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Abstract 

Influenza A and B viruses represent significant global health threats, contributing substantially to morbidity and mortality rates. How-
ever, a comprehensive understanding of the molecular epidemiology of these viruses in Brazil, a continental-size country and a crucial 
hub for the entry, circulation, and dissemination of influenza viruses within South America, still needs to be improved. This study 
addresses this gap by consolidating data and samples across all Brazilian macroregions, as part of the Center for Viral Surveillance and 
Serological Assessment project, together with an extensive number of other Brazilian sequences provided by a public database during 
the epidemic seasons spanning 2021–23. Phylogenetic analysis of the hemagglutinin segment of influenza A/H1N1pdm09, A/H3N2, and 
influenza B/Victoria-lineage viruses revealed that in 2021 and in the first semester of 2022, the A/H3N2 2a.3 strain was the predominant 
circulating strain. Subsequently, the A/H3N2 2b became the prevalent strain until October, when it was substituted by A/H1N1pdm09 
5a.2a and 5a.2a.1 lineages. This scenario was maintained during the year of 2023. B/Victoria emerged and circulated at low levels 
between December 2021 and September 2022 and then became coprevalent with A/H1N1pdm09 5a.2a and 5a.2a.1 lineages. The com-
parison between the vaccine strain A/Darwin/9/2021 and circulating viruses revealed shared mutations to aspartic acid at residues 186
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and 225 across all A/H3N2 lineages from 2021 to 2023, altering the charge in the receptor-binding domain. For A/H1N1pdm09, the 2022 
consensus of 5a.2a.1 and the vaccine strain A/Victoria/2570/2019 showed 14 amino acid substitutions. Key residues H180, D187, K219, 
R223, E224, and T133 are involved in hydrogen interactions with sialic acids, while N130, K142, and D222 may contribute to distance 
interactions based on docking analyses. Importantly, distinct influenza A lineage frequency patterns were observed across Brazil’s 
macroregions, underscoring the regional variations in virus circulation. This study characterizes influenza A and B viruses circulating 
in Brazil, providing insights into their circulation patterns and dynamics across Brazilian macroregions. These findings hold significant 
implications for public health interventions, informing strategies to mitigate transmission risks, optimize vaccination efforts, and 
enhance outbreak control measures.

Keywords: influenza A; influenza B; genomic surveillance; molecular docking; phylogeny; protein structure prediction; vaccine strains

Introduction
Influenza A and B viruses cause annual worldwide epidemics, sig-
nificantly impacting public health due to their high morbidity and 
mortality rates (Keech and Beardsworth 2008, Nair et al. 2011). 
These infections predominantly manifest as respiratory illnesses, 
exhibiting varying severity and serious complications, particularly 
among vulnerable demographics such as children and the elderly 
(Olson et al. 2007, McCullers and Hayden 2012, Glezen et al. 2013). 
Annually, influenza is responsible for >200 000 deaths globally 
(Thompson et al. 2009, Paget et al. 2019, Troeger et al. 2019).

In Brazil, as well as globally, the primary causative agents of 
seasonal influenza are influenza A subtypes, particularly H1N1 
and H3N2 (Petrova and Russell 2018, BRASIL 2023a). However, 
since 2001, there has been a cocirculation of influenza B lineages, 
Victoria and Yamagata, with the Victoria lineage emerging as the 
predominant strain in recent seasons (Koutsakos et al. 2016, Costa 
et al. 2022).

Previous studies have indicated significant variation in the evo-
lutionary patterns of influenza A and B viruses based on viral 
strain (Irving et al. 2012, Sharma et al. 2020). While influenza 
A/H3N2 subtypes exhibit relatively rapid evolution with fre-
quent replacements occurring every 2–5 years, A/H1N1pdm09 and 
influenza B viruses evolve more slowly (Smith et al. 2004). Despite 
this slower evolution, the cocirculation of multiple lineages allows 
for the emergence of new antigenic variants approximately every 
3–8 years (Chen and Holmes 2008, Bedford et al. 2014).

Furthermore, these studies underscore the critical role of 
genomic surveillance of influenza for understanding its epidemi-
ology, incidence, and phylogenetic relationships, which may 
impact disease severity (Forleo-Neto et al. 2003, Cantarino and 
Merchan-Hamann 2016). Hemagglutinin (HA), the primary anti-
genic target of influenza vaccines, plays a crucial role in the patho-
genesis of the infection and is subject to antigenic changes that 
can affect vaccine efficacy (Petrova and Russell 2018, Yamayoshi 
and Kawaoka 2019, Wu and Wilson 2020).

Despite Brazil’s established protocol for influenza sample col-
lection and vaccine strain selection (BRASIL 2023a), there are still 
gaps in the comprehensive genetic and phylogenetic characteri-
zation of influenza A and B viruses in the country. Therefore, this 
study aims to address this gap by assessing and characterizing 
influenza A and B viruses collected in the five Brazilian macrore-
gions between 2021 and 2023 through phylogenetic analysis of the 
HA gene.

Material and methods
Center for Viral Surveillance and Serological 
Assessment dataset
Clinical sample collection
The Center for Viral Surveillance and Serological Assessment 
(CeVIVAS) project, a collaborative initiative involving the Insti-
tuto Butantan, Hemocentro Ribeirão Preto, several Central Public 

Health Laboratories (LACEN) across Brazil, and the municipalities 
of São Paulo and São Bernardo do Campo, aims to enhance viral 
surveillance and serological assessment. To ensure representa-
tive sampling of influenza, CeVIVAS included LACENs from all five 
Brazilian macroregions: Pará (North), Alagoas and Bahia (North-
east), Federal District (Brasília), Mato Grosso (Midwest), Ribeirão 
Preto, São Paulo, and São Bernardo do Campo cities (Southeast), 
and Paraná (South).

Only samples that tested positive for influenza viruses with 
Ct values of <30 accompanied by available epidemiological meta-
data, such as the date and sample collection location, were 
selected and sequenced. This stringent criterion ensures the 
inclusion of informative samples for a more comprehensive 
assessment of the prevalence and genetic diversity of circulating 
influenza A and B viruses in Brazil.

This comprehensive collection effort yielded 1277 newly gener-
ated Brazilian HA sequences, distributed as follows: 313 samples 
of influenza A/H1N1pdm09, 56 from Alagoas, 4 from Bahia, 50 
from the Federal District, 23 from Mato Grosso, and 180 from São 
Paulo; 713 samples of influenza A/H3N2, with contributions from 
Alagoas (126), Bahia (235), Pará (22), the Federal District (86), Mato 
Grosso (69), and São Paulo (175); and 252 samples of influenza 
B/Victoria lineage, 130 from Alagoas and 122 from São Paulo. It 
is noteworthy that all sequences, but one, exhibit a minimal 83% 
coverage and complete HA coding DNA sequence (CDS). For fur-
ther details, refer to Supplementary Fig. S1 and Supplementary 
Table S1. All sequences generated in this study were deposited in 
the Global Initiative on Sharing All Influenza (GISAID) database.

The sampling plan was meticulously designed to ensure pre-

cision and representativeness of the collected data. We utilized 
a margin of error (alpha error) of 5% and a confidence inter-
val (CI) of 95%, allowing for precise estimation of population 
parameters. Additionally, we established a sampling power of 

at least 80%, ensuring the study’s ability to detect true differ-
ences or effects if present in the population. The final calcu-
lated sample size was increased by 20% to account for possible
losses.

Furthermore, acknowledging the influence of seasonality on 
influenza prevalence, we adjusted the sample to seasonal varia-
tion. During high prevalence months (October–May), we reduced 

the sample by 0.25%, and in the remaining months, we increased 
it by 0.5% (BRASIL 2021b). This approach ensured adequate sam-

ple size in each phase of the study, maintaining the represen-
tativeness of the collected data. The sample was calculated at 
the state level to guarantee precision and representativeness in 
each macroregion. Furthermore, the sample selection involved 
municipal diversity within each state.

The study was conducted according to the guidelines of the 
Declaration of Helsinki and approved by the Institutional Ethics 
Committee of the Faculty of Medicine of Ribeirão Preto, University 
of São Paulo (Certificate of Presentation of Ethical Appreciation: 
68586623.0.0000.0068).
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Influenza A and B whole-genome sequencing
The positive clinical samples for influenza A and B were extracted 
following the methodology described in Supplementary mate-
rial. Influenza A genomic sequences were obtained using uni-
versal primers for influenza A (Opti1-F1, Opti1-F2, and Opti1-R1) 
as previously described by Mena et al. (2016) with minor mod-
ifications. For specific details on the reaction conditions, refer 
to Supplementary material. Influenza B genomes were obtained 
using the same one-step amplification strategy however using 
a set of influenza B universal primers described by Zhou et al. 
(2014). Pooled libraries were sequenced using 2 × 150 bp pair-end 
flow cell kits for NextSeq2000 or 2 × 150 bp pair-end flow cell 
kits for MiSeq (Illumina). For more information about genomic 
library preparation and influenza next-generation sequencing, see 
Supplementary material.

Genome assembly pipeline
The raw reads were submitted to an assembly pipeline consisting 
of three main steps, as depicted in Supplementary Fig. S2. Ini-
tially, Trimmomatic was employed to exclude low-quality reads, 
adapters, and primer sequences (Bolger et al. 2014).

Subsequently, the filtered reads underwent the first main step 
of the pipeline, where VAPOR (Southgate et al. 2020) and an 
influenza genome database were utilized. The influenza genome 
database comprises sequences sourced from GISAID and Gen-
Bank, provided by INSaFLU (Borges et al. 2018). The objective 
was to identify the best reference sequence for each segment of 
the influenza virus. To achieve this, the segment sequence with 
the highest score was extracted from the database using seqtk 
(Shen et al. 2016, available at https://github.com/lh3/seqtk). This 
selected reference segment was then employed in the second 
main step, which involved individual assembly of each genomic 
viral segment.

The filtered reads were mapped to the selected reference 
segment using Bowtie2, with the –very-sensitive parameter 
for segment-specific reads selection (Langmead and Salzberg 
2012). Properly paired reads were extracted using SAMtools 
and BEDtools (Quinlan and Hall 2010, Li and Birol 2018). The 
segment-specific reads were subsequently submitted to assem-
bly using SPAdes (Bankevich et al. 2012). The refinement process 
entailed mapping the scaffolds to the selected segment refer-
ence using Minimap2 with default parameters (Li and Birol 2018). 
A pre-consensus was then generated using SAMtools and iVar 
(Grubaugh et al. 2019). An in-house Python script was applied 
to substitute degenerated bases inserted by iVar for Ns, as the 
assembled scaffolds may contain potential Single Nucleotide
Polymorphisms.

To obtain the final polished consensus segment, the filtered 
reads were mapped against the pre-consensus using Bowtie2. The 
iVar tool was employed with the parameters -m 10 and -q 20, 
requiring a minimum depth of 10 reads and a frequency of 25%. 
All the assembled segments from the sample were combined to 
generate a final genome FASTA file. In cases where segment 4, 
which codes for the HA gene, was successfully assembled, it was 
subjected to clade attribution using Nextclade (Hadfield et al. 
2018). The clade attribution was performed by comparing the 
assembled segment against the following references: H1, A/Wis-
consin/588/2019 (MW626062); H3, A/Darwin/6/2021 (EPI1857216); 
Victoria, B/Brisbane/60/2008 (KX058884); and Yamagata, B/Wis-
consin/01/2010 (JN993010).

GISAID dataset
To expand our dataset, we obtained additional HA gene sequences 
from the GISAID EpiFlu Database (Shu and McCauley 2017, avail-
able at https://www.gisaid.org/, accessed September 2023). This 
database includes sequences from Brazil and worldwide, from 
2021 to 2023. We concentrated our analysis on the influenza 
B/Victoria lineage and the influenza A virus subtypes A/H3N2 
and A/H1N1pdm09, given the absence of the influenza B/Yama-
gata lineage detections since 2019 (Costa et al. 2022). The dataset 
from Brazil, encompassing all macroregions, included 604 HA 
sequences for influenza A/H1N1pdm09, 1637 for A/H3N2, and 527 
for B/Victoria. To perform a comprehensive phylogenetic analy-
sis and minimize bias, we sample non-Brazilian sequences across 
regions, including Argentina, Australia, China, South Africa, the 
USA, and the UK (Supplementary Table S3). These locations were 
carefully chosen to encompass the world’s major geographic sub-
divisions and to ensure the availability of deposited sequences. 
Argentina, Australia, and South Africa were selected to repre-
sent countries in the Southern Hemisphere (SH), spanning the 
continents of South America, Oceania, and Africa, respectively. 
Conversely, China, the USA, and the UK were chosen to repre-
sent countries in the Northern Hemisphere covering Asia, North 
America, and Europe, respectively (Chan et al. 2010). We selected 
only high-quality sequences, with at least 85% coverage and com-
plete HA CDS gene. For detailed information, see Supplementary
Table S1.

Also, we selected HA sequences from World Health Organi-
zation (WHO)-recommended trivalent egg-based vaccine strains 
for the 2021–24 epidemic seasons in the SH (WHO 2020b, 2021b, 
2022b, 2023b). Specifically, for the influenza A/H1N1pdm09 
dataset, the strains A/Victoria/2570/2019, A/Sydney/5/2021, and 
A/Victoria/4897/2022 were included. For the influenza A/H3N2 
dataset, we added A/Hong Kong/2671/2019, A/Darwin/9/2021, 
and A/Thailand/8/2022. In the dataset for the influenza B/Vic-
toria lineage, we included B/Washington/02/2019 and B/Aus-
tria/1359417/2021. Detailed information about these vaccine 
strains can be found in Supplementary Table S4.

For our final dataset, we merged CeVIVAS, GISAID, and vac-
cine datasets, resulting in 3966, 8609, and 3996 sequences from 
A/H1N1pdm09, H3N2, and B/Victoria-lineage viruses, respectively. 
For more information, see Supplementary Table S1.

Genomic surveillance of influenza in Brazil
The number of available HA sequences in Brazil, categorized by 
viral subtype within the timeframe of this study, was retrieved 
from the public EpiFlu-GISAID database (available at https://www.
gisaid.org/, accessed September 2023), along with those generated 
during this study. Epidemiological data on laboratory-confirmed 
positive cases by viral subtype were obtained from the epidemi-
ological bulletins published by the Brazilian Ministry of Health 
(BRASIL 2022, 2023a, 2023b). The ratio between the number of 
available HA sequences and confirmed positive cases was used to 
evaluate three key aspects: genomic coverage, genomic surveil-
lance capacity, and the potential for underestimation.

Phylogenetic analysis
The phylogenetic trees of the A/H1N1pdm09, A/H3N2, 
and influenza B/Victoria were inferred using the Nextstrain 
pipeline (Hadfield et al. 2018, available at https://github.com/
nextstrain/seasonal-flu). We utilized the Nextstrain Augur tool to

https://github.com/lh3/seqtk
https://www.gisaid.org/
https://www.gisaid.org/
https://www.gisaid.org/
https://github.com/nextstrain/seasonal-flu
https://github.com/nextstrain/seasonal-flu
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perform subsampling using the parameters –group-by-country 
and –sequences-per-group. The –group-by-country parameter 
organizes the sequences by their country of origin, while the 
–sequences-per-group parameter specifies the maximum num-
ber of sequences selected from each country. The values were 
set based on the maximum number sequences available from 
Brazil. Clades and subclades are assigned using the collection 
of signature mutations provided by Nextstrain for each lineage 
of A/H1N1pdm09, A/H3N2, and B/Victoria. The maximum likeli-
hood method using IQTree (Nguyen et al. 2015) was applied under 
the general time-reversible model. To statistically support the 
phylogenetic trees, we applied ultrafast Bootstrap (UFBoot) using 
1000 replicates (Minh et al. 2013). UFBoot confidence values >70% 
were considered as the cut-off for clustering. In the Nextstrain 
pipeline, during phylogenetic analysis and refining steps, sam-
ples that significantly deviate from the molecular clock model are 
automatically removed, resulting in phylogenetic trees compris-
ing 3517, 8420, and 3194 sequences from A/H1N1pdm09, A/H3N2, 
and B/Victoria-lineage viruses, respectively. All trees were edited 
in R using the ggtree package (Yu et al. 2017).

Genetic analysis of Brazilian influenza lineages
Comparison of vaccine strains and Brazilian consensus
To identify the presence of amino acid substitution in the HA seg-
ment in Brazilian sequences, we first categorized them based on 
their subclade/lineage and year of circulation. Next, only complete 
sequences with 100% coverage were selected, and a consensus 
sequence was generated by selecting the bases that appeared in 
at least 50% of the circulating sequences for each subclade/year 
group. We then compared the consensus sequences obtained from 
the Brazilian sequences with the vaccine strains recommended
by the WHO for the SH in the seasons spanning from 2021 to 2024. 
These comparisons were performed using amino acid sequences. 
The HA epitope regions were defined according to the Nextstrain 
pipeline, which is a widely used tool for the analysis of viral genetic 
sequences (Aksamentov et al. 2021). This approach aimed to iden-
tify any potential amino acid substitutions in the HA segment of 
Brazilian sequences compared to the vaccine strains, providing 
insights into the antigenic variability and potential implications 
for vaccine efficacy.

Selective pressure analysis
To assess the strength of natural selection acting on the HA gene, 
we employed the Fast, Unconstrained Bayesian AppRoximation 
(FUBAR) method on the dataset from influenza A and B viruses 
circulating in Brazil from 2021 to 2023. FUBAR employs a Bayesian 
approach to estimate nonsynonymous (dN) and synonymous (dS) 
substitution rates on a per-site basis for a given coding alignment 
and its corresponding phylogeny. The FUBAR method assumes 
that the selection pressure at each site remains constant through-
out the entire phylogeny (Murrell et al. 2013). Only complete CDS 
sequences corresponding to the HA gene were retained, and iden-
tical sequences were removed. The phylogenetic tree for the three 
viruses was generated using IQTree (Nguyen et al. 2015) under the 
optimal evolutionary model (TVM + F + G4) determined by JMod-
elTest, using UFBoot with 10 000 replicates (Minh et al. 2013, 
Kalyaanamoorthy et al. 2017). Posterior probabilities range from 0 
to 1, with values >0.9 indicating strong evidence of positive selec-
tion. FUBAR is available through the HYPhy package (Kosakovsky 
Pond et al. 2005). Default parameters were utilized for the analysis.

Protein structural prediction analysis
The protein structure prediction was performed using Modeller 
software version 10.4 (Šali and Blundell 1993). To predict the struc-
ture of A/H1N1pmd09 HA, we used the PDB6UYN, PDB6HJQ, and 
PDB5C0S structures as templates. For A/H3N2 HA, we used the 
PDB4O58 structure as a template. All templates were selected 
prioritizing identity (>80%), coverage (>80%), resolution (<3.0 Å), 
and their interaction with antibodies. After predicting the struc-
tures, we performed protonation using PDB2PQR v3.0 (Dolinsky 
et al. 2004). This step adjusts the ionization states of amino acid 
residues based on the input data, such as the pH value. We used 
the Propka method to predict the titration state of amino acid 
residues at pH 7.4 (Olsson et al. 2011, Søndergaard et al. 2011). 
To perform all electrostatic analyses, we used the APBS v5.0 soft-
ware (Jurrus et al. 2018). For molecular docking assays, we used 
the Autodock Vina program (Trott and Olson 2010). We prepared 
the vaccine strain egg-propagated A/Victoria/2570/2019 and the 
consensus of subclade 5a.2a.1 from 2022, as well as the sialic acid 
(alpha-2,3 and alpha-2,6) at pH 7.4. The Gasteiger partial charge 
assignment was performed using the MGLTools 1.5.6 program 
(available at https://ccsb.scripps.edu/mgltools). The grid center for 
molecular docking was set at the RDB domain, with the coordi-
nates x = −17.345, y = −75.700, and z = 48.168. The dimensions of the 
grid were set as X = 18 Å, Y = 22 Å, Z = 18 Å. This grid represents the 
region where the docking simulations will be performed to pre-
dict the binding affinity between the HA protein (vaccine strain 
and the consensus from the predominant Brazilian strains) and 
sialic acids.

Epidemiological profile of influenza viruses and 
statistical analysis
To assess the distribution and replacement dynamics of influenza 
A and B virus clades in Brazil before, during, and after the coro-
navirus disease 2019 (COVID-19) pandemic, we further analyzed 
HA gene sequences from January 2019 to December 2020. These 
sequences were retrieved from the public EpiFlu GISAID database 
(https://www.gisaid.org/, accessed October 2024).

Given that clade diversity across Brazil’s regions was only 
observed among influenza A viruses, we applied the chi-squared 
test to assess the association between two categorical variables: 
viral subclades and macroregions (Rana and Singhal 2015). To 
conduct this analysis, we assumed that the distribution of viral 
clades across different regions of Brazil is homogeneous. There-
fore, the expected occurrence of each viral subclade in each region 
was estimated based on its overall prevalence across all macrore-
gions. Comparisons were made for distinct circulation periods of 
influenza A subtypes: H3N2 (November 2021 to November 2022) 
and H1N1pdm09 (November 2022 to May 2023), considering the 
entire time frame in the analysis. The expected occurrences of 
each subclade were multiplied by the total observed values for 
each macroregion, and the result was divided by the total number 
of observations within that macroregion. We utilized chi-squared 
tests with a significance level of .05 to compare the number of 
viral subclades across Brazil’s macroregions. Since the P-value was 
below the threshold, we rejected the null hypothesis. A post hoc
adherence test was then applied to pinpoint the specific regions 
where statistically significant differences occurred, with any dif-
ferences exceeding the critical value considered significant. All 
statistical analyses were conducted using R.

The sampling power of the combined dataset (GISAID and 
CeVIVAS) was calculated as described in the section Clinical Sam-
ple Collection.

https://ccsb.scripps.edu/mgltools
https://www.gisaid.org/
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Figure 1. Frequency of influenza viruses circulating in Brazil between 2021 and 2023 according to the performed phylogenetic analysis.

Results
To better understand the panorama of the molecular epidemi-
ology of influenza circulating in Brazil between 2021 and 2023, 
we generated genome sequences of these viruses from differ-
ent Brazilian states. We analyzed them together with Brazilian 
sequences available in the public database. Through analysis of 
the public data, we could note that the viral sequence data exhib-
ited a steady rise over the last 3 years in Brazil. Still, the ratio of 
available HA gene sequences concerning positive cases did not 
exceed 12% (Supplementary Fig. S3).

Our results revealed the circulation of A/H1N1pdm09, A/H3N2, 
and B/Victoria in Brazil between 2021 and 2023. It was possible to 
detect the predominance of the A/H3N2 virus in 2021/2022 and the 
cocirculation of the three viruses at the end of 2022. However, in 
2023, our analyses indicated a sharp increase in the circulation of 
both B/Victoria and A/H1N1pdm09 viruses in the country (Fig. 1).

Additionally, sequences collected from Brazil prior to and dur-
ing the COVID-19 pandemic exhibited greater diversity compared 
to the postpandemic period (Supplementary Fig. S4). Following 
the pandemic, a near-complete replacement of subclades was 
observed in both influenza A and B clades. Only one subclade 
each of A/H1N1pdm09 (6B.1A.5a.1) and A/H3N2 (3C.2a1b.2a.2a.3) 
remained in circulation after the onset of COVID-19 (Supplemen-
tary Fig. S4).

Phylogenetic analyses
A/H1N1pdm09—Predominance of viruses belonging to the 
5a.2a.1 subclade
Phylogenetically, all 896 Brazilian sequences were grouped in three 
clade/subclades: almost in 5a.2a.1 (n = 626, 70%) and, to a lesser 
extent, in subclade 5a.2a (n = 252, 28%) and clade 5a.1 (n = 18, 2%) 
(Fig. 2a) that were circulating in the period when this study was 
concluded (first semester of 2023). In the 5a.2a.1 subclade, two 
main clusters were recovered. The first cluster (I-blue, n = 37, 4% 
of the total) was characterized by T216A amino acid substitution 
and consisted of sequences primarily from the Southeast region 
(n = 32). These sequences were also grouped as a sister group of 
the vaccine strain A/Victoria/4897/2022—designated for adminis-
tration in 2024 in the National Influenza Vaccination Campaign 
(BRASIL 2024). The second cluster (II-blue, n = 592, 65.8% of the 
total) encompasses most Brazilian sequences from all regions

of the country. From that specific cluster, 115 sequences exhib-
ited the T270A amino acid substitution, with a notable prevalence 
in the North (n = 61) and Northeast (n = 34) regions (Fig. 2b).

Within subclade 5a.2a, four clusters were recovered: the first 
cluster (I-pink; n = 43, 4.8% of the total) mainly consisted of 
sequences from the Northern macroregion (n = 35) of the coun-
try displaying the S83P amino acid substitution (Fig. 2c). Also, 
this cluster was recovered as a sister group of the vaccine strain 
A/Sydney/5/2021—administered in 2023 by the National Influenza 
Vaccination Campaign (BRASIL 2023a). The second cluster (II-pink; 
n = 19, 2.1% of the total) grouped sequences from the Southern 
(n = 17) region and was characterized by A48P amino acid sub-
stitution. The third cluster (III-pink; n = 13, 1.4% of the total) 
predominantly gathered sequences from Brazil’s Northeast (n = 9) 
region. Lastly, the fourth cluster (IV-pink, n = 170, 19% of the total) 
grouped sequences from all five macroregions of the country.

Within clade 5a.1, all Brazilian sequences (n = 18, 2% of the 
total; Fig. 2d) were grouped into a single clade, characterized by the 
shared I149V amino acid substitution. This clade predominantly 
consisted of sequences from the Southern region (n = 15) and fewer 
representatives from the Midwest (n = 1) and Southeast regions 
(n = 1).

Selection pressure analysis identified four sites in the HA gene 
under positive selection within the A/H1N1pdm09 subclades: 137, 
156, 163, and 164. When comparing the HA consensus sequences 
of viruses circulating in Brazil between 2021 and 2022 with the egg-
propagated vaccine strain A/Victoria/2570/2019—vaccine admin-
istered in the 2021/2022 seasons (BRASIL 2021a, 2022) —8–16 
amino acid substitutions were revealed (Supplementary Tables 
S5–S6). Specifically, when compared with the predominant Brazil-
ian subclade (5a.2a.1) in 2022, 14 amino acid substitutions were 
detected, 11 of which occurred in epitope regions (Supplementary 
Table S5). Notably, one of these sites (137) was found to be under 
positive selection. Additionally, three substitutions (R223Q, D260E, 
and T277A) are particularly significant due to their positions in 
the receptor-binding domain (RBD) and the fusion domain, as pre-
dicted by protein structure modeling (Fig. 3). In contrast, a general 
reduction in the number of amino acid substitutions (4–10) was 
observed when comparing the predominant subclades collected 
in Brazil in 2023 with the egg-propagated vaccine strain A/Syd-
ney/5/2021, except for the 5a.1 subclade (Supplementary Table 
S7). Four common amino acid substitutions (N94D, A216T, R223Q, 
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Figure 2. (a) Worldwide time-aware phylogeny of the genomic HA segment of the A/H1N1pdm09 viruses collected between January 2021 and July 2023 
constructed by Nextstrain. In Brazil, subclades 5a.2a.1 (clusters I and II) and 5a.2a (clusters I–IV) are notably predominant. The SH recommended 
vaccine strains from 2021 to 2024, which are indicated by asterisks and red arrows. The black circles identified Brazilian sequences; the red circles 
identified sequences generated in this study. (b) Zoom-out of 5a.2a.1 II cluster of Brazilian sequences mostly from the North and Northeast regions 
with HA1 T270A amino acid substitutions. (c) Zoom-out of 5a.2a I cluster consisted of sequences mainly from the North region with HA1 S83P amino 
acid substitution. (d) Zoom-out of 5a.1 grouping sequences mainly from the South region, characterized by HA1 I149V amino acid substitution.
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Figure 3. Influenza virus A/H1N1pdm09 HA protein structure and observed mutations between vaccine strain egg-propagated A/Victoria/2570/2019 
and Brazilian consensus from subclade 6B.1A5a.2a.1 (5a.2a.1) in 2022. (a) 3D predicted structure of complex antibody, HA, colored by different 
domains. Fusion domain (red), HA2 ectodomain (cyan), VE domain (yellow), RBD receptor-binding domain (green), and transmembrane (TM) anchor 
(checkerboard cyan); substitutions in HA epitope regions indicated by red spheres. The antibody is colored by different chains: light chain (gray) and 
heavy chain (sky blue). (b) 1D schematic view of HA domains, colored by different domains. Color coding as per (a). The main amino acid substitutions 
are shown in epitope positions (red circle) and nonepitope regions (gray circle).

and I418V) were identified upon comparison of the consensus 
sequences from subclades 5a.2a.1 and 5a.2a with the strain A/Syd-
ney/5/2021. The R223Q mutation is specifically at the residue 
responsible for interaction with sialic acid. As presented in Fig. 3a, 
none of those mutations were close to the region that interacts 
with some antibodies like CR 6261. However, the 5a.1 subclade 
exhibited a higher number of substitutions, ranging from 10 to 16, 
following the vaccine update. Within the epitope region, the K156N 
substitution was present in comparison to both vaccine strains 
administered in the country between 2021 and 2023. This site was 
also identified as being under positive selection in our analysis. For 
more details, see Supplementary Tables S5–S7.

According to the virtual docking assay, the vaccine strain A/Vic-
toria/2570/2019 RBD residues as H180, D187, K219, R223, E224, 
and T133 are responsible for hydrogen interactions with alpha-
2,3 or alpha-2,6 sialic acids, while N130, K142, and D222 residues 
could be responsible for distance interactions. When examining 
the consensus sequence of subclade 5a.2a.1, we noted that only 
residues D187 and Q223 exhibited hydrogen interactions, while 

W150 potentially engaged in a CH–pi interaction with alpha-2,3 
sialic acid. Regarding alpha-2,6 sialic acid, we observed that 
residue L191 could partake in a hydrophobic interaction with the 
substrate, while residues D187 and Q223 persisted in hydrogen 
interactions. For more detailed information, see Supplementary 
Fig. S5.

Influenza A/H3N2—high diversification and low circulation 
during the 2023 season
Phylogenetically, all 2265 Brazilian sequences were clustered 
mainly within subclade 3C.2a1b.2a.2a.3 (2a.3, n = 1687, 74.5%), 
followed by subclade 3C.2a1b.2a.2b (2b, n = 456, 20.1%), and to 
a lesser extent in subclades 3C.2a1b.2a.2c (2c, n = 76, 3.4%), 
3C.2a1b.2a.2a (2a.2a, n = 35, 1.5%), 3C.2a1b.2a.2a.1 (2a.1, n = 9, 
0.4%), and 3C.2a1b.2a.2a.1b (2a.1b, n = 2, 0.1%) (Fig. 4a).

In our tree, within subclade 2a.3 two clusters were recov-
ered: the first (I-blue, n = 10, 0.4%) comprised only six sequences 
from the Midwest region, and the second cluster (II-blue, n = 1677, 
74%) encompassed most Brazilian sequences from all regions of 
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Figure 4. Worldwide time-aware phylogeny of the genomic HA segment of influenza A/H3N2 collected between January 2021 and July 2023 
constructed by Nextstrain. (a) In Brazil, predominance and cocirculation of the 2a.3 (clusters I and II blue) and 3C.2a1b.2a.2b (clusters I–III gray) 
subclades. (b) Zoom-out of subclade 2c, demonstrating exclusively Northeast sequences. (c) Zoom-out of subclade 2a.2a, which was comprised mostly 
of sequences from the North region. The black circles identified Brazilian sequences; the red circles identified sequences generated in this study. The 
SH recommended vaccine strains from 2021 to 2024, which are indicated by asterisks and red arrows.
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Figure 5. Influenza virus A/H3N2 HA protein structure and observed mutations between vaccine strain egg-propagated A/Darwin/9/2021 and Brazilian 
consensus from subclade 3C.2a1b.2a.2b (2b) in 2022. (a) 3D predicted structure of complex antibody HA, colored by different domains. Fusion domain 
(red), HA2 ectodomain (cyan), VE domain (yellow), RBD receptor-binding domain (green), and transmembrane (TM) anchor (checkerboard cyan); 
substitutions in HA epitope regions indicated by red spheres. The antibody is colored by different chains: light chain (gray), and heavy chain (sky blue). 
(b) 1D schematic view of HA domains, colored by different domains. Color coding as per (a). The main amino acid substitutions are shown in epitope 
positions (red circle).

the country. In subclade 2b, three clusters were recovered: the 
first cluster (I-gray, n = 4, 0.2%) consisted of sequences originat-
ing from the South (n = 3) and North (n = 1) regions sharing the 
I242M amino acid substitution. In the second cluster (II-gray, 
n = 2, 0.8%), the sequences from the South (n = 2) region presented 
S262N, T135A amino acid substitution. Within the third clus-
ter (III-gray, n = 449, 19.8%), most sequences originated from all 
regions of the country. The 2c subclade consisted exclusively of 
Northeast sequences (n = 76, 3.3%, Fig. 4b). Also, this subclade 
was recovered as the sister group of the 3a.1, which includes the 
vaccine strain Thailand/8/2022—designated for administration in 
2024 in the National Influenza Vaccination Campaign (BRASIL 
2024). In the 2a.2a subclade, most of the sequences were from 
the North (n = 35, 1.5%, Fig. 4c). In the 2a.1 subclade, sequences 
from all regions except the North were grouped. Within the 
2a.1b subclade, only sequences from the Northeast (n = 2) were
recovered.

Selection pressure analysis identified two sites in the HA gene 
under positive selection within the A/H3N2 subclades: 53 and 378. 

The comparison between the HA consensus of viruses circulat-
ing during 2021 in Brazil and the vaccine strain egg-propagated 
A/Hong Kong/2671/2019, which constituted the vaccine adminis-
tered in the 2021 season (BRASIL 2021a), revealed 18–21 amino 
acid substitutions (Supplementary Table S8). In contrast, fewer 
amino acid substitutions (5–8) were observed when comparing 
viruses collected in 2022 in Brazil with the vaccine strain egg-
propagated A/Darwin/9/2021, which was administered from April 
2022 to May 2023 during the National Influenza Vaccination Cam-
paign (BRASIL 2022) (Supplementary Table S9). Specifically, when 
comparing the predominant Brazilian subclade (2a.3) from 2021 
to early 2022, the vaccine update resulted in a reduction of amino 
acid substitutions, decreasing from 21 to 7 (Supplementary Table 
S10). Mutations at sites 53 and 378 were consistently observed 
when comparing this lineage with both vaccine strains admin-
istered in the country between 2021 and 2023. These sites were 
identified as being under positive selection in our analysis. Upon 
comparing A/Darwin/9/2021 and the prevailing Brazilian subclade 
(2b) during the second semester of 2022, our analysis unveiled 
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six amino acid substitutions, all localized within epitope regions, 
which of them stands out the mutations at sites 156, 186, and 
225 (Fig. 5). These mutations are located within the sialic acid 
binding site, and both mutations at sites 186 and 225 were identi-
fied across all A/H3N2 virus lineages circulating in Brazil between 
2021 and 2023. These mutations resulted in a change of charge 
from an uncharged polar residue (Asparagine—N or Glycine—G) 
to a negatively charged residue (Aspartate—D). On the other hand, 
the mutation at site 156 resulted in a change of charge from an 
uncharged polar residue (Serine—S) to a positively charged residue 
(Histidine—H). The latter mutation (S156H) was also found within 
the viruses from the 2c and 2a.1b subclades. For more details, see 
Supplementary Tables S8–S10.

Electrostatic analyses indicated that E50K and F79V amino 
acid substitutions are in the fusion (F′) and vestigial esterase 
(VE) domains of HA1, respectively (Fig. 5). The E50K substitu-
tion changes the electrostatic profile, while F79V could promote 
a change in the orientation of the side chain of amino acids 
close to it (Supplementary Fig. S6). The I140K, N186D, and G225D 
mutations induce a little difference in the electrostatic profile of 
the RBD domain, making it a little more electro-negative to the 
RBD domain of the vaccine strain (Supplementary Fig. S7). As pre-
sented in Fig. 5a, all those mutations were close to the region that 
interacts with some antibodies like F045-092.

Influenza B/Victoria-lineage viruses—high circulation in 
2023 with regional arrangement
The obtained phylogenetic tree revealed that all 778 Brazilian 
influenza B viruses were classified as the Victoria lineage from 
the V1A.3a.2 clade (Fig. 6a) and among those, almost all pre-
sented the D197E amino acid substitution (n = 649, 83.4%). Within 
the V1A.3a.2 clade, nine clusters were recovered. The first (I, 
n = 42, 5.4%) was composed mostly of sequences from the North 
(n = 40) region of Brazil, in which T182A, D197E, and T221A 
were characterized (Fig. 6b). The second cluster (II, n = 85, 11%) 
encompasses sequences mostly from the Northeast, and a few 
sequences from all regions of the country (Fig. 6c). This cluster 
was characterized by S208P, E128K, and A154E substitutions. The 
third (III) cluster encompassed two sequences from the North-
east and shared the G141R substitution. Also, this cluster was 
recovered as a sister group of the recommended vaccine strain 
B/Austria/1359417/2021—which made up the vaccine adminis-
tered during the 2022 and 2024 seasons (BRASIL 2022, 2023a, 2024). 
The fourth (IV) cluster comprised only one sequence from the 
Northeast region and displayed D197E, V117I, A154T, K326R, and 
128K amino acid substitution. The fifth cluster (V, n = 104, 13.4%) 
grouped sequences from all regions and can be characterized 
by D129G, E183K, and V87A substitutions. The sixth cluster (VI, 
n = 83, 10.7%) grouped sequences (n = 83) mostly from the North-
east (n = 31) and North (n = 30) regions, which shared the HA1 
D197E and Q200P amino acid substitutions (Fig. 6d). The seventh 
(VII) cluster contains most of the Brazilian sequences (n = 315), of 
which almost all come from the Southeast and Northeast regions, 
both represented in nearly equal proportions. The eighth clus-
ter (VIII, n = 10, 1.3%) were grouped sequences from all Brazilian 
regions, except the South, and presented the D197E and E183K 
substitutions. In the ninth cluster (IX, n = 107, 13.7%), almost all 
sequences were from the Northeast (n = 97) region, and some were 
from the Southeast (n = 8) and North (n = 2) regions. This cluster 
was characterized only by the D197E amino acid substitution.

The selection pressure analysis identified three sites in the HA 
gene under positive selection within the B/Victoria viruses: 80, 
154, and 410. When comparing the HA consensus sequences of 

the viruses circulating during 2022 with the vaccine strain egg-
propagated B/Austria/1359417/2021, only two amino acid substi-
tutions were detected (D197E and Q200P) (Supplementary Tables 
S11–S12). In contrast, when examining viruses collected in Brazil 
in 2023, only one amino acid substitution (D197E) was observed 
(Supplementary Table S11). Notably, none of the sites under posi-
tive selection exhibited substitutions.

Epidemiological profile of influenza A viruses in 
macroregions of Brazil
Both phylogenetic analysis and the chi-squared test suggested 
dependence in the distribution of influenza subclades across the 
Brazilian territory. Given Brazil’s diverse climate and demographic 
characteristics across its five macroregions, we sought to deter-
mine whether distinct circulation patterns exist between these 
regions. First, we assessed whether the data were sufficient for 
such a comparison. The analysis showed that A/H3N2 sequences, 
predominating between November 2021 and November 2022, pro-
vided a sampling power of 98% (CI 97%), while A/H1N1pdm09 
sequences, predominating between November 2022 and May 2023, 
yielded a sampling power of 87% (CI 90%). Subsequently, we 
conducted subsampling of the final dataset, focusing on peak peri-
ods for both A/H1N1pdm09 and A/H3N2 subtypes, to investigate 
the nationwide epidemiological profile of influenza A. Concern-
ing A/H3N2 subclades (Fig. 7), the chi-squared analysis revealed 
a significant difference in lineage occurrences across regions 
(𝜒2 = 513.6, df = 24, P < 2.2e-16, critical value = ±1.49). We observed 
a significantly higher frequency of subclade 2a.3 in the Midwest 
compared to the expected value (critical value = 3.49), while sub-
clade 2b exhibited higher circulation, particularly in the South-
east (critical value = 6.43). Subclade 2a was detected in three 
regions, with the North showing significantly higher circulation 
than expected (critical value = 16.11). Additionally, the 2c subclade 
was found exclusively in the Northeast (critical value = 14.30). For 
detailed regional diversity, see Supplementary Fig. S8, and for 
statistical information, see Supplementary Table S13.

As with A/H3N2, the chi-squared analysis for A/H1N1pdm09 
(Fig. 8) also showed a significant difference in lineage occur-
rences across regions (𝜒2 = 209.76, df = 8, P < 2.2e-16, critical 
value = ±1.35). According to the results, the 5a.2a.1 subclade pre-
dominated in the Northeast, Midwest, and Southeast macrore-
gions, where it circulated at a higher frequency than expected 
(critical value ≤ 2.20). In the North, the 5a.2a subclade circulated 
more widely (critical value = 9.96). Although the 5a.1 subclade 
was infrequent nationally, higher circulation was observed in the 
South (critical value = 10.38). For detailed regional diversity see 
Supplementary Fig. S9, and for detailed statistical information, see 
Supplementary Table S14.

Discussion
The evaluation of lineage diversity among seasonal influenza 
viruses circulating in Brazil from 2019 to 2023, as shown in this 
study, reflects the global decline in genetic and antigenic diversity 
during this period (Dhanasekaran et al. 2022). Typically, sea-
sonal influenza viruses sustain their diversity through continuous 
reintroduction from tropical regions and opposite hemispheres 
(Petrova and Russell 2018). However, the COVID-19 pandemic 
restrictions—such as mask-wearing, travel limitations, and social 
distancing—significantly reduced global circulation, disrupting 
this process and resulting in a marked worldwide decline in viral 
diversity (Dhanasekaran et al. 2022). Following the pandemic, 
influenza activity in Brazil surged, with positive cases rising from 
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Figure 6. Worldwide time-aware phylogeny of the genomic HA segment of the influenza B/Victoria-lineage viruses collected between January 2021 and 
July 2023 constructed by Nextstrain. (a) In Brazil, it was exclusively detected the circulation of the V1A.3a2 subclade. (b) Zoom-out of cluster I 
(characterized by HA1 T182A, D197E, and T221A amino acid substitutions) composed mostly of sequences from the North region. (c) Zoom-out of 
cluster II comprises mostly sequences from the Northeast, with S208P, E128K, and A154E amino acid substitutions. (d) Zoom-out of cluster VI, 
grouping sequences mostly from the Northeast and North regions, sharing HA1 D197E and Q200P amino acid substitutions. The black circles identify 
Brazilian sequences; the red circles identify sequences generated in this study. A red circle identifies the sequences generated in this study. The SH 
recommended vaccine strains from 2021 to 2024, which are indicated by asterisks and red arrows.
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Figure 7. Frequency of A/H3N2 subclades 3C.2a1b.2a.2a.1 (2a.1), 3C.2a1b.2a.2a.3 (2a.3), 3C.2a1b.2a.2a.2b (2b), 3C.2a1b.2a.2 (2), 3C.2a1b.2a.2a (2a), and 
3C.2a1b.2a.2c (2c) circulating from November 2021 to November 2022 in Brazil. (a) Frequency of A/H3N2 subclades in Brazil. (b) Frequency of A/H3N2 
subclades in Midwest. (c) Frequency of A/H3N2 subclades in North. (d) Frequency of A/H3N2 subclades in Northeast. (e) Frequency of A/H3N2 
subclades in South. (f) Frequency of A/H3N2 subclades in Southeast. The asterisk indicates the period of absence from genomic monitoring.

5252 in 2021 to 18 736 in 2023, highlighting a notable resurgence 
(BRASIL 2022, 2023a, 2023b). Notably, between September 2021 
and January 2022, influenza viruses circulated at significantly 
reduced rates, comprising <3% of cases, compared to the prepan-
demic rate of 17% (WHO 2022a). The decrease in influenza circu-
lation has been linked to the widespread disruption caused by the 
COVID-19 pandemic (Dhanasekaran et al. 2022). This global health 
crisis prompted a concerted effort to enhance molecular surveil-
lance of pathogen genomes, emerging as a critical measure for 
preparedness against future epidemics (Attwood et al. 2022, Lad-
ner and Sahl 2023). The progressive sequencing efforts spanning 
from 2021 to 2023 in Brazil reflect this effort and have unveiled 
the identification of three influenza viruses circulating in Brazil-
ian territory: A/H1N1pdm09, A/H3N2, and B/Victoria lineage. This 
finding is consistent with data from the Brazilian Epidemiological 
Surveillance (BRASIL 2021a, 2022, 2023b) and further supports the 
global cocirculation of influenza A and B viruses.

Our phylogenetic analysis of A/H1N1pdm09 revealed a cocir-
culation of subclades 5a.2a.1, 5a.2a, and 5a.1. The predominance 
of 5a.2a.1 viruses across Brazil is in line with observations from 
other regions, including North America and Europe (WHO 2023a). 
Notably, the HA1 T216A amino acid substitution, found in some 
sequences from the Southeast, has been previously identified 
in many 5a.2a.1 viruses (WHO 2023a). Additionally, the T270A 

amino acid substitution observed in sequences from the North 
and Northeast regions appears as a recurrent mutation within this 
subclade, although its functional significance remains uncertain 
(Tapia et al. 2020, Zolotarova et al. 2021).

Among the four clusters recovered within 5a.2a, three of them 
were associated with specific Brazilian macroregions, which may 
suggest regional characteristics of the circulating influenza A 
strains. For instance, a cluster composed of sequences obtained 
from the North Brazil was characterized exclusively by the pres-
ence of the S83P substitution that has also been described in 
sequences obtained from Asia, i.e. Thailand (ECDC 2023b), and the 
Middle East as well as Oceania (available at https://nextstrain.org/
flu/seasonal/h1n1pdm/ha/2y?branchLabel=aa). While this might 
be an indication of a possible introductory route from these 
locations, to confirm such a hypothesis more specialized phylo-
geographic analysis is warranted. This approach is essential for 
elucidating how distinct regions influence the introduction and 
dissemination of the virus throughout Brazil.

Phylogenetic analysis revealed a close relationship between 
A/H1N1pdm09 Brazilian viruses and the vaccine strains. Further-
more, the decrease in amino acid substitutions from 14 to 10 
in circulating viruses in 2023, when compared to the vaccine 
strain A/Sydney/5/2021, suggests a low level of antigenic drift. 
This reduction may be the result of the selection and updating 

https://nextstrain.org/flu/seasonal/h1n1pdm/ha/2y?branchLabel=aa
https://nextstrain.org/flu/seasonal/h1n1pdm/ha/2y?branchLabel=aa
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Figure 8. Frequency of A/H1N1pdm09 subclades 6B.1A.5a.1 (5a.1), 6B.1A.5a.2a (5a.2a), and 6B.1A.5a.2a.1 (5a.2a.1) from November 2022 to May 2023
in Brazil. (a) Circulation in Brazil. (b) Frequency of A/H1N1pdm09 subclades in Midwest. (c) Frequency of A/H1N1pdm09 subclades in North. (d) 
Frequency of A/H1N1pdm09 subclades in Northeast. (e) Frequency of A/H1N1pdm09 subclades in South. (f) Frequency of A/H1N1pdm09 subclades
in Southeast. The asterisk indicates the period of absence from genomic monitoring.

of appropriate vaccine strains. Among the amino acid substitu-
tions at antigenic sites, P137S, K142R, D260E, and T277A substitu-
tions are characteristics of viruses belonging to the 5a.2a.1 sub-
clade (WHO 2022b). These substitutions were related to reduced 
geometric mean titers postvaccination, especially to the egg-
propagated vaccine strain A/Sydney/5/2021 (WHO 2023a). The 
site 137 is under positive selection and may explain the partial 
immune evasion. The SH vaccine A/Victoria/4897/2022 covered 
the circulating clades (WHO 2023a).

A previous study highlights the complex evolution of A/H3N2, 
characterized by multiple clades globally distributed, posing chal-
lenges for vaccine composition (Pillai et al. 2023). Our analysis 
identified seven clades/subclades circulating in Brazil, with the 
2a.3 and 2b subclades being more prevalent. Within the 2a.3 sub-
clade, Brazilian sequences grouped into two clusters, while the 2b 
subclade exhibited three clusters, one of which comprised 99% 
of sequences from all regions of Brazil. Despite the low circula-
tion of viruses from the remaining 2a.2a, 2c, and 2a.1b subclades, 
they were restricted to the North and Northeast regions. The 
diversity of A/H3N2 viruses elucidated through our analysis cor-
roborates the findings outlined in the WHO reports spanning the 
years 2020–22 (WHO 2020a, 2020b, 2021a, 2021b, 2022b). These 

findings align with WHO reports and underscore H3’s rapid evo-
lutionary rate (Fitch et al. 1997, Bush et al. 1999, Ferguson et al. 
2003).

More than 17, and up to a maximum of 21, amino acid substi-
tutions were detected when comparing the vaccine strain A/Hong 
Kong/2671/2019 (2021 season) with the subclades circulating in 
Brazil. The predominant 2021 subclade (2a.3) accumulated 21 
amino acid substitutions, 17 of which are located within major 
antigenic sites, including E53N, K135T, and H156S. The H156S and 
D53N substitutions are characteristic of the 2a.3 subclade (WHO 
2023b), with site 53 identified as being under positive selection 
pressure. While the high number of mismatches alone is insuf-
ficient to infer reduced vaccine efficacy, these differences likely 
reflect intrinsic variations between the subclades circulating in 
Brazil and the vaccine strain. It is important to note that all viruses 
circulating in Brazil in 2021 were descendants of the 2a.2 subclade, 
whereas A/Hong Kong/2671/2019 belongs to the 3C.2a1b.1b sub-
clade (1b). Nonetheless, ferret antisera raised against the vaccine 
strain exhibited poor recognition of all 2a.2 viruses, with titers <40 
(WHO 2021b).

The discrepancy between circulating viruses and the 2021 vac-
cine strain prompted the update of the H3N2 component for the 
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subsequent season (WHO 2021b), which resulted in a reduction 
of mismatches (5–7) when compared to the viruses circulating in 
Brazil in 2022. Ferret antisera raised against the egg-propagated 
A/Darwin/9/2021 strain exhibited strong reactivity against 2a.2 
viruses, particularly those containing the HA1 substitution H156S 
(WHO 2021b, 2022b). In contrast, viruses from subclades 2b and 
2a.1b exhibited reduced reactivity to this antiserum (WHO 2023b). 
Notably, viruses from both subclades circulating in Brazil har-
bored a different residue at position 156: S156H. By the end of 
2022, viruses belonging to the 2b subclade became predominant in 
Brazil. It is important to note that a lower number of mismatches 
does not necessarily correlate with effective vaccine coverage.

Beyond this mutation, one (G225D) is shared among the domi-
nant subclades, and four others (E50K, F79V, I140K, and G186D) are 
typically encoded by viruses from the 2b subclade (WHO 2023b). 
Notably, the G225D, I140K, and N186D are in the sialic acid binding 
site, and the E50K and F79V substitutions are situated in the 
F′ and VE domains (Bangaru et al. 2018, Zheng et al. 2018, Wu 
and Wilson 2020). Mutations within the RBD can alter the inter-
action between the HA protein and alpha-2,3 or alpha-2,6 sialic 
acids across diverse host species (Zhao and Pu 2022). Despite its 
general conservation, the receptor-binding site is prone to selec-
tive pressures, novel mutations, and antibody evasion (Allen and 
Ross 2018). The G225D substitution resulted in a charge change 
from an uncharged polar residue, potentially allowing circulating 
strains to evade recognition by vaccine-induced antibodies. The 
F′ domain, located within the stem domain and implicated as a 
site of antibody binding, facilitates low pH-triggered membrane 
fusion activity of HA within endosomal compartments (Sriwilai-
jaroen and Suzuki 2012, Mair et al. 2014, Bangaru et al. 2018, 
Wu and Wilson 2020). The amino acid substitutions in the F′

domain, particularly those altering its electrostatic profile at lower 
pH levels, play a pivotal role in modifying viral infection dynam-
ics (Bangaru et al. 2018). Regarding VE domain mutations, while 
its function remains unclear for influenza A and B viruses, it 
is known to be crucial for interaction with monoclonal antibod-
ies, and alterations in this region could impact viral antigenic-
ity (Crowe 2019). Indeed, the postinfection ferret antisera raised 
against the egg-propagated A/Darwin/9/2021-like viruses exhib-
ited a less favorable reaction (titers = 80), especially toward viruses 
expressing 2a.3a.1 or 2b HA genes (WHO 2023a). Conversely, fer-
ret antisera raised against 2a.3a.1-like viruses (e.g. egg-propagated 
A/Thailand/8/2022, season SH 2024) demonstrated robust recogni-
tion of most circulating viruses (WHO 2023a) and suggests a closer 
similarity between the circulating strains and the vaccine strain.

Considering the panorama of the influenza B virus in Brazil, 
the literature on the subject is limited. Therefore, our investiga-
tion represents an essential study in advancing our understanding 
of this virus in the country. Our analysis revealed that a single 
main clade of influenza B, identified as V1A.3a.2, has circulated 
in Brazil. This clade has been exclusively circulating not only in 
Brazil but also in other regions across the globe since February 
2023, with a noteworthy substitution of the Yamagata lineage (da 
Silva et al. 2022, Kissling et al. 2023, Sominina et al. 2023, Zhou 
et al. 2023). Our findings are consistent with previous studies con-
ducted in the North and Northeast regions of Brazil, highlighting 
the unique dominance of the V1A.3a.2 clade in these areas (Das 
Chagas Junior et al. 2023). The ongoing diversification of the clade 
has resulted in the emergence and near fixation of distinct sub-
clades, some of which exhibit recurrent HA1:197E and HA1:183K 
substitutions (ECDC 2024, Huddleston et al. 2024). Recent viruses 
carrying the D197E mutation have been preliminarily classified as 

the C.5 clade, with seven descending major subclades (C.5.1–C.5.7) 
identified globally (ECDC 2024). In this study, four subclades (C.5.1, 
C.5.2, C.5.3, and C.5.4) were identified as circulating in Brazil. Most 
sequences were recovered in C.5, followed by subclades C.5.3 and 
C.5.2. According to our phylogenetic analysis, clusters VII and IX 
are likely to be assigned to clade C.5, while clusters V and VI 
may be designated as C.5.3 and C.5.2, respectively. Both haplo-
types C.5.2 and C.5.3 have been predominantly recorded in South 
America, suggesting their probable origin in this region (available 
at https://nextstrain.org/flu/seasonal/vic/ha/2y, accessed 5 April 
2024).

The amino acid substitutions D197E and Q200P were identi-
fied in the consensus sequences of circulating Brazilian viruses 
in 2022. However, only the D197E substitution was observed in 
2023. The WHO has previously documented the D197E mutation, 
noting that its presence does not indicate a decrease in vaccine 
efficacy (WHO 2023a). Furthermore, none of the sites identified as 
being under positive selective pressure in the clade suffered mod-
ification compared to the vaccine strain. This finding is consistent 
with integrated hemagglutination inhibition data and molecular 
evolution analyses of the HA segment, which suggest effective 
coverage against recent V1A.3a.2 strains by the current vaccine 
strain B/Austria/1359417/2021 (WHO 2021b, 2022b, 2023b, Hud-
dleston et al. 2024).

The analysis of viral alternation patterns revealed in this study 
provides a detailed insight into the circulation of influenza viruses 
in Brazil. This dynamic closely aligns with the epidemiological 
data provided by the Brazilian Ministry of Health for the speci-
fied period (BRASIL 2022, 2023b). A similar trend of low A/H3N2 
HA sequence counts and an increase of both A/H1N1pdm09 
and B/Victoria circulation were observed across different global 
regions throughout 2022, including Europe, North America, and 
Oceania (Chen et al. 2022, WHO 2022b, ECDC 2023a). Further-
more, between February and September 2023, a notable increase 
in the detection of the B/Victoria virus, from 5.8% to approximately 
one-third of globally detected viruses, was observed (WHO 2023a, 
2023b).

Based on the data regarding the circulation of influenza, 
we determined distinct patterns of circulation across Brazilian 
regions. This can be explained by the continental size of the 
country, which encompasses different climatic zones and demo-
graphics. In fact, it has been observed that countries in tropical 
and subtropical zones can display influenza multiple peaks and 
sustained activity, often correlating with the rainy season (Moura 
2010, Tamerius et al. 2013). Factors such as climate, location, 
and road infrastructure likely influence influenza seasonality and 
spread dynamics (Almeida et al. 2018). Notably, these factors 
contribute to the distinct circulation patterns observed in dif-
ferent regions, emphasizing the need for tailored surveillance 
and vaccination strategies to effectively manage influenza out-
breaks nationwide. Additionally, the Brazilian Ministry of Health’s 
decision to schedule vaccination campaigns based on regional cli-
mate variations (BRASIL 2024) further underscores the importance 
of such considerations in public health planning and response 
efforts.

In summary, our investigation unveiled significant findings, 
including the detection of clades exhibiting mutations suggestive 
of antigenic drift, heightened diversity within the A/H3N2 sub-
type, and distinct distribution patterns across different regions 
of Brazil. This research highlighted the critical importance of 
monitoring and understanding the molecular epidemiology of 
influenza viruses. Such insights are instrumental in guiding 

https://nextstrain.org/flu/seasonal/vic/ha/2y


Comprehensive molecular epidemiology of influenza viruses in Brazil: Insights from a Nationwide Analysis  15

public health agencies to implement effective measures for mit-
igating transmission risks and controlling outbreaks. Further-
more, the knowledge gained from this study can contribute 
to the development of vaccine strategies for a continental
country.
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