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ABSTRACT

Background. HIV-1 circulating recombinant forms (CRFs) represent viral recombinant lineages that
play a significant role in the global epidemic. Two of them dominate the epidemic in Burkina Faso:
CRFO06_cpx (first described in this country) and CRF02_AG. We reconstructed the phylodynamics of

both recombinant viruses in Burkina Faso and throughout West Africa.

Methods. We analysed CRF06 cpx and CRF02_AG sequences (protease/gp41) from early samples
collected in Burkina Faso in 1986 together with other GenBank sequences (1984-2013) in 4 datasets:
African CRF06 cpx (210/60); down-sampled CRFO06 cpx (146/45); Burkina Faso CRF02 AG
(130/39) and West/Central African CRF02_AG (691/298). For each dataset, we analysed both protease
and gp41 jointly using the BEAST multilocus analysis and conducted phylogeographic analysis to

reconstruct the early migration routes between countries.

Results. The time to the most recent common ancestor ({tMRCA) of CRF06_cpx was 1979 (1973-1983)
for protease and 1981 (1978-1983) for gp41. The gp41 analysis inferred the origin of CRF06 cpx (or
at least its parental subtype G lineage) in the Democratic Republic of Congo but migrated to Burkina
Faso soon after (1982). Both genes showed that CRF06 cpx radiated to the rest of West Africa
predominantly after around 1990. These results were robust to the oversampling of Burkina Faso
sequences as they were confirmed in the down-sampled dataset. The tMRCA of the Burkina Faso
CRF02_AG lineage was 1979 (1977-1983) for protease and 1980 (1978-1981) for gp41. However, we
reconstructed its presence in West Africa much earlier (mid-1960s), with an initial origin in Cameroon
and/or Nigeria, and its phylogeographic analysis revealed much interconnection within the region with

a lack of country-specific phylogenetic patterns, which prevents tracking its exact migration routes.

Conclusions. Burkina Faso presents a relatively young HIV epidemic, with the diversification of the
current in-country CRF02_ AG and CRF06 cpx lineages taking place around 1980. This country
represents the main source of CRF06 cpx in West Africa. The CRF02_AG epidemic started at least a
decade earlier and showed much interchange between West African countries (especially involving

coastal countries) suggesting a great population mobility and an extensive viral spread in the region.
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1. INTRODUCTION

Burkina Faso, a landlocked country in West Africa and bordered by Cote d’Ivoire, Mali, Niger, Togo,
Benin and Ghana, had an HIV prevalence among the adult population of 0.9% in 2013, with a total of
110,000 infected people (UNAIDS, 2015). Both HIV-1 and HIV-2 are present in the region and two
HIV-1 circulating recombinant forms (CRFs) dominate the epidemic in Burkina Faso: CRF02_AG and
CRFO06 cpx (Tebit et al., 2006; Tebit et al., 2009). CRFs represent recombinant HIV-1 genomes that
have infected three or more persons who are not epidemiologically related, so they can be assumed to

have an epidemiologically relevant contribution to the HIV-1 M group epidemic (LANL, 2016).

CRFO02_AG is the most prevalent recombinant worldwide, being especially prevalent in Central-West
Africa (Hemelaar et al., 2011; Lihana et al., 2012). It was first described from a sample collected in
Nigeria in 1994 (Carr et al., 1998), but its geographical origin was inferred to be in the Democratic
Republic of Congo (DRC) (Faria et al., 2012) using pol sequences from different Central African
countries. These authors applied a BEAST multilocus analysis to a second CRF02_ AG dataset which
included gag, pol and env sequences from Cameroon (1996-2004), and estimated (after correcting with
data about HIV prevalence), its date of origin in 1973 (1972-1975). This date is close to the estimates
by Abecasis and colleagues (Abecasis et al., 2009) using independent CRF02_AG pol (1976 [1970-
1981]) and env (1975 [1969-1980]) sequences sampled between 1990 and 2005. However, no studies
so far have helped in understanding how CRF02_AG spread to West Africa, where this strain currently
dominates the HIV epidemic.

CRF06_cpx was first described in 1996 in a patient from Burkina Faso residing in Australia (Oelrichs
et al., 1998); it has since been detected at a lower prevalence in other West African countries (Mali,
Cote d’Ivoire, Ghana, Benin, Senegal, etc.) as well as in Nigeria and Niger. It is this African region
where its current distribution is mainly restricted. However, this strain has been occasionally detected
in developed countries worldwide (LANL, 2015) and, importantly, in an outbreak among injecting drug
users (IDUs) first described in Estonia around 2000 (Zetterberg et al., 2004). Later, this variant was

identified in other European countries like Sweden, Norway, Finland, Russia and Belarus.

Delatorre and Bello (Delatorre and Bello, 2013) estimated the origin of CRF06_cpx to be in Burkina
Faso in 1979 (1970-1985) using phylodynamic and phylogeographic analyses of po/ sequences sampled
in West (n=174) and Central (n=6) Africa between 1995 and 2010. They showed a great level of
phylogenetic intermixing from different countries, with Burkina Faso as the epicentre from which
CRFO06 cpx spread to neighbouring countries. However, phylogeographic analyses are very susceptible
to uneven sample size and in that study the overwhelming majority of CRF06 cpx sequences were

sampled in Burkina Faso.



A recent paper described early sequences of CRF02 AG and CRF06 cpx derived from serum samples
taken in Ouagadougou, Burkina Faso in 1986 (Fonjungo et al., 2014), the same year as the first case of
AIDS was officially reported in the country. Analysis of these samples showed that these two
recombinants accounted for more than 90% of HIV-1 samples from that year, suggesting that they
dominated the HIV epidemic in Burkina Faso from its beginning. These sequences represent the earliest
ones described so far in West Africa, although one study (Kalish et al., 2004) reported several sequences
sampled in 1984 in the current DRC which, though initially described as pure subtypes, could be part
of the CRF02_ AG and CRF06 cpx lineages. The inclusion of early sequences in phylogenetic analyses
allows a better reconstruction of the history of HIV (Worobey et al., 2008; Yebra et al., 2015).

Here, we use phylodynamic and phylogeographic analyses to shed light on previously unanswered
questions regarding the history of the distinctive Burkina Faso HIV epidemic, such as the origin and
spread of CRF06_cpx and the dissemination of CRF02_ AG from Central to West Africa, where it now
dominates the HIV epidemic. To do that, we have included sequences sampled in the period 1984-2013
and collected from public databases. We apply a multilocus approach which allows us to jointly analyse
two different genes (partial po/ and env), by incorporating their genetic information but allowing them
to have independent phylogenies. Analyses of multiple unlinked loci improve the precision and power
to reconstruct the past population dynamics of a population by providing additional information in the
same time-frame (Faria et al., 2012; Gill et al., 2013). Finally, we estimate the geographic origin of
CRF06_cpx, adjusting for the oversampling of Burkina Faso sequences in the phylogeographic

analyses.



2. MATERIAL AND METHODS

2.1. Early samples

We used HIV-1 sequences amplified from serum samples collected in 1986 in a hospital in
Ouagadougou, Burkina Faso, and described by Fonjungo et al. (Fonjungo et al., 2014). They consisted
of 52 protease (PR) and 37 gp41 sequences for CRF06 cpx and 15 PR and 25 gp41 for CRF02 AG,
although the limited length of the sequences (297nt for PR and 366nt for gp41) can complicate the
correct identification of the recombinants. To these sequences we added CRF06 cpx and CRF02_AG
samples from Los Alamos National Laboratory HIV Database (LANLdb (LANL, 2015)).

2.2. Sequence processing pipeline

In brief, the pipeline (Supplementary Figure 1) involved the exclusion of any sequences that either: 1)
represented a duplicate, ii) were not included in a monophyletic cluster with reference sequences of
both the recombinant and the parental variants (see below) in ML trees (Supplementary Figures 2 and
3), or iii) presented unusually high evolutionary rates as seen in a Path-O-Gen analysis. In addition,
various sub-sampling strategies (described below) were applied to the different datasets in an attempt

to obtain an unbiased phylogeographic analyses (Faria et al., 2014; Lemey et al., 2014).
2.3. CRF06_cpx dataset

We downloaded all CRF06 cpx PR (n=388, after removing duplicates using ElimDupes
(http://www.hiv.lanl.gov/content/sequence/ELIMDUPES/elimdupes.html)) and gp4l (n=157)
sequences with available sampling date from LANLdb, to which we added the early sequences.
Preliminary trees were constructed with FastTree under the GTR+I" model of substitution, in which
clusters of closely related sequences sampled outside sub-Saharan Africa (e.g. Korea, Algeria) were
present and down-sampled. Since CRF06 cpx sequences from both PR (protease) and env gp41 fall
within the subtype G phylogenetic lineage, we ensured these samples were correctly classified by
verifying that the CRF06_cpx sequences were monophyletic in Maximum Likelihood (ML) trees that
included reference LANLdb sequences of subtype G (n=115 for PR, n=32 for gp41) trimmed from full-
length genomes (Supplementary Figure 2). Non-monophyletic sequences were discarded (52 PR,
whose trees were worse resolved, and 3 gp41). These ML trees were constructed with PhyML (Guindon
et al.,, 2010) using the GTR+I" model of substitution and testing the branch support using the
approximate Likelihood-Ratio Test (aLRT). Finally, the datasets were analysed with Path-O-Gen v1.4
(tree.bio.ed.ac.uk/software/pathogen) and any sequence that represented outliers in the root-to-tip

divergence versus sampling time regression analysis was removed.

In these ML trees most Burkina Faso CRF06 cpx sequences from 1986 formed clustered closely,

especially for the PR gene (Supplementary Figure 2), so they were down-sampled and only the most



divergent ones in terms of genetic distances (n=2 for PR, n=6 for gp41) were kept in the definitive
datasets. The fact that these sequences were amplified from samples taken in a single hospital during
the same year could account for their genetic similarity, especially with limited sequence length and a
high degree of genetic conservation (such as the PR gene). The rest of Burkina Faso sequences appeared
interspersed along the ML trees, with a lack of country-specific clusters in general. This suggests a great

degree of interchange between all countries (even from within and outside Africa).

For the evolutionary analysis, we selected sequences from sub-Saharan Africa only (see Table 1 for the
countries included) and, because of its epidemiological importance, a sub-sample (selecting the 4 most
genetically divergent sequences for each gene) of the monophyletic Estonian/European outbreak among
injecting drug users (to which approximately half of the CRF06 cpx gp41 sequences in LANLdb
belonged). Excluding the early sequences from Burkina Faso sampled in 1986, the CRF06_cpx dataset
contained sequences sampled between 1995 and 2013 for PR and between 1984 and 2010 for gp41.

As seen in Table 1, almost half the sequences (42% for both PR and gp41 datasets) came from Burkina
Faso. To test the reliability of our phylodynamic and phylogeographic analysis, we randomly down-
sampled the sequences from this country according to sampling year to avoid the bias that may arise
from oversampling a particular location (Faria et al., 2014; Lemey et al., 2014). We therefore created a
CRFO06 cpx down-sampled dataset in which the Burkina Faso sequences (n=89 for PR, n=25 for gp41)
were reduced to the number of sequences of the next most represented country: Mali for PR (n=25) and

Ghana for gp41 (n=10).
2.4. CRF02_AG dataset

We downloaded all CRF02_AG PR and gp41 sequences in LANLdb from West and Central Africa and
removed duplicates (yielding 1,247 PR / 194 gp41 from West Africa and 1,478 PR / 320 gp41 from
Central Africa), to which we added the early Burkina Faso sequences (Supplementary Figure 1). As
described for CRF06_cpx, we excluded both PR and gp41 sequences that were not monophyletic in ML
trees containing samples from the parental subtypes (for CRF02_AG these are subtype G and Al for
PR and gp41, respectively) (Supplementary Figure 3). Also, to reduce the large numbers of sequences
(especially for PR), COMET (Struck et al., 2015) was used to confirm their classification as CRF02_AG

and misclassified sequences were removed.

This dataset was also analysed with Path-O-Gen v1.4 (see above). In addition, as happened with
CRF06_cpx, the early CRF02_AG sequences from Burkina Faso clustered closely and were therefore
down-sampled by keeping the ones with the most divergent genetic distance (4 PR and 9 gp41 in the
definitive analysis). The West African PR sequences downloaded from LANLdb were also down-

sampled by random selection of sequences within each sampling year and country, in order to have a



more balanced representation of sequences across the years and across countries while keeping a

manageable number of them.

For the evolutionary analyses, we prepared 2 datasets: i) for a first analysis focused on Burkina Faso,
we selected only sequences sampled in-country (130 PR and 39 gp41); ii) in a second analysis to explore
the CRF02_AG spread throughout West Africa, we used all the selected sequences from West Africa
together with the 5 closest sequences to each of them from Central Africa selected using ViroBLAST
(Deng et al., 2007). Table 1 shows the number of CRF02_AG sequences included for each country in
the definitive dataset, which included sequences sampled between 1993 and 2010 for the PR and
between 1984 and 2009 for the gp41 gene.

2.5. Evolutionary analyses of the CRF02_AG and CRF06_cpx datasets

We applied Bayesian MCMC inference to 4 datasets (complete CRF06 cpx and down-sampled
CRFO06 cpx, Burkina Faso CRF02_AG and African CRF02_AG) using BEAST v1.7.5 (Drummond et
al., 2012). We employed a multilocus approach (Lemey et al., 2004) in order to analyse both PR and
gp41 at the same time as dataset partitions. This feature allowed us to use the same models of nucleotide
substitution, and demographic model to both partitions, while using different molecular clock models,
so each partition can have different phylogenetic histories and coefficients of variation for the
evolutionary rates. We used an uncorrelated log-normal relaxed molecular clock with the SRD06 model
of nucleotide substitution (Shapiro et al., 2006) and the Bayesian Skygrid as the demographic model
(Gill et al., 2013). The datasets ran for 100 million generations (200 million for the African CRF02_ AG
dataset) sampling evolutionary parameters every 10,000th generation. Convergence of the chains was
manually identified using Tracer v1.5 (http://tree.bio.ed.ac.uk/software/tracer/). The posterior tree
distributions were used to generate a maximum clade credibility (MCC) tree after removing a 10%
burn-in using TreeAnnotator v1.7.5 (http://beast.bio.ed.ac.uk/TreeAnnotator). A Bayesian Skygrid plot
was generated using Tracer v1.5 to represent the changes of the viral effective population size over time

(Gill et al., 2013).
2.6. Phylogeographic analyses of CRF02_AG and CRF06_cpx

To test the phylogeographic structure of the datasets, the association index (Al), which indicates the
strength of correlation between the phylogeny and the location of its tips, was calculated for the
CRF06_cpx and CRF02_AG posterior PR and gp41 tree distributions excluding the first 10% of tree
states as burn-in using BaTS (Bayesian Tip-association Significance testing (Parker et al., 2008)). BaTS
tests the null hypothesis (i.e., no correlation between phylogeny and taxa location) by performing
randomization tests across the posterior set of trees, thus incorporating phylogenetic uncertainty when
testing for phylogeographic structure. The null set was calculated by 100 random replicates of the state

distribution across the phylogeny.



We then conducted a Bayesian phylogeographic analysis using the asymmetric discrete traits analysis
implemented in BEAST v1.7.5 to identify migration pathways of CRF02_AG (African dataset) and
CRFO06 cpx (complete and down-sampled datasets) between the different sampling locations. Each
country was considered a location except those sequences belonging to the CRF06 cpx
Estonian/Eastern European cluster, which grouped in a single location. Bayesian stochastic search
variable selection (BSSVS) was employed to reconstruct the geographical locations of the ancestral
states (Lemey et al., 2009) contained in a sub-sample of the posterior tree distribution of the BEAST
runs described above. The migration routes indicated by the MCC tree (i.e. the changes of state in the
nodes) were visualized using Google Earth (http://earth.google.com) and SPREAD v1.0.6 (Bielejec et
al., 2011). SPREAD was also used to identify statistically well-supported migration routes using the
Bayes Factor (BF).



3. RESULTS

3.1. Data processing and preliminary analyses

The main interest in the analyses lay in the use of early samples collected in Burkina Faso in 1986
together with background sequences from public databases. Due to the limited length of these
sequences, we performed a strict data selection to ensure that the sequences would reflect the
evolutionary history of the two analysed CRFs (Supplementary Figure 1). To reduce the high number
of available CRF02 AG samples, additional down-sampling steps were incorporated (Supplementary

Figure 1).

Finally, the analyses were restricted geographically to answer particular questions about the origin and
spread of CRF06 cpx and the dissemination of CRF02 AG from Central to West Africa. For
CRFO06 cpx we only included sequences collected in sub-Saharan Africa and, due to its epidemiological
relevance, a sub-sample from the outbreak which affected IDUs in Estonia and other European
countries. For CRF02_AG, we first analysed sequences from Burkina Faso, then extended the analysis
to West African sequences together with the closest Central African PR and gp41, in order to estimate
the arrival and spread of this strain from the Congo River Basin. These Central African sequences came

mostly from Cameroon and, to a lesser extent, Nigeria and Gabon.
3.2. Phylodynamics of CRF06_cpx

For the evolutionary studies in BEAST we analysed both genes jointly using them as partitions within
the BEAST multilocus analysis (Lemey et al., 2004) to improve convergence and confidence intervals
on the growth dynamics. Although both loci are allowed to have different genealogies, they are assumed

to share the same demographic history.

The time to the most recent common ancestor (tMRCA) for the complete CRF06 cpx dataset was 1979
(95% Bayesian Confidence Interval (BCI) 1973-1983) for PR and 1981 (1978-1983) for gp41, with
respective evolutionary rates of 5.5 (4.8-6.3) x 10 substitutions/site/year (s/s/y) and 6.1 (4.8-7.5) x 10
3s/sly.

The evolutionary rate found for CRF06_cpx PR was unusually high (as the usual rate for po/ ranges
between 1-3 x 103 s/s/y). The limited length of the PR gene (297nt) might prevent more accurate
analyses, especially when applying the SRDO06 substitution model which evaluates parameters
independently for the first plus second (CP1+2) and the third codon positions (CP3). We examined the
relative substitution rates of CP1+2 and CP3 and the former was 1.7-times higher than the latter, which
is the opposite of what is expected in a coding region. However, this did not seem to apply to the PR
evolutionary rate for CRF02_AG (see below). For CRF02 AG, the relative substitution rate was 1.5-
times higher for CP3 than for CP1+2. We hypothesised that this high rate might have resulted from the



adaptation of the CRF06 cpx PR after diverging from the parental subtype G. To investigate this, we
compared the evolutionary rates of 2 clades, creating a dataset including the 210 CRF06 cpx PR
sequences analysed before as well as 51 subtype G PR reference sequences (from the subtype G
sequences used in Supplementary Figure 2). We analysed this dataset with BEAST using the same
settings as before. However, the MCC tree did not show any notable difference in the evolutionary rate
(mean=3.34 x 1073 s/s/y [95% BCI=2.6-4.1]) across its branches regardless the phylogenetic lineage.
We then analysed a RAXML tree constructed from this dataset —containing CRF06_cpx plus subtype
G- by using RELAX, a program designed to detect differences in selection pressures in a codon-based
phylogenetic framework (Wertheim et al., 2015). Given two subsets of branches in a phylogeny,
RELAX can determine whether selective strength was relaxed or intensified in one of these subsets
relative to the other by calculating and comparing the distribution of the ratio of non-synonymous over
synonymous substitutions (w or dN/dS) along the branches of the tree. Indeed, RELAX found a
statistically significant relaxation of selection in CRF06_cpx with respect to the parental G (parameter
K=0.84, p=0.027). A relaxation of the selection pressure would account for the observed increase in the

mutation rate, particularly in the CP1+2 codon positions.

The Bayesian Skygrid plot (Figure 2A) showed an exponential increase in the CRF06_cpx effective
population size during the 1980s and 1990s, stabilizing afterwards. Around 1985 the plot shows a
temporary increase in population size, probably an artefact due to the sequences’ sampling dates: there
were no available samples between 1986 and 1994 (for PR) or 1995 (for gp41). However, special care
must be taken when interpreting the trends observed in these plots, as they are sensitive to sampling

strategies.
3.3 Analysis of spatial structure

We used the program BaTS to test for the presence of statistically significant phylogeographic structure
in the CRF06 cpx and CRF02_ AG datasets applying the association index (Al). To compare the Al
results across different datasets, the ratio between the observed index and the expected one provides a
measure of the degree of association, with a value of 0 being complete association and values >1
showing no association. Supplementary Table 1 contains the results of this test showing that, in all
cases and all genes, the Al statistic strongly rejected the null hypothesis of random mixing (p<0.001).
In addition, the index ratio showed that, for both CRF06 cpx and CRF02_ AG, the gp41 gene showed
a stronger spatial structure than PR; and, comparing the two variants, a stronger spatial structure was
observed for CRF06 cpx (0.87 [0.82-0.92] for PR; 0.49 [0.42-0.55] for gp41) than for CRF02 AG
(0.94 [0.92-0.96] for PR; 0.78 [0.75-0.80] for gp41). The high index ratio found for CRF02_AG PR,
although significantly different than 1, indicates that the results from this dataset’s phylogeography

analysis should be considered with more caution.
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3.4. Phylodynamics of CRF02_AG

The tMRCA for the Burkina Faso CRF02 AG dataset was 1979 (1977-1982) for PR and 1980 (1977-
1981) for gp41 with rates of 2.3 (1.8-2.9) x 103 s/s/y and 5.7 (4.1-7.4) x 1073 s/s/y, respectively.

However, gp41 sequences from only 2 sampling times (1986 and 2003) were available.

The African datasets, which included CRF02 AG sequences from West Africa and the closest
sequences from Central Africa, showed concordant dates for the tMRCAs of PR (1962 [1954 -1968])
and gp41 (1963 [1958 -1968]). They corresponded to evolutionary rates of 1.4 (1.3-1.6) x 107 s/s/y for
PR and 4.5 (4.0-5.1) x 107 s/s/y for gp41. Therefore, there was a twenty-year gap between the origin
of this CRF in central West Africa and its appearance in Burkina Faso, and that coincided with the
appearance of the CRF06_cpx epidemic in that country. The CRFO2_AG Bayesian Skygrid plot (Figure
3A) which included information from both PR and gp41 genes showed an exponential increase in the
viral population size from the late 1960s to the early 1990s. During that time, CRF02_AG presumably
travelled from Central to West Africa, and it spread progressively within the West Africa taking
advantage of the great population mobility. After approximately 1995 the CRF02_AG population size
stabilized.

Most of the Central African CRF02 AG sequences downloaded from LANLdb and selected for being
closely related to the West African sequences came from Cameroon (see Table 1) and, to a lesser extent,
from Nigeria, which was to be expected considering that these 2 countries are located between West
Africa and the DRC and are thought to be, respectively, where the origin of CRF02_ AG has been
inferred and was first detected (Carr et al., 1998; Faria et al., 2012).

3.5. Phylogeography of CRF06_cpx

The gp41 Bayesian MCC tree generated in the phylogeographic analysis showed the tree root to be
inferred in the Democratic Republic of Congo (DRC) with a posterior probability of 0.8. This would
either show that CRF06 cpx or at least its parental subtype G lineage emerged in the Democratic
Republic of Congo (DRC) around 1981 but it was first introduced soon after (1982, 1980-1983) to
Burkina Faso (see Figure 2B), from which it spread to the rest of West Africa. In addition, in the tree
we observed a CRF06 cpx cluster of Cameroonian sequences that also seemed to have come from
DRC, although movements from Burkina Faso to Cameroon were also detected, suggesting that

Cameroon, perhaps by virtue of its intermediate location, had introductions from these two sources.

There were no PR sequences from DRC and the discrete trait analysis of PR (Figure 2B) inferred an
origin of CRF06_cpx in Burkina Faso (posterior probability=0.7) also in 1979, from which it spread to
the remaining countries included in the analysis. The lack of PR sequences with sampling dates from

the DRC meant it was not possible to test whether the origin of CRF06_cpx lay there.
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Regardless of the original recombination location of CRF06 cpx, both PR and gp41 showed that this
recombinant radiated from Burkina Faso to the rest of West Africa predominantly after around 1990.
However, we observed (see trees in Figure 2B) a few CRF06_cpx disseminations just before 1990 from
Burkina Faso to neighbouring countries: Mali (in both PR and gp41 trees), and Nigeria and Niger (in
the gp41 tree). We estimated the statistically significant CRF06_cpx migration events using the Bayes
Factor (BF) shown in Figure 3. For clarity, only those migrations supported by a BF > 5 are shown.
The best-supported migration was from DRC to Burkina Faso (BF=77 for gp41). The rest of the
migration events, mainly between West African countries, had lower support. We found that the
countries that were most frequently involved in these migration routes were Burkina Faso, Mali, Ghana
and Senegal. Analysis of PR and gp41 agreed in the reconstruction of tight links between Burkina Faso,
Mali and Ghana, whereas the reconstruction of other migration routes from and towards those countries

and Central Africa and/or the West coast of Africa— relied on only one gene.

The tMRCA of the CRF06_cpx monophyletic cluster detected among injecting drug users in Estonia
and other European countries (highlighted in the trees in Figure 1B) was 1995 (1989-1998) according
to the PR Bayesian tree and 1995 (1992-1997) in the gp41 tree. The gp41 dataset included 2 sequences
from each of Estonia and Russia. For PR, sequences from Estonia, Russia, Finland, Norway and Belarus
(n=1 each) were available and included. As expected, the sequences from Estonia were basal within the
cluster in both PR and gp41 analysis, suggesting it was the epicentre of the outbreak in Eastern Europe.
To ascertain its source, more specific analyses would be needed; however, the discrete trait analysis
pointed weakly to Burkina Faso (probability=0.30 and 0.44 for PR and gp41 respectively) as the
ancestral location of this Estonian/European lineage. The second most probable locations were Mali

(probability=0.12) and Ghana (probability=0.11) for PR and gp41, respectively.

The down-sampled CRF06_cpx dataset yielded similar results to the complete dataset. The estimated
dates to the tMRCAs were 1977 (1976-1983) for PR and 1980 (1978-1982) for gp41, i.e. it was a little
older for PR but virtually the same for gp41. The evolutionary rates obtained were 5.2 (3.8-6.9) x
10 s/s/y for PR and 5.7 (4.5-6.8) x 107 s/s/y for gp41, which were closer to each other than in the
analysis of the complete dataset. Considering the reduced sample size of the down-sampled dataset,
which could limit the amount of phylogenetic signal and information to be extracted from the dataset,
the results were quite consistent with those from the complete CRF06 cpx dataset. The discrete
phylogeographic analysis also inferred the root of the CRF06_cpx phylogenies in the same locations:
Burkina Faso for PR (posterior probability=0.6) and DRC for gp41 (posterior probability=0.8). The

migration events reconstructed were similar but showed lower statistical supports (data not shown).

Finally, in order to explore the origin of CRF06_cpx more deeply, the most basal (and oldest) sequences
for this variant in PR and gp41 were included in ML trees (constructed with RAXML) together with the
pure subtype G sequences of these 2 gene regions from sub-Saharan Africa (n=801 for PR, n=127 for

12



gp41) and found in LANLdb. The oldest CRF06_cpx PR sequence (BF.AY936826.1986) was closest
to a subtype G sequence from Togo but within a larger cluster which included multiple sequences from
both West Africa (Liberia, Senegal) and Central Africa (Congo, Nigeria, Gabon, Central African
Republic and Cameroon). The oldest gp41 sequences (06 cpx.CD.AF260460.1985 and
06_cpx.BF.AY928426.1986, which were both included because of the different countries they were
sampled from) showed more distinct clustering, in this case with 3 subtype G sequences from DRC.
This high degree of sequence intermixing irrespective of the sampling country, particularly for PR,
prevented a clear conclusion about the origin (whether in West or Central Africa) of the subtype G
strains that formed CRF06 cpx. The limited length of PR and gp4l also prevented inference of

phylogenetic relationships in any higher resolution.
3.6. Phylogeography of CRF02_AG

The Bayesian phylogenetic trees of both PR and gp41 (Figure 3B) showed CRF02_ AG sequences
interspersed regardless of their sampling country with a few exceptions of country-specific clusters.
Indeed, the phylogeographic analysis of CRF02_ AG in West Africa showed numerous viral migration
events between different countries. The origin of CRF02_ AG was placed in Cameroon for the PR
analysis and in BF for the gp41 analysis, but this was not the primary goal of the CRF02_AG discrete
trait analyses and these results could be biased by the number of sequences available for each country

and their sampling dates.

Supplementary Figure 4 shows the CRF02_ AG migration routes with the highest statistical support
(BF=5) for the PR and gp41 analyses. The most strongly supported routes were, for the PR analysis,
from Cameroon to Gabon and Cameroon to Cote d’Ivoire (both with maximal BF support), from Benin
to Togo (BF=8.4) and Nigeria to Senegal (BF=6.3). For the gp41 analysis, the most strongly supported
routes were Burkina Faso to Cote d’Ivoire (BF=11.6), DRC to Burkina Faso (BF=9.8), Burkina Faso to
Cameroon (BF=7.1) and Cote d’Ivoire to the Gambia (BF=7.0). Taken together, the results in
Supplementary Figure 4 show several CRF02_ AG migration routes between Central and West Africa
and vice versa. They also show routes within West Africa, among which Cote d’Ivoire and Ghana are
the most heavily involved countries in these movements, with Burkina Faso playing a more secondary
role than in CRF06 cpx transmission. Overall, the analyses of both CRF02 AG genes suggested
different migration routes, which is probably explained by the different sampling and availability of
sequences. In addition, the CRF02_ AG dataset (particularly PR) showed weaker spatial structure than
CRF06 cpx, so inferences from the former’s phylogeography analysis should be taken with more

caution.
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4. DISCUSSION

We reconstructed the HIV dynamics of the recombinants HIV-1 CRF06 cpx and CRF02_AG in
Burkina Faso and throughout West Africa using a multilocus Bayesian analysis, incorporating protease
and gp41 sequences from samples collected in that country in 1986. We have shown that the tMRCA
of these two recombinants —the most prevalent HIV-1 variants in Burkina Faso— were reconstructed in
the country around 1980, implying a relatively young national epidemic compared to countries from
other African regions (see below). Burkina Faso represents the epicentre for the transmission of
CRFO06 _cpx in West Africa, after a possible origin in the Democratic Republic of Congo (DRC). On
the other hand, CRF02 AG entered the region 10-15 years before the emergence of CRF06 cpx, and it
seems to have experienced an extensive transmission throughout West Africa with a lack of clear

patterns according to country of sampling.

Burkina Faso being such a young HIV-1 epidemic is consistent with a later introduction into West
Africa. Indeed, the first cases of AIDS in West Africa were reported in 1985 (Benin and Mali), and in
Burkina Faso in 1986, later than in East (Serwadda et al., 1985) and South (McCormack et al., 2002)
Africa after the origin of HIV-1 in Central Africa. The estimated dates of introduction for both HIV-1
variants coincided with some of the most unstable years in the Burkina Faso’s history and it was not
until 1988 that HIV/AIDS was prioritized (Banhoro, 2013), which may have potentiated the evolution
of the epidemic due to the lack of public health measures focused on stopping its transmission. HIV-2
was also detected (both HIV-2 groups A and B) at a low prevalence in samples from 1986 (Fonjungo
et al., 2014).

We found an unusually high evolutionary rate for CRF06 cpx PR (around 5 x 103s/s/y) and tested
different explanations. We obtained statistically significant evidence of selection relaxation in the
CRF06_cpx PR with respect to the parental subtype G. Relaxation of selection can occur when a new
ecological niche is found, which could have happened following a founder effect phenomenon in which
a viral linecage enters a fully susceptible population. Alternatively, if this relaxation occurred
immediately after the recombination that gave rise to CRF06_cpx, it could have been caused by the fact
that the CRF06 cpx PR gene was derived from subtype G while CRF06 cpx gag gene was derived
from subtype Al. These two HIV proteins co-evolve due to the fact that the gag is the substrate of PR
cleavage (Fun et al., 2012), and a gene shuffle could have required PR to recognise new cleavage sites
in gag, which would imply the relaxation of the purifying selection that maintained this co-evolution
and the high mutation rates observed in PR regardless its codon position. Our estimate of the time to
the most recent common ancestor (tMRCA) for the African CRF06_cpx was 1979 (1973-1983) in PR
and 1981 (1978-1983) in gp41, which agrees with the date provided by the only phylogeographic
analysis of CRF06_cpx published to date (Delatorre and Bello, 2013), 1979 (1970-1985). Our estimates

yielded smaller confidence intervals for PR, while ours is the first evolutionary analysis for the gp41
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region. The spread of CRF06_cpx is intimately connected to Burkina Faso, and was first identified in a
patient infected in this country (Oelrichs et al., 1998). The PR analysis confirmed the previous
observation (which also utilized pol sequences) that reconstructed the origin of CRF06 cpx in Burkina
Faso (Delatorre and Bello, 2013). On the other hand, our analysis of gp41 raised further possibilities,
which are not apparent from single gene analysis, and established the origin of CRF06 cpx in DRC.
The hypothesis that CRF06_cpx was formed in Burkina Faso by recombination between pre-existing
strains instead of being imported is contradicted by the fact that, whereas CRF06_cpx represents around
half the viruses found in the country, subtype G (parental for both CRF06 cpx genes analysed here)
accounts for less than 1% of the Burkina Faso sequences deposited in the Los Alamos HIV database.
Fonjungo and colleagues (Fonjungo et al., 2014) did not find any subtype G strain in samples from
1986, close to the beginning of the HIV epidemics in West Africa. Likewise, subtypes J and K (which
are also involved in the recombination pattern of CRF06 cpx) have been detected in Central Africa but
not in West Africa. This makes it less likely that there was ever any co-circulation in Burkina Faso of
the putative parental variants that would have been required for the generation of this recombinant. An
alternative hypothesis that would reconcile this Central African origin of CRF06 cpx with the fact that
pol analyses point to Burkina Faso as its place of origin would be the following: CRF06 cpx was formed
after a variant coming from Central Africa (that already included subtype G specifically in the env gene
but also subtypes J and K) experienced successive recombination events with local subtype G viruses
in or on its way to West Africa (perhaps in Nigeria or Cameroon) which formed the novel CRF06_cpx
pol gene —so this CRF would eventually harbour subtype G fragments having different origins and
evolutionary histories. The abundance of subtype G in Nigeria/Cameroon could make such a scenario
plausible. Subtype Al, the other parental subtype that is part of CRF06 cpx, can be found in East,
Central and West Africa, so its incorporation to the CRF06_cpx genome could have happened in either
of the latter two regions. The limited availability of full-genome CRF06 cpx sequences is a severe
constraint on the analyses that would be needed to ascertain the evolutionary history of the parental

strains that formed this definitive recombinant.

Our phylogeographic study of CRF06 cpx was robust to the unbalanced availability of this strain’s
sequences (for which most samples in GenBank were collected in Burkina Faso) since the ancestral
locations were confirmed in a second analysis for which we down-sample the sequences from this
country to be comparable in number to other countries. Down-sampling of sequences from highly
represented geographic locations or sampling times is needed to avoid potential bias in spatial inference
estimates (Faria et al., 2014; Lemey et al., 2014). We have found that CRF06_cpx (regardless of its
initial origin) spread throughout West Africa from Burkina Faso, particularly after 1990. This was
common to the analyses of both PR and gp41. Our analyses reconstructed statistically significant
bidirectional viral migration routes especially between Burkina Faso and Mali and Ghana, with links to

Senegal and Cote d’Ivoire also. However, the lack of any HIV sequences from some countries or from
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the 1980s prevented us from inferring the gradual movement of CRF06 cpx from Central Africa to

Burkina Faso.

Because of its epidemiological importance, we also attempted to identify the origin of the CRF06_cpx
clade that caused a continuing outbreak among IDUs in Eastern Europe (Zetterberg et al., 2004). We
inferred that this monophyletic lineage, first detected in Estonia in 2004 appeared in that country around
1995 (1989-1998). However, we could not assign the specific origin of this outbreak in Africa with

enough confidence.

The second recombinant virus analysed here, CRF02_AG, presents a different history. According to
previous reports, it seems to have travelled northwards from DRC, where its had been inferred (Faria
et al., 2012) to Cameroon, which acted as the epicentre of its dispersal (Faria et al., 2012; Véras et al.,
2011), and eventually to Nigeria where it was first identified (Carr et al., 1998). Our study provides the
first analysis of the origin and dispersal of CRFO02_AG to and within West Africa, where it is the
prevalent HIV-1 variant. We analysed substantially older CRF02_AG sequences than in previous works
(including the oldest ones available from the 1980s) and our sub-sampling strategy was designed to
provide a representative sample of CRF02 AG diversity throughout West Africa (including the closest
lineages from Central Africa which might have been involved in its introduction) to reconstruct the

mobility of this recombinant.

The dates that we inferred for the origin of CRF02_AG (1962 for PR and 1963 for gp41) are a decade
older than estimates from previous studies (Abecasis et al., 2009; Faria et al., 2012) in which the earliest
sequences included in their analyses were from 1990. Faria and colleagues obtained their estimate of
1973 (1972-1975) from samples collected in two cities in Cameroon between 1996 and 2004, whereas
Abecasis and colleagues used a convenience sample from the Los Alamos HIV database. The only
previous study of CRF02_AG in West Africa used 47 env sequences from Guinea-Bissau (in far West
Africa) sampled in 1993-2007, and dated the establishment of CRF02_ AG in this country through
multiple introductions between 1976 and 1981 (Esbjornsson et al., 2011).

Our regional analysis of CRF02_AG shows that this viral variant expanded throughout West Africa
showing a high degree of transmission between countries, demonstrated by the lack of clear migration
routes and the phylogenetic intermixing of the sequences (also reported by (Véras et al., 2011)). This
would agree with a fast spread of CRF02_AG in the region, and with the historical records of migration
in West Africa: historically, this region has experienced a great mobility caused by population pressure,
environmental conditions, poverty, and endemic conflicts. Migrants regarded this region as an
economic unit where people moved freely, and borders between countries were porous and virtually
uncontrolled, particularly since the creation of the Economic Community of West African States
(ECOWAS) in 1975 —which removed obstacles to the free movement of goods, capital and people
(Adepoju, 2005). Mobility traditionally involved labour migration from the landlocked, poorer
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countries (including Burkina Faso) to road networks, plantations and mines in the coastal, richer
countries —particularly Ghana, Cote d’Ivoire and Senegal. This would account for the fact that these
countries, as constant recipients, as well as sources of outward migration, were heavily involved in the
migration routes found for CRF02_AG and for CRF06_cpx. Epidemiological and political reasons also
probably account for the fact that, despite being having being present in West Africa for 10-15 years,
CRF02_AG did not enter Burkina Faso until ~1980 (the time when the CRF06_cpx epidemic started as
well).

The inclusion of early sequences in phylodynamic studies can substantially improve estimates of viral
evolutionary rates, through better calibration of the molecular clock (Worobey et al., 2008; Yebra et al.,
2015). However, in our case the fact that small volume serum samples were almost 3 decades old when
RT-PCR was performed meant that only short sequences (PR and gp41) could be generated (Fonjungo,
2014). We tried to compensate for this limitation by adopting a novel multilocus approach to the
analysis (Gill et al., 2013; Lemey et al., 2004), by which information from both genes was incorporated
in the demographic history reconstruction. However, since this allowed each gene to evolve at different
rates and provide different phylogenies to resemble the different evolution of HIV genes, aspects
relative to tree topology and the phylogeography analysis did not benefit from the multilocus approach.
Another limitation of our study was the restricted and biased availability of sequences for each country,
the lack of sequences from all West African countries, and the disparity of sampling for PR and gp41.
However, for CRF06_cpx we were able to partially compensate for this limitation by performing further
analyses after down-sampling the sequences from Burkina Faso, to prevent the results from being

influenced by the higher availability of samples from this country.

Putting all our results together, we can conclude that Burkina Faso presents a relatively young HIV
history, with the national epidemic caused by CRF02 AG and CRF06 cpx beginning around 1980.
CRFO06 cpx might have originally diversified (at least one of its parental variants) in Central Africa in
the late 1970s, but we lack enough samples to confirm it. Regardless of its origin, it seems that
CRF06_cpx radiated from Burkina Faso to the rest of West Africa from ~1990. CRF02_AG seems to
have been introduced in West Africa from Cameroon/Nigeria much earlier, during the 1960s-early
1970s, where it expanded explosively perhaps fuelled by the outstanding mobility in the region, which

in turn makes it very difficult to track its exact migration patterns or its origin/first place of introduction.
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Table 1: HIV-1 sequences included in the evolutionary analysis using BEAST.

CRF06_cpx CRF02_AG African
complete dataset dataset
Country Code PR gp4l PR gp4l
West Africa 168 44 381 170
Burkina Faso BF 89 25 38 38
Mali ML 25 3 67 0
Cote d’Ivoire CI 6 1 25 25
Ghana GH 11 8 89 28
Togo TG 17 1 32 0
Benin BJ 8 0 50 0
Senegal SN 12 6 78 62
Guinea-Bissau GW 0 0 0 2
Liberia LR 0 0 1 0
The Gambia GM 0 0 1 15
Central Africa 34 12 311 128
Angola AO 0 0 5 0
Chad TD 1 0 0 0
Cameroon CM 4 5 207 120
Central African Republic CF 1 0 1 0
D. R. Congo CD 0 3 5 2
Gabon GA 2 2 32 1
Equatorial Guinea GQ 1 0 10 0
Nigeria NG 25 1 51 5
Niger NE 0 1 0 0
Southern Africa 3 0 - -
Madagascar MG 2 0 - -
South Africa ZA 1 0 - -
Estonia/Europe EE 5 4 - -
Total 210 60 691 298

PR, protease. Not shown (zero sequences): Guinea, Sierra Leone, Mauritania (West Africa), Congo and Angola

(Central Africa).
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FIGURE CAPTIONS

Figure 1: A) Bayesian Skygrid plot of the multilocus analysis showing the changes in the
estimated viral effective population size for CRF06_cpx across time. The solid black line indicates
the median population size and the purple shading the 95% Bayesian confidence interval (BCI). The
solid vertical orange line indicates the date of the most recent common ancestor, and the orange shading
its 95% BCI. B) Time-stamped maximum clade credibility trees of the CRF06_cpx protease (left)
and gp41 (right) discrete trait analysis with BEAST. Branches are coloured (see legend for each
tree) according to the location of the sequences (terminal branches) or inferred ancestral location
(internal branches). The arrows highlight the Burkina Faso sequences from 1986. Country codes are
shown in Table 1. Nodes supported by a posterior probability >0.7 are indicated by a black circle, and
the braces highlight the Estonian/European cluster. Horizontal axes of both panels are expressed in

calendar years.

Figure 2: Migration routes of CRF06_cpx inferred from the phylogeographic analyses of
protease (in green) and gp41 (in red) genes. For clarity, only those routes statistically supported by a
Bayes Factor >4 are shown. The colour of the arrows is proportional to the statistical support (see

legend). This figure was elaborated using maps from MapBox (www.mapbox.com).

Figure 3: A) Bayesian Skygrid plot of the multilocus analysis showing the changes in the
estimated viral effective population size for African CRF02_AG across time. The solid black line
indicates the median population size and the purple shading the 95% Bayesian confidence interval
(BCI). The solid vertical orange line indicates the date of the most recent common ancestor, and the
orange shading its 95% BCI. B) Time-stamped maximum clade credibility trees of the CRF02_AG
protease (left) and gp41 (right) discrete trait analysis with BEAST. Branches are coloured (see
legend for each tree) according to the location of the sequences (terminal branches) or inferred ancestral
location (internal branches). The arrows highlight the Burkina Faso sequences from 1986. Country
codes are shown in Table 1. Nodes supported by a posterior probability >0.7 are indicated by a black

circle. Horizontal axes of both panels are expressed in calendar years.
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