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Molecular adaptation, as characterized by the detection of positive selection, was quantified in a number of genes from different human immunodeficiency virus type 1 (HIV-1) group M subtypes, group O, and an HIV-2 subtype using the codon-based maximum-likelihood method of Yang and coworkers (Z. H. Yang, R. Nielsen, N. Goldman, and A. M. K. Pedersen, Genetics 155:431–449, 2000). The env gene was investigated further since it exhibited the strongest signal for positive selection compared to those of the other two major HIV genes (gag and pol). In order to investigate the pattern of adaptive evolution across env, the location and strength of positive selection in different HIV-1 sequence alignments was compared. The number of sites having a significant probability of being positively selected varied among these different alignment data sets, ranging from 25 in HIV-1 group M subtype A to 40 in HIV-1 group O. Strikingly, there was a significant tendency for positively selected sites to be located at the same position in different HIV-1 alignments, ranging from 10 to 16 shared sites for the group M intersubtype comparisons and from 6 to 8 for the group O to M comparisons, suggesting that all HIV-1 variants are subject to similar selective forces. As the host immune response is believed to be the dominant driving force of adaptive evolution in HIV, this result would suggest that the same sites are contributing to viral persistence in diverse HIV infections. Thus, the positions of the positively selected sites were investigated in reference to the inferred locations of different epitope types (antibody, T helper, and cytotoxic T lymphocytes) and the positions of N and O glycosylation sites. We found a significant tendency for positively selected sites to fall outside T-helper epitopes and for positively selected sites to be strongly associated with N glycosylation sites. This is not too surprising, given that the prominence of the group M subtypes is strongly linked to founder events in the course of the HIV-AIDS pandemic that occurred outside the Democratic Republic Congo region (23). Analogous founder events have not occurred in the case of group O, as these types of infection have remained strongly associated with one geographic location, Cameroon. The third HIV-1 group, N, also remains restricted to Cameroonian residents, and to date only five infections have been conclusively documented (3). The development of candidate vaccines specific to different HIV lineages (7) demands a thorough investigation of the consistency of the selective environment, which is presumed to be due primarily to the host immune responses (15, 22, 39) to divergent HIVs. Evidence for adaptive evolution has been found previously among HIV sequences from intra- and interpatient studies (4, 29, 30, 38, 40). Early studies involved the pairwise comparison of synonymous (silent, dS) and nonsynonymous (amino acid changing, dN) substitutions between protein-coding DNA sequences. The dN/dS ratio, , was then used to measure the difference between these two rates of substitution such that an  value less than 1 corresponds to purifying (negative) selection, an  value of 1 corresponds to neutral evolution (absence of selection), and an  value greater than 1 indicates adaptive evolution (positive selection) (reviewed in reference 37). The pairwise approach to quantifying adaptive evolution assumes that all sites are prone to the same selective pressure, making such tests very conservative. In reality, positively selected sites normally occur in a background of negatively selected sites within a functional protein. The problem of resolving positively selected sites against this background of negative selection has been solved in a maxi-



A detailed appreciation of the extremely high diversity of human immunodeficiency virus (HIV), the causative agent of AIDS, has resulted from the extensive sequencing and phylogenetic analysis of viral genes and gene fragments over the last decade and a half (12). In addition, phylogenetic analysis of HIV and related simian immunodeficiency virus (SIV) strains has revealed a relatively recent simian origin for HIV (HIV type 1 [HIV-1] and HIV-2) from SIV-infected primates (6, 8). More specifically, the origin of HIV-2 is linked to SIVsminfected sooty mangabeys in West Africa, and the origin of HIV-1 is linked to SIVcpz-infected chimpanzees in Central Africa. In the case of HIV-1, at least three independent crossspecies transmission events need to be postulated to account for the three most divergent HIV-1 lineages (designated groups M, N, and O), whereas seven independent events are required to account for the seven HIV-2 lineages (designated subtypes A to G) (8). Within HIV-1 group M, nine major subtypes (A to D, F to H, J, and K) have been designated, as have 14 circulating recombinant forms (CRF01 to CRF14) (12, 24). Interestingly, recent studies have identified diversity within HIV-1 group O equivalent to that exhibited by group M (25, 33), despite the fact that almost all group O infections are restricted to Cameroon or to individuals with strong links to that region. Although there is phylogenetic substructure within group O phylogenies, distinct group M-like subtypes are not apparent (25). * Corresponding author. Mailing address: School of Biological Sciences, University of Manchester, 2.205 Stopford Building, Oxford Road, Manchester M13 9PT, United Kingdom. Phone: 44-161-2755089. Fax: 44-161-275-5082. E-mail: [email protected]. 1962
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mum-likelihood (ML) and Bayesian statistical framework (for a review, see reference 37). First, the ML method determines whether positive selection is present by evaluating a series of models with or without a class of positively selected sites. Second, if the favored model includes positive selection, a Bayesian analysis assigns each amino acid site a “posterior probability” of being conserved, neutral, or positively selected. Here, we focus on positively selected sites that were inferred by using the codon-based method (38), and we determine the extent to which their locations and the intensity of their selection overlap among different HIV lineages. We first quantified positive selection in the major HIV genes (gag, pol, and env) for the three HIV-1 group M subtypes (A, B, and C) and for HIV-2 subtype A. Since env exhibited the strongest signal for positive selection, the location of sites in env with a high probability of being under positive selection was compared across different HIV data sets corresponding to sequence alignments of HIV-1 group M subtypes A through D, group O, and an HIV-2 subtype. The hypothesis that phylogenetically divergent HIV lineages are subject to similar selective pressures was tested by determining whether the occurrence of positively selected sites at the same locations was statistically significant and whether the strength of selection was similar. On the assumption that sites are positively selected primarily as a consequence of pressure from the immune system (15, 22, 39), our results have some interesting consequences for vaccine design, as they suggest the possibility of cross-subtype and -group immunogenicity. We investigated whether the immune response, as represented by experimentally defined epitopes or the positions of N and O glycosylation (13, 28), could account for the observed distribution of the positively selected sites. We found a significant tendency for positively selected sites to fall outside T-helper epitope regions and for positively selected sites to be strongly associated with N glycosylation sites. MATERIALS AND METHODS Data sets. The data sets used in this computer-based study each correspond to a sequence alignment for a given genomic region (gag, pol, or env) and HIV group or subtype. A total of 22 data sets were analyzed and named A through V (Table 1) for convenience. Most of the data sets were retrieved as an alignment of sequences from the 2000 release of the Los Alamos National Laboratory HIV Sequence Database (12), except for the group O sequences composing data set M, which was retrieved directly from GenBank (33) and aligned with CLUSTALW (http://www.ebi.ac.uk/clustalw). Known intersubtype recombinants, gapcontaining sites, and stop codons were excluded (17) from each data set. Moreover, since the models used for positive selection analysis are codon based and assume that a synonymous substitution is always synonymous, all portions of the data set consisting of overlapping reading frames were excluded. The 22 data sets used in this study (Table 1) are the data sets for which enough sequences and sites were available for effective selection analysis (1, 2). Selection analyses. Positive selection analysis was performed on each of the 22 data sets in Table 1. For each data set, the PAUP* package (27) was first used to build an ML tree for selection analysis using the HKY85⫹⌫ model of nucleotide substitution with optimal values for the TS/TV rate ratio and the shape parameter (␣) of a gamma distribution (with eight categories) of rate variation among sites, both determined during tree construction. The ML method of Yang and coworkers (38) utilized codon-based models that incorporate statistical distributions to account for variable  ratios among codons. Efficient determination of sites under positive selection requires implementation of only six models of codon substitution (M0, M1, M2, M3, M7, and M8) out of the original 14 models (for further details, see reference 38 and http://www.bioinf.man.ac.uk /⬃robertson/supplementary-material [appendix A]). Briefly, null models M0, M1, and M7 do not allow for the existence of positively selected sites because  ratios are fixed or estimated between the bounds 0 and 1, whereas models M2,
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TABLE 1. Data sets used in this studya Data set



A B C D E F G H I J K L M N O P Q R S T U V



Lineage



HIV-1 HIV-1 HIV-1 HIV-2 HIV-1 HIV-1 HIV-1 HIV-2 HIV-1 HIV-1 HIV-1 HIV-1 HIV-1 HIV-2 HIV-1 HIV-1 HIV-1 HIV-2 HIV-1 HIV-1 HIV-1 HIV-2



M:A M:B M:C A M:A M:B M:C A M:A M:B M:C M:D O A M:A M:B M:C A M:A M:B M:C A



No. of seq.



No. of codons



Gene



Source



11 35 17 12 13 33 16 12 16 30 30 15 30 22 20 20 20 20 19 30 30 22



404 425 418 386 838 913 911 916 578 578 578 578 621 679 415 433 423 460 232 233 237 193



gag gag gag gag pol pol pol pol env env env env env env env-gp120 env-gp120 env-gp120 env-gp120 env-gp41 env-gp41 env-gp41 env-gp41



LANL LANL LANL LANL LANL LANL LANL LANL LANL LANL LANL LANL GenBank LANL LANL LANL LANL LANL LANL LANL LANL LANL



a Each data set is an alignment of nucleotide sequences of a given HIV subtype or group and a given gene. The number of sequences (No. of seq.) and sites (No. of codons) in each alignment are indicated as well as the source: the 2000 release of the Los Alamos National Laboratory (LANL) HIV Sequence Database (12) and GenBank (33). Positive selection was analyzed for each of the data sets. Statistical analyses on the positively selected sites were performed for the env data sets (I to N).



M3, and M8 account for positive selection by using parameters that estimate  to be greater than 1. The significance of positive selection can be confirmed with a likelihood ratio test (LRT) between null models and those able to account for positive selection. An LRT is performed by taking twice the difference in log likelihood between nested models and comparing the result to a 2 distribution with degrees of freedom equivalent to the difference in the number of parameters between the models. Models M0 and M1 are both nested with M2 and M3, M2 is nested with M3, and M7 is nested with M8. All the model comparisons (M0 versus M2, M1 versus M2, M0 versus M3, M1 versus M3, M2 versus M3, and M7 versus M8) gave similar results, and for the sake of simplicity we focus on the results of models M7 and M8. M7 uses a discrete (10 classes) beta distribution to model sites with  ratios between the bounds 0 and 1. For each class i (1 ⱕ i ⱕ 10) of the beta distribution, the value of the i ratio and the proportion (pi) of sites belonging to this class are estimated by maximizing the likelihood. M8 adds two additional parameters to model M7 such that p11 can account for a positively selected class of sites where 11 is not constrained by the beta distribution and is allowed to be greater than 1. Once positively selected sites have been shown to exist, i.e., if model M7 is rejected in favor of M8 by the LRT, a Bayesian approach (for which the p1 to p11 values are used as a prior distribution) is used to infer the posterior probability that site i belongs to one of the 11  classes: f1i, f2i, .... , f11i. Models were implemented using the CODEML program of the PAML package, version 3.1 (36). Statistical analysis of sites identified as positively selected. A “shared-position” statistic and Monte Carlo simulations were used to test whether putative positively selected sites (defined as those having a p11 value of greater than 0.95 when 11 is greater than 1 for model M8) tend to occur at the same positions in data sets I to N (H1) more often than would be expected by chance (H0). The shared-position statistic used is the count of the match between the positions of positively selected sites in one data set and the positions of positively selected sites in another data set. As this test depends on the quality of the alignment among the diverse data sets, the result should be conservative. To study the “strength” of positive selection, we defined for each site, i, the
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weighted mean  value as  i ⫽



k⫽1



fkk as previously implemented (7). For each



pair of data sets, we tested whether the strength of positive selection was significantly different (H1), as opposed to being equivalent (H0), by using a paired Wilcoxon rank sum test with a continuity correction applied to the normal approximation for the P values (26). Only shared sites having a weighted mean
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FIG. 1. Mean  ratios in gag, pol, env, env-gp120 and env-gp41 for HIV-1 group M subtypes A, B, and C, and HIV-2 subtype A (data sets A to K and N to V in Table 1). The mean  ratios are calculated by averaging the results over all of the sites and are obtained from model M0. The numbers above the bars indicate the number of sequences and the number of codons in each data set. For example, “11/404” above the first gag bar indicates that there were 11 sequences and 404 codons in the gag HIV-1 group M subtype A data set (called data set A in Table 1).



 value greater than 1 in the two data sets being compared were included. Note that the positively selected sites with a weighted  value greater than 1 are not necessarily identified as positively selected by model M8 at the 95% level. The latter sites identified at the 95% level by M8 will be a subset of the former weighted sites. The paired Wilcoxon rank sum test was repeated only for those shared sites identified by M8 at the 95% level. Finally, Monte Carlo simulations were again used to test a null hypothesis (H0) that sites of positive selection are not associated with the positions of epitope regions, or sites of glycosylation, against the alternative hypotheses (H1) that the positively selected sites are associated with the location of the epitope regions (or various combinations of the three types of regions) or the positions of the glycosylation sites in the different data sets. An additional hypothesis (H2) that the positive selected sites tend to fall outside the defined epitope regions (or various combinations of the three types of regions) was also tested against H0. The epitope regions are experimentally defined and correspond to antibody (Ab), cytotoxic T-cell (CTL), and helper T-cell immune response data available from the Los Alamos National Laboratory HIV Immunology Database (11). As the majority of epitope mapping has focused on subtype B-infected individuals (11), only the positively selected sites identified in data set J were tested. For each data set, the positions of the N and O glycosylation sites were predicted using the NetNGlyc (R. Gupta, E. Jung, and S. Brunak, unpublished data) and NetOGlyc (9) programs, respectively. For all Monte Carlo simulations, 9,999 repetitions proved to be enough to reach an asymptotic state. The programs used to implement the Monte Carlo simulations are available upon request from M. Choisy.



RESULTS Mean  values for gag, pol, and env. The results for the mean  values (assuming the same value for  at all sites) for the genes gag, pol, and env, and for the individual subunits of env



(gp120 and gp41), are shown for HIV-1 group M subtypes A, B, and C and for HIV-2 subtype A in Fig. 1. Except for the group M subtype A, B, and C results for gp120 and subtype B for gp41, all  values are less than 1, indicating that the majority of sites are subject to purifying selection. The effect of purifying selection is particularly strong in the gag and pol genes but is much weaker in the envelope region, which is not surprising given that env codes for the envelope surface proteins, which are the most exposed to the immune system. Note that despite the low mean  values in the gag and pol genes, positive selection can still occur at a minority of sites, but this signal can be averaged out by M0 and pairwise methods. For example, others have previously found a comparable  value (0.196) for the pol gene of a subtype B alignment as well as strong evidence for adaptive evolution (38). The contrast in mean  ratios between gag and pol compared to that of the env regions indicates that the env region contains more positively selected sites than do the other genes. Within the env region, positive selection appears to be particularly strongly associated with the gp120 subunit, coding for the extramembrane envelope protein. Identification of positively selected sites across env. A comparative analysis of HIV-1 group M subtypes A, B, C, and D; group O; and HIV-2 subtype A in the envelope region (data sets I to N in Table 1) was carried out in order to identify specific positively selected sites. All models that were able to
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TABLE 2. Positive selection in the env genea Data set



I J K L M N



Lineage



HIV-1 HIV-1 HIV-1 HIV-1 HIV-1 HIV-2



M:A M:B M:C M:D O A



Mean 



11th class



No. of sites



0.690 0.623 0.610 0.568 0.590 0.444



4.702 4.009 4.463 3.821 3.992 3.568



33 35 33 30 40 25



P
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