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Abstract

PT

Background: While the HIV epidemic in South Africa had a later onset than epidemics
in other southern African countries, prevalence grew rapidly during the 1990’s when the

RI

country was going through socio-political changes with the end of Apartheid. South
Africa currently has the largest number of people living with HIV in the world and the

SC

epidemic is dominated by a unique subtype, HIV-1 subtype C. This large epidemic is also
characterized by high level of genetic diversity. We hypothesize that this diversity is due

NU

to multiple introductions of the virus during the period of change. In this paper, we apply
novel phylogeographic methods to estimate the number of viral imports and exports

MA

from the start of the epidemic to the present.

Methods: We assembled 11,289 unique subtype C pol sequences from southern Africa.

D

These represent one of the largest sequence datasets ever analyzed in the region.
Sequences were stratified based on country of sampling and levels of genetic diversity

TE

were estimated for each country. Sequences were aligned and a maximum-likelihood
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CE
P

evolutionary tree was inferred. Least-Squares Dating was then used to obtain a dated
phylogeny from which we estimated the number of introductions into and exports out of
South Africa using parsimony-based ancestral location reconstructions.
Results: Our results identified 189 viral introductions into South Africa with the largest
number of introductions attributed to Zambia (n=109), Botswana (n=32), Malawi (n=26)
and Zimbabwe (n=13). South Africa also exported many viral lineages to its neighbours.
The bulk viral imports and exports appear to have occurred between 1985 and 2000,
coincident with the period of socio-political transition.
Conclusion: The high level of subtype C genetic diversity in South Africa is related to
multiple introductions of the virus to the country. While the number of viral imports and
exports we identified was highly sensitive to the number of samples included from each
country, they mostly clustered around the period of rapid political and socio-economic
change in South Africa.
Abbreviations: HIV – Human Immunodeficiency Virus
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1.0 Introduction

RI

In the 1900s there was an extensive system of migrant labour throughout southern Africa.

SC

This system recruited labourers from rural areas across the southern African region on a
contract basis to work in mines and factories in larger urban centres. The labourers, the

NU

vast majority of whom were male, were housed in dormitories for several months at a
time, completely separated from their family life in the rural countryside.

As was

MA

previously suggested [Hargrove, 2008], the migrant labour system with the unnatural and
forced separation of young men from their families and communities may have been
central to the early spread of HIV-1 within the southern African context. Furthermore,

D

political conflicts in the region (i.e. the Rhodesian Bush War, also known as the

TE

Zimbabwean War of Liberation, the South African-Angolan border war and the civil
wars in Mozambique and Angola) may have been responsible for the initial seeding of
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HIV-1 strains in the region. However, the epidemic only started to spread to the general
population once political tensions started to subside. This is evident in the rise of the
number of HIV-1 cases following Zimbabwean independence after 1980, the end of the
civil war in Mozambique in 1992, as well as the ending of Apartheid in South Africa in
1994 [UNAIDS, 2010].

In South Africa, the HIV epidemic began to grow rapidly in the early 1990s and by 2001
24.8% of the women at antenatal clinics were infected with HIV [Department of Health,
2002]. Currently, South Africa has the largest number of people living with HIV in the
world and the epidemic is almost entirely dominated by subtype C (~98%) [Hemelaar et
al. 2011]. The epidemic in South Africa is further characterized by high level of genetic
diversity [Wilkinson et al. 2015]. This high HIV-1 prevalence and genetic diversity are
surprising given the late onset of the epidemic in the country compared to other African
countries [Abdool Karim, 2010]. We hypothesize that the extreme diversity and fast rate
of spread were the result of multiple subtype C introductions into South Africa from
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neighbouring countries, and that these introductions occurred during South Africa’s
political transition towards democracy.

PT

To test our first hypothesis that there were many introductions of HIV-1 to South Africa,
we used viral phylogenetic analyses to identify past viral introductions and to evaluate

RI

whether phylogenetically estimated dates of viral introductions were consistent with
periods of socio-political change. Identifying viral introductions in southern Africa is
since

comprehensive

datasets

of

sequences

SC

challenging

coupled

with

good

epidemiologically relevant data are typically not available in the public domain. We

NU

assembled the largest southern African HIV-1 subtype C sequence dataset to date in order
to estimate the number of viral introductions into South Africa through time from other

MA

southern African countries, as well as the number of exports from South Africa. Our
phylogeographic results strongly supported our second hypothesis that multiple

D

introductions of HIV into South Africa occurred during the transition period between

expected.

2.1 Ethics
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2.0 Methods

TE

1985 and 2000, and in fact reveal a much larger number of viral imports and exports than

The sequences from the Division of Medical Virology, Tygerberg National Health
Laboratory Services (NHLS), were obtained with a waiver of informed consent from the
Health Research Ethics Committee (HREC) of Stellenbosch University (IRB0005239),
reference number N11/02/054. This HREC complies with the South Africa National
Health Act No 612003 and the United States code of Federal Regulations title 45 Part 46.
The investigation also complies with the South African National Health Act No 612003
and abides by the ethical norms and principles for research as established by the
Declaration of Helsinki, the South African Medical Research Council Guidelines as well
as the South African National Department of Health (NDoH) Guidelines.
2.2 Sampling
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We obtained all partial polymerase (pol) HIV-1 sequences from South Africa and other
southern African countries. We included all countries of the Southern African
Development Community (SADC) with the exclusion of the three Indian Ocean island

PT

member nations (the Seychelles, Mauritius & Madagascar). The SADC region includes
the following countries: Democratic Republic of the Congo (DRC), Angola, Tanzania,

RI

Zambia, Malawi, Mozambique, Zimbabwe, Botswana, Namibia, Swaziland, Lesotho and

SC

South Africa. Even though the DRC is not classified geographically as a southern African
nation but as a central African nation. However, we included the DRC in our analyses, as

NU

it is the most probable origin of the most recent common ancestor (tMRCA) of the global
HIV-1 subtype C pandemic [Faria et al. 2014].

MA

We retrieved all subtype C isolates from SADC nations available in the HIV-1 Los
Alamos National Laboratory (LANL) database (www.hiv.lanl.gov). In total, we could
identify 6,049 unique HIV-1 sequences downloaded from LANL that included the pol

TE

D

region, positions 2100 to 3300 relative to HXB2 (date of access – 4 February, 2016).
These sequences were aligned to 5,240 unique sequences from the Tygerberg HIV-1 drug
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resistance, The Tygerberg cohort contains previously unpublished sequence data from
seven provinces in South Africa, sampled between 2006 and 2015. Van Zyl and
colleagues previously described the methodology used to genotype these drug resistance
isolates [Van Zyl et al. 2008].

In total, 11,289 unique subtype C pol sequences, along with a homologous section of the
HXB2 reference strain [Wong-Staal et al. 1985], were aligned in ClustalW v 2.0 [Larkin
et al. 2007] using a QuickTree method to speed up the alignment process. The alignment
was manually edited in Geneious v 8.0.5 until a codon alignment was obtained. Major
HIV drug resistance sites were removed from the alignment prior to any analysis (source
code available @ https://github.com/olli0601/).
2.3 Genetic Diversity
The main subtype C dataset (n=11,289) was stratified into geographical datasets based on
each sample’s country of origin. The overall mean genetic distance and standard error
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(SE) for each geographical dataset was estimated in MEGA v 6.0 [Tamura et al. 2013]
with the use of the Kimura 2 parameter subsitutional model [Kimura M, 1980], a gamma
shape parameter of 0.5 [Yang, 1994] and 1,000 bootstrap replicates [Felsenstein, 1985;

PT

Efron et al. 1996]. The mean genetic diversity and standard error for each geographical

RI

dataset was recorded and plotted in R with the ggplot2 package.

In order to assess the robustness of the genetic diversity estimates against varying sample

SC

sizes, we generated smaller geographical datasets by randomly selecting 20, 50, 100 and
200 taxa from the original geographical datasets. Genetic diversity estimates of these

NU

smaller subsampled datasets were performed using the method described above to

MA

determine if the initial estimates were robust to our sampling strategy.
2.4 Phylogenetic and Phylogeographic inference

D

A maximum likelihood (ML) phylogenetic tree was constructed using FastTree 2 [Price

TE

et al. 2010] for the complete alignment containing 11,290 southern African sequences
and the HXB2 reference, a subtype B isolate. For phylogenetic reconstruction, sequences
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were assumed to evolve under a General Time Reversible (GTR) model [Tavaré, 1986]
with gamma-distributed rate heterogeneity across sites. The ML tree was then rooted
using HXB2 as an outgroup. In the resulting tree, one South African sequence
(PS045.FJ199626) was more divergent to all other subtype C sequences than HXB2 and
was subsequently removed. An additional set of bootstrap trees was obtained by running
FastTree 2 on 100 bootstrapped alignments created by resampling sites with replacement
from the original alignment.
To obtain dated phylogenies, we converted branch lengths into units of real calendar time
using Least-Squares Dating [To et al. 2016]. We were unable to reliably infer a molecular
clock rate without making strong assumptions about the tree height and root time. We
therefore used a fixed molecular clock rate of 2.0 x 10-3, which lies in the center of the
rates previously reported for subtype C [Dalai et al. 2009, Abecasis et al. 2009, de
Oliveira et al. 2010, Bello et al. 2012, Jung et al. 2012, Wilkinson et al. 2015].
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For our phylogeographic analysis, we first reconstructed the ancestral location of each
internal node in the rooted ML tree using Fitch’s parsimony algorithm [Fitch, 1979]. In
particular, we use Sankoff’s dynamic programming version of Fitch’s original algorithm,

PT

which finds the most parsimonious reconstruction in linear time relative to the number of

each replicate analysis (see sensitivity analysis below).

RI

taxa [Sankoff, 1975]. Equally parsimonious reconstructions were randomly resolved in

SC

The reconstructed ancestral location of each node was then used to identify introductions
into South Africa, as well as from South Africa to its neighbors. Introductions into a

NU

country were assumed to occur whenever a node n reconstructed to be in that country had
a parent node reconstructed to be outside of that country. We then took the date/height of

MA

node n to be our best estimate of the introduction time. Note that an introduction event
does not necessarily define a monophyletic clade, as its possible that lineages descending

D

from an introduction event may have subsequently moved elsewhere. Using this

TE

approach, we identified all unique introduction events into and out of South Africa
present in the ML phylogeny. We then repeated this analysis on all 100 bootstrap
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phylogenies to construct bootstrapped confidence intervals on the number and timing of
introduction events.

2.5 Sensitivity analyses

Our sequence data contained many more samples from South Africa than other southern
African nations, and our sampling coverage varied widely among them. It is therefore
likely that we underestimated the number of introductions into South Africa from less
well-sampled nations and overestimated the number of exported cases from South Africa
relative to imported cases. We therefore first performed a sensitivity analysis where we
systematically varied the number of samples taken from each potential source nation by
subsampling. To do this, we randomly removed between 10 and 90% of samples from
each potential source by pruning these samples from the full ML tree. We then reran the
maximum parsimony reconstruction on this pruned tree and re-estimated the number of
introductions from each potential source. This subsample-then-prune procedure was
repeated 10 times at each subsampling frequency for each potential source.
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Finally, we ran a sensitivity analysis with an equal number of samples from each nation
to see if any potential source contributed disproportionally to the South African epidemic
after controlling for sampling. Of all nations that we identified as potential major sources,

PT

Zimbabwe was the least well sampled (n=268). We therefore randomly down-sampled all
other nations to a sample size of 268, except for Tanzania (n=168), which was not

RI

identified as a major source. We then randomly sampled an equal number of sequences

SC

from South Africa as from all other countries combined (n=1508). This random down
sampling was repeated 100 times. For each replicate, we pruned all other sequences from

introductions from each potential source.

NU

the phylogeny, reran the maximum parsimony analysis and then recounted the number of

introductions

and

running

MA

Matlab source code for performing the maximum parsimony reconstruction, identifying
the

available

@
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3.1 Sample dataset

is

TE

3.0 Results

analysis

D

https://github.com/davidrasm.

sensitivity

Our final dataset included 11,290 HIV-1 subtype C sequences, 5,240 of which were
unpublished sequences from the Tygerberg HIV-1 drug resistance cohort and 6,049 of
which were public HIV-1 sequences downloaded from LANL (www.hiv.lanl.gov).
Previously unpublished sequences have been submitted to GenBank with the following
accession numbers: (Awaiting accession numbers from GenBank). All of the
sequences were confirmed as HIV-1 subtype C by two automated subtyping methods,
Rega V3 and COMET. A temporal and geographic breakdown of the dataset is provided
in Figure 1.
3.2 Genetic diversity
We divided the sequences into countries of origin and used the datasets to estimate the
genetic diversity of each country. The South African dataset was the most diverse, with a
mean genetic diversity of 7,45% (SE 0.3%). The DRC and Botswana also had high levels
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of HIV-1 genetic diversity (Figure 1). Zambia and Zimbabwe had the lowest mean
genetic diversity of all of the analyzed geographical datasets. Swaziland, Malawi,
Mozambique, Angola and Tanzania had intermediate levels of genetic diversity (Figure

PT

1). In order to determine if genetic diversity was influenced by sample sizes, we subsampled each countries’ dataset. The results of the sub-sampled datasets were similar

RI

(data not shown).

SC

3.3 Phylogenetic analysis

NU

We constructed an ML phylogeny for all 11,290 samples contained in the final alignment
and then estimated branch lengths in terms of calendar time using Least-Squares Dating.

MA

All of the southern African subtype C sequences shared an MRCA between 1960 and
1970, with the majority of the different sub-clades arising between 1980 and 1995
(Figure 2). The DRC was identified as the origin of the southern African subtype C, with

D

a DRC sequence clustering basal to the entire southern African subtype C clade. A few

TE

early diverging lineages from Zambia, Tanzania and Mozambique fell between the DRC
sequences and all other southern African samples. The time-calibrated tree contained
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many divergent lineages that coalesced in the early 1980’s, giving the tree a deep comblike backbone (Figure 2).

Consistent with the high levels of genetic diversity observed, lineages sampled in South
Africa were distributed widely throughout the entire subtype C phylogeny. The maximum
parsimony reconstruction of ancestral locations (Figure 2) suggested that HIV-1 subtype
C likely entered South Africa in the mid to late 1980s, and that these early introductions
allowed several large sub-epidemics that persisted locally in South Africa. Some of these
early introductions appear to have subsequently seeded smaller sub-epidemics in
neighbouring countries such as Botswana, Malawi, Mozambique and Zimbabwe.
In order to determine the number of introductions of HIV-1 subtype C into South Africa,
we performed a maximum parsimony reconstruction analysis using the ML tree. Overall,
our introduction analysis revealed a total of 189 introductions into South Africa. The
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temporal distribution of introductions by inferred source country is shown in Figure 3 (af). Most of the introductions were from Zambia (n=109), Botswana (n=32), Malawi
(n=26) and Zimbabwe (n=13). It is important to note that even though the DRC was

PT

identified as the MRCA for the whole southern Africa HIV-1 subtype C epidemic, no

RI

direct viral introductions from the DRC into South Africa were detected.
The majority of the introductions into South Africa occurred between 1985 and 2000, a

SC

time of political change in the country. Rerunning the introduction analysis on 100
bootstrap phylogenies revealed a temporal distribution of introductions largely consistent

NU

with the pattern inferred from the single ML phylogeny (Figure 3a-f). During the same
period, South Africa was also the source of many exports of HIV-1 subtype C to other

MA

countries in the region. We identified a total of 393 exports from South Africa to other
countries. The temporal distribution of these exports with bootstrapped confidence

D

intervals is shown in Figure 3 (g-l). Overall, these results support a scenario of high

patterns.
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3.4 Sensitivity analyses

TE

exchange of subtype C strains in the region, which is consistent with circular migration

The number of introductions identified from each source country was found to correlate
highly with the number of sequences sampled from each country, with the exception of
Tanzania. A sensitivity analysis, in which we systematically varied the number of
samples included from each country by down-sampling, showed that the number of
introductions grew linearly with the number of samples included from each location, with
little apparent saturation for even the most well-sampled countries (Figure 4 a-f). The
number of introductions we identified is, therefore, likely to be an extreme underestimate
of the true number. Likewise, the number of viral introductions exported by South Africa
to other countries also grows linearly with the number of samples included from South
Africa (Figure 4 g-l).
Furthermore, while most introductions into South Africa were attributed to Zambia
before accounting for sampling biases, no country contributed significantly more
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introductions than any other once we included an even number of samples from each
country (Figure 5). With even sampling, Malawi was identified as the largest contributor,
followed closely by Zimbabwe and Zambia. As previously mentioned and discussed

PT

below, the large number of introductions identified from these countries is consistent
with historical patterns of (circular) migration and political/economic exchange with

RI

South Africa.

SC

4.0 Discussion

NU

The genetic diversity analysis showed that South Africa is home to one of the most
genetically diverse subtype C epidemics of all countries in our dataset. Estimates from

MA

other southern African countries indicate that the subtype C epidemics in the DRC and
Botswana have similar genetic diversity levels compared to the South African dataset
(Figure 1). As the most likely origin of the global subtype C pandemic, it is reasonable

D

that we find a high degree of genetic diversity in the DRC. In addition, given the small

TE

number of subtype C sequences available (n=25), it is possible that the subtype C
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epidemic in the DRC is more diverse than we report here.
Our analyses further suggested that most other southern African nations have slightly less
genetically diverse HIV epidemics than South Africa and Botswana, with the exception
of Zimbabwe, which was significantly less diverse. South Africa is home to the largest
number of people living with HIV in the world. Furthermore, our results indicated a large
number of viral introductions into South Africa from various southern African countries,
some of which also experience high levels of genetic diversity. The genetic diversity of
the epidemic in Botswana can be explained on the basis of the very high levels of HIV
prevalence, bidirectional migration due to its economic prosperity and its central
geographical position within the southern African context. The low level of genetic
diversity in the Zimbabwean epidemic was unexpected. Our current understanding of the
HIV epidemic in Zimbabwe, based on the findings from Dalai and colleagues [Dalai et al.
2009], is that the epidemic in the country was caused by multiple introductions of HIV-1
from neighbouring countries following the end of the Rhodesian bush war and the move
to full independence in 1980 (Supplementary Figure 1). Following independence, the
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Zimbabwean government halted all bilateral labour policies with South Africa in protest
against Apartheid. Therefore, Zimbabwean nationals were excluded from the migrant
labour system, which has been central to the dissemination and spread of HIV-1 subtype

PT

C variants across the southern African region [Hargrove, 2008]. It is therefore possible
that the genetic diversity within Zimbabwe has been limited to the initial introductions

RI

following political change in the early 1980s, with few new introductions occurring since

SC

then.

Our results indicate that the bulk of viral introductions into South Africa and exports

NU

from South Africa occurred during a period of socio-political change in the country
(1980-2000). The release of political prisoners, the unbanning of political parties, the

MA

abolition of Apartheid laws and the adoption of an interim constitution marked this
period leading up to the end of Apartheid in South Africa. It appears that multiple

D

introductions during this time period seeded the epidemic, giving rise to smaller sub-

TE

epidemics co-circulating within the country. This is evident in the time resolved
phylogeny (Figure 2), where large South Africa specific clusters can be seen. The
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estimated time to MRCAs for these South African clusters corresponds to this period of
social-political changes.

The association between political changes, the returning of individuals displaced by
conflicts and the spread of HIV has been previously described [Becker et al. 2008,
UNAIDS 2015]. Countries undergoing socio-political changes may be at increased risk of
the spread of HIV. This may be caused by several factors: (1) increase movement
between countries as political exiles return home to their families, (2) increases in trade
and labour migrations between countries during times of peace, and (3) increases in
fertility rates amongst the population following periods of conflict (baby-boom). The
results presented here and those of other studies in the southern African region [Dalai et
al. 2009; Wilkinson et al. 2015] support this trend of HIV spread following conflict
resolutions in the region.
The extensive circular labour migration system within the southern African region is by
far the single biggest contributing factor to the spread of HIV within the region. Due to
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the importance of SADC migrants to the South African economy, the number of SADC
nationals living and working within the country has been monitored closely since the
formation of the Union in 1910. The best source of data on the number of SADC

PT

migrants comes from national census data [StatsSA, 2011]. In the late 1980s and early
1990s, as conflicts in other southern African nations came to an end and the campaign

RI

against Apartheid in South Africa was gaining ground, the number of SADC migrants

SC

started to increase. After the elections in South Africa in 1994 and the countries
reintroduction into SADC, the number of migrants grew rapidly. Between 1985 and

NU

2011, SADC migrants increased by 500% from 300,000 to an estimated 1,5 million.
Though these figures represent official government statistics, the true number of migrants

MA

is almost certainly higher.

The large number of viral imports and exports within the South African context is

D

consistent with an increase number of migrants living and working in South Africa as

TE

well as a period of rapid socio-political transformation in the country. What is surprising
is that we uncovered few viral exchange events in the period between 2000 and 2010 and
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only a mean of one viral introduction in the period from 2010 till the present. Given the
scale of migration and human mobility in the southern African region at the moment, it is
reasonable to assume that viral exchange continues. It is possible that the early viral
exchange events observed between 1985 and 2000 could have seeded large epidemics cocirculating within countries and that the epidemic stabilized as it became more
generalized. The tree structure observed in Figure 2 would support such a hypothesis.
However, it is more likely that this is simply an artifact of the asymmetrical temporal and
geographic structure of our dataset (Figure 1) and that continued sampling will identify
new viral exchange events.
Both maximum parsimony and more complex likelihood-based phylogeographic methods
are highly biased by uneven sampling across locations. Nevertheless, we chose to use
parsimony-based ancestral state reconstructions. We chose parsimony because it is
computationally efficient enough to perform replicate analyses on different subsampled
but still large datasets, and therefore to explore the sensitivity of our results to uneven
sampling. Our sensitivity analyses suggest that the number of viral introductions, both in
13
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and out of South Africa, is highly dependent on the number of samples included from
other southern African countries (Figure 4). These results further indicate no sign of
saturation as the number of estimated introductions from each country continues to

PT

increase in an almost linear fashion with increasing numbers of samples. The exception to
this is Tanzania, which suggests that the subtype C epidemic in Tanzania is more

RI

integrated into the east African subtype C epidemic than the southern African epidemic.

SC

To further investigate the effect of uneven sampling, we performed a second sensitivity
analysis where we randomly sampled an even number of sequences from all southern

NU

African countries. Notably, the relative number of viral introductions from different
source countries became far more uniform, with the bulk of introductions being attributed

MA

to Malawi, Zimbabwe and Zambia rather than just Zambia (Figure 5). Our work,
therefore, highlights the need for new phylogeographic methods that either explicitly
2016] or are more

D

model differential sampling across populations [Kuehnert et al.

TE

naturally robust to sampling biases [De Maio et al. 2015]. Given these limitations, it is
possible that the number of viral introductions observed is only a conservative estimate.
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However, the timing of the viral introductions we identified should still be representative
of their true temporal distribution even if we have systematically underestimated the
absolute number of introductions.
5.0 Conclusion

In conclusion, our results underscore the extensive genetic diversity of the HIV-1 subtype
C epidemic in South Africa and the heterogeneity of genetic diversity in the southern
African region in general. The extreme genetic diversity in South Africa has been driven
by multiple introductions of the virus from other southern African countries into the
country, coinciding with a period of socio-political transition (1985-2000). Our results
also indicate that during the same time period South Africa became a major source of
viral introductions into other southern African countries. This import-export dynamic is
closely associated with the extensive circular migrant system within the southern African
context, which facilitated the early spread of the virus within the region. These findings
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underscore the need for better infection control and prevention in countries going through
political and socio-economic transitions.
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Figure legends

Figure 1: Breakdown of the large subtype C dataset. The graph in the top left hand
corner presents the temporal distribution of samples. The graph at the bottom left hand
corner gives a breakdown of the number of sequences by country. The graph in the top
right hand corner represents the temporal distribution of samples bye country. The graph
in the bottom right hand corner represents the estimated mean genetic diversity of each
geographical dataset.
Figure 2: Dated maximum likelihood phylogeny reconstructed from all 11,290 southern
African subtype C sequences. Lineages are colored according to ancestral locations
inferred using maximum parsimony.
Figure 3: Estimated viral introductions into and out of South Africa identified from
parsimony-based ancestral location reconstructions. (a-f) The temporal distribution of

19

ACCEPTED MANUSCRIPT
estimated introductions imported into South Africa by inferred source country. The error
bars represent the 95% bootstrapped confidence intervals computed by rerunning the
introduction analysis on a set of 100 bootstrap trees. (g-l) The temporal distribution of

PT

exports from South Africa into neighboring SADC countries.

RI

Figure 4: The sensitivity of identified introductions to the number of samples included
from each country. (a-f) Introductions imported into South Africa with varied

SC

subsampling fractions from each source country. (g-l) Introductions exported from South
Africa into other countries with varied subsampling fractions from South Africa.

NU

Subsampling fraction refers to the fraction of samples included out of the total number of
samples available from each country. Error bars show the standard deviation from the

MA

mean number of introductions identified from 10 subsampling replicates at each sampling
fraction.
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Figure 5: Estimated viral introductions into South Africa by source country after

TE

accounting for biased sampling by subsampling oversampled locations. Error bars show
the standard deviation from the mean number of introductions identified from 100
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replicates of the subsampling procedure.
Figure 6: The estimated number of SADC migrants living and working within South
Africa through time from 1911-2011. These estimates represent official government
census data estimates. The area shaded in red represents the period in which our
phylogeographic reconstruction identified the most viral imports and exports (19852000), coinciding with a period of rapid growth in the number of migrants.
Supplementary Figure 1: Timeline of historical events. On the left side, historical
events from other southern African countries are shown, while on the right hand side,
historical events from South Africa are shown. Events in bold typeface relate to HIV
events within the region.
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Fig. 3
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Fig. 4
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The HIV-1 subtype C epidemic in South Africa is characterized by very high
genetic diversity.
Most viral introductions of HIV into South Africa occurred between 1985 and
2000.
During the same time period South Africa became a major source of viral exports
to other southern African countries.
The period of viral exchange between southern African countries coincide with a
period of socio-political change in the region and is closely linked to the extensive
circular labour migration system, which played a central role in the early spread
of the virus in the region.
Our phylogeographic analyses are sensitive to the number of sequence included
from different countries.

AC
CE
P



27

