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The complex evolutionary process of human immunodeficiency virus type 1 (HIV-1) is marked by a high level
of genetic variation. It has been shown that the HIV-1 genome is characterized by variable and more constant
regions, unequal nucleotide frequencies, and preference for G-to-A substitutions. However, this knowledge has
largely been neglected in phylogenetic analyses of HIV-1 nucleotide sequences, even though these analyses are
applied to a number of important biological questions. The purpose of this study was to identify a realistic
model of HIV-1 evolution and to statistically test if the application of such a model significantly improves the
accuracy of phylogenetic analyses. A unique and recently reported HIV-1 transmission cluster consisting of
nine infected individuals, for whom the direction and time for each transmission were exactly known, formed
the basis for the analyses which were performed under a general model of nucleotide substitution using
population sequences from the env V3 and p17%“® regions of the HIV-1 genome. Examination of seven different
substitution models by maximume-likelihood methods revealed that the fit of the general reversible (REV)
model was significantly better than that of simpler models, indicating that it is important to account for the
asymmetric substitution pattern of HIV-1 and that the nucleotide substitution rate varied significantly across
sites. The shape parameter «, which describes the variation across sites by a gamma distribution, was
estimated to be 0.38 and 0.25 for env V3 and p175“®, respectively. In env V3, the estimated average transition/
transversion rate ratio was 1.42. Thus, the REV model with variable rates across sites (described by a gamma
distribution) provides the best description of HIV-1 evolution, whereas simple models are unrealistic and
inaccurate. It is likely that the accuracy of phylogenetic studies of HIV-1 and many other viruses would improve
substantially by the use of more realistic nucleotide substitution models. This is especially true when attempts

are made to estimate the age of distant viral ancestors from contemporary viral sequences.

Human immunodeficiency virus type 1 (HIV-1), which is a
member of the Lentivirus genus (family Retroviridae), is char-
acterized by a high level of genetic variation (30). Members of
Retroviridae are RNA viruses that replicate through a DNA
intermediate (2, 46). The viral RNA is copied into DNA by the
viral enzyme reverse transcriptase. This process is quite error
prone and forms the basis for the high genetic variability of
these viruses (5, 12, 17, 45). However, the observed genetic
variation is a product of a complicated process influenced by
many factors, most notably mutation and selection. The effects
of these factors are still not well understood or are difficult to
study in practice. However, the mutation rate of reverse tran-
scriptase has been suggested to be 3.4 X 107> mutations per
base pair per replication cycle in vivo (30), and several inves-
tigations have documented differences in the selective pres-
sures on different viral genes (19, 22, 37). In addition, the rate
of genetic recombination in retroviruses is high, and this
greatly contributes to the genetic variation (13, 35). The ap-
parent substitution rates across the genome are not the same,
as illustrated by the presence of the five variable regions (V1 to
V5) in the HIV-1 env gene (26, 38).

Unlike bacterial genomes (40), the HIV-1 genome is A rich
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(=36%) and C poor (~18%). In vertebrates, the base compo-
sition varies between genes, and it has been suggested that the
mosaic structure of the chromosomes reflects the varying G+C
content (4, 14). Because of varying G+C content, the codon
usage of a gene may vary with its genomic G+C context. It has
been reported that HIV codon usage is dramatically different
from that of cellular genes due to a high preference for A-rich
codons and that this also results in a biased amino acid com-
position of viral proteins (3). Furthermore, HIV-1 has been
shown to produce extensive and monotonous G-to-A nucleo-
tide substitutions, especially in the GpA dinucleotide (48). It
has been suggested that a skewed dCTP pool during reverse
transcription is the cause of the G-to-A hypermutation (47).

Phylogenetic methods have been applied to various epide-
miological questions, including studies of the spread of HIV-1
to different continents, the origin of the virus, routes of infec-
tion, and forensic investigations (1, 24, 27, 28, 32-34, 36).
While considerable attention has been given to which genes
and tree-building methods should be used, few attempts have
been made to describe the actual evolutionary process in
HIV-1 genes and to test different evolutionary models. It is
clear that in order to make reliable phylogenetic inferences
from HIV-1 sequences, the biased nucleotide composition,
high mutation rate, differences of mutation rate in different
regions, and preferred G-to-A substitutions should be ac-
counted for.

In this study, we have used a unique data set of population
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FIG. 1. The true phylogeny of the virus populations in a known HIV-1
transmission history from Sweden. This tree was constructed with the exact
knowledge of who infected whom as well as when the transmissions occurred and
when the blood samples were drawn from the infected individuals (23). Each
lineage split indicates a transmission event, and each tip of a branch represents
a sequence sample; patient and sample numbers are indicated. Note that for
several individuals, serial samples were included.

DNA sequences of env V3 and p17¢“¢ gene fragments derived
from an HIV-1 transmission history with a known phylogeny
(23). Different nucleotide substitution models ranging from
the simple Jukes-Cantor (JC) model to the general reversible
Markov process (REV) model were evaluated by maximum-
likelihood calculations. The variation of substitution rates
across sites was tested by comparison of different models with
and without gamma-distributed rates across sites. We found
that the inference of branch lengths was greatly improved by
accounting for the special substitution pattern of HIV-1.

MATERIALS AND METHODS

Study population and the true tree. Viral populations from a group of HIV-
1-infected individuals with well-characterized epidemiological relationships (23)
were studied. Briefly, the index case, a Swedish male (p1) who became HIV-1
infected in Haiti 1980, infected several females (p2, p5, p7, p8, and p11) between
1981 and 1983. In addition, samples from a later male sexual partner (p6) and
two children (p3 and p9) of the females were included in the phylogeny. Blood
samples were obtained at different time points between 1986 and 1993. From
some individuals, more than one sample was available. The information about
when the transmissions had occurred and when the samples were obtained was
compiled into a tree which shows the evolutionary history of the transmitted virus
populations (Fig. 1). The branch lengths in the tree describe the actual time over
which the viral populations have evolved. The tree topology (considering only the
branching order) has been presented and examined before (23).

Sequence data. DNA sequences from the HIV-1 p17%¢ and env V3 regions of
the viral genome were determined by direct population sequencing as previously
described (25). In the earlier study of reconstructed tree topologies (23), poly-
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morphic nucleotide positions within a sample were described by using the
TUPAC-IUB codes (15) (GenBank accession no. U68496 to U68521). Here, the
population sequences were reanalyzed to determine a majority-rule consensus
sequence for each sample. These sequences are available from the author upon
request. This was necessary because available computer programs for estimating
the nucleotide substitution patterns by maximum-likelihood methods cannot
handle more than one character state at each site in a sequence. Since quanti-
fications of mixed nucleotide positions are possible with the sequencing tech-
nique used (25), the most prevalent nucleotide at each such polymorphic site was
assigned to that position. When two nucleotides existed in equal amounts at one
position, the nucleotide that was more rare in total frequency over the fragment
was chosen (the relative nucleotide frequency in env V3 was A > T > G > C, and
in p17“¢ it was A > G > T > C [Table 1]). For instance, in a 50% A and 50%
G position (IUPAC-IUB code R), G would be chosen. Note that these polymor-
phisms describe variation between individual sequences within a population
(intrasample variation) and not between populations (intersample variation).
For clarity, we will refer to sites with polymorphisms within a population as
multistate sites and between populations as polymorphic sites. The V3 and p17
fragments were divided into first, second, and third codon positions to allow
estimations from each position; data sets consisting of first and second codon
positions and the whole fragment (all three codon positions) were also evaluated.

Fit of nucleotide substitution models. Several substitution models were inves-
tigated by maximum-likelihood calculations by using the program PAML (51).
All calculations were done by using the true tree topology of the investigat-
ed data set, ((256,(822,159)),((113,9939),(6760,((317,6767),((135,(529,105)),
(719,136)))))), described above and shown in Fig. 1. The tree was treated as un-
rooted.

The rate matrix for a reversible homogeneous Markov process has the general
form

ame by cwg
amr - dm, emg

Q= bwy dme fra )
cmy e faa
where the diagonals are given as Q; = —%;.; Q;; and the order of nucleotides is T,

C, A, G. Q;At is the probability that nucleotide 7 will change into nucleotide j in an
infinitesimal time interval At. a, b, ¢, d, e, and f are the rate parameters, and the =’s
are the frequency parameters. One of the four rate parameters is redundant. The
REV model assumes that the reversibility restriction, mQ; = mQ;; (44, 50), and
eight free parameters need to be estimated. In other publications, the REV model
is sometimes also referred to as the general-time-reversible model.

The other tested substitution models are special cases of the REV model. The
simplest case is described by the JC model (16), where all 7’s are equal (0.25) and
all rate parameters are equal (¢ = b = ¢ = d = e = f). The Kimura (K2) model
(18) has equal nucleotide frequencies but allows for different rates of transitions
and transversions (¢ = f; b = ¢ = d = e). Felsenstein described a model in 1981
(F81 model) that assumed empirical nucleotide frequencies and equal rate pa-
rameters (6). Hasegawa et al. (10) described a model (HKY model) where both
empirical base frequencies and different rates of transitions and transversions
were allowed (¢ = f = kp and b = ¢ = d = ¢ = p). Felsenstein implemented a
similar model (F84 model) in later (current) versions of the program DNAML in
the PHYLIP package (7) {a = [1 + «/(7; + 7o)|w, f=[1 + /(74 + 75)]e and
b =c¢ =d = e = p}. The Tamura-Nei (TN) model (43) makes only the
assumption that the transversion rates are equal (b = ¢ = d = e). In all models,
the common assumption of rate constancy over nucleotide sites was tested by
incorporating gamma-distributed rates across sites (size and shape parameter o).
The effects of different o’s in the gamma distribution are shown in Fig. 2. For
computational reasons, the continuous gamma distribution was approximated by
a discrete gamma model with eight categories. The shape parameter was also
estimated by three parsimony procedures: (i) the method of moments; (ii) a

TABLE 1. Observed average nucleotide frequencies in the investigated env V3 and p17%¢ fragments

Observed nucleotide frequency (range)

Codon position

TG T

TA kel

env V3

1 0.4937 (0.4615-0.5385)

2 0.3584 (0.3297-0.3956)

3 0.5359 (0.4835-0.5604)

1+2+3 0.4627 (0.4359-0.4725)
p175%

1 0.3179 (0.3147-0.3217)

2 0.3948 (0.3846-0.4056)

3 0.4857 (0.4615-0.4965)

1+2+3 0.3995 (0.3916-0.4033)

0.1192 (0.1099-0.1319)
0.1986 (0.1758-0.2088)
0.1243 (0.0989-0.1648)
0.1474 (0.1355-0.1575)

0.2001 (0.1888-0.2168)
0.1700 (0.1678-0.1748)
0.1329 (0.1189-0.1468)
0.1677 (0.1632-0.1748)

0.2409 (0.2198-0.2637)
0.1817 (0.1648-0.2198)
0.0566 (0.0330-0.0879)
0.1598 (0.1502-0.1722)

0.3330 (0.3147-0.3497)
0.1985 (0.1888-0.2098)
0.2146 (0.2028-0.2308)
0.2487 (0.2471-0.2564)

0.1462 (0.1319-0.1758)
0.2612 (0.2527-0.2747)
0.2832 (0.2527-0.3077)
0.2302 (0.2125-0.2527)

0.1490 (0.1329-0.1678)
0.2367 (0.2308-0.2448)
0.1668 (0.1538-0.1818)
0.1841 (0.1748-0.1935)
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FIG. 2. The gamma distribution described by different shape parameters (e = 0.1 to 1.3, 1.5, 1.7, and 2 to 10). The mean and variance of the distribution are 1 and

1/a, respectively.

method according to Sullivan et al. (41); and (iii) a recent method by Yang and
Kumar (YK model) (52), using the PAMP program (51).

The performances of the different substitution models and the discrete gamma
model were evaluated by comparisons according to the log likelihood ratio test.
If the log likelihood under a model with p parameters is /; and that for a sub-
model with ¢ parameters fixed out of p is [,, then 2Al = 2(l; — [,) can be
compared with the x? distribution with ¢ degrees of freedom.

Branch lengths of the true tree were also calculated by a weighted maximum-
parsimony procedure that accounts for differences among all nucleotide substi-
tution types. The specific substitution events of each type were counted by using
the true tree. These counts were then inverted, so that the most frequent type of
substitutions was given the lowest score and the most rare events were to be
considered the most informative (11). The inverted matrix was corrected for
triangle inequality (42). Finally, this matrix was used to calculate branch lengths
in the true tree. These calculations were performed by using the programs PAUP
and MacClade (29, 42).

RESULTS

HIV-1 population sequences from a known phylogeny. In
this study, we analyzed HIV-1 population sequences from a
known HIV-1 transmission cluster consisting of nine infected
individuals, for whom the direction and time for each trans-
mission were exactly known. A total of 13 samples were in-
cluded in the study, because more than one sample was avail-
able from some of the individuals. It was possible to construct
a true phylogenetic tree based on the knowledge about when
the transmission had occurred and when the samples had been
obtained (Fig. 1). We have recently performed an analysis of
the accuracy of the topologies (branching order) of trees ob-
tained with different phylogenetic methods (23). Here we have
investigated the accuracy of the branch lengths of trees ob-
tained with different nucleotide substitution models under
maximum-likelihood and maximum-parsimony calculations.

Variation of substitution rates across sites. Figures 3 and 4
show the alignments of the env V3 and p17%“¢ sequences, re-

spectively. It is clear from a quick inspection that the V3
fragment is more variable than the p17 fragment and that there
are regions within each fragment that are more variable than
others. In total, 68% of the sites in the V3 fragment were
observed as unvaried (60% in first, 71% in second, and 73% in
third codon positions), compared to 85% of the sites in pl17
(84% in first, 90% in second, and 82% in third codon posi-
tions) (Fig. 3 and 4). The differences in the substitution rates
between fragments as well as between the three codon posi-
tions were expected, since both purifying and positive selection
differ between genes and between codons, as illustrated by dif-
ferent synonymous/nonsynonymous ratios in different HIV-1
genes (8, 22, 53). However, it has never previously been tested
if there are statistically significant differences in evolutionary
rates across sites or if the accuracy of branch length estimates
improves by accounting for rate variation across sites. To ad-
dress these questions, we estimated the shape parameter (o
called gamma parameter) of the gamma distribution of substi-
tution rates among sites under a REV model of nucleotide
substitution for each codon position individually as well as for
all codon positions together. The estimate of the gamma pa-
rameter is inversely related to the extent of differences in
substitution rates across sites. If « > 2, then the differences in
substitution rates across sites are small and a uniform rate
model (Poisson distribution) can fit the data (Fig. 2). The
continuous gamma distribution was approximated by a discrete
function with eight rate categories. When the number of rate
categories was increased above eight, no significant increase of
fit was observed (data not shown).

In our analyses, we attempted to use maximum-likelihood
methods (discrete gamma model) with a REV model because
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TABLE 2. Effects of incorporation of the gamma distribution on
different codon positions under the JC model measured with
log likelihood values, assuming the true tree topology

Uniform Gamma
Codon (o = ) Uniform vs
position gamma, P*
! ® i
env V3
1 —450.05 0.74 —441.53 3.7x107°
2 —385.94 0.32 —367.68 1.5%x107°
3 —360.29 0.39 —350.81 13x107°
1+2 —849.12 0.49 —824.41 2.1 x 10712
p178%8
1 —-391.76 0.25 —383.47 4.6 X 107°
2 —312.47 0.18 —308.73 6.2%x 1073
3 —407.38 0.35 —400.72 2.6 X 1074
1+2 —715.02 0.20 —702.38 49 x 1077

% Gamma distribution was significantly better at the P level according to the x>
distribution with df = 1.

it is expected to produce more reliable estimates. However,
this was not always possible because of the errors involved in
the analysis of short sequences with use of a complex model.
Therefore, we estimated a by an approximate method of Yang
and Kumar (52) and conducted comparable maximum-likeli-
hood computations under the JC model (16). The estimates of
o obtained in this manner are given in Table 2. To test the null
hypothesis that the sites are evolving with uniform rates, we
conducted a likelihood ratio test (Table 2). Using the log
likelihood ratio test, we concluded that the null hypothesis
(i.e., that there is no nucleotide substitution rate variation
across sites) was rejected at <<1% level for all codon posi-
tions in both V3 and p17. For the complete p17 fragment, the
a value was estimated to be 0.257, and for the complete V3
fragment, o was estimated to be 0.384. Thus, nucleotide sub-
stitution methods which do not include rate variation across
sites are inadequate descriptions of HIV-1 evolution.
Differences in substitution rates between nucleotides. Using
the maximum-likelihood methods, we also compared the fits of
different nucleotide substitution models to the V3 data. We
used the REV model as a reference because it is the most
general model available and since all simpler models are spe-
cial cases of the REV model (see Materials and Methods).
These comparisons allowed us to identify parameters that are
of importance when one is estimating genetic distances and
branch lengths of a phylogenetic tree. We used uniform (sin-
gle-rate) as well as variable-rate models. In the latter case, the
discrete gamma distribution was used. The results from these
analyses are shown in Table 3. It was clear that the fit of the
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REV model was significantly better than that of all simpler
models and that the fit of the REV model could be further
improved by allowing gamma-distributed rates (P < 10~ with
a = 0.384 = 0.082). Clearly, the JC and K2 models provided
the worst fit to the data, and the improvement in the fit of a
model which accounts for unequal base frequencies (e.g., F81)
was substantial. This means that a model that does not account
for the nucleotide compositional bias in the HIV-1 genome is
simply inadequate. When the fits of the JC and K2 models
were compared, it became evident that also the differences in
rates of transitions and transversions should be considered.
Thus, the K2 model, which allows different rates for transitions
and transversions, was significantly better than the simple JC
model. Similarly, among models which account for differences
in nucleotide frequencies (F81, F84, HKY, and TN), the mod-
els which also allow different rates for transitions and trans-
versions (F84, HKY, and TN) were significantly better than the
F81 model, which does not. There were no statistically signif-
icant differences in the fits of the F84, HKY, and TN models,
which differ somewhat even though they all account for differ-
ences in both nucleotide frequencies and rates of transitions
and transversions. The similar result from the F84 and HKY
models meant that presetting the transition/transversion ratio
to a suitable value was not inferior to estimating it for each
comparison, as long as the value is fairly correct. Importantly,
the relative fit of all models improved when the discrete
gamma model was used (P ~ 10~ '®). The estimates of the «
values from these computations were quite similar to that
obtained by using the REV model (see also reference 20).

The pl17 fragment did not allow comparative studies of the
different models because the maximum-likelihood computa-
tions did not converge when we used the known tree. However,
by using the maximum-likelihood tree obtained by using
DNAML (7), which differs slightly from the known tree (23), it
was possible to carry out some computations. These results
showed that it was important to account for unequal nucleotide
frequencies and the transition/transversion rate bias also in p17
(results not shown).

Evolutionary patterns of HIV-1 env sequences. The esti-
mated rate matrix (Q) for the whole V3 fragment, calculated
by maximum likelihood assuming the REV model with vari-
able rates across sites, is presented in Table 4. The transition/
transversion rate bias averaged over base frequencies (R) was
about 1.42. The estimate of R has been reported to be seriously
underestimated when rate variation across sites is neglected,
and the extent of this underestimation increases with the
amount of rate variation among sites (49). However, in this
material, the estimate of R was only slightly lower (R = 1.37)
if a single rate (uniform) is assumed among sites. Large dif-
ferences were seen among the substitution rates among nucle-

TABLE 3. Comparison of different substitution models and the effect of inclusion of a gamma distribution for
the env V3 fragment measured with log likelihood calculations

Uniform (a = «)

Gamma

Uniform vs

Model
/ df Pt a ! df pe gamma, P

REV —1,156.63 0.38380 —1,119.57 74 %1078
N —1,164.12 2 55 %107 0.35912 —1,127.95 2 23 %1074 1.8 x 107V
HKY —1,165.70 3 41x10°% 0.37471 —1,127.23 3 1.6 X 1073 1.8 x 10718
F84 —-1,169.26 3 1.4 x107° 0.35948 —1,128.58 3 43 %1074 1.9 x 107"
F81 —1,187.55 4 1.2x 1012 0.36018 —1,147.51 4 21x10° 1 3.6%x 107"
K2 —1,210.49 6 6.1 X 10721 0.37361 —1,173.29 6 7.0 X 10721 6.3 x 10718
JC —1,227.45 7 22 X107 0.38575 —1,191.74 7 6.2 % 10728 29 %1077

“ Comparison between the tested model and the REV model, with the degrees of freedom indicated for each comparison.
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TABLE 4. Estimate of the rate matrix Q for the env V3 fragment,
using the REV model with a discrete gamma distribution
to account for rate variation over sites”

To
From
T C A G
T —0.704671 0.348807 0.247731 0.108133
C 0.544886 —1.393152 0.790871 0.057395
A 0.123262 0.251903 —0.835056 0.459891
G 0.155810 0.052941 1.331818 —1.540570

“The element of the matrix, Q; (i # j), is the rate of substitution from
nucleotide i to j. The matrix is scaled so that the average rate in equilibrium is 1.

otides. The largest substitution rate was found for G-to-A
changes, and the V3 sequences were found to drift toward A
richness by a factor of 1.5 from the other nucleotides, T, C, and
G. A slight drift into T was also observed, balancing for the
drift from C and G. The lowest rates were seen in both direc-
tions of transversions between C and G, while other transver-
sional substitution rates (e.g., C to A) were more than 15 times
higher. This may explain why the TN model did not provide
significantly better fit than the F84 and HKY models and why
the REV model fit significantly better.

As an alternative approach to estimate the different substi-
tution types, substitution steps were counted according to the
parsimony procedure and inverted into a substitution matrix.
Also, this parsimony-based strategy recognizes that rates be-
tween different types of substitutions are highly uneven,
thereby creating an asymmetrical weighting matrix (Table 5).
The created weighting matrix down-weights the most common
type of substitution and up-weights the most rare events. The
resulting length of a branch thereby does not attempt to de-
scribe the number of events as the maximum-likelihood pro-
cedure used here does but rather described the weighted steps
required along it.

The total amount of evolution, measured by the sum of
estimated branch lengths in the true tree, was underestimated
by about 12% if variable rates across sites were not accounted
for in all of the examined models. The effect of allowing for
rate variation among sites is greater on long branches than on
short, making the inference more realistic since superimposed
events are more likely to have occurred on sites with high rates
after longer times. As a result, a distance of 0.1 calculated by
the simple JC model may almost be doubled by using the REV

TABLE 5. Counts of substitution steps and the inverted
weighting matrix for asymmetric parsimony weighting

To (relative weighting

To (substitution steps) matrix)®

From
T C A G T C A G
env V3
T 9 5 8 11 17 13
C 7 9 1 14 11 15
A 14 19 27 7 5 4
G 1 2 23 11 9 4
p17gllg
T 4 3 0 25 33 40
C 10 3 0 10 33 40
A 7 6 15 14 17 7
G 2 2 17 20 23 6

“ Corrected for triangle inequality.
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FIG. 5. Maximum-likelihood estimates of branch lengths for the env V3
sequences in the true topology of transmitted virus populations. A discrete

gamma distribution model was used to account for rate variation over sites, while
the substitution pattern was assumed to follow the REV model.

model with gamma-distributed rates. Figure 5 shows the in-
ferred branch lengths in the true topology, using the V3 se-
quences and the REV model with variable rates across sites.
The rate parameters were 4 = 0.822 = 0.257, b = 0.186 *
0.059, ¢ = 0.235 = 0.097,d = 0.594 = 0.149, and é = 0.125 *
0.096, and the shape parameter of the gamma distribution was
o = 0.384 = 0.082, with the standard errors of the estimates.
When the branch lengths of the tree with estimated genetic
distances (Fig. 5) was compared with the time distances in the
true transmission history (Fig. 1), it became clear that not even
the best model (i.e., the REV model with gamma-distributed
rates across sites) was able to accurately recover the true
branch lengths. In fact, although there was a large difference in
absolute fit, the relative branch lengths calculated with all
tested models, including both maximum-likelihood and maxi-
mum-parsimony approaches, had a correlation of about 0.7 to
the true branch lengths measured in time. Branches expected
to be short were generally estimated too long relative to the
longer branches. Ancestral divergence, substitutional fluctua-
tions over time, and changes in evolutionary rates in different
lineages may explain this discrepancy. We are currently inves-
tigating these factors in HIV-1 evolution.

DISCUSSION

In this study, we investigated the fits of different models of
nucleotide substitution to the true pattern of evolution of the
env V3 and p17%“® fragments of the HIV-1 genome. Analyses of
HIV nucleotide sequences are increasingly used to answer a
variety of epidemiological questions ranging from macroscopic
issues (e.g., the global spread of different genetic subtypes) to
microscopic issues (e.g., forensic investigations of single trans-
mission events). While there has been considerable debate
about which genes are best suited to elucidate phylogenetic
history and about the efficiency of different phylogenetic meth-
ods, little attention has been given to the problem of under-
standing the nucleotide substitution patterns. Because the use
of inadequate models in phylogenetic inferences may lead to
incorrect phylogenies, it is important to accurately describe the
pattern of nucleotide substitution. Estimates of branch lengths
are particularly sensitive to the choice of model, and evalua-
tions of the reliability of an estimated tree may be misleading
if oversimplified models are used.

In this study, we used a unique data set from a known HIV-1
transmission history. These data were previously used to in-
vestigate the abilities of different tree-building methods to
reconstruct the true tree topology (23). We found that most
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tree-building methods could accurately reconstruct the correct
topology. In contrast, branch lengths did not correspond well
to the amount of time elapsed on each branch. In the present
study, we show that branch length estimates were inaccurate
because oversimplified and unrealistic models of evolution
were used. We show that the REV model with a gamma dis-
tribution is significantly more accurate than simpler nucleotide
substitution models. It should be pointed out that the models
which we found inaccurate have been used in virtually all
previous molecular studies of HIV-1 and other viruses. Earlier
attempts to correct for asymmetries in the substitution pattern
of HIV-1 have applied weighted parsimony (11, 32), but the
decisive parameters and rate variation across sites were not
addressed. Thus, the REV model with gamma distribution has
never previously been used in analyses of viral sequences. The
main objective of all nucleotide substitution models is to cor-
rect for superimposed mutational events in individual nucleo-
tide positions (i.e., multiple hit). The effects of these correc-
tions will be moderate when closely related sequences are
analyzed but dramatic when the genetic distances are larger
(50-52). Here, an uncorrected distance of 0.10 will become
almost twice as large (0.20) in the REV model with a gamma
distribution, while it would increase to only about 0.11 in the
simple JC model. Failures to correct for multiple hit will have
particularly serious effects when attempts are made to extrap-
olate the age of distant viral ancestors from contemporary and
closely related viral sequences. For instance, preliminary anal-
yses indicate that the age of HIV-1 group M is likely to be
pushed back considerably simply by the application of a more
realistic model of evolution (i.e., the REV model with gamma
distribution) (22a). It is likely that similar effects will be seen in
analyses of other organisms, including other viruses.

Biologically, there are a number of reasons for differences in
substitution rates among sites. First, we know that some char-
acters cannot change without destroying the function of the
protein, while changes in other positions may be favored. Thus,
some positions will change rapidly and others will change more
slowly. Second, alignments of HIV-1 sequences clearly show
localized regions of high and low variability (32). For example,
the beginning of the investigated V3 fragment displays consid-
erably less variation than the region downstream of the second
cysteine of the V3 loop (Fig. 3). This is also indicative of the
differences in substitution rates among sites. In our study, we
provide the first formal evidence of that there are significant
differences in rates among sites (a < 1).

Our pl7 data contained too little information to allow esti-
mation of the gamma distribution by the maximum-likelihood
method. The shape parameter of the discrete gamma distribu-
tion (a) was therefore estimated by the YK approximate
method (52), a method suggested by Sullivan et al. (41), and
the traditional parsimony method (the method of moments).
These methods are expected to overestimate « and thus un-
derestimate rate variation among sites (52). This is also clear
from the analysis of the V3 data. However, the YK method
seems to give a reasonable estimate of a. By introducing the
YK estimates of the o value in maximum-likelihood calcula-
tions, we found that the fit of different models to p17 also
improved significantly.

The two HIV-1 genes analyzed have biased nucleotide com-
positions (Table 1), and clearly models that assume equality of
base frequencies are unacceptable. As expected, the two mod-
els making this assumption (JC and K2) provided the worst fit
to the data. By further also accounting for transition/transver-
sion rate bias the fit of the model improved dramatically (P =
102 for 2Alc iy = 123.5). The high rate of A-to-G tran-
sitions and the fact that large differences among transversion
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rates prevailed were taken into consideration only by the REV
model, which therefore gave the best result. The next step of
generalization of a substitution model is to remove the revers-
ibility restriction, increasing the number of free parameters
from 8 to 11. On short sequences, this model is therefore
difficult to fit, since it needs more information on substitutions
of all types. In an earlier study on primate mitochondrial DNA
(mtDNA) sequences, the unrestricted model appeared not to
be significantly better than the REV model (50).

Weighted parsimony has been reported to increase the ac-
curacy in phylogenetic analyses when unequal rates between
different types of substitutions prevail (11). As we have shown
here, also this method picks up the asymmetries in the substi-
tution pattern of HIV-1. The parsimony approach is simple
and relatively fast; however, the method cannot include rate
variation across sites. The weighting strategy of parsimony
down-weights frequent types of changes, while in maximum-
likelihood calculations, superimposed events are attempted to
be corrected for so that distances estimate number of events.

Interestingly, in the above-mentioned mtDNA data set of
primates, G-to-A substitutions were found to have the highest
rate also (20, 50). Furthermore, Moriyama et al. (31) com-
pared HIV mutations with those of nuclear pseudogenes and
found high rates of substitutions from A to G of HIV, but this
rate was also high in pseudogenes, as were rates of C-to-T
transitions. While they concluded that the rates of substitutions
between A and G were HIV specific, this finding suggests that
preferred G-to-A mutation may not be an HIV-specific sign
but rather something found in primate hosts. As a consequence
of the similar substitution patterns of HIV, cellular pseudo-
genes, and primate mtDNA, the favored theory of a recent
introduction of HIV into humans may not be supported by the
G-to-A drift, which has been taken as a sign of an unadapted
virus-to-host relationship. However, it does not provide evi-
dence for the antithesis, that primate immunodeficiency vi-
ruses have evolved in step with their hosts, but rather shows
that the issue still is open and needs further attention.

Some of the available computer programs for molecular evo-
lutionary analyses and phylogenetic inference give researchers
the possibility of including the findings from this study in their
analyses. The shape parameter («) of the gamma distribution
estimated to be 0.38 and 0.25 for env V3 and p17¢“¢, respective-
ly, can be used in, for instance, programs DNADIST in PHYLIP
(under the Jin-Nei model), MEGA (21), and the new PAUP*.
These programs, and many others including the widely used
maximum-likelihood program DNAML, can also be given a
transition/transversion rate ratio. When there is no transition/
transversion rate bias, then the uncorrected mean rate ratio (k)
is 0.5. In env V3, we found the average transition/transversion
rate ratio to be 1.42 when rate variation across sites was con-
sidered. However, when this value is used in DNAML, it will
be corrected accordingly for the empirical purine and pyrimi-
dine pools, since that program is based on the F84 model (k #
Kpsa, Where Kpg, 1S the transition/transversion parameter [7],
and here kpgy ~ 1.1). The program mainly used in this study,
PAML, can estimate these parameters under several models by
maximum-likelihood iterations. Although the program is main-
ly constructed to test substitution models on a given tree, it can
also search for a maximum-likelihood tree, but on comparative
runs, DNAML appeared to be more effective in finding the
correct topology (data not shown). These two programs use
different search algorithms; however, neither algorithm per-
forms an exhaustive tree search, and neither is guaranteed to
find the best tree under the given criterion. Furthermore, it is
possible that better estimates of topology can be obtained by
using simple models. Subsequently, given the derived topology,
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a complex and more realistic model can be used to calculate
accurate estimates of branch lengths. However, it should be
pointed out that not even the REV model with a gamma dis-
tribution succeeded in accurately reconstructing the true branch
lengths of the known phylogeny. The apparent substitution rates
may be influenced by rate differences in different lineages or
individuals (9, 39) or by transmissions and other bottleneck
effects (for instance, drug treatment). Preliminary data show
that ancestral divergence and rapid substitution fluctuations
also seem to influence the apparent rates and branch length
estimates (to be published elsewhere).

In summary, we found that the REV model with gamma-
distributed rates across sites was the best available description
of the true nucleotide substitution pattern of HIV-1 gag and
env gene fragments. Many characteristics of the genetic varia-
tion and evolution of HIV-1 could be accounted for by this
model, thereby making phylogenetic inferences more realistic.
The application of a more realistic substitution model will have
a greater effect on estimates of genetic distances and branch
lengths than on tree topologies. Thus, the use of these models
is especially important when attempts are made to estimate the
age of distant viral ancestors from contemporary viral se-
quences.
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