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RESUMO

De 2007 a 2023, o Brasil relatou 489,594 casos de infec¢do pelo HIV-1, com a regiao
Nordeste sendo a segunda regido mais afetada. Dentro do Nordeste, a Bahia, como o
estado mais populoso, detém o maior niimero absoluto de casos. Embora o subtipo B
prevaleca no Nordeste, variantes ndao B, como F1, representam uma propor¢ao
significativa, necessitando de andlises filogenéticas mais aprofundadas. Este estudo
utilizou dados genéticos e epidemiologicos para explorar a origem e a disseminacao do
subtipo F1 do HIV-1 na Bahia. Analisamos 24 novas sequéncias do gene pol do HIV-1
de pessoas vivendo com virus no estado da Bahia, Brasil. Para entender a filodindmica
viral, integramos sequéncias do gene pol/ do banco de dados de Los Alamos, resultando
em um conjunto de dados de 5195 sequéncias. O achado principal das andlises
filodinamicas e filogeograficas revela multiplas introducdes na Bahia entre a década de
1990 e o inicio dos anos 2000, com a regido Sudeste-BR (estados de Sao Paulo, Rio de
Janeiro e Minas Gerais) sendo a principal fonte de introdugdes na Bahia. Além disso,
notamos que clados mais recentes (2010-2017) de Pernambuco e do estado do Para tém
alta similaridade com o principal clado da Bahia identificado, o que indica uma possivel
origem ancestral comum compartilhada dessas epidemias localizadas. Em conclusao, ¢
muito importante continuar a aquisi¢ao de novas sequéncias do HIV-1 para monitorar em
tempo real a dindmica espago-temporal dos subtipos circulantes, para que em um futuro
proximo as estratégias de vacinagdo e novos tratamentos possam ser aplicados de forma
efetiva.

Palavras-chave: HIV-1; Subtipo F1; Filogenética; Filodinamica;



ABSTRACT

From 2007 to 2023, Brazil reported 489,594 cases of HIV-1 infection, with the Northeast
region ranking as the second most affected area. Within the Northeast, Bahia, as the most
populous state, holds the highest absolute number of cases. Although subtype B prevails
in the Northeast, non-B variants, like F1, represent a significant proportion, needing
comprehensive phylogenetic analyses. This study employed genetic and epidemiological
data to explore the origin and spread of HIV-1 subtype F1 in Bahia. We analyzed 24 new
gene pol sequences from people living with HIV from the state of Bahia, Brazil. To
understand viral phylodynamics, we integrated sequences from the pol region from the
Los Alamos database, resulting in a dataset of 5195 sequences. The primary finding of
the phylodynamic and phylogeography analyses revealed multiple introductions in Bahia
between the early 1990s to the 2000s, with the Southeast-BR region (states of Sao Paulo,
Rio de Janeiro and Minas Gerais) being the main source of introductions to Bahia.
Furthermore, we noted that more recent clades (2010— 2017) from Pernambuco and the
Para state have very high similarity with the main Bahia clade identified, which indicates
for a possible shared common ancestor origin of those localized epidemics. In conclusion,
it is very important to continue the obtention of novel HIV-1 sequences for monitoring in
real-time the spatiotemporal dynamics of the circulating subtypes, so in a short future
vaccination strategies and novel treatment could be more precise.

Keywords: HIV-1; F1 subtype; Phylogenetic; Phylodynamics.
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Abstract: From 2007 to 2021, Brazil reported 381,793 cases of HIV-1 infection, with the Northeast
region ranking as the second most affected area. Within the Northeast, Bahia, as the most populous
state, holds the highest absolute number of cases. Although subtype B prevails in the Northeast,
non-B variants, like F1, represent a significant proportion, needing comprehensive phylogenetic
analyses. This study employed genetic and epidemiological data to explore the origin and spread
of HIV-1 subtype F1 in Bahia. We analyzed 24 new gene pol sequences from people living with HIV
from the state of Bahia, Brazil. To understand viral phylodynamics, we integrated sequences from
the pol region from the Los Alamos database, resulting in a dataset of 5195 sequences. The primary
finding of the Maximum Clade Credibility (MCC) trees revealed multiple introductions in Bahia
between the early 1990s to the 2000s, with the Southeast-BR region (states of Sao Paulo, Rio de
Janeiro and Minas Gerais) being the main source of introductions to Bahia. Furthermore, we noted
that more recent clades (2010-2017) from Pernambuco and the Para state have very high similarity
with the main Bahia clade identified, which indicates for a possible shared common ancestor origin
of those localized epidemics. In conclusion, it is very important to continue the obtention of novel
HIV-1 sequences for monitoring in real-time the spatiotemporal dynamics of the circulating
subtypes, so in a short future vaccination strategies and novel treatment could be more precise.

Keywords: HIV-1; F1 subtype; Phylogenetic; Phylodynamics.

1. Introduction

The human immunodeficiency virus (HIV) can lead to acquired immunodeficiency
syndrome (AIDS), affecting CD4+ T lymphocytes and causing severe immunological
deficiency. Despite the advances in antiretroviral therapy (ART) leading to viral load
suppression and control of disease progression, some cases of HIV can be resistant to
treatment [1]. In 2023, UNAIDS estimated that around 39.9 million people were living
with HIV worldwide, with approximately 60% of these infections in sub-Saharan Africa

2.
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AIDS is a global pandemic caused by two genetically distinct lentiviruses, HIV-1 and
HIV-2, which originated from multiple cross-species transmissions of simian
immunodeficient viruses (SIV) from non-human primates to humans. HIV-1 has multiple
groups M (Major), O (Outlier), N and the more recent group P. Group M is predominant
worldwide and has been the major driver of the global HIV pandemic. In contrast, groups
N, O, and P have remained less widespread, with cases identified mailing in Africa. Group
M viruses are further divided into subtypes (A-D, F-H, ], K) and recombinant forms [3].

From 2007 to 2023, 489,594 new cases of HIV-1 infection were registered in Brazil,
with the Northeast region being the second most affected, and Bahia, as the most
populous state in the region, occupying the second position in absolute number of
regional cases [4]. It is known that the distribution of viral subtypes around the world, the
severity of the disease, and the risk groups associated with the subtype are different. For
these reasons, real-time monitoring of the dynamics of each viral subtype is important to
help in public health policy and clinical conduct.

In Bahia, the most prevalent subtype is B (68.1%), followed by the recombinant BF
(18.6%) and subtype F1 (8.7%) [5]. According to previews studies in molecular
epidemiology, the F1 subtype of the HIV-1 virus was introduced in Brazil around 1977
and gradually spread throughout the population, reaching more stable levels in the 1990s
[6]. Despite this, no study has yet described the molecular epidemiology and
dissemination patterns of subtype F1 in Bahia. Therefore, it is crucial to continue the
genomic surveillance and the obtention of new sequences to track the evolutionary
dynamics and spread of each subtype within the study region.

As new sequences are generated and made available in public databases, it becomes
possible to construct a highly diverse dataset that can address questions related to
molecular epidemiology in Bahia and other Northeast states, where there has been a
limited number of studies and available data for analysis. This can be attributed to a lack
of sequencing and genomic surveillance in past decades. In this context, the present study
aimed to delve deeper into the dispersion and origin of the F1 subtype in the state of Bahia.
Here we evaluated 24 new sequences of the HIV-1 pol gene from Bahia, integrating with
a large dataset of global sequences to perform phylogenetic, phylodynamic, and
phylogeographic analyses.

2. Materials and Methods
2.1 HIV-1 Samples from Bahia

In this study, the unknown origin and dispersion of HIV-1 F1 subtype in the state of
Bahia, Northeast Brazil were explored. To achieve this, 24 new pol gene sequences
classified as belonging to the F1 subtype which were obtained in a previous study at the
Precision Medicine and Public Health Laboratory (MESP?), Instituto Gongalo Moniz
(IGM/FIOCRUZ) were analyzed. The sequences were obtained using the Sanger
methodology, from samples of people living with HIV (PLWH) monitored by the State
Center Specialized in Diagnosis, Assistance and Research (CEDAP), Bahia, Brazil, as
previously described [6]. These are residents of the state of Bahia and were diagnosed
with HIV between 2014 and 2016.

2.2 Dataset construction

In addition to the 24 HIV-1F1 Bahia sequences, a large and genetically diverse dataset
for phylogenetic analysis were assembled by searching for worldwide HIV-1F1 sequences
available in the public database. These sequences were obtained in the Los Alamos
database (Available at: www .hiv.lanl.gov/components/sequence/HIV/search). The search
was filtered following the selection criteria: belong to the F1 subtype; pol gene from
position 2085 to 5086 according to HXB2 reference genome (accession number K03455.1);
fragments with a minimum length of 700 base pairs (bp); with collection date; and location
information. The initial dataset comprised 5195 sequences. Thereafter, duplicate
sequences and/or those without metadata were removed. Finally, all information



including accession number, sample location, date of collection and nucleotide sequence
were organized in a in Microsoft Excel 2021 spreadsheet. To ensure that all sequences were
HIV-1 subtype F1 and no recombinants were included in the analyses, all sequences were
submitted to the Genome Detective platform, accessing the REGA HIV-1 subtyping tool
version 3.46 [7]. All recombinant F1 sequences were removed.

2.3 Phylogenetic and transmission clusters identification

Next, the sequence alignment was performed using the HXB2 genomic reference as
a guide, through the MAFFT (Multiple Alignment using Fast Fourier Transform) [8] and
edited using AliView [9]. The final edited alignment comprised 4493 pol sequences. From
the final edited alignment, the initial phylogeny was constructed using the maximum
likelihood (ML) method in IQ-TREE [10,11] under the GTRT+F+I+G4 evolutionary model
selected by ModelFinder, with 1000 replicates of ultrafast bootstrap and approximate
likelihood-ratio test (aLRT — approximate maximum likelihood ratio test) to evaluate the
support of the branches. The Microreact platform and the FigTreeV1.4.4 program was
used to visualize and plot the tree.

To extract more precise information from the maximum likelihood, we employed the
Cluster Picker tool [12] an automated tool designed to detect monophyletic clades meeting
the user-input criteria, including branch support values and genetic distance between
taxa. We tested aLRT support values ranging from 80 to 95 values and genetic distances
threshold from 0.5% to 6% to compare and identify the optimal cut-off for our analysis.
Finally, we plotted the Cluster Picker output data on maps using ‘ggplot2” package in
RStudio.

2.4 Migration patterns analysis

To better understand the migratory flow of the HIV-1 subtype F1 across Brazilian
regions and potential phylogenetic interactions with Bahia, first the molecular clock signal
of the maximum likelihood tree was assessed using the root-to-tip regression method
available at TempEst v1.5.2 [13] following the removal of potential outliers that may
violate the molecular clock assumption. Subsequently, the time-scaled tree topology using
TreeTime [14] was constructed and then followed up with discrete ancestral states
reconstruction using the ‘mugration’ package which is an extension of TreeTime. Each
location state change from one node to another was counted with a Python script called
‘AncestralChanges’ by iterating over the time-scaled phylogeny from the root to tip.
Finally, the generated data about state changes across locations were plotted in RStudio,
using the ‘ggalluvial’ R package.

2.5 Bayesian reconstruction and molecular dating of introductions to Bahia

To infer spatiotemporal spread of HIV-1F1 to Bahia state, two different clades
containing the highest number of Bahia sequences were extracted directly from the
maximum likelihood tree and were used in the analysis. Initially, temporal signal of each
clade was assessed using TempEst v1.5.3 [13] and temporal structure was accepted if the
correlation coefficient was > 0.7. In BEAUti v1.10.4, the uncorrelated relaxed molecular
clock and the Bayesian Skygrid model were selected. Moreover, discrete location traits
were informed for ancestral states reconstruction. Maximum Clade Credibility trees were
obtained after three independent runs of 100 million iterations with sampling every 10,000
steps in BEAST v.1.10.4. [15] The convergence of each run was assessed in Tracer v1.7.2
[16] Effective Sample Size (ESS) of all parameters must be >200. MCC trees from each run
were combined in LogCombiner v1.10.4 and summarized in TreeAnnotator v1.10.4 after
discarding the initial 10% burn-in [15]. Posterior Probability (PP) of the branches was
considered significant when > 0.9. Finally, the spatiotemporal history was inferred from
the posterior trees and data was plotted on Brazil and South America maps using RStudio
and a custom R script adapted from R “seraphim” package.
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3. Results

The initial tree was obtained using the Maximum Likelihood (ML) method and has
4,493 sequences (Figure 1). In this tree the sequences were divided into two large clades,
one composed of sequences mostly from Europe and Africa (F1.2), and the other with
mostly Brazilian sequences and some isolated from Europe (F1.1). In the Brazilian clade,
it was possible to observe multiple events of viral introduction to the state of Bahia that
led to the establishment of different subtype F1 viruses from different transmission
sources within the state.

To identify the migration patterns, the ML tree was transformed into a time-scaled
tree using the TreeTime tool. The location transitions between the ancestral nodes of the
tree were counted using the logic of "Origin" and "Destination” (Figure 1B). The largest
HIV-1F1 flow observed is from the Southeast of Brazil (SoutheastBR) as "Origin"
spreading to all other Brazilian regions, including Bahia, and other parts of the world,
indicating the important role of this region in the HIV-1F1 viral dissemination.

F1.1 (90% Brazillian ) | F1.2 (Europe + Africa )

f
Clade Bahia-NortheastBR

Clade Bahia - NorthBR

O Southeast-BR QO South-BR ~ @ NortheastBR O Bahia O Bahia, from this ~ CentralWest:BR @ North-BR @ Furope ) Other Countries

|:| Clades extracted for BEAST analysis

B

study
Origin Destination
South-BR Regions
O sutes®R
South - Northeast-BR
utheast- i
s . =
Nxth-BR
7 L Europe 8
— Contral West-BR
7
[OJ Central-West-BR - _ _— North-BR
[JBahia > . Hioe
Bahia O
South-BR
I:ISouth~BR Central-West-BR O Balia

Southeast-BR

Figure 1. (a) Maximum Likelihood tree containing 4493 gene pol sequences of HIV-1 subtype F1; (b)
HIV-1 F1 migration flow between Brazilian regions, generated from the initial maximum likelihood
tree (4993 seqs) by time-scaling in TreeTime tool and ‘mugration” package. Each color represents
one specific region from BR (Brazil).

To investigate the evolutionary dynamics of HIV-1F1 in the state of Bahia using a
Bayesian reconstruction, the two clades with the greatest number of sequences from the
state were extracted from the ML tree: Bahia-NorthBR and Bahia-NortheastBR. The Bahia-
NorthBR clade (Figure 2A), with 147 sequences from 1996 to 2017, was mainly represented
by Bahia (45) and the NorthBR region (35); and the Bahia-NortheastBR clade (Figure 3A),



consisting of 105 sequences from 1998 to 2017, primarily included sequences from Bahia
(28) and Pernambuco (45).

The tMRCA of the Bahia-NorthBR clade was from 1985 with a 95 % HPD interval of
[1976;1991]. The tree root geographic origin was inferred as the Southeast region of Brazil
(Figure 2A). When observing the root of this clade, it is possible to observe that it branches
into two large groups of sequences, one composed mainly of the NorthBR region and the
other with sequences from Bahia. This demonstrates the common ancestry of both
introductions that may have been originating from the same virus that was circulating in
Southeast of Brazil. However, the two transmission chains developed and evolved
independently despite the genetic similarity of the clades. The Southeast-BR route to
Bahia is very evident and several ancestral states transitions were detected in the tree.
Transitions can be considered transmission events that go from one region to another and
the ones to Bahia are shown in (Table 1). Six occurrences with “Origin” in Southeast-BR
and “Destination” in Bahia were identified in the Bahia-NorthBR clade. The first events
occurred in 1998, HPD 95% [1995;2001] and 1999 with HPD 95% [1996;2001]. Additionally,
the transitions involving the other regions in the tree are detailed in (Figures 2B-D).
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Figure 2. (a) Maximum Clade Credibility Tree for the Clade “Bahia-NorthBR”. Ancestral states are

represented by colored branches corresponding to their geographical locations; (b,c,d) Transitions

of the subtype F1 virus from one location to another, with each location colored as it appears in the
MCC tree.

Regarding the second clade extracted from ML for Bayesian reconstruction, Bahia-
NortheastBR (Figure 3A), tMRCA of tree root was 1987 with HPD 95% [1982;1992]
Although we have a sequence from Southeast-BR in more basal positions of the clade, it
was not possible to obtain statistical support that this clade would also originate from the
Southeast region of Brazil. However, it was possible to identify that the sequences from
Bahia have high similarity with other sequences identified in the tree as Northeast-BR.
These sequences mostly belong to the state of Pernambuco. Some transition events with



“Origin” in Bahia and “Destination” in Northeast-BR were identified and are shown in
(Figure 3B-C). Furthermore, both introductions to Bahia detected in the Bahia-
NortheastBR clade have a tMRCA of 1992 with a 95% HPD [1989; 1996], and a tMRCA of
1995 with a 95% HPD [1989; 1999]. Despite this, neither could be traced back to their
origins due to a lack of older sequences in the clade that would resolve the long branches
and clarify the origin of these specific introductions.
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Table 1. Characterization of the HIV-1 F1 discrete ancestral state transitions to Bahia state obtained
from MCC trees. Date of occurrence represents the mean date estimated for the transitions among
locations. The origin is the most possible source of the event.

Date of transition

Clade HPD 95 % Origin/Destination
occurrence
) 1992 [1989;1996] Unknown to Bahia
Clade BahiaNortheastBR
ade Batualtortheas 1995 [1989;1999] Unknown to Bahia

1998 [1995; 2001
1999 [1996; 2001

SoutheastBR to Bahia
SoutheastBR to Bahia

SoutheastBR to Bahia
SoutheastBR to Bahia
SoutheastBR to Bahia

2012 [2007; 2012
2016 [2010; 2016
2017 [2012; 2017

]
]
Clade BahiaNorthBR 2008 [2004; 2010] SoutheastBR to Bahia
]
]
]




Additionally, cluster analysis (Figure 4) showed a significant intrastate concentration
of transmission chains, with a few cases extending beyond state boundaries. Although
Bahia's main source of transmission is the Southeast, with introductions dating back to
the 1990s, cluster analysis shows that the transmission of the HIV-1 subtype F1 is generally
occurring more locally within respective regions. The map in (Figure 4A) illustrates that
out of 240 clusters identified in Brazil, 87.5% are intrastate, while only 12.5% are interstate
(involving two or more states).
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Figure 4 (a) Number of intrastate and interstate clusters distributed by Brazilian states (UF); (b)
Heatmap with the number of pairwise clusters by local.

The heatmap in (Figure 4B) presents the same data in a different format, showing the
number of clusters formed by pairs of location and emphasizing the strong concentration
of intrastate clusters. Bahia is involved in 27 clusters, 19 of which are intrastate and 9
interstates. Of the 9 interstate clusters, 4 involve Bahia and Southeast-BR, while the
remaining 5 involve Bahia and other regions of Brazil.

4. Discussion

This study employed genetic and epidemiological data to infer the origin and
dispersion of the HIV-1 F1 subtype in Bahia and the possible correlations between



Brazilian regions. Here, 24 new HIV-1 pol gene sequences were analyzed and contributed
to the ongoing efforts in genomic surveillance and molecular epidemiology. It provides
valuable insights that can enhance decision-making in public health by deepening our
understanding of the virus's dispersion patterns in Bahia and Brazil. The main findings
reveal that the Southeast region of Brazil was the primary source of HIV-1 introductions
to Bahia and other Brazilian states.

From the Maximum Likelihood tree, it was possible to explicitly identify the
segregation of the F1 subtype into two large clades. In a previous study, the same
clustering pattern was found, in which sequences from Brazil and Europe, more
specifically Spain and Italy, could be classified as a sub-subtype of F1 (F1.1) clustered in
monophyletic clade. In contrast, the other large monophyletic clade composed of
sequences from Africa and Romania could be classified in F1.2 [17]. Initially, it is noted
that within this large clade composed mainly of Brazil and Europe (F1.1), there are still
some genetically more distant groups from each other, which leads to the hypothesis that
although the subtype in Brazil has a single-entry origin, several viruses within the subtype
established themselves independently in various regions. In the most basal positions in
the ML tree, many sequences from Southeast Brazil and Europe are noted, bringing to
light the previously mentioned hypothesis that the F1 subtype arrived in Brazil through
European importation. These findings are similar to those found for other subtypes, such
as D and C, which also suggest Europe as the source of HIV-1 introductions to Brazil
[18,6].

After arriving in Brazil, the F1 subtype spread to Sdo Paulo, Rio de Janeiro, and Minas
Gerais with greater intensity, and later established itself in states in the North (Pard and
Amapa), Central West (Goias), and states in the Northeast, mainly Bahia and Pernambuco.
Specifically in the Northeast region, multiple independent introduction events of F1
occurred; however, most circulating viruses of this subtype in Brazil have high genetic
similarity and might originated from a common ancestor and introduction. A similar
dissemination pattern was found in a previous study [19], which elucidated that
introductions of subtype C into the Brazilian Northeast likely occurred between 1980 and
1990 and originated from the South region of the country, where the virus circulation
began in the 1970s, making it the region with the highest prevalence of subtype C.
Currently, although this subtype has been detected across most of Brazil, it is still more
concentrated in the South. The difference between the spreading of subtype C and F1 is
that F1 managed to establish itself successfully in several regions of Brazil despite being
initially concentrated in the Southeast. Today, it has a high prevalence rate in the
Northeast, together with subtype B and the BF recombinant [20].

Unfortunately, it is not possible to identify all movements of the subtype F1
considering all Brazilian states, since some of them do not yet have genomes available in
sufficient quantity. Bahia has more than 100 genomes available in addition to the 24 new
ones generated in this study, which made it possible to identify several Bahia clades in the
ML. It is possible to consider each clade as a different introduction that occurred at a given
time with its respective confidence interval, as well as its most likely geographic origin.
The two main clades from Bahia that underwent Bayesian reconstruction and
phylogeography provide important insights and point to the Southeast region of Brazil as
the primary source of introductions. However, it is very likely that, due to the lack of
significant HIV-1 virus sequencing in the North and Northeast regions, the connections
found between these regions and Bahia may be underestimated by phylogenetic analyses
in general.

Finally, the analysis of HIV-1F1 transmission “clusters” or “chains” shows that the
identified clusters are mainly formed by sequences from the same Brazilian region or
state. This demonstrates that the occurrence of new introductions between different
regions is becoming rarer, a fact that can be related to the success of Antiretroviral
Therapies (ART) implemented in Brazil. The transmissions that still occur are increasingly
restricted to small groups of people, and some isolated cases of interstate clusters have
been identified. As previously mentioned, Cluster Picker is a tool that selects



monophyletic clades in the ML tree and allows the user to adjust the genetic distance
parameters between sequences and the branch support, such as aLRT. This approach has
already been used in previous studies [11,21] and it was successful in detecting samples
linked to HIV epidemics in Europe. For the Brazilian scenario, it was also possible to
extract, from the selected clusters identified by the tool, which sequences are more likely
to be part of the same transmission chain and epidemiologically linked

This study presents the first molecular epidemiology analysis of subtype F1
sequences in the state of Bahia and describes transmission patterns between Brazilian
states over time using approaches such as phylodynamic and phylogeography. It is
important to emphasize that the reliability of the results from this type of analysis is highly
dependent on effective genomic surveillance in the country, which, although it has
improved over the last decade with the development of the National HIV-1 Genotyping
Network (RENAGENO), remains imbalanced in terms of the number of sequences
available in databases for each Brazilian region. This can be explained by the lack of
resources and research investment in the regions with lower GDP in the country (North
and Northeast). Therefore, continued genomic surveillance with greater intensity in less
advantaged regions is necessary to reduce phylogenetic bias in analyses. Additionally, the
genotyping of samples from individuals infected with HIV-1 is important not only for
molecular epidemiology analyses but also for clinical management and better selection of
ART (Antiretroviral Therapies).

5. Conclusions

In conclusion, this study brings that most subtype F1 clusters are composed of
sequences from the same regions. This suggests that new introductions across different
regions have become less common, possibly due to the effectiveness of Antiretroviral
Therapies (ART). Notably, the study indicates that introductions to Bahia from the
Southeast of Brazil occurred between the early 1990s to 2000s. However, the lack of genetic
data from the North and Northeast regions highlights the need for better genomic
surveillance in these areas. Addressing this gap is essential to ensure accurate analysis of
HIV-1 epidemics. Additionally, testing samples from infected individuals is important not
just for understanding the epidemic but also for improving treatment choices. Overall,
this study highlights the importance of ongoing genomic research and monitoring to
effectively address HIV-1 in Brazil.
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