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Abstract. HIV, the cause of AIDS in humans, is
characterized by great genetic heterogeneity. In par-
ticular, HIV-1 group M subtypes are responsible for
most of the infections worldwide. We investigate the
demographic history of HIV-1B and HIV-1C sub-
types in South Africa and Brazil using both a para-
metric and a nonparametric approach based on
coalescent theory. Our results show that although
both subtypes are spreading exponentially in Brazil,
the HIV-1C growth rate is about twice that of Bra-
zilian HIV-1B or South African HIV-1C, providing
evidence, for the first time, of a different epidemic
potential between two HIV-1 subtypes. The present
study not only may have important consequences for
devising future vaccination and therapeutic strate-
gies, but also offers additional evidence that skyline
plots are indeed a simple and powerful tool for
monitoring and predicting the behavior of viral epi-
demics.
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Introduction

HIV, the etiologic agent of AIDS, is classified into
two distinct but clearly related types of viruses, HIV-
1 and HIV-2, characterized by an extraordinary ge-
netic variability (Hahn et al. 1984; Clavel et al. 1986).
Three major groups can be distinguished within HIV-
1: group M (for main), O (for outlier), and N (for
neither, non-M-non-O, or new) (Robertson et al.
2000; Simon et al. 1998). Moreover, 9 phylogeneti-
cally distinct subtypes, 2 two subsubtypes, and at
least 14 intersubtype HIV-1 recombinants, known as
circulating recombinant forms (CRFs), have been
repeatedly identified within group M so far (Rob-
ertson et al. 2000; McCutchan 2000; Salminen et al.
1995). Indeed, recombination coupled with the ele-
vated error rate of the reverse transcriptase and the
rapid turnover of HIV-1 in infected individuals are at
the origin of the high genetic variability of the virus
(Peeters and Sharp 2000).

Most subtypes, as well as CRFs, are present in
Africa, reflecting the African origin of the epidemic
(Gao et al. 1999). HIV-1B is the subtype responsible
for most of the infections in Europe, United States,
and Australia, whereas HIV-1C is the most prevalent
worldwide, accounting for more than 56% of all
infections (Esparza and Bhamarapravati 2000). It has
been shown that the HIV-1 group M epidemic in
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Fig. 1.

Seroprevalence of different HIV-1 subtypes in South Africa and Brazil. The data for South Africa are based on a study of the South

African National Health Department (HIV prevalence: HIV Antenatal Prevalence of the National Health Department 2001). The data for
Brazil are based on a study by the Brazilian Institute of Health (HIV prevalence: Brazilian Antenatal HIV Prevalence in Sentinel Sites in

2000).

humans originated from a zoonotic transmission
(Gao et al. 1999) and that the cenancestor (most re-
cent common ancestor) of group M probably dates
back to the 1930s (Korber et al. 2000; Salemi et al.
2001). The existence of genetic subtypes could be the
result of certain viral strains being involved in
extensive transmission chains in a given geographic
area, the so-called “founder effect.” In this view, in
spite of their genetic differences, HIV-1 subtypes
would be biologically equivalent. It is also hypothe-
sized that characteristics such as a higher or lower
transmissibility and/or fitness could explain the suc-
cess or failure of different subtypes in different
regions (Bjorndal et al. 1999). No definitive answer
has been reached so far. In addition, the ability of a
virus to spread in a population could be related to
specific transmission routes like sexual contact and
injecting drug use (Salemi et al. 1999; Pybus et al.
2001).

In the present study we investigate the epidemic
behavior of HIV-1B in Brazil and HIV-1C in Brazil
and South Africa. These two countries represent an
interesting model to explore the potential differences
between the two subtypes. The epidemic of HIV-1C is

relatively old in South Africa, where it is the most
prevalent subtype (Fig. 1), whereas HIV-1B is dom-
inant in Brazil. However, HIV-1C has been intro-
duced recently in Brazil, and within the last few years
it has become the most common subtype in recently
diagnosed individuals in the southern states (Fig. 1)
(Soares et al. 2003).

Materials and Methods

Data Sets

Six data sets have been compiled using B and C sequences that
were nonrecombinant in the RT and protease genes: HIV-1B and
HIV-1C Brazilian strains collected between 1992 and 2001 and
HIV-1C South African strains collected between 1990 and 2002
(Cornelissen et al. 1997; Dumans et al. 2002; Gordon et al. 2003;
Soares et al. 2003). To reduce nonrandom sampling, sequences
were excluded if they came from the same patient or from indi-
viduals known to be related by a direct transmission. The data sets
are summarized in Table 1. Sequences were aligned with the
Clustal algorithm (Thompson et al. 1994) followed by manual
editing. Positions containing gaps were removed from the final
alignment. The alignments are available from the authors upon
request.



600

Table 1. Likelihood ratio test comparing the likelihood of different demographic models for the HIV data sets
Isolate Sequences In Lk1(exponential) In Lk2(logistic) -2(Lk1 - Lk2)
Brazil
HIV-1B
Protease 83 —-6.51917 —-5.44127 2.1558 (p = 0.142)
RT 85 —33.0655 -32.9155 0.3 (p = 0.584)
HIV-1C
Protease 51 —-33.6105 —33.3943 0.4324 (p = 0.511)
RT 40 —13.4828 —12.3066 2.3524 (p = 0.125)
South Africa
HIV-1C
Protease 61 —26.0601 -24.9511 2218 (p = 0.136)
RT 61 —2.97552 —1.86649 2218 (p = 0.136)

Phylogeny and Evolutionary Rate Estimates

Maximum likelihood (ML) phylogenies were estimated for each
data set. The best-fitting nucleotide substitution model was tested
with a hierarchical likelihood ratio test following the strategy de-
scribed by Swofford and Sullivan (2003), using a neighbor-joining
tree with HK'Y8S estimated distances. ML phylogenies were then
reestimated with the selected model, using a neighbor-joining tree
as starting tree, and the TBR algorithm for branch swapping.
Calculations were performed with PAUP" 4.0b10 (D.L. Swofford,
Sinauer Associates, Sunderland, MA).

Because the sequences in our data set have been collected over
several years, the evolutionary rate p can be estimated via ML
directly from the phylogenetic tree assuming a molecular clock with
noncontemporaneous tips (Rambaut 2000). The molecular clock
hypothesis can be tested with the likelihood ratio test with n — 3
degrees of freedom, where 7 is the number of taxa (Rambaut 2000).

Coalescent Models

By using coalescent theory, we can study how the ancestral rela-
tionships of individuals sampled from a population are influenced
by its demographic history (Griffiths and Tavare 1994; Kingman
1982).

A genealogy reconstructed from randomly sampled HIV se-
quences contains information about population-level processes
such as change in population size and growth rate (Pybus et al.
2000). Given a viral phylogeny P and a vector ¢ representing the
parameters of the model N(z), it is possible to calculate the log of
the conditional probability In[¢|P] (Pybus et al. 2000). ML esti-
mates of ¢ can be found by numerical optimization of In[(¢|P] and
95% Cls for the estimates obtained with the likelihood ratio sta-
tistic (Pybus et al. 2000). The estimated parameters are, in fact,
N(O)w. and r|lp, where p is the evolutionary rate in nucleotide
substitutions per site per year (the parameter ¢ in the logistic model
is unaffected by linear scaling of time). Notice that time runs
backward into the past so that N(0) is the effective number of the
infections at the present, and N(7) represents the effective number
of infections at time ¢.

We consider two demographic models: exponential growth

N(t) =N(0)e™™ (1)
and logistic growth
N(t) =N(0)(1+c)/(1+ce™) (2)

where r is the growth rate achieved in a wholly susceptible popu-
lation and ¢ (Eq. [2]) is a logistic shape parameter related to the
population carrying capacity (Pybus et al. 2001). Since the two
models are nested they can be compared with the likelihood ratio
test. The logistic model reduces to the exponential one when c is

infinite (degrees of freedom [df] = 1). In practice, ¢ must be eval-
uated within a finite range and can be considered infinite when the
upper limit of the 95% CI is 100,000 or more.

We also obtained nonparametric estimates of demographic
history through the skyline plots (Pybus et al. 2000). However, the
phylogenetic trees obtained for the HIV data sets show several zero
or near-zero internal branch lengths, which make the skyline plots
very noisy and more difficult to interpret. Therefore, we estimated
the generalized skyline plots (Strimmer and Pybus 2001) for clock-
like phylogenetic trees with dated tips. In such plots adjacent
intervals smaller than a threshold of size € in a tree are grouped
together before obtaining the nonparametric estimates of the
population size at any given time. For each data set, the optimal e
value used was the one maximizing the AICC (corrected Akaike
information criterion) of the plot. All calculations were performed
with GENIE version 3.0 (Pybus and Rambaut 2002).

Results

Evolutionary Rate Estimates

The estimated HIV-1 evolutionary rates for the
different data sets were 1.40 + 0.28 x 10~ (HIV-B
protease; Brazil), 1.54 + 0.38 x 107> (HIV-B
RT; Brazil), 3.38 £ 0.95 x 10~ (HIV-C protease;
Brazil), 3.55 + 0.64 x 107 (HIV-C RT; Brazil),
1.71 + 0.27 x 1073 (HIV-C protease; South Africa),
1.47 + 0.21 x 107 (HIV-C RT; South Africa). The
molecular clock hypothesis was rejected by the like-
lihood ratio test for each data set. However, simula-
tion studies have shown that if there is only a small
amount of rate variation among lineages, then the
95% confidence limits of the rate estimate still contain
the true mean rate about 95% of the time, even if the
clock is rejected (Jenkins et al. 2002). In other words,
the clock is very easily rejected, but the rate inferred
enforcing the clock is still a good estimate of the
mean rate and can still be used as a useful time scale.

Parametric Estimates of HIV-1B and 1C
Demographic History in South Africa and Brazil

Using clock-like phylogenetic trees with noncontem-
poraneous tips and the estimated evolutionary rates,
we tested the demographic hypotheses described by
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Table 2. Estimates of the effective number of infections at present [N(0)], growth rate (r), and basic reproductive number (R,) with an
average duration of infectiousness D equal to 5 or 10 years for the different HIV data set (95% Cls in parentheses)

Isolates N(0) r Ry (D = 5 years) Ry (D = 10 years)
Brazil
HIV-1B
Protease 86,208 (40,463-190,146) 0.23 (0.20-0.26) 2.2 (2-2.3) 3.3 (3-3.6)
RT 107,111 (30,161-898,235) 0.35 (0.31-0.40) 2.8 (2.5-3) 4.5 (4.1-5)
HIV-1C
Protease 2,543 (1,088-6,629) 0.77 (0.62-0.93) 4.9 (4.1-5.6) 8.7 (7.2-10.3)
RT 2,986 (623-8,599) 0.63 (0.51-0.75) 4.2 (3.6-4.8) 7.3 (6.1-8.5)
South Africa
HIV-1C
Protease 20,189 (7,567-60,032) 0.43 (0.36-0.51) 3.2 (2.8-3.6) 5.3 (3.7-6.1)
RT 19,071 (8,497-45,241) 0.28 (0.24-0.32) 2.4 (2.2-2.6) 3.8 (3.4-4.2)

Eqgs. (1) and (2) for each of the data sets listed in
Table 1. For none of them could the exponential
model be rejected (see Table 1). Evidently, the num-
ber of infected individuals cannot grow forever and
should eventually plateau according to the logistic
model. At present, however, B and C subtypes in
South Africa and Brazil appear to be spreading
exponentially among the susceptible population,
indicating that the population carrying capacity has
not yet been reached. Table 2 shows the parametric
estimates of N(0) and r using the exponential model.
For each HIV-1 data set similar results were obtained
analyzing the protease or the RT gene. The confi-
dence intervals, CIs, of N(0) are quite large compared
to those of r, but the estimates are in good agreement
with the epidemiological data on the seroprevalence
of subtypes B and C in Brazil and subtype C in South
Africa (Department of Health, South Africa 2001;
UN AIDS/WHO Working Group on Global HIV/
AIDS and STD Surveillance 2000; see also Fig. 1).
Note that N(0) gives an estimate of the effective
number of infections, i.e., those that are effectively
transmitted in a population mating at random, not
the absolute number of the infected people, which is
usually larger.

The robustness of r estimates to change in N(0)
was tested by reestimating r while constraining N(0)
to vary over a range of values including its lower and
upper 95% confidence limit given in Table 2 for each
data set. In every case, the new estimates of r fell
within the CIs of r reported in Table 2 (data not
shown).

The r estimates also allow the estimation of the
epidemiological quantity Ry, the basic reproductive
number (infectivity) of a pathogen, with the equation
Ry = rD+1, where D is the average duration of
infectiousness (Pybus et al. 2001). In Table 2 we use a
putative but plausible range for D. For D = 10
years, on average eight secondary infections are
generated by each primary HIV-1C infection in
Brazil, versus about four secondary infections gen-

erated by HIV-1B in South Africa and Brazil or by
the South African HIV-1C.

Generalized Skyline Plots of HIV-1B and 1C
in South Africa and Brazil

Figure 2 shows the generalized skyline plots (Strim-
mer and Pybus 2001) with the nonparametric esti-
mates of N(¢) for the different data sets. ML and
nonparametric estimates of N(0) appear to be in good
agreement (see Table 2 and Fig. 2). According to the
analysis of both protease and RT, the HIV-IB Bra-
zilian epidemic appears to date back to between the
middle of the 1950s and the middle of the 1960s, and
probably originated, based on the phylogenetic
analysis of subtype B and C Brazilian isolates (Soares
et al. 2003), by one single introduction caused by one
to three effective infections (see Fig. 2). The HIV-1C
epidemics in South Africa and Brazil show a quite
different story. The HIV-1-C South African epidemic
originated sometime in the 1980s, with about three
effective infections at its origin (see Fig. 2). The HIV-
1C Brazilian epidemic is more recent (beginning of
the 1990s), with its origin estimated to be a single
effective infection (see Fig. 2). The data in Brazil are
in accordance with a single recent introduction of the
new subtype in the country (Soares et al. 2003). On
the other hand, the skyline plot for HIV-1C in South
Africa is consistent with phylogenetic analyses
showing that the South African HIV-1C strains are
not monophyletic and implying multiple separate
introductions of the subtype around the beginning of
the 1980s (Gordon et al. 2003). The plot also matches
a report showing that the adult population infected in
the country changed from 1% in 1990 to 10% in 1995
and to 24% in 2000 (Department of Health, South
Africa 2001). By superimposing the protease skyline
plots of HIV-1C in South Africa and Brazil (Fig. 3),
it is clear that the Brazilian epidemic is spreading
even faster and that the number of effective infections
in Brazil might be expected to increase greatly within
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sults (data not shown).

Discussion

South Africa is one of the epicenters of the epidemic
in the world, with about 22% of the adult population
infected with HIV-1 (Department of Health, South
Africa 2001), mostly with subtype C infections. Bra-
zil, on other hand, is considered to be one of the best
examples where therapeutic implementation has slo-
wed down the course of the epidemic. Today less than
1% of the adult population is infected with HIV,
about 600,000 people, mostly by subtype B and, more

recently, by subtype C in the southern region of the
country (Dumans et al. 2002). HIV-1 growth rates are
similar, except for HIV-1C in Brazil, which is
spreading about two times faster than either HIV-1B
or the South African HIV-1C. In particular, R, esti-
mates in South Africa are in good agreement with
current epidemiological data showing that each in-
fected person has transmitted HIV to at least three
new persons within 5 years (Department of Health,
South Africa 2001). No evidence has been reported so
far indicating that the average duration of infec-
tiousness may vary among HIV-1 subtypes. There-
fore, the twofold increase in infectivity of the
Brazilian HIV- 1C compared to the Brazilian HIV-1B
and the South African HIV-IC may reflect a differ-
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ence in the efficiency of different transmission routes
in different geographic areas.

The above results depend on the assumptions of
the coalescent model used: the evolutionary rate
constancy, the absence of positive selection, recom-
bination, and migration. We analyzed the protease
and RT of naive patients to reduce the effect of po-
sitive selection, and excluded recombinant strains,

but it is difficult to assess the importance of migration
among subpopulations of infected HIV-1 patients in
the countries studied. Also, the uncertainty in the
evolutionary rate estimates may confound the inter-
pretation of the analysis. However, the consistency of
the results with current epidemiological data stren-
gthens our confidence. Moreover, since our estimates
of demographic history are consistent among genes, it
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appears that the level of rate heterogeneity among
HIV sequences is not large enough to systematically
bias demographic inferences.

Overall we have shown that HIV-1C in Brazil is
spreading at an increased rate. Following this trend
the subtype may eventually become prevalent in the
entire country, as has happened in the southern
Brazilian states. Phylogenetic inference is too indi-
rect to establish firmly whether the Brazilian HIV-
1C is a new, more infectious strain or whether the
virus is spreading faster because of a more favorable
transmission route as suggested above. Yet the re-
cently introduced HIV-1C is outcompeting HIV-1B
in a country where the latter subtype was virtually
the only one present until a few years ago, and a
rapid escalation of HIV-1C infections has been
occurring throughout sub-Saharan Africa, in India,
and in China (Esparza and Bhamarapravati 2000;
UNAIDS/WHO 2000). A similar scenario may be
possible for other Western countries and deserves to
be taken into account for future planning of vacci-
nation and therapeutic campaigns around the world.
These results also underline the need for refocusing
prevention strategies in Brazil to stop the spreading
of this viral variant. In this light, the use of viral
gene sequences coupled with the results of coalescent
theory appears to be a promising and important tool
for monitoring and predicting the epidemic behavior
of HIV subtypes and of other pathogens as well
(Pybus et al. 2001; Robbins et al. 2003; Tanaka et
al. 2002).
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