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1. Introduction

The severe acute respiratory syndrome caused by SARS-
CoV-2 spread exponentially throughout the world, and 
the coronavirus disease 2019 (COVID-19) was declared 
a global pandemic on 11 March 2020. According to the 

World Health Organization, COVID-19 caused more 
than 6.9 million deaths worldwide until September 21, 
2023 (WHO, 2024), with Brazil accounting for 10% of 
these fatalities.
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Resumo
A disseminação global do SARS-CoV-2 desencadeou a pandemia de COVID-19, resultando em um número significativo 
de mortes. Variantes como B.1.1.7, B.1.351, P.1 e BA.1, caracterizadas por mutações na proteína spike, surgiram devido à 
pressão imunológica e à falta de mecanismos de reparo. Essas alterações amplificaram a infectividade, aumentando as 
chances de reinfecção. Incluímos, retrospectivamente, pacientes com dois testes positivos para SARS-CoV-2, detectados 
por reação em cadeia da polimerase com transcrição reversa em tempo real, com intervalo de 90 dias ou mais, entre 
01 de março de 2020 e 30 de abril de 2022. O sequenciamento do genoma completo do SARS-CoV-2 foi realizado para 
ambas as infecções, e as variantes foram identificadas utilizando o banco de dados Phylogenetic Assignment of Named 
Global Outbreak Lineages (Pangolin). Este estudo identificou um total de 254 casos de reinfecções, com 50,8% dos 
casos causados pelas variantes P.1 e BA.1. Comparado ao cenário estadual, uma menor detecção da variante B.1.617.2 foi 
observada, destacando a importância da vacinação em massa na cidade de Botucatu, Brasil. No entanto, a maioria das 
segundas infecções (98,8%) foi identificada durante a onda da BA.1, evidenciando o efeito dos mecanismos adaptativos 
virais na dinâmica de infecção, mesmo em uma população vacinada. Em conjunto, nossos resultados enfatizam a 
importância do monitoramento constante e da manutenção das estratégias de prevenção e controle da COVID-19.
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that exhibited the same strain in genomic sequencing in 
the first and second samples were excluded.

This study was approved by the Institutional Ethics 
Committee of the Faculty of Medicine of Botucatu (FMB) 
(Process CAAE: 57919122.9.0000.5411).

2.2. Real-Time RT-qPCR for SARS-CoV-2 detection

Specimens of nasopharyngeal and oropharyngeal swabs 
collected from patients were suspended in tubes containing 
0.9% saline media and transported to the Laboratory of 
Applied Biotechnology. After vortexing, 250 µL were 
portioned for diagnostic purposes, while 1.5 mL were set 
aside as a backup. The RNA extraction was performed 
utilizing a magnetic bead-based solid-phase reversible 
immobilization method using an automated platform 
(Extract 96, Loc-cus, Brazil).

RT-qPCR assays were performed using the GeneFinderTM 
COVID-19 Fast RealAmp kit (Osang HealthCare, Republic 
of Korea). The CFX96 Touch Real-Time Detection System 
(BioRad, Hercules, California, USA) and the Applied 
BiosystemsTM 7500 Real-Time PCR System (Thermo 
Fisher Scientific, Waltham, MA, USA) were used for 
amplification and detection of SARS-CoV-2. The RT-qPCR 
cycling conditions used on the CFX96 Touch Real-Time 
Detection System were 5 minutes at 50 °C; 20 seconds at 
95 °C; and 45 cycles of 95 °C for 1 second and 58 °C for 
5 seconds. The following amplification conditions were 
performed on the Applied BiosystemsTM 7500 Real-Time 
PCR System: 50 °C for 20 minutes; 95 °C for 5 minutes; and 
45 cycles of 95 °C for 15 seconds and 58 °C for 1 minute.

The assay for detection of SARS-CoV-2 targeted three 
viral genes: envelope gene (E gene), nucleocapsid protein 
gene (N gene), and RNA-dependent RNA polymerase (RdRp 
gene). We considered a sample positive for SARS-Cov-2 if 
amplification was detected with a Ct value <40 for at least 
two viral genes. Additionally, the RNaseP gene was used as 
an internal control, considering eligible for analysis, samples 
with a Ct value <35. All test and other analysis procedures 
were performed following the manufacturer’s instructions.

2.3. SARS-CoV-2 whole genome sequencing

2.3.1. Ion AmpliSeq™ SARS CoV 2 Insight Research Assay

The viral RNA was reverse transcribed using the Ion 
Torrent™ NGS Reverse Transcription kit following the 
manufacturer’s instructions. The RT reaction was performed 
using the T100 BioRad termocycler (BioRad, Hercules, 
California, USA) at 25 °C for 10 minutes, followed by 50 °C 
for 10 minutes and 85 °C for 5 minutes.

Sequencing libraries were prepared using the Ion 
AmpliSeqTM Library Kit Plus and the Ion AmpliSeq 
SARS-Cov-2 Insight Research Panel according to the 
manufacturer’s instructions. The panel consists of two 
primer pools with amplicons ranging from 125 bp to 
275 bp in length, covering 99% of the SARS-CoV-2 genome, 
allowing identification of all variants (Thermo Fisher 
Scientific, 2023).

The DNA target amplification reaction was prepared 
using 4.5 µL of 5X Ion AmpliSeq™ HiFi Mix, 10 µL of cDNA, 
and 3.5 µL of nuclease-free water. For each sample, two 

The lack of a viral genetic repair mechanism and the 
evolutionary pressure exerted by host immune cell defense 
mechanisms (Volz et al., 2021) are part of the processes 
involved in the emergence of the new variants of SARS-
CoV-2 (The Lancet, 2021; Zhao et al., 2022). Mutations in 
these variants have been described mainly in the S protein 
(Chen et al., 2020; The Lancet, 2021), a structural protein 
that mediates infection of host cells (The Lancet, 2021; 
Volz et al., 2021; Zhao et al., 2022). S protein S1 subunit 
contains a receptor-binding domain (RBD) that binds to 
the angiotensin-converting enzyme 2 (ACE2) receptor on 
the surface of human cells. The S2 subunit facilitates the 
fusion of the virus membrane with the host(Benetti et al., 
2020; Letko et al., 2020; Zhou et al., 2021).

The continuous emergence of new variants is directly 
implicated in the spread of infection and in an increase in 
cases of COVID-19 reinfection (He et al., 2021).

The confirmation of SARS-CoV-2 reinfection requires 
a combination of diagnostic and genomic techniques 
(Yahav et al., 2021). Two positive polymerase chain reaction 
(PCR) tests with cycle threshold (Ct) values lower than 35 
provide initial evidence of reinfection. The European Centre 
for Disease Prevention and Control (ECDC) advocates for 
a symptom-free interval between episodes along with a 
negative test and suggested Whole Genome Sequencing 
(WGS) to provide definitive confirmation by demonstrating 
that the two infections were caused by distinct viral strains 
(ECDC, 2020).Whereas the Centers for Disease Control and 
Prevention (CDC) suggests a minimum interval of 90 days 
between infections to substantiate the confirmation of 
SARS-CoV-2 reinfection (ECDC, 2020; CDC, 2019).

Currently, only a limited number of studies in Brazil 
have performed whole SARS-CoV-2 genome sequence for 
assessing possible reinfection cases (Santos et al., 2021; 
Penetra et al., 2023). In this context, we aimed in this study 
to investigate reinfection cases in the region of Botucatu, 
state of Sao Paulo by a next generation sequencing (NGS) 
methodology. Moreover, a phylogenetic analysis allowed 
us to compare the SARS-CoV-2 variants identified in our 
study to that reported for the state context. The study 
analyzed 68,613 positive cases of SARS-CoV-2, identifying 
429 possible reinfections, and subsequently confirming 
254 reinfection cases, with the P.1 variant identified as 
the cause of the initial infection and the BA.1 variant as 
the cause of the subsequent reinfection.

2. Materials and Methods

2.1. Eligibility criteria

The study encompassed retrospective samples obtained 
from residents of 11 cities within the Botucatu region. 
These samples were tested for SARS-CoV-2 between March 
1, 2020, and April 30, 2022, at the Laboratory of Applied 
Biotechnology, Clinical Hospital of Botucatu Medical School 
(HCFMB) in Botucatu, Brazil.

The inclusion criteria involved individuals with two 
positive tests for SARS-Cov-2 infection detected by real-time 
reverse transcription polymerase chain reaction (RT-qPCR) 
assay and collected at an interval of ≥ 90 days. Samples 
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separated reactions were performed containing 8 µL of 
the previous described mastermix and 2 µL of the 5X Ion 
AmpliSeq™ Primer Pool 1 or 5X Ion AmpliSeq™ Primer 
Pool 2. Thermal cycling was carried out under the following 
conditions: 98 °C for 2 minutes, and 20 cycles at 98 °C for 
15 seconds and 60 °C for 4 minutes.

After amplification of target regions, the two sets of 
amplification reactions were combined and partially 
digested with 2 µL of FuPa Reagent at 50 °C for 10 minutes, 
55 °C for 10 minutes and 60 °C for 20 minutes.

Adapters were ligated to the amplified products using 
4 µL of Switch Solution, 2 µL of diluted Ion Xpress™ Barcode 
and 2 µL of DNA Ligase. The samples were incubated at 
22 °C for 30 minutes, 68 °C for 5 minutes, and 72 °C for 5 
minutes. After barcoding, sets of 8 samples were pooled 
for the next steps.

The purification of the pooled unamplified libraries 
was performed using Agencourt™ AMPure™ XPReagent 
(Beckman Coulter).

Each pool of 8 samples was quantified by real time 
PCR using the Ion Library TaqMan™ Quantitation Kit. The 
pooled samples were diluted to 1:1000 and 1:10000 and 
a set of four serial dilutions was prepared for the control 
library (Escherichia coli DH10B). The reaction mixture 
was prepared using 5 μL of 2X Ion Library qPCR Master 
Mix, 0.5μL of Ion Library TaqMan™ Quantitation Assay 
20X, and 4.5 μL of each pooled sample or library control. 
Real-time PCR quantification was performed using the 
QuantStudioTM3 Real-Time PCR System (ThermoFisher, 
Waltham, MA, USA) under the following conditions: 50 °C 
for 2 minutes, 95 °C for 2 minutes, and 40 cycles of 95 °C 
for 15 seconds and 60 °C for 1 minute.

After quantification, each pool was diluted and 
combined to achieve a 30 pM or a 50 pM solution, for use 
with the Ion 530™ Chip or Ion 540™ Chip, respectively.

Clonal amplification by emulsion PCR was performed 
on the Ion Torrent Ion Chef System. We used either the Ion 
530 Chip or the Ion 540 Chip, depending on the number 
of samples available per run. Whole genome sequencing 
was performed using the IonGeneStudio™ S5 System.

2.3.2. Illumina COVIDSeq test

Thirteen samples were processed in accordance with 
the manufacturer’s instructions for Illumina COVIDSeq.

The viral RNA underwent annealing using random 
hexamers to facilitate cDNA synthesis, employing 8.5 µL 
of Elution Prime Fragment 3HC Mix HT according to the 
manufacturer’s guidelines. The reverse transcription (RT) 
process was conducted using the T100 BioRad thermocycler 
(BioRad, Hercules, California, USA) at 65 °C for 3 minutes, 
followed by a hold at 4 °C.

The synthesis of cDNA was executed using 9 µL of First 
Strand Mix H and 1 µL of Reverse Transcriptase HT for each 
sample. The RT reaction was carried out in a thermocycler 
at 25 °C for 5 minutes, followed by 50 °C for 10 minutes 
and 85 °C for 5 minutes.

The amplification of the DNA target involved preparing 
a reaction mixture comprising 15 µL of Illumina PCR Mix 
HT, 3.5 µL of nuclease-free water, and 4.3 µL of either 
COVIDSeq Primer Pool 1 HT or COVIDSeq Primer Pool 2 HT. 

Two separate reactions were conducted for each sample, 
each containing 20 µL of the master mix along with either 
COVIDSeq Primer Pool 1 HT or COVIDSeq Primer Pool 2 HT, 
and 5 µL of cDNA. Thermal cycling was carried out under 
the following conditions: 98 °C for 3 minutes, followed by 
35 cycles at 98 °C for 15 seconds and 63 °C for 5 minutes.

Following the amplification of target regions, 10 µL 
from both reactions were combined with 30 µL of a master 
mix comprising 4 µL of Enrichment BLT HT, 12 µL of 
Tagmentation Buffer 1 H, and 20 µL of Nuclease-free water. 
Cycling was conducted at 55 °C for 5 minutes.

The purification of adapter-tagged amplicons was 
performed using of Stop Tagment Buffer 2 HT as per the 
manufacturer’s guidelines.

The Amplify Tagmented Amplicons step proceeded 
using 10 µl index adapters and 40 µL of the master mix 
composed of 24 µL Enhanced PCR Mix H and 24 µL of 
nuclease-free water. The samples were incubated at 72 °C 
for 3 minutes, 98 °C for 3 minutes, 7 cycles of 98 °C for 20 
seconds, 60 °C for 30 seconds and 72 °C for 1 minute, and 
finally 72 °C for 3 minutes.

After amplification, sets of 8 samples were combined 
into pools for subsequent steps. Then, 55 µL from each pool 
was transferred into a 1.5 ml tube along with 396 µL of 
Illumina Tune Beads. The libraries were then purified using 
freshly prepared 80% ethanol following the instructions 
outlined in the manual (Illumina, 2023).

The libraries were quantified using 2 µl library pool 
into a Qubit dsDNA HS Assay kit, and normalized at 4 nM 
using Resuspension Buffer HT.

After normalized, the library was denatured with 
NaOH (0.2N) and normalized at 7 pM. Whole genome 
sequencing was performed using the flow cell V2 in a 
MiSeq equipment.

2.4. Variants identification

The FASTQ files obtained were imported into Phylogenetic 
Assignment of Named Global Outbreak Lineages (Pangolin) 
database online: this tool allows tracking the transmission 
and spread of SARS-CoV-2 identifying variants by sequence 
data analyses (Rambaut et al., 2020a). This database aligns 
the query sequences against the reference SARS-CoV-2 
sequence. Then, using minimap2(Li, 2018), the tool creates 
a sequence alignment and generates a FASTA file with 
gofasta (Jackson, 2022) that contains non-coding regions 
masked with N’s. This file was streamlined into unique 
sequences using the hash system and processed through 
the designation cache to identify a designated lineage in the 
Pangolin database. A sequence QC check was performed, 
which reported the percentage of ambiguities in sequences. 
Scorpio (Cov-Lineages, 2023) analyzed variants defined by 
the constellation of the Cov lineage. The output of all steps 
is compiled into a report CSV file. Then, the interference 
pipelines passed by either pangoLEARN or UShER and 
processed into a standardized format. The conclusive 
report comprised variant pipelines.

For phylogenetic inference, redundancies among all 
sequences were excluded using the CDHit (Fu et al., 2012) 
(-c 0.99, -M 0, -AS, -AL): -c is sequence identity threshold, 
-M is use max available memory, -AS is alignment coverage 
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control for the shorter sequence, and -AL is alignment 
coverage control for the longer sequence.The 82 remaining 
sequences including the Wuhan sequence (hCoV19/Wuhan/
WIV04/2019|EPI_ISL_402124) were aligned using the offline 
Clustal Omega (v.1.2.2) implemented in Seaview (Gouy et al., 
2010). The misaligned portions were trimmed using the 
TrimAI on XSEDe implemented in the CIPRES Science 
Gateway(Miller et al., 2010). Some gaps were manualy 
excluded using the Geneious (v.2023.2.1) software. The 
best evolutionary model was inferred using the Jmodel test 
(Posada, 2008) 7 substitution schemes, I+F+G, 4 categories, 
base tree for likelihood calculation = ML optimized, base tree 
search = best). We also performed the BIC result analysis 
(default) in the Jmodel test. The phylogenetic tree was 
inferred using the PhyML (with aLRT branch support, GTR+I 
evolutionary model, with I=0.9170, best of NNI and SPR, and 
BioNJ starting tree) implemented in the Seaview(Gouy et al., 
2021). The tree was visualized and edited using the FigTree 
software. The Wuhan sequence was used as an outgroup.

Epidemiological data on COVID-19 infections in the State 
of São Paulo were collected from the Genomic Network 
Fiocruz Dashboard (FIOCRUZ, 2023) from March 1, 2020, 
to April 30, 2022.

Comparative analysis with SARS-CoV-2 variants in 
circulation in the State of São Paulo from March 1, 2020 to 
April 30, 2022 was performed accessing FioCruz´s Genomic 
Network (FIOCRUZ, 2023).

2.5. Reinfection criteria

The study implemented rigorous reinfection criteria that 
aligned with both the European CDC and the CDC guidelines. 
Only samples exhibiting an interval of at least 90 days between 
positive SARS-CoV-2 diagnoses acquired by RT-qPCR assays 
were considered. Subsequently, a comprehensive analysis 
of complete virus sequencing by NGS was conducted to 
corroborate genetic differentiation in infected patients.

3. Results

3.1. Reinfection cases

We identified 254 cases of reinfections by SARS-
CoV-2 in patients from the region of Botucatu, São Paulo 
State, Brazil. P.1 and BA.1 lineages were prevalent in the 
first and second infections, respectively, with 129 and 
252 cases (Table 1). Most first infections occur between 
2020 and 2021 (99.61%), while most of second infections 
occurred at 2022 (99.61%).

In the first infection episode, the most prevalent variants 
were P.2 and P.1, with 24.02% (61 cases) and 50.79% (129 
cases), respectively (Figure  1). Only B.1.1, P.1, and BA.1 
were identified in the second infection, in which BA.1 was 
ranked as the most prevalent variant (98.82%, accounting 
for 252 cases) (Figure 2).

3.2. Phylogenetic analysis of SARS-CoV-2 variants

Phylogenetic tree analysis grouped all variants in single 
well supported branches, being the variants B.1.1 and P2 the 
only exceptions. The variants BA.2, BA.1 and B.1.1.7 formed 

Table 1.Variants involved in reinfection cases by SARS-CoV-2 at 
Botucatu, Sao Paulo State, Brazil.

Second infection

First infection B.1.1 P.1 BA.1

B.1.1 0 1 29

B.1.1.28 0 0 10

B.1.1.33 0 0 2

P.2 1 0 60

B.1.1.7 0 0 10

B.1.617.2 0 0 6

P.1 0 0 129

BA.1 0 1 0

Others 0 0 5

Figure  1. Temporal distribution of SARS-CoV-2 lineages in first 
infection.

Figure 2.Temporal distribution of SARS-CoV-2 lineages in second 
infection.

a very well supported clade. Some P.2 and B.1.1 variants 
were dispersed in different clades (see the right-side arrows 
in Figure 3), although P.2 variants form a large clade. In 
this case, the P.2 sequence 14017 is a sister group of B.1.1, 
whereas the sequence 10540 B.1.1 variant is a sister group 
of B.1.1.28 variants (Figure 3).
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For statistical analysis, all subvariants of BA.1 and 
BA.2 (clustered yellow and purple) was clustered into 
BA.1 lineage, B.1.1.7 variants (clustered orange) into B.1.1.7 
lineage, P.1. variants (clustered light blue) into P.1 lineage, 
B.1.1 variants (clustered dark blue) into B.1.1 lineage, B.1.1.28 
variants (clustered cyan blue) into B.1.1.28 lineage, P.2. 
variants (clustered green) into P.2 lineage (Figure 3). The 
other variants were grouped according to the Fiocruz´s 
Genomic Network (Table 2).

According to Fiocruz´s Genomic Network, from March 
1, 2020 to April 30, 2022 the most prevalent variants in the 
State of São Paulo were P.1 (40.78%), B.1.617.2 (30.60%) e 
BA.1 (22.96%) (Figure 4). In the same period, we observed 
an elevated incidence of P.1 (25.79%) and BA.1 (49.61%) 
variants. Notably, a lower prevalence (1.18%) of B.1.617.2 was 
observed in this study.

4. Discussion and Conclusions

We confirmed 254 SARS-CoV-2 reinfection cases in 
the region of Botucatu, São Paulo State, Brazil, by whole 
genome sequencing using next generation sequencing 
technology. Furthermore, the clustering of SARS-CoV-2 
variants by a phylogenetic analysis allowed us to compare 
our data with the epidemiological profile of circulating 
variants in the Sao Paulo State.

The BA.2 and BA.1 sub-lineages of the Omicron variant 
share 38 mutations, with the majority (27) located in the 
spike receptor-binding domain (RBD) (COV-LINEAGES, 
2021), accounting for the observed phylogenetic closeness. 
Furthermore, both variants, along with B.1.1.7, exhibit 
mutations N501Y and P681H, which contribute to the 
clustering evident in the phylogenetic tree (Rambaut et al., 
2020b; COV-LINEAGES, 2021).

The dispersion of the P.2 variant in various clades can be 
attributed to its lineage traced back to the ancestral B.1.1.28 

Figure 3. Cladogram inferred by maximum likelihood. The aLRT 
(approximate likelihood-ration test) was inferred as the branch 
support. The names of variants are depicted surrounding the 
cladogram. The arrows evidenced well supported branches that 
group different variants.

Figure 4. Temporal distribution of SARS-CoV-2 lineages in State 
of São Paulo. Source: Adapted from Fiocruz Genomic Network.

Table 2. Phylogenetic classification of variants identified in 
reinfection cases.

Variants Lineage

B.1.1.7 B.1.1.7

B.1.1 B.1.1

B.1.1.28 B.1.1.28

B.1.1.33 B.1.1.33

AY.99.2 B.1.617.2

B.1.617.2 B.1.617.2

P.1 P.1

P.1.2 P.1

P.1.7 P.1

P.1.14 P.1

BA.1.1 BA.1

BA.1.14 BA.1

BA.1.14.1 BA.1

BA.1.14.2 BA.1

BA.1.15 BA.1

BA.1.9 BA.1

BA.2 BA.1

BA.2.9 BA.1

B.1 Others

B.1.1.376 Others

N.9 Others

P.2 P.2

strain(Lamarca et al., 2021), which was the precursor to 
the B.1 lineage (Hill et al., 2022).

The global spread of SARS-CoV-2 has been marked by 
successive waves driven by dominant variants. The first surge, 
between late 2020 and early 2021, was largely attributed 
to the B.1.1.7 and B.1.351 variants, leading to a sharp rise 
in infections and deaths. In the following months, the P.1 
variant caused another peak, particularly in April and May 
2021. By August 2021, the highly transmissible B. 1.617. 2 
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variant fueled a new wave of cases and fatalities. Later, in 
December 2021 and January 2022, the Omicron variant led 
to an unprecedented spike in global infections due to its high 
transmissibility and ability to evade immune responses. In 
March 2022, the BA.2 subvariant quickly overtook BA.1 as 
the predominant strain, followed by BA.4 and BA.5, which 
became dominant around July 2022, further shaping the 
course of the pandemic (Chen et al., 2023; Thakur et al., 2022)

Similarly, during the study period, Brazil experienced 
three distinct SARS-CoV-2 waves.

The first between February 2020 to November 2020 
with the presence of multiple variants, the second between 
December 2020 to December 2021 with P.2 and P.1 co-
dominance, and finally the third in early 2022 with the 
prevalence of Omicron (Alcantara et al., 2022; Martins-
Filho et al., 2022).

The P.1 variant was first detected in northern Brazil 
at the end of 2020 and quickly spread throughout the 
country (Banho et al., 2022; Spira, 2022), peaking in the 
Botucatu-SP region in June 2021. It has 10 non-synonymous 
mutations in the S protein, having important mutations 
in the spike RBD: K417T, N501Y and E484K (Naveca et al., 
2021; Zimerman  et  al., 2022). The E484K mutation is 
associated with escape from neutralizing antibodies, 
increasing the possibility of reinfection (Nelson  et  al., 
2021; Faria  et  al., 2021; Zimerman  et  al., 2022), while 
the N501Y mutation increased binding specific and rapid 
lineage growth (Faria et al., 2021; Zimerman et al., 2022). 
The K417T mutation can diminish the activity of some 
monoclonal antibodies (Zimerman et al., 2022). All these 
characteristics resulted in a more infectious variant with 
immune escape mechanisms. This accounts for the majority 
of the first infections observed in this study.

An increased number of second infections was observed 
during the outbreak of SARS-CoV-2 BA.1 variant that 
occurred mostly in the beginning of 2022. In the same 
period, 99.33% of all sequences deposited from the Sao 
Paulo State were attributed to the BA.1 variant. Both 
occurrences can be explained by the fact that the BA.1 
lineage is the variant with the largest number of mutation 
sites among the SARS-CoV-2 variants characterized to date 
(CoVariantes, 2023). This variant has 30 substitutions, 3 
deletions, and 1 insertion in the S protein (Naveca et al., 
2023), leading to a greater improvement in transmission 
and immune evasion mechanisms. For instance, the Q498R 
mutation enhances the binding affinity of the S-protein to 
ACE2, and E484A is associated with immune escape due 
to the fact that this residue affects the antibody binding 
(Naveca et al., 2023; Nelson et al., 2021). This supports the 
increased occurrence of reinfections with this variant, even 
in 3 doses of spike-based vaccinated people.

It is noteworthy that, according to the eligibility criteria 
established for cases of SARS-CoV-2 reinfection adopted 
by this study, instances involving the BA.1 variant as the 
initial strain of infection may not have been detected. The 
Botucatu city, in the interior of Sao Paulo State, Brazil, was 
selected to participate in a large-scale study to monitor the 
safety of the ChAdOx1-nCoV19 vaccine. This vaccine was 
developed by the University of Oxford and AstraZeneca, 
produced and distributed in Brazil by the Oswaldo Cruz 
Foundation (FioCruz). The mass vaccination coverage of the 

eligible adult population was 84.2% and 80.2% for the first and 
second doses, respectively. The two doses were administered 
between May 16, 2021 and the beginning of September 
2021 (Clemens et al., 2022). A total of 77.683 adults were 
vaccinated and 151.734 doses administrated. In Botucatu, 
the population between 18 and 60 years of age, except for 
healthcare workers and high-risk individuals, received the 
ChAdOx1-nCoV19 vaccine exclusively (Costa Clemens et al., 
2022) .The discrepancy observed in the detection of the 
B.1.617.2 variant between our study and the state of Sao 
Paulo can be attributed to the substantial reduction in cases 
following the second dose of ChAdOx1-nCoV19 vaccine. Only 
six cases, related to cases of reinfection, were detected in 
Botucatu during the period immediately after the second 
dose of the vaccine, highlighting the potential protective 
effect of vaccination against some variants.

However, the reinfection profile found here corroborates 
the concerns surrounding immune evasion by variants, 
particularly BA.1, which exhibits a distinct mutational 
pattern. The ability of the BA.1 variant to partially evade 
previously acquired immunity underscores the imperative 
for constant surveillance. This further emphasizes the 
importance of continually adapting COVID-19 prevention 
and control strategies.
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