of the possible resistance
mutations are actually selected in a given set of individuals.

Recently, Chen and Lee (2006) proposed a conditional
selection model to test for interactions between sites in-
volved in the evolution of drug resistance. This method
compares ® at site j between sequences with a mutation
at site 7 and sequences with the wild-type amino acid at site
i. This is a natural application of the model-based approach
to serially sampled coding sequences. Comparison of the
likelihood of a model with separate o values at site j de-
pending on the character at site i provides a more powerful
and direct way of evaluating the evidence for conditional
selection that could help to uncover dependencies between
sites involved in evolution of drug resistance. However, this
would probably require larger data sets of serially sampled
sequences than the data set investigated here.
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