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Introduction

Phylogenetics is becoming increasingly more impor-
tant in the analysis of HIV sequence data. Such anal-
yses have been used to classify the diversity of HIV
sequences into major groups and subtypes within
these groups [1]. Phylogenetics has been used to track
epidemiological change over time [2] and to detect
epidemiological linkage among patients [3]. Indeed,
phylogenetic evidence was recently used in a legal
setting to convict a felon on the basis of epidemio-
logical linkage supported by the phylogenetic rela-
tionships among sequences [4]. In recent years, there
have been significant advances in phylogenetics, both
in phylogeny reconstruction methodology and the es-
timation of population genetic parameters (coalescent
theory) [5], as well as the use of phylogenetics in HIV
studies. Here, we highlight four main areas of re-
search that, over the past year, have used phylogenet-
ic analyses to gain insights into the evolutionary bi-
ology and population dynamics of HIV: the discovery
of a new group, the evolution of drug resistance, the
dynamics of HIV within hosts and, finally, the im-
pact of the host genotype on the evolution of HIV.
Within each of these areas, we will discuss the ad-
vent of new phylogenetic tools used to test hypothe-
ses concerning the evolution of HIV more rigorous-
ly.

New group of HIV

In 1995, a highly divergent strain of HIV-1 from
Cameroon was isolated by Simon et al. [6]. This strain,

YBF30, did not fall neatly into the two well-estab-
lished groups of HIV-1 diversity: the major group (M;
subtypes A–J) and the outliers group (O) (Fig. 1a).
Instead, YBF30 clustered with a chimpanzee sequence
(for the env sequences), with a 70% bootstrap support
in their tree [6]. We have re-analyzed these sequenc-
es to determine the robustness of this conclusion.

First, we must clearly state the hypotheses being test-
ed. In this case, we are interested in whether the
YBF30 strain is a member of the M group or the O
group or neither. Therefore, we must test these hy-
potheses within a phylogenetic hypothesis-testing
framework. Second, since our hypotheses depend on
the phylogenetic structure within the sequence data,
we should take care to obtain as reasonable a repre-
sentation of the phylogeny as we can.

Phylogeny reconstruction
When estimating phylogenetic relationships among
sequences, one assumes a model of evolution. In many
papers, researchers have not justified the model of
evolution, and the model used [typically the Kimura
2-parameter model (K2P)] may not adequately re-
flect the underlying complexity of the data [7]. As
models are developed with increasing complexity [8–
11], it is to our advantage to take into account as
much complexity as is needed in our estimation pro-
cedure. Determining how much complexity should be
taken into account is a matter of statistical hypothe-
sis testing [12–14]. In estimating the phylogenetic re-
lationships among env sequences for placement of the
YBF30 strain, Simon et al. [6] used ‘the Kimura mod-
el’, which we assume was the K2P model [15] (Kimura
also developed a three-parameter model [16]). This
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model takes into account differences in transition/
transversion bias. Does this model adequately explain
the data?

We tested this hypothesis by obtaining sequences from
the Los Alamos Database (http://hiv-web.lanl.gov/)
and optimizing different models of evolution [14]. We
collected 24 env sequences representing the major sub-
types in the M group, the O group, SIV sequences,
and HIV-2 sequences. Phylogenetic relationships
among sequences were then estimated with the opti-
mized model [17] and compared with the K2P model
using the neighbor-joining method [18] as imple-
mented in PAUP* [19]. Confidence in the resulting
relationships was assessed using 1000 replications of
the bootstrap procedure [20].

Using likelihood ratio tests, we rejected the null hy-
potheses of these sequences having: (i) equal base fre-
quencies (A = 0.3447, C = 0.1810, G = 0.2346, and
T = 0.2397); (ii) equal transition and transversion
rates; (iii) equal transition rates and equal transver-
sion rates; and (iv) rate homogeneity (Table 1). There-
fore, our optimized model of evolution is the gener-
al-time reversible model (GTR) with a gamma
correction for rate heterogeneity. Clearly, the stand-
ard K2P model does not account for the complexity
of these data. Using the GTR model of evolution, we
estimated a neighbor-joining tree for the env sequenc-
es (Fig. 1a). Does this different model make a differ-
ence in the resulting tree topology? In this case, the
model of evolution does make a difference in the tree
topology, but not in the placement of the YBF30
strain (Fig. 1a, b). The difference in topology here is
in the deep nodes and in the positioning of the F-
subtype clade. In the GTR tree, the HIV-2 and SIV
do not cluster together as they do in the K2P tree.
The mixing of SIV and HIV-2 has been proposed in
the past [21,22]. Muse [23] provides a thorough re-
view of models of evolution in HIV sequence analy-
ses.

We would also like to examine two other issues re-
lated to phylogeny estimation; both dealing with the

treatment of gaps. The first is that the Los Alamos HIV
Database provides a set of pre-aligned sequences. If
these sequences are re-aligned (to add or delete cer-
tain sequences) and the gaps are not taken out prior
to re-alignment, the results can have a significant ef-
fect on the resulting tree topology. We point this out
because the default on the popular sequence align-
ment program Clustal X [24] does not delete (‘reset’)
these gaps. Researchers should thus be cautious when
performing this sort of analysis. In this case, it does
change the positioning of the YBF30 sequence when
comparing the reset gap trees [using the K2P model
and the GTR model, giving the association with the
CPZGAB sequence (Fig. 1a, b)] to the non-reset gap
tree [using the K2P model, giving an association with
the M group (Fig. 1c)]. The second issue deals with
‘gapstripping’, a common practice in HIV research.
Gapstripping deletes all data associated with an in-
sertion or deletion event and denies the biological re-
ality of ‘indels’. While these molecular evolutionary
events are difficult to account for in models of evo-
lution, some progress is being made in this area
[25,26]. Once again, it is important to ask whether
or not this common analytical procedure affects in-
ferred tree topology. It does (Fig. 1d). If the positional
homology of characters is in question, then it is ap-
propriate to remove those positions from considera-
tion in a phylogenetic analysis. However, simply to
remove positions that contain gaps without a prelim-
inary assessment of homology is throwing out poten-
tial phylogenetic information. Hillis [27] provides a
detailed discussion on homology of molecular char-
acters.

Hypothesis testing
Obtaining a phylogeny should not be the end of a
statistical analysis in tests of phylogenetic hypothe-
ses. With the YBF30 strain, the main hypothesis of in-
terest is whether this strain falls within the O group,
M group, or neither group. The best estimate of phy-
logenetic relationships (Fig. 1a) suggests that the strain
does not cluster with either the M or O groups, but
with CPZGAB. This result is supported by high boot-
strap values (73% in our search and 77% by Simon

Table 1. Likelihood ratio tests of models of molecular evolution [14,17].

Null hypothesis Models compareda -ln L0 -ln L1 -2ln l d.f. Pb

Equal base frequencies H0: JC69 and H1: F81 41473.5 41275.1 396.9 3 < 0.000001
Equal ti/tvc rates H0: F81 and H1: HKY85 41275.1 40725.7 1098 1 < 0.000001
Equal ti and equal tv rates H0: HKY85 and H1: GTR 40725.7 40634.8 181.7 3 < 0.000001
Equal rates among sites H0: GTR and H1: GTR + Γ 40634.8 39197.2 2875 1 < 0.000001
Proportion of invariable H0: GTR + Γ and 39197.2 39173.0 48.5 1 < 0.000001 of
  sites H1:GTR + Γ + invar

aJC69, Jukes–Cantor; F81, Felsenstein 81; HKY85, Hasegawa–Kishino–Yano 85; GTR, general time reversible. All models are
detailed in [14,17]. bDue to the performance of multiple tests, the significance level of rejection of the null hypothesis should
be adjusted via the Bonferroni correction to α = 0.01. cti, transitions; tv, transversions. [AU: Define L1 and L0 in header]
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Fig. 1. (a) Neighbor-joining phylogeny based on the GTR model of evolution with invariable sites and rate heterogeneity incorpo-
rated. The estimated rate parameters used were R(a) = 1.4366, R(b) = 2.8995, R(c) = 0.8917, R(d) = 1.1006, R(e) = 3.2988, a
proportion of invariable sites estimated to be 0.0962, and a gamma shape parameter of α = 1.2850. (b) Neighbor-joining
phylogeny based on the Kimura two-parameter model (K2P). (c) Neighbor-joining phylogeny using the K2P model as (b), but
without removing gaps before the alignment procedure. (d) Neighbor-joining phylogeny using the GTR model as (b), but with
gapstripping enforced. Bootstrap values are shown only for those clades associated with the placement of the YBF30 strain and
are based on 1000 bootstrap replications.
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et al. [6]). However, this is not an adequate test of the
hypotheses in question. Can we reject the null hy-
potheses of YBF30 clustering with the M group or
the O group? To test these hypotheses, we first need
two constraint trees forcing YBF30 to be a member
of the M group and the O group, respectively. Then
we compare these trees with our best estimate of phy-
logenetic relationships using a statistical test. A number
of tests have been proposed based on parsimony [28],
likelihood [29] and parametric bootstrapping [30] to
statistically test whether two alternative trees are sig-
nificantly different. We tested these two hypotheses
using the Kishino–Hasegawa test [29] and the Wil-
coxon signed-rank test [31]. With both of these tests,
we failed to reject the null hypothesis of YBF30 as a
member of the M group, but strongly rejected the
hypothesis of association with the O group (Table 2).
Thus, while our best estimate supports the idea that
YBF30 is distinct from groups M and O, we can only
reject the O group membership hypothesis. The con-
clusion drawn by Simon et al. [6] that YBF30 is a new
group is not supported by our statistical analysis of
the env sequences. Clearly, YBF30 is evolutionarily
very distinct, whether or not it is a member of the
M group. These analyses are meant only as demon-
strations of techniques and procedures in phylogenetic
analyses. To make reasonable conclusions about the
status of YBF30, entire genome analyses would be
more appropriate, with heuristic searches and hy-
pothesis testing. Clearly, results may also depend on
the various sequences selected as representatives of the
different taxa involved and the extent to which re-
combination has been a confounding factor in the his-
tory of these sequences [32]. Thus, the application of
appropriate phylogenetic techniques is central to our
understanding of the global diversity of HIV.

Drug resistance

The advent of highly active antiretroviral therapy
(HAART) in the treatment of HIV-infected individ-
uals has been successful in prolonging lives and in-
creasing quality of life. However, the question remains
whether HAART represents a cure [33]. There is clear
evidence for reservoirs of HIV-1 in patients on

HAART over extended periods of time, even when
the therapy has been extended over years [34–36].
What is not clear is whether the virus is evolving as
a result of these latent reservoirs. Finzi et al. [34] state
explicitly that this latent reservoir is not evolving.
Wong et al. [37] also argue that replication in their
patients with ‘undetectable’ levels of plasma virus ‘was
suppressed below the extent necessary for discernible
evolutionary changes’. Yet, in their phylogeny, there
is clear separation between the early and late time-
points, indicating that evolutionary change had oc-
curred. If the virus is evolving, there remains a po-
tential to evolve drug resistance.

The first issue in this debate concerns detection of
the virus. How close is our minimum detection level
of 50 copies/ml to identifying an eradication point?
Assuming that initial infection in a patient is of the
order of 108 cells in productive cycle [38], our most
sensitive assays would detect a viral load of only 105,
due to the differentiation of virus trapped; for ex-
ample, on follicular dendritic cells versus productive
mononuclear cells [39]. Thus, one infected cell would
correspond to 10–3 copies/ml, leaving the term ‘un-
detectable’ misleading at 50 copies/ml and a long way
from eradication [40].

We recently examined the evolutionary change in the
face of multi-drug therapy in eight patients, five of
whom escaped drug therapy; the remaining three
continued to show ‘undetectable’ levels of variation
[41]. It was clear from this study with multiple clones
sampled at the beginning of treatment and at least 54
weeks after the initiation of treatment that evolution
had occurred. Indeed, the five patients who escaped
drug therapy did so through parallel changes. Yet the
standard method for detecting positive Darwinian se-
lection by Nei and Gojobori [42] did not indicate
an abundance of non-synonymous substitutions, sug-
gesting that this is a weak test for detecting selection.
Nielsen and Yang [43] came to a similar conclusion,
and suggested the use of likelihood methods instead
(see, for example, [8,44]).

The notion of continued evolution when viral loads
are ‘undetectable’ has also been supported by other
studies [36]. We can explore the dynamics of the ev-

Table 2. Statistical tests of the hypotheses that the YBF30 strain is a member of the M group or O group using the Wilcoxon
signed-rank test for parsimony scores and the Kashino–Hasegawa (KH) test with likelihood scores.

Wilcoxon signed-
Trees Length rank test P value -ln likelihood KH test P value

Estimated tree with no constraint 9141 39231.71100
Estimated tree with constraint M group, YBF30 9130 0.5143 39217.88458 0.3612
Estimated tree with constraint O group, YBF30 9212 <0.0001*** 39267.51935 0.0008***

[AU: Indicate significance level of ***]
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olution of drug resistance by examining sequence ev-
olution in a single host individual over time. We se-
quenced the protease gene from a patient, as de-
scribed in Crandall et al. [41]. This patient is number
two in both Crandall et al. [41] and Zhang et al. [45].
The sequence data used in this analysis have been de-
posited in GenBank under accession numbers
AF101340–AF101360 and AF112486–AF112534. We
then estimated genealogical relationships among se-
quences using the method described in Templeton et
al. [46]. This method has been shown to have greater
resolving power than traditional phylogenetic meth-
ods when sequence divergence is low [47–49]. The
resulting genealogy indicates the evolutionary path-
way of drug resistance (Fig. 2). Prior to combina-
tion antiretroviral therapy, there is a great deal of het-
erogeneity, with no dominant sequence type in the
protease gene. An amino-acid replacement then oc-
curs that confers some drug resistance, and there is
virtually a wholesale replacement of the population,
i.e. a selective sweep of this mutation into high fre-
quency in the population. Three such events have oc-
curred in the history of these sequences, leading to
the three large circles representing multiple sequenc-
es. However, the first such event is not due to an ami-
no-acid replacement in the protease gene, but to an
amino-acid replacement in the Gag protein (Table 3).
Thus, the evolutionary history of these sequences can
demonstrate the effects of evolutionary events not even
associated with the specific gene region in question.
These Gag mutations have been observed in other pa-
tients who have also escaped drug therapy [45,50].
Viral fitness associated with escape of drug therapy
has been shown to be lower than fitness before treat-
ment [51]. Understanding the evolutionary mecha-
nisms that allow HIV to evolve resistance to drug ther-
apy will be a crucial area of study in the next few
years.

Dynamics within host

We have now touched on the dynamics of HIV asso-
ciated with the evolution of drug resistance. Howev-
er, the population dynamics of HIV and the relative
influences of genetic drift and natural selection have
been hotly debated over the past year. These debates
were initiated by the publication of articles by Leigh
Brown and Richman [52,53], which suggest that the
effective population size of HIV is relatively small
(103); they thus conclude that there is significant op-
portunity for genetic drift to play a role in the evo-
lution of HIV. This view conflicts with that of Cof-
fin [54], which argues that population sizes of HIV
are large (108–10), and therefore the dynamics are
steady state and are dominated by natural selection.
These two arguments differ for a number of reasons,

in part because of the distinction between census size
and effective population size. Yet they also differ in
their conclusions about the relative importance of nat-
ural selection versus genetic drift.

Many laboratories are now engaged in collecting data
relevant to this issue. Furthermore, there has been a
great effort in the development of theoretical frame-
works for estimating effective population sizes and
genetic diversity based on coalescent theory [55–59].
Genetic diversity is defined in population genetics as
θ = 2N

ei
µ, where N

ei
 is the inbreeding effective pop-

ulation size and µ is the mutation rate per nucleotide
[60]. We have used these techniques to explore the
dynamics of HIV evolution over time within indi-
viduals. We analyzed data from Holmes et al. [61] be-
cause the selection pressures of these sequences have
been extensively explored [43,62]. This will allow us

Fig. 2. Genealogical relationships among protease sequences
from a single patient over a 116-week period, during which
viral load decreased to undetectable levels and rebounded
after the accumulation of drug-resistant mutations. The con-
nections are supported with a probability of > 0.95 using the
method of Templeton et al. [46]. Open circles represent miss-
ing intermediates; circles are drawn proportional to the
number of sequences corresponding to that clone.
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to relate the selection pressures to the population dy-
namics of HIV.

Using four different phylogenetic estimators of ge-
netic diversity and two non-phylogenetic estimators,
we examined changes in diversity over time for these
env sequences (Fig. 3). Clearly, there are dynamic
changes in genetic diversity, an indication that the
steady-state model is not adequate to describe the
ongoing population dynamics. Furthermore, assum-
ing a constant mutation rate of 3 × 10–5 substitutions
per site per generation [AU: Confirm ‘units’] [63],
the inbreeding effective population size ranges from
2850 to 780. This estimate is on a par with that of
Leigh Brown’s estimate. Thus, the inbreeding effec-
tive population size is, as expected, much smaller than
the census size. This small inbreeding effective popu-
lation size indicates that genetic drift can play an im-
portant role in the evolutionary history of HIV. But
is this small effective population size due to a popu-
lation bottleneck of HIV-1?

The ratio of non-synonymous to synonymous substi-
tutions has played a central role in the debate between
the relative importance of selection and drift [64,65].
Researchers have argued that a ratio greater than one
indicates the influence of positive selection [66]. How-
ever, others have argued that a ratio greater than one
is not as important as a shift from the background
ratio [67]. Either way, one must also be cautious about
the method used to estimate these ratios, because pair-
wise methods have been shown to be biased under
certain circumstances [41,68]. When we examined the
dynamics of the ratio of the non-synonymous to syn-
onymous substitutions over time, we noticed that ge-
netic diversity decreases following an increase in this
ratio (Fig. 3). These data support the interpretation
of Fig. 2, i.e. these populations constantly go through
selective sweeps of advantageous mutations into high
frequency in the population. When this occurs, ge-
netic diversity decreases (Fig. 3). Thus, this decrease

in genetic diversity is not necessarily due to bottle-
necks at transmission, but to continual selective sweeps
throughout the history of HIV infection in a patient.
At the same time, we can estimate the population
growth using a coalescent approach, such that N

e
(t)

Table 3. Amino-acid replacements associated with drug resistance accumulated through evolutionary change in the patient
shown in Fig. 2.

Time
on
therapy HIV-RNA Total CD4 Amino-acid residue associated with resistance in the p7/p1 p1/p6
(weeks) (copies/ml) (cells/µl) protease gene (relative to consensus B sequence) at P2 at P1′

L10 K20 L24 V32 M46 I54 L63 A71 V82 I84 L90 A L

0 119000 136 I – – – – – C/S T – – – – –
6 < 500 538 I – – – – – S T – – – – –
100 < 500 729 I – – – – – S T – – – V –
104 510 1032 I – – – – – S T –/A – – V –
108 869 1036 I – – – – – S T A/– – – V –
113 42730 599 I – – – – –/V S T A – – V –
116 63980 609 I – – – – V S T A – – V –

Fig. 3. Estimate of genetic diversity (θ^ ) for the env sequences
from Holmes et al. [61] using a number of different estimation
procedures, including Eve (D.A. Vasco, Y.-X.Fu, manuscript
submitted), BLUE [55], Coalesce [58], Tajima [85] and
Watterson [86]. The ratios of non-synonymous to synony-
mous substitutions (dN/dS) were estimated using maximum
likelihood [43]. Population growth rates based on the logistic
growth model run backwards in time [69,70].
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= N
0
e-rt, where N

e
(t) is the effective population size

at time t, N
0
 is the initial effective population size, r

is the growth rate (or decline rate when r < 0), and t
is time since the initial generation [69,70]. Using this
approach, we see that the population growth decreases
during the most intense period of selection (Fig. 3)
and then fluctuates slightly over the final three time-
points. These data suggest that selection pressure is
ongoing but varies in intensity over time, and this
variation in intensity results in changes in genetic di-
versity and population growth. This idea of contin-
ued selective pressure has also been seen in other HIV-
infected patients [71]. These results suggest an
important role for the interaction of genetic drift and
natural selection in shaping the diversity of HIV se-
quences. Much work remains to be performed in this
area of research, especially in terms of exploring dy-
namics over different time scales and calibrating es-
timates of diversity accordingly.

Host–genotype interactions

We conclude with one of the most exciting areas of
research in the evolutionary biology of HIV: the in-
teraction of the virus with the host in a host–geno-
type-specific way. A number of candidate loci for
host–virus interactions have been identified; for ex-
ample, chemokine receptors (CCR5, CCR2, and
CXCR4) and the major histocompatibility locus
(MHC). The detection of the 32-bp deletion in the
CCR5 associated with long-term non-progressors was
the first indication of the significant role the host gen-
otype can play in determining rates of disease pro-
gression [72,73]. Because this deletion failed to ex-
plain 80% of the long-term progressors (i.e. only 20%
had this deletion), the CCR2 region was explored for
the effects of its variation on disease progression [74].
An amino-acid replacement at position 64 (CCR2-
64I) is associated with a 2–4-year decrease in the pro-
gression toward AIDS [74]. Recently, an amino-acid
replacement in the stromal-derived factor (SDF-1)
was shown to be associated with delaying onset of
AIDS [75]. Even variation in the promoter region of
CCR5 has been implicated in determining the rate
of disease progression [76]. New data also suggest that
CTLs exert significant selective pressure on HIV at
many stages of infection [77]. There is evidence of
strong selection acting on the CTL variants themselves
[78]. No doubt this is just the tip of the iceberg in
terms of host genotypes affecting disease progression.
Data from HIV-2-infected patients suggest that a
number of coreceptors can be used by a genetically
diverse group of viral strains [79], whereas other data
from HIV-1-infected patients suggest that the virus
may utilize a single coreceptor (in this case CXCR4),
even when other coreceptors are available [80].

Fortunately, an abundance of statistical tools from
quantitative genetics are available to use in establish-
ing correlations between genotype (host) and pheno-
type (e.g. disease progression) [81,82]. These tools
have been used effectively in other human disease-
related settings to determine the extent of genetic
contributions to disease (see, for example, [83]). Pre-
liminary work has been performed to explore the var-
iation in chemokine coreceptor usage and how this
variation is associated with different HIV-1 subtypes
[84]. As genetic variations in these candidate loci are
characterized for their association with disease pro-
gression and other disease-related phenotypes, an im-
proved picture of the role of the host genotype as a
determinant of disease progression in HIV infection
will emerge.
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