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HIV‑1 molecular diversity in Brazil 
unveiled by 10 years of sampling 
by the national genotyping 
network
Tiago Gräf1*, Gonzalo Bello2, Paula Andrade2, Ighor Arantes2, João Marcos Pereira3,4, 
Alexandre Bonfim Pinheiro da Silva3,4, Rafael V. Veiga5,6, Diana Mariani3, 
Lídia Theodoro Boullosa3, Mônica B. Arruda3, José Carlos Couto Fernandez2, Ann M. Dennis7, 
David A. Rasmussen8,9 & Amilcar Tanuri3

HIV-1 has diversified into several subtypes and recombinant forms that are heterogeneously spread 
around the world. Understanding the distribution of viral variants and their temporal dynamics can 
help to design vaccines and monitor changes in viral transmission patterns. Brazil has one of the 
largest HIV-1 epidemics in the western-world and the molecular features of the virus circulating in the 
country are still not completely known. Over 50,000 partial HIV-1 genomes sampled between 2008 
and 2017 by the Brazilian genotyping network (RENAGENO) were analyzed. Sequences were filtered 
by quality, duplicate sequences per patient were removed and subtyping was performed with online 
tools and molecular phylogeny. Association between patients’ demographic data and subtypes were 
performed by calculating the relative risk in a multinomial analysis and trends in subtype prevalence 
were tested by Pearson correlation. HIV-1B was found to be the most prevalent subtype throughout 
the country except in the south, where HIV-1C prevails. An increasing trend in the proportion of 
HIV-1C and F1 was observed in several regions of the country, while HIV-1B tended to decrease. Men 
and highly educated individuals were more frequently infected by HIV-1B and non-B variants were 
more prevalent among women with lower education. Our results suggest that socio-demographic 
factors partially segregate HIV-1 diversity in Brazil while shaping viral transmission networks. 
Historical events could explain a preferential circulation of HIV-1B among men who have sex with 
men (MSM) and non-B variants among heterosexual individuals. In view of an increasing male/female 
ratio of AIDS cases in Brazil in the last 10–15 years, the decrease of HIV-1B prevalence is surprising and 
suggests a greater penetrance of non-B subtypes in MSM transmission chains.

One of the key features responsible for HIV-1 becoming pandemic is the virus’s fast mutation rate. This mecha-
nism gives the virus the ability to quickly adapt to the host immune response, acquire resistance to antiretroviral 
therapy and results in remarkably molecular diversity1. Four HIV-1 groups (named M, N, O and P) originated 
independently from cross-species transmission events between humans and non-human primates around 
100 years ago in Central Africa2. Among these, group M successfully spread around the world, diversifying 
into nine subtypes (A–D, F–H, J, and K) and more than 100 circulating recombinant forms (CRFs) (a complete 
list of HIV-1 CRF is available at: https://​www.​hiv.​lanl.​gov/​conte​nt/​seque​nce/​HIV/​CRFs/​CRFs.​html). Currently, 
the most prevalent HIV-1 variant is subtype C (HIV-1C) (~ 47% of worldwide infections), followed by subtype 
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B (HIV-1B) (~ 12%) and subtype A (~ 10%)3. The dominance of HIV-1C is mainly due to its presence in the 
Southern African countries, where the number of people living with HIV-1 is the greatest, while HIV-1B is the 
most frequent in middle and high-income countries, such as in the Americas and western Europe.

A complex process of human migrations, motivated by military conflicts and socio-economic factors has 
shaped HIV-1 diffusion within African countries and out of the continent4. Although founder effects can explain 
much of the heterogeneous distribution of HIV-1 subtypes around the world (i.e. the first to arrive dominates the 
local epidemic), several inherent viral factors, such as the rate of disease progression, efficiency of transmission 
and response to antiretroviral therapy (ART), may also influence the successful spread of particular subtypes or 
CRFs1. However, these factors are not well understood yet and a better comprehension of HIV-1 diversity and 
its implications on viral transmission and disease onset would greatly help pandemic control efforts. Further-
more, regional differences in which HIV-1 lineages circulate impose complex and challenging hurdles to the 
development of HIV vaccines5,6. Thus, an in-depth knowledge of the global viral diversity is instrumental to the 
prioritization of candidate vaccines with the greatest potential benefits.

Brazil has a population of ~ 210 million people spread over a large geographic area. An estimated 830,000 
individuals (0.4%) are currently living with HIV in Brazil, which represents around 40% of all HIV infections 
in Latin America and the Caribbean combined7. Studies on molecular epidemiology have revealed that HIV-
1B prevails (~ 67%) in Brazil, followed by HIV-1C (~ 14%) and subtype F1 (HIV-1F1, ~ 10%)8. However, large 
regional heterogeneities are observed in the national HIV-1 diversity9–13, which are not well described yet. 
Besides, no previous study has longitudinally assessed trends in HIV-1 diversity in Brazil and such analysis 
can provide information about demographic changes in the epidemic or differential fitness of viral lineages. In 
this study, we present a comprehensive analysis of the HIV-1 molecular diversity in the Brazilian Genotyping 
Network (RENAGENO) databank that contains information on 46,877 patients in therapeutic failure, pregnant 
women and children born with HIV that were sampled for routine genotyping service between 2008 and 2017.

Methods
Ethical aspects.  This work was approved by the Research Ethics Committee of the Instituto Gonçalo 
Moniz/Fiocruz-BA under Registration No. 15300719.5.0000.0040. A waiver of informed consent was obtained 
from Research Ethics Committee of the Instituto Gonçalo Moniz/Fiocruz-BA. Data was collected between 2008 
and 2017 and analyzed in 2019 and 2020. All methods were performed in accordance with the relevant guide-
lines and regulations.

The Brazilian Genotyping Network (RENAGENO) database.  Concatenated complete protease (PR) 
and partial reverse transcriptase (RT) HIV-1 sequences (~ 1100 base pairs) and patients’ metadata were kindly 
provided by the Department of Diseases of Chronic Condition and Sexually Transmitted Infections, of the 
Secretariat for Health Surveillance of the Brazilian Ministry of Health. Initially, the database contained 53,413 
patients, sampled for routine genotyping services between 2008 and 2017, which is offered as pre-therapy for 
perinatally infected children and pregnant women, and for virologic failure individuals. Besides HIV-1 nucleo-
tide sequences, the database also contained basic patients’ metadata, such as sex, date of birth, sampling location, 
year of education and color/race. Individuals were identified by an alphanumeric code to preserve confidenti-
ality. Data about the Brazilian HIV-infected population was collected from the DATASUS system, a databank 
hosted by the Brazilian Ministry of Health (http://​www2.​datas​us.​gov.​br/​DATAS​US/​index.​php?​area=​0203).

Data cleaning and sequence quality control.  Correspondence between patients’ identifiers and 
sequence headers were cross-checked and only paired instances were maintained in the analyzed dataset. Next, 
sequences were submitted to the Los Alamos Quality Control tool (available at: https://​www.​hiv.​lanl.​gov). 
Sequences with more than three frame-shift events or stop-codons were excluded, as well as those identified 
as hypermutated. Lastly, we removed redundant sampling from patients that underwent genotyping more than 
once and retained the first generated sequence.

HIV‑1 subtyping.  Sequences were initially subtyped using the web-tools REGA Subtyping Tool v3.0 pro-
gram (as available at: https://​www.​genom​edete​ctive.​com)14, COMET15, and RIP (available at: https://​www.​
hiv.​lanl.​gov). Subtype assignment was defined when two or more tools agreed. For sequences with conflicting 
results, the classification was performed by molecular phylogeny. Subtype reference sequences were obtained 
from Los Alamos HIV Sequence Database (http://​www.​hiv.​lanl.​gov/), aligned with the RENAGENO dataset 
using MAFFT algorithm and visually inspected in Aliview program16,17. Maximum likelihood (ML) trees were 
constructed using IQ-TREE program18, as available in the CIPRES Science Gateway platform. Subtype assign-
ment was based on high support (≥ 70 ultrafast bootstrap) clustering with reference sequences. When the posi-
tioning of the query sequence in the phylogenetic tree remained inconclusive for subtype classification, the 
bootscanning method implemented in Simplot v3.5.1 program was applied with window size of 300nt and incre-
mental steps of 20nt19. HIV-1B non-pandemic lineage (BCAR), that is, the presence of the rare HIV-1B lineages 
that were directly seeded from the Caribbean, was identified by combining the RENAGENO HIV-1B sequences 
with reference datasets of BCAR (n = 200) and BPANDEMIC (n = 300), previously described20. Classification 
was performed based on their placement within either clade on ML phylogenetic trees sequentially inferred as 
explained elsewhere21.

Statistical analysis.  Correlations between HIV-1 subtype occurrence and patients’ socio demographical 
data was estimated by calculating the relative risk (RR) of an individual being infected by a particular subtype 
given their demographic variables using a multinomial logistic regression model. HIV-1B was defined as the 

http://www2.datasus.gov.br/DATASUS/index.php?area=0203
https://www.hiv.lanl.gov
https://www.genomedetective.com
https://www.hiv.lanl.gov
https://www.hiv.lanl.gov
http://www.hiv.lanl.gov/
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baseline category and sampling year was combined into three periods. Pearson’s correlation test was used to 
describe temporal trends in HIV-1 subtype prevalence by Brazilian region. Tests were performed between year 
of sampling and subtype proportion in that year. Aiming to capture changes in subtypes’ transmission reflected 
in annual trends in subtypes’ proportion, only individuals older than 14 years were analyzed. Due to temporal 
sampling bias, women and men were analyzed separately.

Results
The RENAGENO HIV‑infected sampled population.  After the data cleaning procedure, the dataset 
included 46,877 HIV-infected individuals sampled between 2008 and 2017. This final dataset of sequences was 
made available in GenBank under Accession numbers are KEXV01000001 to KEXV01046877. A steep increase 
in the number of HIV-1 sequences per year can be observed in the RENAGENO dataset (Fig. 1a), closely mir-
roring the increment of patients on ART in Brazil.

To characterize the current picture of the HIV-1 molecular diversity in Brazil, we compared data from patients 
sampled in the last triennium (2015–2017) to data of all AIDS diagnosed individuals from the same period, as 
reported by the Brazilian Ministry of Health (Table 1). Due to the sampling criteria of the genotyping service 
in Brazil, the RENAGENO dataset is enriched with women and children (≤ 14 years old) (Table 1). While the 
AIDS epidemic in Brazil has a current (2015–2017 period) male/female ratio of 2.2, the RENAGENO dataset 
presents a ratio of 1.2. Further, there’s a clear increasing trend in the proportion of men diagnosed with AIDS 
in Brazil over the last 10 years, while the male/female ratio within the RENAGENO dataset seems to be stable 
since 2012 (Fig. 1b). Remarkably, 84.8% of all children diagnosed with AIDS in the period of 2015–2017 were 
present in the RENAGENO dataset. Even enriched with children, the median age of the RENAGENO sampled 
individuals (38, IQR 18) was slightly higher (p < 0.01) than the median age of the AIDS diagnosed individuals 
(36, IQR 18) (Supplementary Fig. 1), which might reflect the period between ART initialization and ART failure. 
Despite the high number of missing data, the observed differences in years of education might reflect the high 
presence of children in the RENAGENO dataset and gender disparity, while differences in color/race might be 
a consequence of the undersampling of the regions north and northeast.

The current picture of the HIV‑1 molecular diversity in Brazil.  Corroborating previous studies, our 
findings indicate that three subtypes (HIV-1B, HIV-1C and HIV-1F1) and two groups of recombinant forms 
(BC and BF) are responsible for 99% of the HIV-1 molecular diversity in Brazil. HIV-1 variants with a frequency 
smaller than 1% in the whole analyzed period (2008–2017) were classified as “Others”. In the most recent trien-
nium of the RENAGENO dataset (2015–2017) 64.0% of samples were HIV-1B, 13.2% HIV-1C, 10.9% HIV-1F1, 
7.3% BF recombinants, 3.9% BC recombinants and 0.7% other forms. This viral diversity is heterogeneously 
distributed across Brazilian regions and states (Fig. 2). HIV-1B is the dominant form in 25 out of 27 Brazilian 
states, reaching the highest prevalence in northern states of Amazonas (AM, 91.2%) and Roraima (97.4%); while 
HIV-1C was dominant in the two southernmost states of Rio Grande do Sul (RS, 44.7%) and Santa Catarina 
(SC; 66.2%). We also observed high prevalence of HIV-1C in the southern state of Paraná (PR, 36.8%) and 
medium prevalence (10–15%) in the central-western state of Mato Grosso do Sul (MS) and the northern state of 
Rondônia (RO). Distinctly from HIV-1C, which is highly concentrated in the south region, HIV-1F1 is widely 
dispersed across the Brazilian states, accounting for more than 10% of the infections in nearly half of the terri-
tory (13/27 states). The states with the highest prevalence of HIV-1F1 are Pernambuco (PE), Minas Gerais (MG) 
and Espírito Santo (ES), with 23.0%, 19.8% and 19.2% respectively.

HIV-1 recombinant strains were identified up to the CRF level only when clearly clustering with reference 
sequences or when assigned by two or more online subtyping tools. When none of these criteria were reached, 
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Figure 1.   Number of sequences per year in the RENAGENO dataset (gray bars) and number of patients on 
ART in Brazil (red line), as available from 2009 onwards (a). Changes in the male/female ratio through time in 
reported AIDS cases diagnosed in Brazil and in the RENAGENO dataset (b).
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recombinant strains were classified in a generic way based on the subtypes composing its genome as visualized 
in a bootscanning analysis. Thus, the CRF frequencies presented here are likely to be underestimated and a 
more thorough analysis of the recombination breakpoints could better classify mosaic strains into the known 
CRFs. BC recombinant forms were highly prevalent in the RS state (21.9%), where CRF31_BC is responsible 
for at least 8.9% of the infections. CRF31 is the only BC circulating form characterized in Brazil22 so far and, in 
our analysis, it represented 35.1% of all BC recombinants (data not shown). Despite only being prominent in 
RS state, CRF31_BC was found in low proportions in 20 out of 27 Brazilian states, in agreement with a previous 
study23. Similar to HIV-1F1, BF recombinants are more dispersed across Brazil and eight states presented fre-
quencies higher than 10%, being particularly notable the high prevalence (18.2%) estimated in the state of Acre. 
Nine different CRF_BFs were found circulating in Brazil in our analysis. The most frequent were CRF28/29_BF 
(whose differentiation was not possible in the genomic region analyzed here) and CRF12_BF, representing 15.2% 
and 6.4% of all BF recombinants. None of the identified CRF_BFs were found to be particularly relevant in the 
HIV-1 epidemic at the state level.

Among the rare variants (Others), the most frequent were CRF02_AG (N = 42), subtype D (N = 25) and 
CRF45_cpx (N = 19). The state of Alagoas (AL) showed an interesting epidemic where rare variants represented 
4.6% of the HIV-1 diversity (Fig. 2), CRF02_AG (2.6%) being the most frequently found. We also assessed 
the presence of the non-pandemic HIV-1B lineage in Brazil (also called HIV-1BCAR) in contrast to the most 
prevalent BPANDEMIC strain that was originally seeded from the USA. The HIV-1BCAR represented 3.4% of 
all HIV-1B sequences in the RENAGENO dataset in the last triennium, but its presence was much higher in the 
north region (13.6%), reaching strikingly 29.7% of HIV-1B sequences in Roraima, 25.0% in AM and 12.5% in 
Acre (AC) states (Supplementary Figure 2).

Table 1.   Demographic features of the 2015–2017 sampled population in the RENAGENO dataset as 
compared to the reported AIDS diagnosed individuals in the same period. NA data not available. a When 
sampled for genotyping or when diagnosed with AIDS.

RENAGENO dataset (N = 21,209) AIDS diagnosed (N = 117,429)

Sex

Male 11,502 (54.3%) 80,612 (68.7%)

Female 9692 (45.7%) 36,792 (31.3%)

NA 15 25

Agea

≤ 14 1302 (6.1%) 1535 (1.3%)

15–24 1984 (9.4%) 14,932 (12.7%)

25–39 8022 (37.8%) 53,121 (45.2%)

40–69 8929 (42.1%) 41,209 (35.1%)

≥ 60 969 (4.6%) 6632 (5.6%)

NA 3 0

Years of education

zero 871 (7.6%) 1467 (2.7%)

1–3 1372 (11.9%) 4705 (8.6%)

4–7 3975 (34.6%) 13,977 (25.5%)

8–11 3754 (32.7%) 25,035 (45.7%)

12 or more 1514 (13.2%) 9642 (17.6%)

NA 9723 62,603

Color/race

White 6860 (47.8%) 28,921 (42.2%)

Black 1796 (12.5%) 7656 (11.2%)

Asian 112 (0.8%) 316 (0.5%)

Mixed 5543 (38.7%) 31,393 (45.8%)

Amerindian 26 (0.2%) 231 (0.3%)

NA 6872 48,912

Region

North 1664 (7.8%) 13,004 (11.1%)

Northeast 4098 (19.3%) 26,698 (22.7%)

Southeast 9675 (45.6%) 46,264 (39.4%)

South 4308 (20.3%) 23,166 (19.7%)

Central-West 1464 (6.9%) 8297 (7.1%)
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Viral diversity and social demographic features.  We then assessed the potential association of the 
HIV-1 subtypes with demographic features of the sampled population by calculating the relative risk (RR) in 
a multinomial logistic regression model with HIV-1B as the baseline category. Being aware of the heterogene-
ous distribution of HIV-1 subtypes across the Brazilian territory and the changes in the dataset composition 
across time, the sampling region and year were included in the multinomial analysis. Figure 3 shows only the 
significant RR and 95% CI. As observed in Fig. 2, there is an evident heterogeneous distribution of subtypes in 
the country by region, with the highest RR for HIV-1C and BC occurring in south Brazil, followed by Central-
West. HIV-1F1 and BF recombinants were less likely to be found in regions North, Northeast and Central-West. 
Besides that, it is interesting to observe that subtypes C, F1, BC and BF were less likely to be found in males and 
in individuals with ≥ 12 years of education. HIV-1C and BF recombinants also presented smaller RR to be found 
in individuals with 8–11 years of education. To control for education inequalities between women and men, we 
repeated the analysis for the male subset and found the same correlation between HIV-1B and higher education 
(Supplementary Figure 3).

We also observe a higher RR for HIV-1C, F1 and BC recombinants among children (≤ 14 years old). Infec-
tions in this age category are likely to be the result of vertical transmission since sexual activity is absent or 
very reduced under 15 years. Thus, this association likely reflects the higher RR of these HIV-1 variants in 
women. Further, young individuals (15–24 years) also presented higher RR to be infected with HIV-1C and BC, 
while young adults showed higher RR for BC and Other subtypes. Regarding color/race variable, individuals 
self-declared as mixed color were less likely to be infected with HIV-1C, BC and BF, while black individuals 
had higher RR to be infected with Other subtypes. The later association might be the result of recent African 
immigration, since the main subtypes here classified as Others are commonly found in Africa such as HIV-1D, 
CRF02_AG and CRF45_cpx. Finally, our analysis reveals an increasing RR to be infected with HIV-1C and BC 
in the 2012–2014 and 2015–2017 periods, and by HIV-1F and Other subtypes in the 2015–2017 period.

Viral diversity and temporal trends.  Lastly, we explored in more details the variation in the HIV-1 
diversity throughout the 10 years of the RENAGENO databank. Due to the observed association between sex 
and subtypes and changes in the male/female ratio along the sampling period, the correlation analyses between 
the proportion of HIV-1 variants and sampling year were performed separately in women and men per Brazil-
ian region (Fig. 4). A steady decrease in HIV-1B frequency was observed in both sexes in the northeast, south 
and southeast regions, and also in men in the north region. The strongest correlation (R [correlation coeffi-
cient] = −0.93) was observed among men in the northeast region, where the HIV-1B proportion decreased from 
88.2% in 2008, to 77.3% in 2017. In the opposite direction, a rising HIV-1C proportion was observed in women 

Figure 2.   Frequency of HIV-1 subtypes and main recombinant forms in Brazil. Brazilian states are colored 
according to variant frequency among all sampled sequences in the last triennium of the dataset (2015–2017). 
The color scale is unique for each viral variant and political division is showed for country regions as in the 
map on the left. Maps were draw in R (version 4.0.3—https://​www.r-​proje​ct.​org) using the libraries tmap, sf and 
brazilmaps. AL Alagoas, AP Amapá, AM Amazonas, BA Bahia, CE Ceará, DF Distrito Federal, ES Espírito Santo, 
GO Goiás, MA Maranhão, MT Mato Grosso, MS Mato Grosso do Sul, MG Minas Gerais, PA Pará, PB Paraíba, 
PR Paraná, PE Pernambuco, PI Piauí, RJ Rio de Janeiro, RN Rio Grande do Norte, RS Rio Grande do Sul, RO 
Rondônia, RR Roraima, SC Santa Catarina, SP São Paulo, SE Sergipe, TO Tocantins.

https://www.r-project.org
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Figure 3.   Relative risk of HIV-1 subtypes and main recombinant forms among RENAGENO sampled 
population. Relative risk and 95% confidence interval were calculated in a multinomial logistic regression model 
with HIV-1B as the baseline. Baseline level for each social demographic variable are between brackets. Only 
statistically significant (p < 0.05) associations are shown.
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Figure 4.   Temporal trends in HIV-1 subtypes proportions in Brazil. Pearson correlation plots between 
subtype proportion and sampling year (2008–2017) are shown for HIV-1B, C and F1 per Brazilian region. Only 
statistically significant (p < 0.05) correlations are presented. The analysis was performed separately for women 
(left) and men (right). For the temporal trend of HIV-1 recombinant strains, see Supplementary Figure 4.
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and men in the northeast, south and southeast regions, and also among men in the north region and women in 
Central-West region. For instance, although still very low in prevalence in the southeast region, HIV-1C showed 
more than fourfold increase in 10 years, coming from around 1% in both sexes in 2008, to 4.0% in men and 5.4% 
in women in 2017 (R = 0.95 and 0.92, respectively). Interestingly, significant increase in HIV-1F1 proportion was 
observed only among men, in all regions but the south and northeast. This subtype increased from proportions 
below 8% to up to 12.6% with correlation coefficients varying from 0.71 to 0.82. In general, BC recombinants, 
followed the HIV-1C pattern of increment, despite the even smaller proportions in regions other than the south. 
BF recombinants were observed to decrease in several regions both in women and men, with exception of the 
northeast where it increased among men (Supplementary Figure 4).

Discussion
The Brazilian HIV/AIDS national program is considered exemplary for low- and middle-income countries. 
Among the several measures to fight AIDS implemented in the early epidemic, the national ART program is one 
of the most acclaimed worldwide24. Since 1996, the Brazilian National Health System universally provides ART, 
along with viral load and immunological monitoring, as well as viral genotyping for those who fail therapy. In this 
study we analyzed over 50,000 HIV-1 sequences from Brazilian individuals, representing the most comprehensive 
HIV molecular epidemiologic study performed to date in the country. Our study brings a clear picture about the 
distribution of most prevalent subtypes (B, C and F1), recombinants (CRF31_BC, CRF28/29_BF, CRF12_BF) 
and lineages (HIV-1BCAR and HIVBPANDEMIC) in Brazil. Due to the large sample size, our analyses were 
able to detect rare HIV-1 subtypes such as subtype D, CRF02_AG and CRF45_cpx that were only sporadically 
reported in the literature11,12.

Despite these strengths, our findings need to be interpreted with caution. First, it is important to highlight that 
the small HIV-1 genomic region (~ 1100nt) analyzed here very likely underestimates the occurrence of mosaic 
forms, since any recombination event happening in the other ~ 90% of the HIV genome will not be detected. 
Second, although the RENAGENO databank broadly represents the Brazilian HIV-infected population, some 
disparities were observed between this population and new AIDS cases annually reported in Brazil. The main dif-
ference was the high proportion of women and children (≤ 14 years) in the RENAGENO dataset (Table 1), which 
is explained by the genotyping eligible criteria in Brazil. We also observed a lower education level of individuals 
sampled in the RENAGENO dataset, which could not be explained by sex differences because women are likely 
to have slightly more years of education than men in Brazil25. Instead, lower education level is related to ART 
poor adherence26, which can result in therapeutic failure and consequent inclusion in the RENAGENO dataset. 
Regional disparities were also observed: the wealthiest southeast region was better sampled in detriment of the 
poorer north and northeast regions. The later regions present the higher proportion of mixed color individuals, 
thus explaining their underrepresentation in the RENAGENO dataset.

The HIV-1 diversity is heterogeneously distributed across Brazilian regions and states. HIV-1B is the domi-
nant form in 25 out of 27 Brazilian states, reaching the highest prevalence (> 90%) in northern states, while 
HIV-1C was dominant (> 44%) in the two southernmost states. BC recombinant forms also reached the highest 
prevalence in the southernmost state of Rio Grande do Sul (21.9%) and this might be due the role of injecting 
drug users (IDU) transmission networks, which were shown to be associated to HIV-1C and BC recombinant 
forms in the 1990’s epidemic in the sate27. HIV-1F1 and BF recombinants were widely dispersed across the Bra-
zilian states. The states with the highest prevalence of HIV-1F1 and BF recombinants were Pernambuco (23.0%) 
and Acre (18.2%), respectively. Details about the remarkable prevalence of HIV-1 subtypes F1 and BF at those 
Brazilian states should be investigated in future studies. The non-pandemic HIV-1BCAR lineage reached strik-
ingly 25–30% of HIV-1B sequences in Roraima and Amazonas, while the state of Alagoas displayed the highest 
prevalence of rare variants (4.6%), with CRF02_AG (2.6%) being the most frequently found.

The overall picture of the current HIV molecular diversity in Brazil described here corroborates previous 
studies that mostly sampled ART naïve individuals and demonstrate that HIV-1B was the dominant form in all 
Brazilian states, with exception of the two southernmost where HIV-1C prevails8,12. The multinomial regres-
sion revealed the association of HIV-1B with highly educated men, while non-B variants were more prevalent 
in women and low-educated individuals. This finding is likely the result of the partial segregation of subtypes in 
distinct viral transmission networks. The correlation with educational status might reflect socio-economic factors 
that also shape transmission networks. Although data about sexual orientation was not available, we can infer 
that HIV-1B preferential circulation among men is driven by men who have sex with men (MSM) transmission 
networks. Such relation was also observed by several other studies in south Brazil comparing HIV-1C and B 
epidemics, as reviewed in28. The current work suggests that this scenario may be occurring in the whole country. 
We speculate that the early introduction of HIV-1B in Brazil might have promoted its national-wide dominance 
among different transmission groups, while the later introduction of HIV-1C and HIV-1F1 variants probably in 
heterosexual transmission chains, might have had limited penetrance into MSM networks.

Our temporal analysis revealed a dynamic scenario where HIV-1B is steadily diminishing in the most 
populated regions of the country, while HIV-1C, F1 and BC recombinants are increasing in frequency. Since 
our sampled population is composed by ART failure patients and HIV diagnosis date was not available in the 
RENAGENO database, the findings observed here likely reflect transmission events occurring years before 
sampling and the actual prevalence of these variants might be much higher than currently estimated. Given 
that non-B subtypes were associated with lower education, one hypothesis would be that the HIV-1 epidemic 
is growing faster among poorer segments of the population, expanding the transmission networks where these 
subtypes circulate. However, the Brazilian Ministry of Health data points to the opposite direction, where an 
increasing proportion of AIDS cases is reported among individuals with more years of education (Sup. Figure 5). 
A second hypothesis to explain the expansion of HIV-1C, F1 and BC would be an increasing access to MSM 
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transmission networks. The increase in these subtypes among men in several regions of Brazil and the rising 
male/female ratio of new AIDS diagnosis support this hypothesis. Future studies, using phylogenetics to identify 
transmission clusters in the RENAGENO dataset could test such hypothesis and characterize the details of viral 
transmission in social space.

Conclusions
In summary, our study processed more than 50,000 genomic sequences to reveal the complexity of the HIV-1 
molecular diversity in the most populated country of Latin America. We discussed the ongoing changes in 
the epidemic scenario, highlighting the rise of HIV-1C and F1 over HIV-1B. Such trends are likely promoted 
by socio-demographic factors that shape viral transmission chains that might also be changing through time. 
However, we cannot rule out that biological differences between HIV-1 subtypes are shaping viral transmission. 
For instance, there is accumulating evidence supporting that HIV-1C is relatively attenuated when compared to 
HIV-1B, which would increase the chances of HIV-1C transmission by slowing down disease progression and 
increasing the asymptomatic period29–33. Important to note, however, that studies on AIDS disease progression 
are prone to bias due to confounders such as access to medical care, host genetic factors, nutrition status and 
mode of transmission. Therefore, the hypothesized attenuation of HIV-1C should, ideally, also be tested in the 
Brazilian infected population before being used as an explanatory variable. Finally, our study highlights the 
informativeness of using data of national HIV genotyping programs to study changes in genomic diversity and 
monitor epidemic trends.

Received: 6 April 2021; Accepted: 12 July 2021

References
	 1.	 Taylor, B. S., Sobieszczyk, M. E., McCutchan, F. E. & Hammer, S. M. The challenge of HIV-1 subtype diversity. N. Engl. J. Med. 

[Internet]. 358(15), 1590–1602. https://​doi.​org/​10.​1056/​NEJMr​a0706​737 (2008).
	 2.	 Gräf, T., Delatorre, E. & Bello, G. Phylogenetics applied to the human immunodeficiency virus type 1 (HIV-1): From the cross-

species transmissions to the contact network inferences. Mem. Inst. Oswaldo Cruz 115, 1–5 (2020).
	 3.	 Hemelaar, J. et al. Global and regional molecular epidemiology of HIV-1, 1990–2015: A systematic review, global survey, and trend 

analysis. Lancet Infect. Dis. 19(2), 143–155 (2019).
	 4.	 Tebit, D. M. & Arts, E. J. Tracking a century of global expansion and evolution of HIV to drive understanding and to combat 

disease. Lancet Infect. Dis. [Internet]. 11(1), 45–56. https://​doi.​org/​10.​1016/​S1473-​3099(10)​70186-9 (2011).
	 5.	 Gaschen, B. et al. Diversity considerations in HIV-1 vaccine selection. Science 296, 2354–2360 (2002).
	 6.	 Barouch, D. H. & Korber, B. HIV-1 vaccine development after STEP. Annu. Rev. Med. 61, 153–167 (2010).
	 7.	 UNAIDS. Data 2017. Program. HIV/AIDS 1–248 (2017).
	 8.	 Arruda, M. B. et al. Brazilian network for HIV drug resistance surveillance (HIV-BresNet): A survey of treatment-naive individu-

als. J. Int. AIDS Soc. 21(3), 1–8 (2018).
	 9.	 Tanaka, T. S. O. et al. HIV-1 molecular epidemiology, transmission clusters and transmitted drug resistance mutations in central 

Brazil. Front. Microbiol. 10, 1–12 (2019).
	10.	 Delatorre, E., Couto-Fernandez, J. C. & Bello, G. HIV-1 genetic diversity in Northeastern Brazil: High prevalence of non-B subtypes. 

AIDS Res. Hum. Retrovir. 33, 639–647 (2017).
	11.	 Delatorre, E., Silva-de-Jesus, C., Couto-Fernandez, J. C., Pilotto, J. H. & Morgado, M. G. High HIV-1 diversity and prevalence of 

transmitted drug resistance among antiretroviral-Naive HIV-infected pregnant women from Rio de Janeiro. Brazil. AIDS Res. 
Hum. Retrovir. 33, 68–73 (2016).

	12.	 Gräf, T. et al. Comprehensive characterization of HIV-1 molecular epidemiology and demographic history in the Brazilian region 
most heavily affected by AIDS. J. Virol. 90, 8160–8168 (2018).

	13.	 Vicente, A. C. P. et al. The HIV epidemic in the Amazon basin is driven by prototypic and recombinant HIV-1 subtypes B and F. 
JAIDS J. Acquir. Immune Defic. Syndr. 23, 327–331 (2011).

	14.	 Pineda-Peña, A. C. et al. Automated subtyping of HIV-1 genetic sequences for clinical and surveillance purposes: performance 
evaluation of the new REGA version 3 and seven other tools. Infect. Genet. Evol. 19, 337–348 (2013).

	15.	 Struck, D., Lawyer, G., Ternes, A. M., Schmit, J. C. & Bercoff, D. P. COMET: Adaptive context-based modeling for ultrafast HIV-1 
subtype identification. Nucleic Acids Res 42, 144 (2014).

	16.	 Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier 
transform. Nucleic Acids Res 30, 3059–3066 (2002).

	17.	 Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 30, 3276–3278 (2014).
	18.	 Nguyen, L. T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-TREE: A fast and effective stochastic algorithm for estimating 

maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274 (2015).
	19.	 Lole, K. S. et al. Full-length human immunodeficiency virus type 1 genomes from subtype C-infected seroconverters in India, 

with evidence of intersubtype recombination. J. Virol. 73, 152–160 (1999).
	20.	 Cabello, M., Mendoza, Y. & Bello, G. Spatiotemporal dynamics of dissemination of non-pandemic HIV-1 subtype B clades in the 

Caribbean region. PLoS ONE 9, e106045 (2014).
	21.	 Cabello, M., Romero, H. & Bello, G. Multiple introductions and onward transmission of non-pandemic HIV-1 subtype B strains 

in North America and Europe. Sci. Rep. 6, 1–11 (2016).
	22.	 Santos, A. F. et al. Characterization of a new circulating recombinant form comprising HIV-1 subtypes C and B in southern Brazil. 

AIDS 20, 2011–2019 (2006).
	23.	 Fritsch, H. M., Almeida, S. E. M., Pinto, A. R. & Gräf, T. Spatiotemporal and demographic history of the HIV-1 circulating recom-

binant form CRF31_BC in Brazil. Infect. Genet. Evol. 61, 113–118 (2018).
	24.	 Celentano, D. D., & Beyrer, C. (eds.) Public Health Aspects of HIV/AIDS in Low and Middle Income Countries: Epidemiology, 

Prevention and Care. Springer. 1–754 p. https://​doi.​org/​10.​1007/​978-0-​387-​72711-0 (2009).
	25.	 Brazilian Institute of Geography and Statistics (IBGE). Gender Statistics. https://​www.​ibge.​gov.​br/​apps/​snig/​v1/?​loc=​0&​cat=-​

1,1,2,-​2,46,47,128,129&​ind=​4699. Accessed 10 Nov 2020.
	26.	 Santos, M. A. et al. Monitoring self-reported adherence to antiretroviral therapy in public HIV care facilities in Brazil. Medicine 

(Baltimore) [Internet]. 97(1S), S38-45 (2018).
	27.	 Almeida, S. E. M. et al. Temporal dynamics of HIV-1 circulating subtypes in distinct exposure categories in southern Brazil. Virol. 

J. 9, 1–7 (2012).

https://doi.org/10.1056/NEJMra0706737
https://doi.org/10.1016/S1473-3099(10)70186-9
https://doi.org/10.1007/978-0-387-72711-0
https://www.ibge.gov.br/apps/snig/v1/?loc=0&cat=-1,1,2,-2,46,47,128,129&ind=4699
https://www.ibge.gov.br/apps/snig/v1/?loc=0&cat=-1,1,2,-2,46,47,128,129&ind=4699


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:15842  | https://doi.org/10.1038/s41598-021-94542-5

www.nature.com/scientificreports/

	28.	 Gräf, T. & Pinto, A. R. The increasing prevalence of HIV-1 subtype C in Southern Brazil and its dispersion through the continent. 
Virology 435, 170–178 (2013).

	29.	 Abraha, A. et al. CCR5- and CXCR4-tropic subtype C Human immunodeficiency virus type 1 isolates have a lower level of patho-
genic fitness than other dominant group M subtypes: Implications for the epidemic. J. Virol. 83, 5592–5605 (2009).

	30.	 Venner, C. M. et al. Infecting HIV-1 subtype predicts disease progression in women of sub-Saharan Africa. EBioMedicine 13, 
305–314 (2016).

	31.	 Klein, M. B. et al. The effects of HIV-1 subtype and ethnicity on the rate of CD4 cell count decline in patients naive to antiretroviral 
therapy: A Canadian–European collaborative retrospective cohort study. C. Open 2, E318–E329 (2014).

	32.	 Naidoo, L. et al. Nef-mediated inhibition of NFAT following TCR stimulation differs between HIV-1 subtypes. Virology 531, 
192–202 (2019).

	33.	 Halpern, S. D., Ubel, P. A. & Caplan, A. L. Solid-organ transplantation in HIV-infected patients. N. Engl. J. Med. 347(4), 284–287 
(2002).

Acknowledgements
This study was carried out with data provided by the Department of Diseases of Chronic Condition and Sexually 
Transmitted Infections, of the Secretariat for Health Surveillance of the Ministry of Health.

Author contributions
T.G., A.M.D., D.A.R. and A.T. have conceived the study design. T.G., P.A., I.A., J.P. and A.B.P.S. curated the data-
set and performed subtype classification and phylogenetic analyses. T.G., G.B. and R.V.V. performed statistical 
analysis. T.G., G.B., A.M.D. and D.A.R. wrote the manuscript. D.M., L.T.B., M.B.A., J.C.C.F. and A.T. generated 
and/or provided the data. All authors have critically read the manuscript.

Funding
Financial support for this study was provided by CNPq (406510/2018-0) and NIH Office of AIDS Research 
(OAR).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​94542-5.

Correspondence and requests for materials should be addressed to T.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-94542-5
https://doi.org/10.1038/s41598-021-94542-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	HIV-1 molecular diversity in Brazil unveiled by 10 years of sampling by the national genotyping network
	Methods
	Ethical aspects. 
	The Brazilian Genotyping Network (RENAGENO) database. 
	Data cleaning and sequence quality control. 
	HIV-1 subtyping. 
	Statistical analysis. 

	Results
	The RENAGENO HIV-infected sampled population. 
	The current picture of the HIV-1 molecular diversity in Brazil. 
	Viral diversity and social demographic features. 
	Viral diversity and temporal trends. 

	Discussion
	Conclusions
	References
	Acknowledgements


