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Abstract

‘We have studied the relationship between disease progression and HIV-1 evolution in 24 infants classified as rapid or non-rapid progressors,
during nearly the entire disease progression cycle from infection to AIDS. Specifically, we examined the temporal relationship between clinical
status and changes in genetic diversity, divergence, selection and recombination at the C2V3C3 region of the env gene during a period of 3 years.
Statistical analyses were performed using linear mixed models that are particularly well-suited for longitudinal studies in which repeated measures
are taken from the same patients. We did not observe significant differences in genetic diversity or overall substitution rates between clinical
categories. However, the nonsynonymous substitution rate per nonsynonymous site (dN) evolved differently between groups. Changes in dN
explained the evolutionary slowdown of the dN/dS ratio in the rapid progressors, while in non-rapid progressors the dN/dS ratio continuously
increased through time. The number of positively selected sites had limited power for predicting disease progression. Recombination rate estimates
were different among groups, although not significantly in the linear mixed models analysis. They showed some power predicting clinical
categories and, interestingly, they were significantly correlated with the frequency of positively selected sites. Overall, the results obtained confirm
that viral adaptation in the C2V3C3 region of the env gene is related to disease progression, although the statistical characterization of such pattern
seems rather difficult.
© 2008 Published by Elsevier B.V.
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1. Introduction Williamson, 2003; Yamaguchi-Kabata and Gojobori, 2000).

Early HIV-1 studies suggested that progression to AIDS results

The broad intrapatient genetic diversity characteristic of the
human immunodeficiency virus type 1 (HIV-1) infection is
usually assumed to be the result of positive selection, especially
at the env gene ( Ross and Rodrigo, 2002; Seibert et al., 1995;
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from virus adaptation to the host environment (Nowak et al.,
1991, 1996; Wolinsky et al., 1996). Since then, some studies
have found a positive relationship between levels of genetic
(antigenic) diversity and the rate of disease progression
(Strunnikova et al., 1995, 1998), whereas others have found
the opposite pattern (Ganeshan et al., 1997; Wolinsky et al.,
1996). These apparently contradictory results likely arose
because many of these analyses failed to distinguish between
adaptive and selectively neutral changes, which is key to
understand the interaction between the virus and its host
(Williamson, 2003). When this distinction is taken into
account, and more patients are compared, it seems clear that
positive selection is more prevalent in patients with slow
progression rates to AIDS, because their viral population shows
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higher adaptation rates due to a stronger immune response
(Ross and Rodrigo, 2002; although see Viscidi, 1999;
Williamson, 2003; Zanotto et al., 1999). Moreover, it has
been suggested that an evolutionary slowdown occurs in late
infection, caused by the collapse of the immune system, rather
than by a reduction in the viral replication rate due to cellular
exhaustion (Lemey et al., 2007; Williamson et al., 2005). To
further complicate this picture, some studies have shown the
occurrence of convergent evolution and the persistence of
selection acting at the same sites over long periods of time in
patients with slow (Ross and Rodrigo, 2002) and fast
progression rates (Strunnikova et al., 1995), while others have
failed to observe these patterns (Williamson, 2003), perhaps
reflecting the influence of anti-retroviral therapy (Ganeshan
et al., 1997; Potter et al., 2006), random genetic drift (Shriner
et al., 2004) and recombination (Anisimova et al., 2003) on the
distribution of positive selected variants. Moreover, a high
portion of the variation at the V3 region of the env gene seems to
be neutral (Nielsen and Yang, 1998). Finally, it has been shown
that selection in the HIV-1 env gene, though intense, can be
context-dependent (Templeton et al., 2004).

Studying the evolutionary relationship of HIV-1 and its host
and characterizing the distinct adaptation patterns in different
parts of the HIV-1 genome that interact with the immune system
will be key to elucidate how HIV-1 overwhelms the immune
system and leads to AIDS (Williamson et al., 2005). In this
study, we examine in detail the evolution of HIV-1 in 24 infants
classified on the basis of progression to AIDS. For that purpose,
we have sequenced the C2V3C3 region of the HIV-1 env gene
in longitudinal samples (three to seven per patient) obtained
from each infant during a period of 3 years. The C2V3C3 region
of the env gene is very suitable to study viral adaptation because
it is key for entrance of HIV-1 into host cells and is a target of
the immune response to HIV-1. The main objective of this study
was therefore to decipher the temporal relationship between
disease progression and diversity, divergence, selection, and
recombination in the HIV-1 envelope gene. Uniquely, because
we have sampled infants, we were able to study nearly the entire
disease progression cycle — from infection to AIDS — whereas
most studies on adults can only begin sampling long after
infection and often only shortly before AIDS.

2. Materials and methods
2.1. Study population

The study participants were a subset of infants with HIV-1
perinatal infection enrolled in The New York City Perinatal
HIV Transmission Collaborative Study, which is an observa-
tional cohort study of HIV infected infants born at seven New
York City health care institutions since 1986. The enrollment
criteria and study protocol design are described in detail
elsewhere (Abrams et al., 1995; Thomas et al., 1994). Infants
had a medical history, physical examination and phlebotomy
done at birth and during scheduled follow-up visits. Fifty-one
infants were identified who had plasma viral RNA load
measurements performed within 2 months of birth and at

intervals up to 3 years of age using the NASBA HIV-1 RNA
quantification kit (Organon-Teknika, Durham, NC, USA). For
44 infants, aliquots of nucleic acid extracted from plasma
specimens for viral load measurements were available for
sequence analysis. Of the 44 infants, 11 of 14 infants with a
diagnosis of AIDS and 13 of the 30 remaining infants, selected
at random, were included in the present study. The date of birth
of the study subjects fell between August 1991 and July 1994.
Six infants received no anti-retroviral therapy during the period
of study; 10 infants received Zidovudine and 8 infants received
Zidovudine and Didanosine at some time during the study. The
study subjects were divided into two categories based on a
clinical diagnosis of AIDS following recommendations of the
HIV Pediatric Guidelines Working Group (supplementary
Table S1). Rapid progressors (RP) were defined as infants who,
by 12 months of age, were clinically diagnosed with AIDS or
died (subjects P2, P8, P10, P18, and P20-P25). Six of these 10
infants eventually succumbed to their disease. The remaining
14 infants were classified as non-rapid progressors (NRP;
subjects P1, P3-P7, P9, P11-P16, and P19).

2.2. PCR amplification, cloning, screening and sequencing

Envelope sequences generated for this study are available
from GenBank under accession numbers AY823998-
AY824946, and are the same as those used by Edwards
et al. (2006). Nucleic acid was extracted from plasma
specimens using the protocol of the NASBA HIV-1 RNA
kit. An aliquot of nucleic acid was subjected to reverse
transcription and a nested PCR for an approximately 350 bp
fragment of the C2V3C3 region of the HIV-1 env gene. By
serial dilution analysis we determined that the specimens
contained 40 or more amplifiable copies of HIV-1 RNA. The
positions of the outer primers (ED31, PND-02) and nested
primers (PND-01, PND-04) have been published previously
(Liu et al.,, 1997; Strunnikova et al., 1995). The reverse
transcription reaction was performed with 2.5 pmol of primer
PND-02 and 20 U of Moloney murine leukemia virus reverse
transcriptase (Boehringer Mannheim Biochemicals, Indiana-
polis, IN) following a previously described protocol (Strunni-
kova et al., 1995). PCR was performed with 0.25 wM each of
sense and antisense primers and 3.5 U of Expand High Fidelity
enzyme mixture (Boehringer, Mannheim) following the
manufacturer’s instructions. Cycling conditions for the first
and second round of PCR were as follows: 35 cycles of 94 °C
for 15s, 55°C for 15s, and 72 °C for 40s; and a final
incubation at 72 °C for 10 min. A 1:50 dilution of the first round
products was used in the second round.

The PCR products were ligated into the plasmid pCR-Blunt
(Invitrogen Corp., Carlsbad, CA) and transformed into One
Shot TOP10 competent cells as recommended by the
manufacturer. The transformed cells were streaked onto agar
plates and colonies containing recombinant plasmids were
identified by PCR with primers PND-03 and PND-04. PCR
products from the clones were screened for sequence variants
by heteroduplex mobility analysis (Delwart et al., 1993;
Strunnikova et al., 1995). For the analysis, equal amounts of
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PCR-amplified nucleic acid from a clone and from a lysate of
HIV-1yn were mixed in a final volume of 4 pl. The mixture
was boiled for 5 min and then rapidly cooled on ice for 5 min.
An aliquot of the reaction mixture was fractionated on a precast
12.5% polyacrylamide gel (GeneGel Excell 12.5/24 Kkit;
Amersham Pharmacia Biotech, Uppsala, Sweden) with a
GenPhor electrophoresis unit (Amersham Pharmacia Biotech)
following the manufacturer’s recommended conditions for
heteroduplex analysis. Bands were visualized by silver staining.
For each specimen, 24 clones, the number that would fit on a
single polyacrylamide gel, were analyzed. The frequency of
clones corresponding to each unique heteroduplex band pattern
was recorded. One clonotype representing each pattern was
selected arbitrarily for sequencing. Sequence analysis of 84
pairs of identical clonotypes obtained from 84 specimens from
20 subjects showed that the average nucleotide sequence
difference between pairs was 0.3% (range: 0.0-1.9%). Use of
heteroduplex analysis allowed us to screen more clones that
would have been practical by sequence analysis alone. In
addition, assuming that identical clonotypes have the same
nucleotide sequence, the method provides for an estimate of
gene frequencies.

From clones selected as described above, plasmid DNA was
isolated from a 4 ml broth culture using the Biol01 RPM kit
(Bio101 Inc., Vista, CA) in accordance with the manufacturers’
instructions. DNA templates were sequenced in both directions
on an ABI 377 automated DNA sequencer (Synthesis and
Sequencing Facility, Department of Biological Chemistry,
Johns Hopkins University School of Medicine) using Big Dye
Terminator RR mix (PE Applied Biosystems Inc., Foster City,
CA). A consensus sequence was formed from the sequences
generated in the forward and reverse directions. Ambiguities
were resolved by examination of the trace data.

2.3. Sequence alignment and phylogenetic estimation

We studied 24 patients, 3—7 sampling times for each patient,
and 24 amplicons per sample, giving a total of about 2500
variant genomic fragments. After heteroduplex screening of
variants, a dataset of 784 nucleotides sequences was generated.
The env nucleotide sequences were aligned using the program
Clustal X (Thompson et al., 1997), translated into amino acids
using the universal genetic code in Hyphy (Pond et al., 2005)
and then matched to the reference sequence HIVXB2 from Los
Alamos database (http://hiv-web.lanl.gov/content/hiv-db/main-
page.html) to assure that the reading frame was maintained.
The env region (C2V3C3) studied included 119-122 codons,
starting at HIVXB2 codon number 247 in all samples (subject 3
started at codon 296 and the length was 95 codons). The best-fit
model of nucleotide substitution was selected under the Akaike
information criteria (AIC; Akaike, 1974) with Modeltest v3.6
(Posada and Crandall, 1998), using maximum likelihood (ML)
estimates from PAUP* (Swofford, 2002). Maximum likelihood
trees for each patient were inferred under the best-fit model
with Phyml v.2.4.1 (Guindon and Gascuel, 2003). Before
proceeding with the analysis, we explored the data for possible
cross-contamination. For that purpose we estimated a ML

phylogenetic tree for all the samples combined. If a given
sample did not cluster together with the other samples from the
same patient, cross-contamination was inferred.

2.4. Genetic diversity and substitution rates

Genetic diversity (0 =4Nu, where N is the effective
population size and w is the mutation rate) was estimated
for each infant, overall and for every time point, using
Watterson’s (1975) estimator. Maximum likelihood estimates
of the substitution rates were also calculated for each patient
using the dated tips model (Rambaut, 2000) as implemented in
PAML (Yang, 1997), assuming a molecular clock and including
dates of isolation. Effective population size to compare between
rapid and non-rapids progressors was estimated using BEAST
(Drummond and Rambaut, 2006).

2.5. Selection analyses

2.5.1. Synonymous and nonsynonymous diversity

Synonymous s, and nonsynonymous my, diversities for
each patient and time point were estimated with the Jukes—
Cantor correction using the program DnaSP (Rozas et al.,
2003).

2.5.2. Divergence analysis

We studied the evolution of the dN/dS ratio across time for
each patient, where dN is the rate of nonsynonymous
substitution per nonsynonymous site, and dS is the rate of
synonymous substitution per synonymous site. We measured
dN and dS divergence following Williamson et al. (2005).
Under this approach, the most recent common ancestor
(MRCA) in each patient is estimated as the consensus sequence
at the earliest sample. Conveniently, this method uses the
temporal information contained in the longitudinal samples to
correct for saturation and to identify the evolutionary path
between codons that differ at more than one position. In
addition, because this method does not assume a particular
phylogenetic structure, it has been suggested (Williamson et al.,
2005) that this method is more robust to the false inference of
positive selection caused by recombination (Anisimova et al.,
2003; Shriner et al., 2003).

2.5.3. Detection of positively selected sites

In order to detect which sites are being positively selected at
the C2V3C3 region, we ran a fixed effects likelihood (FEL)
analysis for each patient and time point. For those samples with
significant synonymous rate variation (see below), we also ran a
random effects likelihood (REL) analyses under a Dual model
(Pond and Muse, 2005). Both FEL and REL analyses were
performed at the DataMonkey server (Pond and Frost, 2005b).
Both methods provide dN and dS expectations by fitting to the
data a MG94 codon model (Muse and Gaut, 1994) crossed with
the best-fit substitution model. While FEL uses a likelihood
ratio test (LRT) to identify sites under negative or positive
selection, REL performs an empirical Bayes analysis for
the same purpose. Importantly, the REL method allows for rate
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heterogeneity both in synonymous and nonsynonymous rates
(the Dual model), reducing the chances for misidentification of
positively selected sites. However because REL can suffer from
high Type I error rates (Pond and Frost, 2005a), we applied the
REL model only when the test for the presence of synonymous
rate variation was significant. For each individual, we also
stored the frequency of positively selective sites (FPSS). In
addition, in samples with a high number of inferred positively
selected sites and a significant recombination signal, we
confirmed these results using a method implemented in
DataMonkey (GARD + REL) (Pond and Frost, 2005b) that
takes recombination into account (Scheffler et al., 2006).
Moreover we simultaneously estimated the recombination rate
and the dN/dS ratio for each patient using omegaMap (Wilson
and McVean, 2006). In this case we had to pool the temporal
samples in order obtain reliable estimates.

2.5.4. Synonymous rate variation

We tested for the presence of synonymous rate variation
within each patient and time point using the Nonsynonymous
and Dual models with general discrete distributions as
implemented in Hyphy (Pond and Muse, 2005; Pond et al.,
2005). When using three nonsynonymous and three synon-
ymous rate categories these two models are nested, and a x*
distribution with four degrees of freedom can be used to
compute the P values for a LRT comparing these models. We
also computed the AIC for each model.

2.6. Recombination analysis

We estimated the population recombination rate p (4Nr,
where N is the effective population size and r is the
recombination rate per locus per generation) with the
composite likelihood estimator (CLE) (McVean et al., 2002)
implemented in the program pairwise of the LDhat package,
freely available at http://www.stats.ox.ac.uk/~mcvean/LDhat/.
The statistical significance of these estimates was assessed
through a likelihood permutation test with 1000 replicates.

2.7. Linear mixed models

Linear mixed models (LMM), also known as random effect
linear models or hierarchical linear models (Raudenbush and
Bryk, 2002), are flexible models which generalize the general
linear model to better support repeated (non-independent)
measures and fixed and random effects. Fixed effects are
constant across individuals, while random effects vary among
individuals. In this study the fixed effects considered were the
sampling time (age in months), drug treatment (treated or
untreated at each time sampling time), clinical category (rapid
progressors or non-progressors), and their interactions. The
only random effect we considered was sampling time, which
we therefore allowed to have both a constant and a varying
effect between individuals. Because observations were taken
longitudinally on the same subjects, making subject errors to be
autocorrelated, and because these observations are not equally
spaced, we used a continuous first-order autoregressive process

in the errors in which the strength of the correlation is inversely
related to the units of time that separate the within-subject
observations (the corCAR1 function in R statistical package)
(Team, 2006). The different outcome variables, analyzed in
turn, were 6, p, s, TN, dS, dN and FPSS.

Linear mixed models were fitted for each of the clinical
categories independently and for the full dataset. Full models
and up to 12 different restricted models were fitted with the
function /me in the nlme library (Pinheiro and Bates, 2000) in R
2.4.1 (Team, 2006), using restricted maximum likelihood
(REML). Models without random effects were fitted by REML
with the generalized least squares function gls in R. The AIC
was used to select the best-fit models for each outcome variable
and dataset.

2.8. Predictive classification

Finally, we also used a cross-validation test as implemented
in the discriminant function analysis of the SPSS 12.0 statistical
package to investigate the predictive power of the frequency of
positive selected sites (FPSS) and recombination rates to assign
individuals to clinical categories. We used also the logistic
regression tool within the same package to take into account
drug treatment. When necessary we compared the linear
regression slopes using the parallel regression test as described
in Sokal and Rohlf (1981).

3. Results

The GTR + I + G model was selected as the best-fit model of
nucleotide substitution for the combined data set (all patients)
(ma=0.4121, 71c=0.1814, ng=0.2121, and 7y =0.1943;
rer =5.3938, rcg =0.5097, rar =0.7055, rag=4.0379, and
rac = 1.5957; o =0.9762 and proportion of invariable sites
I=0.0482). This model is often selected for the HIV-1 env gene
(Posada and Crandall, 2001). Upon inspection of the ML tree,
we inferred cross-contamination for samples P14.2.3 and
P14.2.15, which were eliminated from further analyses.

3.1. Genetic diversity and substitution rates

Although viral populations isolated from NRP seem to be
more diverse than those isolated from RP, the average genetic
diversities and substitution rates were not significantly different
between clinical categories (Table 1). However, the increase of
diversity through time was significant for NRP (regression
R?=0.09; P =0.028) but not for RP (regression R? =0.03;
P =0.27). In addition, we did not detect a significant correlation
between diversity or substitution rate with the CD4 count.

3.2. Selection analyses

3.2.1. Synonymous and nonsynonymous diversity

Levels of synonymous or nonsynonymous variation at each
time point were not significantly different among clinical
categories. In addition, there was not a significant increase
through time.
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Table 1
Average genetic diversity, substitution rates, and frequency of positive selected
sites (FPSS) for each infant across time points

Clinical category/patient Average genetic Substitution Average
diversity rate FPSS

Non-rapid progressors (NRP)
P1 19.2 0.000489 0.004098
P3 14.5 0.000020 0.000000
P4 8.3 0.000454 0.000000
P5 255 0.000110 0.002066
P6 8.6 0.000799 0.000000
P7 13.0 0.001076 0.001667
P9 8.5 0.000299 0.001667
P11 232 0.000374 0.001667
P12 123 0.000014 0.000000
P13 19.3 0.000116 0.031933
P14 30.3 0.000195 0.005263
P15 46.1 0.001478 0.033333
P16 429 0.000926 0.024793
P19 9.2 0.000010 0.000000
Average 20.1 0.000450 0.007610

Rapid progressors (RP)
P2 224 0.000035 0.000000
P8 10.3 0.000044 0.000000
P10 21.7 0.000026 0.004762
P18 13.5 0.000141 0.000000
P20 3.1 0.000019 0.000000
P21 11.8 0.000026 0.000000
P22 6.5 0.000334 0.000000
P23 4.6 0.000423 0.000000
P24 12.2 0.000111 0.000000
P25 13.3 0.000091 0.000000
Average 11.9 0.000125 0.000480

3.2.2. Synonymous and nonsynonymous divergence

Both for NRP and RP, dN and dS increased significantly with
time (Table 2). However, this increase was higher for dN than
for dS in NRP but similar for dN and dS in RP, which is reflected
in the dN/dS ratio (Fig. 1). The slopes between NRP and RP
regressions were significantly different for both dN (0.0087 for
NRP and 0.0046 for RP; parallel regression test = 13.29,
P <0.0001) and dS (0.0046 for NRP and 0.0062 for RP;
parallel regression test r=3.99, P =0.0001). No differences
between clinical categories were detected when comparing the
slopes for the dN/dS values (parallel regression test # = 0.003,
P =0.99). In addition, only for NRP was there a significant
correlation between dN/dS and CD4 count, at sampling time 1

Table 2
Average dN and dS divergence for RP and NRP
Time NRP RP

dN ds dN ds
1 0.0013 0.0020 0.0057 0.0074
2 0.0098 0.0109 0.0137 0.0145
3 0.0170 0.0109 0.0156 0.0200
4 0.0280 0.0173 0.0200 0.0260

R* (P value) 0.33 (0.000%) 0.13 (0.006%) 0.17 (0.010%) 0.15 (0.019%)

NRP: non-rapid progressors; RP: rapid progressors; R*: regression; *P < 0.05.

2 A

1.5 1

Average dN/Average dS

Sample

Fig. 1. Evolution of nonsynonymous and synonymous divergence in NRP
(continuous line) and RP (dashed line). In this analysis, only the first four
samples for each patient were used, as RP were sampled only four times.

(r=20.67, P < 0.05) and sampling time 2 (r = 0.63, P < 0.05).
Finally, a logistic regression on clinical categories for the dN/dS
ratio estimated with omegaMap in the presence of recombina-
tion was not significant.

3.2.3. Synonymous rate variation across sites

There was a significant synonymous rate variation in 8 out of
the 24 patients. However, these cases were uniformly
distributed among the two clinical categories: 5 out of 14
for NRP (P12-P16) and 3 out of 10 for RP (P2, P23 and P24). In
all these cases, the Dual model resulted in a higher number of
positively selected sites than the Nonsynonymous model.

3.2.4. Positively selected sites

The mean number of positively selected sites by individual
(Table 1) was significantly higher in NRP than in RP (Mann—
Whitney test, P = 0.01). The number of positively selected sites
had significant power to classify individuals in NRP or RP
when drug therapy was considered as a covariate (71% of cases
were correctly classified; Wallis test for group means,
P =0.03). The logistic regressions using clinical category as
the dependent variable and FPSS and drug therapy (yes/no) as
independent variables resulted in improved classifications
(75% correctly classified) albeit not significant (P =0.17 and
0.08, respectively). The number of positively selected sites at
each patient and time point was not significantly correlated with
the CD4 count.

The distribution of sites under positive selection was
widespread and distinct between the two clinical categories
(Fig. 2). Considering all patients together, 30 positively selected
codons were identified from a total of 120 analyzed. Twelve of
these were located in the C2 region and four in the V3 loop. At the
C3 region a long interval of positively selected sites was
identified stretching from codons 331 to 352. Codon 334 was
found as significant four times in three different individuals,
being the most consistent selected site in our samples.

The number of selective sites detected was practically
constant through time for RPs (2, 2, 2 and 3 at the first four time
points) and clearly increased for NRPs (2, 2, 17 and 39). These
trends were significantly different according to the LMM
analyses (see below). In fact, more than 90% of the positively
selected sites were detected in subjects with 20 months of age or
older.



A. Carvajal-Rodriguez et al./Infection, Genetics and Evolution 8 (2008) 110-120 115

4 -

%)
1

Number of cases

Oy /—/—
SNAAAARLLRNY
AAAAARLRLY

Env gp-120 sites

Fig. 2. Distribution of positive selected sites in NRP (white bars) and RP
(hatched bars). Numbers refer to corresponding codons in the gp120 region of
the HIVHXB2 env gene.

3.3. Recombination analyses

The mean recombination rate and the percentage of
significant recombination tests, 32.45 £+ 11 and 57%, respec-
tively, were significantly higher for NRP than for RP, 8.59 £ 1
and 20% (Mann—Whitney one-tailed test, P = 0.03). Recombi-
nation rates had not much power predicting clinical categories
(58.3% of the individuals were correctly classified) and the group
means were not significantly different (Wallis test P =0.1).
Logistic regressions on clinical categories including drug therapy
were not significant including when the recombination rates
were estimated simultaneously with the dN/dS ratio in
omegaMap. Interestingly, recombination rate estimates were
significantly correlated with the FPSS (Pearson correla-
tion = 0.81, P = 0.000), but not with the CD4 count.

3.4. Linear mixed models

The linear mixed models analysis indicated that time (age)
had a remarkable effect on many different parameters, like
genetic diversity, recombination, frequency of positive selected
sites and synonymous and nonsynonymous substitution rates.
Interestingly, time had a significant effect on nonsynonymous
diversity, dN/dS and frequency of positive selected sites only
for NRP (Table 3). Conversely, there was no increase of the
recombination rate with time for either group. When the clinical
category was included as a fixed effect, only nonsynonymous
divergence seems to be significantly different between NRP and
RP (see the ‘progress’ column at Table 4).

4. Discussion

The study of infected infants provides a comprehensive view
of how HIV-1 genetic diversity fluctuates over the entire course
of infection leading to AIDS. Most HIV-1 studies are on adults
and they only sample at the onset of AIDS, which is well down
the timeline from initial infection. Our data have the unique
aspect of exploring early infection stages, since the infant’s

initial samplings were taken close to birth. Similar with other
studies (Ganeshan et al., 1997; Shankarappa et al., 1999;
Wolinsky et al., 1996), we observed higher values of genetic
diversity and substitution rates in NRP than in RP; however,
these differences were not significant, a fact that could by
explained either by lack of power or, alternatively, by the
predominance of random genetic drift of neutral mutations
(Shriner et al., 2004). However, note that Edwards et al. (2006)
using the same data we analyze here, conclude that intra-host
HIV-1 evolution in envelope is rather dominated by purifying
selection against low frequency deleterious mutations that do
not reach fixation. Although Shankarappa et al. (1999)
proposed that genetic diversity is positively associated with
disease progression, Ross and Rodrigo (2002) reanalyzed the
same data and did not find significant differences for
substitution rates between long-term and slow-term progres-
sors. Our results are consistent with this latter conclusion, but
on an independent data set with a different approach to
measuring genetic diversity and substitution rates. Indeed,
different results relating disease progression and polymorph-
isms have been also reported for other HIV-1 genes, like nef
(Chakraborty et al., 2006; Walker et al., 2007).

An inverse relation between adaptation rates and disease
progression has been reported when diversity was disentangled
into adaptive and selectively neutral changes (Ross and
Rodrigo, 2002; Williamson, 2003). This seemed to be the
case here as well. Positively selected sites accumulated through
time only in NRPs. We observed higher, albeit non-significant,
nonsynonymous variation in NRP than in RP. This pattern was
confirmed by a significant increase in NRP, but not in RP, of
nonsynonymous variation through time (Table 3). We
hypothesize that this relationship is the result of a longer
dynamic between the individual virus population and the host
immune system and not a difference in starting levels of
nonsynonymous variation (dN). Indeed, NRP start with a lower
average dN (0.0013) relative to RP (0.0057) (Table 1). Thus,
initial levels of nonsynonymous variation do not appear to be
predictors of disease progression. On the contrary, Strunnikova
et al. (1995) obtained a positive relationship between diversity
and substitution rates with disease progression in children
(Strunnikova et al., 1998). Indeed, different sample sizes and/or
the effect of drug therapy (reducing the effective population
size and increasing genetic drift) can alter the apparent
relationship between disease progression and synonymous and
nonsynonymous variation.

To better understand the putative inverse relationship
between disease progression status and positive selection, we
measured the rate of adaptive and neutral divergence through
time. Importantly, the method we have used is fairly permissive
in terms of recombination and natural selection, assuming only
that the underlying rate of substitution is approximately
constant through time. We detected a faster increase of dN with
respect to dS in NRP, and a slowdown of dN/dS in RP due to a
slower increase through time of dN with respect to dS. In any
case the dN/dS was stabilized at the end. Importantly, these
results were confirmed by the LMM analyses. Such a pattern is
expected under the hypothesis of relaxation of immune
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Table 3

Linear mixed-effects model fit for each progression category by maximum likelihood (REML)

Fixed effects

Random effects

Intercept Age Drugs Age x drugs Age CARI1 AIC d.f.
0
NRP-full 0.0261* 0.0292* 0.4637 0.3622 I+8§ 5.93E—-09 457.35 9
NRP-AIC 0.0066** 0.0236* - - S - 451.22 4
RP-full 0.0027** 0.8080 0.4992 0.1180 I+8§ 4.98E—-15 227.16 9
RP-AIC 0.0085** 0.0088** - - 1 - 221.25 4
o
NRP-full 0.0383* 0.7195 0.6022 0.5608 I+8§ 2.69E—09 542.41 9
NRP-AIC 0.0241%* 0.4418 - - - - 535.89 3
RP-full 0.0197* 0.3106 0.5673 0.2817 I+S 320.95 9
RP-AIC 0.0117* 0.8754 - - - - 319.03 4
s
NRP-full 0.0465* 0.1067 0.9804 0.8062 I+S§ 0 —265.45 9
NRP-AIC 0.0234* 0.0526 - - S - —295.09 4
RP-full 0.0016** 0.4827 0.9917 0.2797 I+8 0 —191.77 9
RP-AIC 0.0009 *** 0.1951 - - - - —222.29 3
N
NRP-full 0.0749 0.0597 0.7382 0.6192 I+S§ 0.6818 —299.00 9
NRP-AIC 0.0233* 0.0241* - - S - —329.46 4
RP-full 0.0001 *** 0.2223 0.0459* 0.0169* I+S§ 0 —229.41 9
RP-AIC 0.0001*** 0.3634 - - - - —257.39 3
ds
NRP-full 0.2948 0.0830 0.8726 0.8600 I+S 0 —307.05 9
NRP-AIC 0.2813 0.0317* - - I+S§ - —334.48 6
RP-full 0.1136 0.0501 0.4154 0.6747 I+8§ 0.0859 —192.34 9
RP-AIC 0.0806 0.0026%* - - I+S§ - —219.34 6
dN
NRP-full 0.7632 0.0000%** 0.8402 0.5172 I+8 0.7056 —375.05 9
NRP-AIC 0.9647 0.0000%** - - S 0.7217 —404.95 5
RP-full 0.0823 0.0007*** 0.8630 0.3239 I+S§ 0.4827 —213.86 9
RP-AIC 0.0222 0.0002*** - - I+S - —239.80 6
dN/dS
NRP-full 0.5180 0.0099%* 0.6062 0.1231 I+S§ 0.7609 377.46 9
NRP-AIC 0.9210 0.0357* 0.1971 - I+8 0.7673 376.48 8
RP-full 0.0134* 0.1510 0.7227 0.2994 I+S§ 0.8582 172.70 9
RP-AIC 0.0026** 0.6266 - - I+8 - 171.01 4
FPSS
NRP-full 0.9049 0.3301 0.9856 0.6650 I+S§ 0.3486 —252.80 9
NRP-AIC 0.7734 0.0432% - - S - —281.70 4
RP-full 0.7879 0.7120 0.2013 0.3675 I+8§ 0.2609 —297.94 9
RP-AIC 0.9272 0.3855 - - S - —333.01 4

Note: The parameter estimates evaluated in turn for the non-progressors (NRP) and rapid progressors data (RP) were 6: genetic diversity; p: population recombination
rate; s: synonymous diversity; ry: nonsynonymous diversity; dS: rate of synonymous substitutions per synonymous site; dV: rate of nonsynonymous substitution per
nonsynonymous site; FPSS: frequency of positive selected sites. We evaluated the full model with all parameters included (full) and the best-fit model according to the
Akaike information criterion (AIC). Only age was considered as a random effect, but in some models only the intercepts (/) or the slopes (S) vary among individuals.
The autocorrelation was described as a continuous first-order autoregressive function (CAR1). The symbol “—" indicates that the parameter is not included in the
particular model. d.f. are the degrees of freedom for each model. The values in the fixed effects cells are the P values. *P < 0.05; **P < 0.01; ***P < 0.001.

selective pressure (Williamson et al., 2005). Furthermore, only in
NRP did we observed a dN/dS > 1. This might suggest thatin RP
the virus is actively trying to escape from the immune system,
which is not able to maintain the selective pressure. Thus, RP
should correspond to the first or second category in the context of
phylodynamics (Grenfell et al., 2004), i.e. RPs have large viral
population reflected in weak host immune response resulting in
low net viral adaptation. In contrast, in NRP viral adaptation
might be less effective and the immune system would be able to

hold the selection pressure longer, reducing the viral population
size resulting in higher viral adaptation rate. This corresponds to
category 4 in Grenfell et al. (2004). However, we obtained some
estimates of Ne under different growth models in BEAST
(Drummond and Rambaut, 2006) and found no significant
differences between the two groups.

Interestingly, and at least for this study, the rate of change in
dN seems to be a more reliable predictor of progression than the
dN/dS ratio.
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Table 4
Linear mixed-effects model fit by maximum likelihood (REML) with progression (P) considered as a fixed effect in the models
Fixed Random
Intercept Age (A) Progress (P) Drugs (D) AXxXP A xD PxD AxXPxD Age AIC d.f.
0
Full 0.00827%%* 0.0103* 0.7369 0.3798 0.1598 0.2759 0.3209 0.1607 I+8 698 13
AIC 0.00027%** 0.0071%*%* - - - - - - S 690 4
PM 0.0003 %*** 0.0066%** 0.3446 - - - - - I+8 695 8
P
Full 0.0263* 0.7018 0.4860 0.5783 0.3353 0.5350 0.9461 0.5914 I1+8 857 13
AIC 0.0016%* 0.4624 - - - - - - - 853 3
PM 0.0111%* 0.4455 0.7525 - - - - - I1+S8 859 8
s
Full 0.0202* 0.0637 0.5774 0.9787 0.1729 0.7773 0.8026 0.3187 I+8 —452 13
AIC 0.0007%*** 0.0146%* - - - - - - S —-531 4
PM 0.0026%** 0.0292%* 0.7428 - - - - - I1+8 -515 8
N
Full 0.0176* 0.0150* 0.4053 0.7043 0.1345 0.5304 0.2931 0.1879 I+S —510 13
AIC 0.0004%*** 0.0174%* - - - - - - S —591 4
PM 0.0007 %% 0.0183* 0.4534 - - - - - I+8 —574 8
ds
Full 0.3347 0.0481* 0.3185 0.9927 0.8809 0.9721 0.8320 0.9867 I+S —494 13
AIC 0.0188%* 0.0006%** - - - - - - S —-571 5
PM 0.3254 0.0010%* 0.1179 - - - - - I+8 —559 8
dN
Full 0.8528 0.0000%** 0.0744 0.6380 0.9184 0.4232 0.6562 0.7765 I1+8 —-592 13
AIC 0.0783 0.0000%** - - - - - - N —668 5
PM 0.7910 0.0000%** 0.0465* - - - - - I+8 —657 8
dN/dS
Full 0.4696 0.0020%*%* 0.0564 0.5743 0.0220%* 0.0762 0.6490 0.1548 I1+8 565 13
AIC 0.4731 0.0764 0.6912 0.2605 - - - - I+S 564 9
PM 0.4088 0.1518 0.8320 - - - - - I+8 566 8
FPSS
Full 0.8986 0.2546 0.9097 0.9748 0.6475 0.5806 0.8975 0.8596 S+1 —449 13
AIC 0.6733 0.0330%* - - - - - - S —-525 4
PM 0.9241 0.0464 0.3759 - - - - - I+8 -510 8

Note: The parameter estimates evaluated were 6: genetic diversity; p: population recombination rate; 7rs: synonymous diversity; 7n: nonsynonymous diversity; dS:
rate of synonymous substitutions per synonymous site; dV: rate of nonsynonymous substitution per nonsynonymous site; FPSS: frequency of positive selected sites.
We evaluated the full model with all parameters included (full) and the best-fit model according to the Akaike information criterion (AIC). Only age was considered as
arandom effect, but in some models only the intercepts (/) or the slopes (S) vary among individuals. The symbol “-" indicates that the parameter is not included in the
particular model. d.f. are the degrees of freedom for each model. The values in the fixed effects cells are the P values. *P < 0.05; **P < 0.01; ***P < 0.001.

Our results seem to be in contrast with those obtained by
Lemey et al. (2007), who were able to measure absolute
synonymous divergence rate and unexpectedly found that it
correlated negatively with disease progression. Indeed, we
could not find the same relationship here as we have measured
instead the relative synonymous divergence, implicitly
assuming viral generation times are equal across patients. In
addition, we have not explicitly removed the potential
confounding effect of deleterious mutations by not concentrat-
ing our estimates on particular (backbone) branches of the tree.
In both regards, their approach is more powerful. On the other
hand, we have explicitly taken into account recombination,
autocorrelation between different time measures and site-to-
site variation in dS, and our results are consistent with previous
studies suggesting a relationship between neutralizing anti-
bodies and disease progression (Ross and Rodrigo, 2002;
Williamson, 2003).

There have been many attempts in the past to identify
particular sites undergoing positive selection in the HIV-1 env
gene (Crandall et al., 1999; Ganeshan et al., 1997; Huelsenbeck
etal., 2006; Nielsen and Yang, 1998; Suzuki and Gojobori, 1999;
Yamaguchi-Kabata and Gojobori, 2000). The persistence of
selection acting at the same sites over long periods of time (Ross
and Rodrigo, 2002) has been postulated in some cases, but this
pattern does not seem to always hold (Ganeshan et al., 1997;
Williamson, 2003). In the V3 loop, several positions between
codons 303 and 327 have been reported as being under selection
(Ganeshan et al., 1997; Nielsen and Yang, 1998; Suzuki and
Gojobori, 1999; Yamaguchi-Kabata and Gojobori, 2000), and
among these, codon 308 seems to be predominant. As in previous
studies (Ross and Rodrigo, 2002; Williamson, 2003), we have
detected more persistently positively selected sites in NRP. We
have also identified codons 308 and 317 as being under
significant positive selection (Fig. 2). Regarding the C3 region,
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a short interval including codons 333—-347 has been reported as
being under positive selection (Huelsenbeck et al., 2006; Nielsen
and Yang, 1998; Yamaguchi-Kabata and Gojobori, 2000). Here
we have identified a similar region including this same interval.
However, the distribution of these sites does not show any
consistent pattern within patient groups. A similar lack of
convergence has been previously reported for another study in
children (Ganeshan et al., 1997), which might be due to the
individual variation in the selective regimen.

We also found that a third of the individuals exhibited
synonymous substitution rate variation along the C2V3C3
region, although those samples were distributed uniformly
among patient groups. Importantly, in all of these samples, the
use of the Dual model under a REL approach to account for this
variation allowed the detection of more positively selected sites
than the use of a Nonsynonymous model under a FEL approach.
The frequency of positively selected sites had only marginal
power to predict the clinical category. However, the percentage
of correct classification was better (although not significant)
when the presence of therapy was taken into account. However,
neither the effect nor the interactions held after the LMM
analysis.

It is well-known that the recombination rate in HIV-1 is one
of the highest of all organisms (Rambaut et al., 2004). HIV-1
recombination has been associated with disease progression
(Liu et al., 2002), resistance to drug therapy, and immune
escape (Kellam and Larder, 1995; Morris et al., 1999; Najera
etal., 2002). In this study, we detected significant differences in
the recombination estimates between NRP and RP with the
“standard” analysis, but not with the LMMs. We observed a
much lower percentage of individuals with significant
recombination rates within RP. Such a result might be
explained in terms of the interaction of selection and
recombination, in which the signal for recombination would
have been obscured or lost in RP because of rapid selective
sweeps (Carvajal-Rodriguez et al., 2006). In such a situation,
we would expect to see lower substitution rates in RP, which
was in fact the case. Furthermore, in our data we observed a
positive correlation between recombination and the number of
positive selected sites. There are several explanations for this.
One is that recombination might be simply inflating the signal
for selection (Anisimova et al., 2003; Shriner et al., 2003), but
this does not seem to be the case here, as suggested by the
analyses performed taking recombination into account. An
alternative explanation is that the immune pressure could be
favoring at the same time the fixation of nonsynonymous
substitutions and the increase of the recombination rate in the
population, as this might put together beneficial CTL escape
mutations, as it has been shown for drug-resistance (Althaus
and Bonhoeffer, 2005; Carvajal-Rodriguez et al., 2007; Kellam
and Larder, 1995; Rouzine and Coffin, 2005). Finally,
recombinants might accumulate in the population and/or
become more detectable as diversity increases. Indeed, more
data are needed to clarify these questions.

Overall, the results obtained seem to confirm that viral
adaptation in the C2V3C3 region of the env gene is related to
disease progression. Importantly, the statistical characterization

of such a relationship appears to be difficult to demonstrate.
This difficulty is probably due to lack of statistical power. The
latter could be the cause of the absence of any significant
difference allowing the segregation between progressors and
non-progressors reported in a similar study in which diversity
and dN/dS were studied in seven HIV-1 subtype C infected
infants (Zhang et al., 2006). In our study, we have 24 infants but
although we can perceive different trends, often these are non-
significant. Although not confirmed by the LMM analysis,
recombination could play an important role in disease
progression, due either to its adaptive value or to its potential
confounding effects. In any case, recombination should be
taken into account when studying the relationship between
HIV-1 evolution and progression to AIDS. In addition, it will be
very interesting to try to measure absolute dN and dS rates in
different data sets (Lemey et al., 2007).

In this study we have performed two different types of
analyses. The first type, linear regression, is very common in
longitudinal studies of HIV-1 in which repeated measures are
taken from the same patient. However, longitudinal data violate
several assumptions of the linear regression model, particularly
that data points are independent. On the other hand, linear
mixed models (LMM) provide a powerful statistical framework
to analyze longitudinal data. They are regression models in
which the regression coefficients are allowed to vary across the
subjects. Linear mixed models enable us to describe the trend
over time while taking into account the correlation that exists
between successive measurements. Moreover, they allow us to
describe the variation in the baseline measurement and in the
rate of change over time. Importantly, subjects are not assumed
to be measured on the same number of time points, time points
do not need to be equally spaced, and the analyses can be
conducted for subjects who may miss one or more of the
measurement occasions, or who may be lost to follow-up at
some point during study. Here, the linear regression and the
LMM analyses disagree on several occasions. For example, the
relationship between recombination rate and progression status,
detected by the regression analyses was not significant under
the LMM. The same was true for the higher diversity and FPSS
in NRP. Given that these data violate several of the assumptions
of the linear regression analysis, the LMM seems more reliable
and therefore, these relationships might be false positives. The
main result of this study, that dN increases faster in NRP than in
RP, was however suggested by both types of analyses.
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