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ARTICLE INFO ABSTRACT

Keywords: Brazil’s COVID-19 response has faced challenges due to the continuous emergence of variants of concern (VOCs),
SARS-Cov-2 emphasizing the need for ongoing genomic surveillance and retrospective analyses of past epidemic waves to
Brazil

reassess and fine tune containment protocols. Rio Grande do Sul (RS), Brazil’s southernmost state, has inter-
national borders and trades with Argentina and Uruguay, along with significant domestic connections within
Brazil. The identification of source and sink transmission chains at national and international scales can identify
main hubs and pathways to target future interventions. In this study we investigated the RS state role in the
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national and international SARS-CoV-2 transmission chains, which has not been fully explored. Nasopharyngeal
samples from various municipalities in RS were collected between June 2020 and July 2022. SARS-CoV-2 whole
genome amplification and sequencing were performed using high-throughput Illumina sequencing. Bioinfor-
matics analysis encompassed the development of scripts and tools to perform subsampling taking into account
epidemiological information to reduce sequencing disparities bias among the regions/countries, genome as-
sembly, and large-scale alignment and phylogenetic reconstruction. We sequenced a total of 1,480 SARS-CoV-2
genomes from RS, covering all major regions. Sequences predominantly represented Gamma (April-June 2021)
and Omicron (January-July 2022) lineages. Phylogenetic analysis revealed a regional pattern for transmission
dynamics, particularly with Southeast Brazil for Gamma, and a range of inter-regional connections for Delta and
Omicron within the country. On the other hand, international and cross-border transmission with Argentina and
Uruguay was rather limited. We evaluated the three VOCs circulation over two years in RS using a new sub-
sampling strategy based on the number of cases in each state during the circulation of each VOC. In summary, the
retrospective analysis of genomic surveillance data demonstrated that virus transmission was less intense be-
tween country borders than within the country. These findings suggest that while non-pharmacological in-
terventions were effective to mitigate transmission across international RS land borders, they were insufficient to

contain transmission at the domestic level.

1. Introduction

The first cases of effective human-to-human transmission of SARS-
CoV-2 were identified in Wuhan, China, in December 2019 (WHO Di-
rector, 2020). Since then, this virus has spread globally culminating in a
pandemic declared on 11th March 2020 (WHO, 2020). As of February
2024, there have been 676 million global cases and more than 6.8
million deaths (COVID-19 Map) and Brazil registered more than 37
million cases and almost 700 thousand deaths in the same period
(COVID-19 Map). These figures are a consequence of the high trans-
missibility of air-born pathogens such as the SARS-CoV-2 through
symptomatic and asymptomatic patients and continuous adaptations to
the new human host (Harrison et al., 2020; Hu et al., 2020; Yanes-Lane
et al., 2020). The rapid evolution of the SARS-CoV-2 under changing
evolutionary pressures associated with millions of infected patients
(COVID-19 Map) has resulted in the emergence and spread of more
transmissible and/or immunological evasive SARS-CoV-2 lineages
around the globe that are dynamically classified as Variants of Interest
(VOIs) and Variants of Concern (VOCs) (CDC, 2020).

Besides the development of different vaccine technologies (COVID19
Vaccine Tracker) and the success of vaccine campaigns across the world,
which lead to a decrease in severe disease and hospitalizations (Anand
and Stahel, 2021; Mohammed et al., 2022; Thompson Mark G. et al.,
2021), the SARS-CoV-2 is still circulating and evolving into new line-
ages. These new lineages carry specific sets of immune escape mutations
allowing the reinfection of previously infected or vaccinated hosts (Ai
et al., 2022; Dejnirattisai et al., 2021; Hoffmann et al., 2021). Since the
start of the pandemic, five major VOCs encompassing several lineages
have originated and spread across the globe. The first VOC identified
was the Alpha lineage in September 2020 (Hill et al., 2022) followed by
Beta in October 2020 (Tegally et al., 2021), Gamma in November 2020
(Naveca et al., 2021), Delta in October but spread globally in May 2021
(McCrone et al., 2022), and Omicron in November 2021 (Viana et al.,
2022), which is the single VOC circulating nowadays, and now consid-
ered as a VOI (Tracking SARS-CoV-2 variants), with several sublineages
co-circulating (Tracking SARS-CoV-2 variants).

Knowledge about the spreading of different SARS-CoV-2 lineages is
only possible due to the efforts of genomic surveillance, an effort carried
out by thousands of research groups across the globe (Brito et al., 2022;
Robishaw et al., 2021). In Brazil, due to its large geographic territory,
several groups have been characterizing the emergence and spreading of
different SARS-CoV-2 lineages across the country (Arantes et al., 2022;
Faria et al., 2021; Giovanetti et al., 2022a, 2022b; Naveca et al., 2021;
Nonaka et al., 2021). Besides the efforts to perform genomic surveillance
studies in Brazil, the majority of Brazilian studies focus on the Southeast
region - the most populous region, and with the major number of cases -
(Giovanetti et al., 2022b). Studies focusing on Rio Grande do Sul state
were carried out at the beginning of the pandemic (Francisco Jr et al.,

2021; Martins et al., 2021; Mayer et al., 2023) or focused on specific
cities (Franceschi et al., 2021b, 2021a). Herein, we aimed to charac-
terize the circulation of SARS-CoV-2 lineages during the first two and a
half years of the pandemic (up to July 2022) across Rio Grande do Sul
state and comparatively evaluate the rate of within (Rio Grande do Sul
and other Brazilian states) and between countries (Argentina and
Uruguay) transmission.

In order to address these questions we sequenced 1480 SARS-CoV-2
genomes from samples collected from June 2020 to July 2022. The ge-
nomes represent several lineages from Gamma, Delta, and Omicron
VOCs as well as non-VOI and non-VOC lineages. Moreover, the samples
cover 185 cities across the Rio Grande do Sul being the most spatio-
temporal comprehensive dataset analyzed from the state so far. Our
results highlight that non-pharmacological interventions were effective
in controlling inter country transmission by land borders but not suffi-
cient to restrict within country transmission. These findings are of
particular importance to prioritize non-pharmacological interventions
at the interstate and national level during the following SARS-CoV-2
waves.

2. Material and methods

Nasal and oropharyngeal specimens, previously identified as positive
for SARS-CoV-2, were obtained from the Universidade Federal de Santa
Maria main campus, the Palmeira das Missoes Campus and the samples
forwarded to LACEN-RS from across the state representing 185 Rio
Grande do Sul municipalities mainly covering the Central and Northwest
regions. The data was accessed for research purposes from 23 June 2020
to 7 July 2022. Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR) assays were conducted utilizing the Biomol One-
Step Covid-19 Kit (IBMP, Parand, BR) and the Molecular SARS-CoV-2 Kit
(Bio-manguinhos, Rio de Janeiro, RJ, BR), strictly adhering to the
specifications provided by the manufacturers. Specimens exhibiting a
Cycle Threshold (Ct) value below 25 were subsequently subjected to
amplification and sequencing, as delineated in (Itokawa et al., 2020;
Quick, 2020).

2.1. Viral genetic material sequencing

For this study, two distinct methodologies were employed to syn-
thesize complementary DNA (cDNA) and to amplify the SARS-CoV-2
genome. These included: the short amplicon approach based on the
ARTIC protocol (accessible at https://github.com/artic-network/artic
-ncov2019) (Quick, 2020); and the incorporation of three sets of
primers within the COVIDSeq protocol, following Naveca, et al. (2021).
After the generation of genome-wide amplicons, samples were processed
for sequencing employing either the Illumina DNA Prep (Illumina, San
Diego, CA, USA) or the COVIDSeq (Illumina, San Diego, CA, USA)
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library preparation protocols, following the guidelines provided by the
manufacturer. The sequencing process was executed using the Illumina
MiSeq system, specifically employing the MiSeq Reagent Kit V3 for a
paired-end 150 cycles flow cell. Ethical clearance for this study was
granted by CEP UFSM under the authorization number 52,939,
821.5.0000.5346 and 47,588,621.7.1001.5346 and by CEP from Escola
de Satde Publica/SES-RS under the authorization number CAAE: 67,
181,123.1.0000.5312.

2.2. Genome assembly

In this study, we used the ViralFlow v0.0.6 workflow (Dezordi et al.,
2022). This workflow was designed for efficient and accurate assembly
of viral genomes. Briefly, raw sequence data were quality filtered to
remove reads (—cut front —cut tail —qualified quality phred 20 -1 35 -f 35 -t
35 -F 35 -T 35) with fastp tool (Chen et al., 2018). Subsequently, the
cleaned reads were mapped with BWA (Li and Durbin, 2009) against the
Wuhan SARS-CoV-2 genome (NC_045512.2). The consensus genomes
were generated with the iVar tool (Grubaugh et al., 2019), where a base
is called to the consensus when it reaches at least 5x of coverage depth;
on multi-allele loci, alleles with higher frequency (VAF > 0.51) are
considered for the consensus genome. The assembly metrics and
SARS-CoV-2 lineages are defined using bamdst (shiquan, 2024) and
pangolin (O’ Toole et al., 2021), respectively, both present in the Viral-
Flow workflow. All samples with 70 % or more of coverage breadth are
included in the initial phylogenetic analysis with MAPLE v0.3.1 (De
Maio et al., 2023) to detect if the lack of sequencing regions results in
long branches on phylogenetic trees.

2.3. Recombinant screening

To analyze recombination, samples we screened in the web platform
RIVET (Smith et al., 2023) looking for recombinant or descendent of
recombinant samples related to the data produced in this work.

2.4. Subsampling strategy

In light of the extensive dataset of SARS-CoV-2 genomes available in
the GISAID-EpiCoV database (Khare et al., 2021), which encompasses
millions of genomes globally (15,271,031 genomes in the collection date
of this study), including hundreds of thousands from Brazil (214,213
genomes), it became imperative to utilize a systematic subsampling
strategy informed by epidemiological data. To facilitate this, we devel-
oped an in-house R (https://www.r-project.org/) script, named explore.
R (see Data Availability for details), to determine the appropriate
number of genomes to subsample across various Brazilian regions for
Gamma, Delta, and Omicron. This script harnesses data accessed for
research purpose from both the EpiCoV database and covid19.org.br,
collected on February 6, 2023, to assess and use the ratio of COVID-19
cases to estimate the proportional subsampling of the available ge-
nomes for each aforementioned VOCs in specific periods.

To delineate the temporal and spatial distribution of the Gamma,
Delta, and Omicron variants within Brazil, we referred to existing
literature to establish the onset of their circulation in the country:
Gamma in November 2020 (Naveca et al., 2021), Delta in April 2021
(McCrone et al., 2022), and Omicron in November 2021 (Viana et al.,
2022). Our study’s scope was extended until August 2022, based on the
date of the most recent sample in our analysis.

To perform the subsampling process, we developed an in-house tool:
the Gisaid Subsampling Toolkit, or GIST. GIST processes a JSON file
containing the count of genomes from various Brazilian regions, derived
from the output of the ’explore.R’ script. It employs a combination of
Augur (Huddleston et al., 2021), BLAST (Altschul et al., 1990), and
MAFFT (Katoh and Standley, 2013) for three distinct analyses (Code
Availability section for more details, SupplementaryDatal, all sup-
plementary data can be found at https://doi.org/10.6084,/m9.figsh
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are.25818910.v1). Briefly, in the first analysis, we utilize Augur to
sample genomes. This step involves the exclusion of genomes from
non-human hosts, those lacking a collection date, and sequences shorter
than 28,400 bases, approximately 95 % of the SARS-CoV-2 Wuhan ge-
nome’s coverage. The sampling is stratified based on the number of
genomes by state, further grouped by pango lineage, year, and month.
Following this initial sampling, the second phase of analysis enriches the
dataset with genetically similar genomes. This is achieved through a
BLAST analysis filtering results between 99 % and 99.98 % of identity
with query coverage high scoring pais (HSP) greater or equal to 99.9 %.
In the final stage of analysis, we conduct a multiple sequence alignment
using MAFFT, employing parameters such as —keeplength, —kimura 1,
and -6merpair, while specifically mask the UTR regions.

2.5. Phylogenetic analysis

Three initial trees - one for Gamma, Delta, and Omicron datasets -
were reconstructed using MAPLE v0.3.1 (De Maio et al., 2023) to detect
long branches. Genomes showing long branches (irrespective of
genomic coverage) were removed from the original alignment (n = 97,
details in SupplementaryData2). The edited alignments were used in a
maximum likelihood phylogenetic analysis with IQ-TREE2 v.2.2.0
(Minh et al., 2020), the best substitution model was defined using
ModelFinder (Kalyaanamoorthy et al., 2017) implemented on IQ-TREE2
and the SH-aLRT test (Guindon et al., 2010) estimated the branch sup-
port. The phylogenetic trees were annotated in iTOL v.6 (Letunic and
Bork, 2007) to identify clades of specific lineages with branch support
higher than 0.8 (aLRT) with at least 4 genomes from Rio Grande do Sul.
The identified clades were split into different datasets, one per clade.

2.6. Temporal estimation

To estimate the tMRCA of clades identified in phylogenetic analysis,
each lineage dataset was used in an analysis flow which encompassed: A
first phylogenetic tree reconstruction with IQ-TREE2 v.2.2.0; A TempEst
v.1.5.3 (Rambaut et al., 2016) analysis to identify the age root corre-
lation; removal of outliers with in-house R scripts, that receives the
output of TempEst and identify outliers sequences based on the
thresholds of 1.5x of Interquartile Range IQR of all samples in the
dataset; A second tree reconstruction with IQ-TREE2 v.2.2.0 using the
dataset alignments without outliers; And finally a temporal analysis with
TreeTime v.0.11 (Sagulenko et al., 2018).

3. Results
3.1. Sequencing results

During the period and for the purpose of the present study, 1,480
genomes were sequenced and deposited on EpiCoV - GISAID database
(SupplementaryData3). The samples cover municipalities from the
North, Center, and West of the Rio Grande do Sul state (https://microre
act.org/project/2utyqQKoA7zDkYHEuzvyTG-sarsufsmlacen), and
encompass approximately 30% of all genomes submitted for the state
(1,480 from 5,065 genomes) and deposited on GISAID in the period of
the study (SupplementaryData3). The submitted consensus genomes
from our group represent samples that meet one of the following criteria:
90% or more of genome coverage breadth (horizontal coverage) or 70%
or more genome coverage breadth and that do not belong to clades with
long branches on initial MAPLE phylogenetic analysis. The samples are
majorly composed of Gamma lineages and sublineages during the period
from April to June 2021 (Fig. 1), and Omicron lineages and sublineages
during the period of January to July 2022, which is in line with the
general numbers presented on EpiCoV - GISAID (Fig. 2). The recombi-
nant analysis showed a putative recombinant sample (EPI -
ISL_16878846) with recombinant signal between P.1 and P.1.15
lineages. Besides, the focus of this study is on Rio Grande do Sul, we
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Fig. 1. Number of samples sequenced in this study per month representing the 1480 samples. **Omicron genomes not related to BA, BE, BQ, and DL lineages.

noticed similar patterns of lineage frequencies sequenced in other re-
gions of Brazil (Fig. 2). The most prevalent lineages for each analyzed
VOC on Rio Grande do Sul were P.1, P.1.14, P.1.2, P.1.4 and P1.7 for
Gamma; AY.43, AY.99.2, AY.99.1, AY.101, AY.34.1 and AY.46.3 for
Delta; and the most prevalent lineages BA.1, BA.1.1, BA.2, BA.5, BA.5.2,
BA.4 and BQ for Omicron (Fig. 2).

3.2. SARS-Cov-2 clades circulating in Rio Grande do Sul

The subsampling strategy with explorer.R and GIST resulted in three
major datasets: One for each VOC Gamma, Delta, and Omicron,
encompassing the most frequent lineages on Rio Grande do Sul during
the period of the study as well as outgroups with ancestors of respective
lineages (SupplementaryData4). Each dataset corresponds to Brazilian
genomes plus genomes from Latin America (particularly Paraguay,
Argentina and Uruguay) and other regions of the globe, recovered from
the GIST BLAST analysis (SupplementaryData5).

The initial phylogeny of Gamma corresponds to 4545 genomes
(Fig. 3A), where 6 clades were identified (Fig. 3B). One clade (P.1.14-I)
represents sequences from P.1.14, two clades (P.1-I~II) represent se-
quences of P.1 lineage, and three (P.1.2-I~III) of P.1.2 lineage. The
Gamma analysis shows samples from Rio Grande do Sul clustering with
sequences from the Southeast region of Brazil: The P.1.14-I and P.1-1I
clades encompass basal sequences from Minas Gerais (MG) and Sao
Paulo (SP) states, the P.1-I clade presents basal Rio Grande do Sul
samples clustered with South America samples from Argentina and
Paraguay, and the clades P.1-II and P.1.2-III have well-defined sister
clades from Uruguay and Sao Paulo, respectively.

The initial phylogeny of Delta corresponds to 4358 genomes
(Fig. 4A) where 6 clades were identified (Fig. 4B). Four clades (AY.99.2-
I~IV) represent sequences from AY.99.2 lineage, and 2 clades (AY.101-
I~1II) represent sequences from AY.101 lineage. The Delta analysis
shows different clustering of Rio Grande do Sul (RS) and sampled from
other Brazilian regions. The AY.99.2-I clade shows a possible trans-
mission from Rio Grande do Sul to Minas Gerais, and the AY.99-2-IV
from Minas Gerais to Rio Grande do Sul. The clade AY.101-I shows a
route of transmission from Rio Grande do Sul to the Central-West region
of Brazil, as well as from Rio Grande do Sul to Rio de Janeiro (RJ), and
the AY.101-II clade from Rio Grande do Sul to Sao Paulo state.

The omicron phylogenetic analysis was performed with 4639 ge-
nomes (Fig. 5A) representing 5 distinct clades (Fig. 5B) with Rio Grande

do Sul samples from BA.1.1, BA.5.2, and BA.2 lineages. Different from
Delta and Gamma analysis, where several clades clustered with other
clades from the South-East region - mainly from Sao Paulo, Rio de
Janeiro, and Minas Gerais states - the Omicron clades are mostly
composed of Rio Grande do Sul samples, except for BA.5.2-I clade, that
clustered with samples from the Goias state (GO) - Central-West region.

3.3. Temporal estimation of 7 lineages circulating on Rio Grande do Sul

To identify the possible emergence and spreading timing of the lin-
eages associated with the identified clades within the state, we per-
formed temporal analysis using treetime for 7 datasets (Table 1) which
represents the clades of lineages identified with Rio Grande do Sul
samples in the evolutionary analysis and which have not been analyzed
in other studies.

Considering the tRMCA from treetime as the start time of lineages
circulation, and the last collection date of samples (Supplementary
Data3) as the end time of circulation, the Gamma P.1.2 and P.1.14
lineages were estimated to have occurred on Rio Grande do Sul between
mid-December 2020 to late June 2021 for P.1.14 and mid-January 2020
to late June 2021 for P.1.2.

For Delta lineages, the AY.101 was estimated to have circulated
between mid-March 2021 to late November 2021 and the AY.99.2 from
late March 2021 to early December 2021, and for Omicron lineages, the
BA.1.1 started circulating in the state in mid-August 2021, the BA.2 in
mid-December 2021 and the BA.5.2 in mid-February 2022 and both of
them are still circulating during the time of the data collection of this
study: early July 2022.

4. Discussion

The SARS-CoV-2 virus is one of the latest example of a zoonotic
pathogen that has made its way to effective human-to-human trans-
mission resulting in the COVID-19 pandemic. Despite numerous efforts
to implement large-scale genomic surveillance around the world, there
remain underrepresented populations and areas where laboratory and
genomic surveillance is scarce I. (Brito et al., 2022). In Brazil,
SARS-CoV-2 genomic surveillance was established across the country,
but as expected, most of the data comes from the most populous cities on
the Atlantic coast and large capital cities from states without sea borders
where there were more available diagnostic and research laboratories



F.Z. Dezordi et al. Virus Research 351 (2025) 199500

[ 1811 [_]B1.1.28 ] Gamma(P.1andP.1.Y)  [__] Omicron (BA.*, BE.*, BQ.* and DL.*)
@ [ 1133 I P2 [] petta(B.1.617.2and Av.*) [_] Others [_] Omicron Others**

1.00 4 _____—__.
0.754 — F 20000
0.501 | [

— [ 10000

& 0.254 -

c -

[0} | || (@)

g_ — — [0]

=i —_— — L =}

@ ° 2

by 3

o)

& ORISR T o R4

2 [ [ | Lo =

-1 0.754

I F400
0.50 1
- || o
0.251 — | | [ ~ —| |f200
- |—|"~ ™~ ||
000 - L L L L L L !  —— LI 0
- A ®m Y L Ok ® OO - N - A ® Y DO N ® OO - N @Y D O I~
2992999299991 1199999999991 119999 9¢9%9
O O O O O O O O ©O O O O ~ ~« m@ m@ =~ ~ ™ ™~ ™ -~ = NN N N AN N N N
8V 8V 8V A A NN o () sV} [8Y) 8V o o 8V 8V A AN o o o o 8V 8V A AN
O O O O O O O O ©O O ©O O O O O O © O O O © O O © O ©O O © O O O
N N N A N NN o o o o o N o N o A NN NN o o o o N N A N NN
Period
© el sl O I (®)
1.00 12000  1-00 300
0.75 0.75
8000 200
0.50 0.50
100
0.25 4000 405
000 T T T T T T T T O 000 T T T T T T T T T 0
- o = o @ < wn © ~ - o = o [se] < w0 © ~
T2 9 T % %9 % 9 T T %9 9T 9 9 9
o o - - — — — — - o o - — — — — - -
(39 [\ (2} o 8] [aY] [sY] [3\) [s\) al 3\ al s\ [s\) o s\ [s\] o
o o (=] o o o o o o o o o o o o o o o
3V (Y] o a N o o N o o a 3V (8] o N 8 o o
@ I Ava4s [ Aveo2 [ Aveo1 [ Avio1 [ Av34.1.1 [ Av4e3 @
1.00 12000  1-00 200
0.75 0.75 150
8000
0.50 0.50 100
0.25 4000 405 50
000 T T T T T T T 0 000 T T T T T T T T T 0
< wn © ~ © (2] o - o < Yo} © ~ «© (2] o - s\
T 9T 92T 9T 9T T T Toq T T 2T 9T £ 9 1 10T
N N N N N N N N8 &N ¥ N N N N N N 8N &
o o o o o o o o o o o o o o o o o o
3 8 3 N N o 8V 3V o a 3\ o 8 o o a 3V o
@ [ sa.1* [ BA.-1.1* I 522 [ 8A5* [ 8A5.2* [ 5+ M 801" @
1.00 25000  1.00
600
075 20000 ¢ 75
15000 400
0.50 0.50
10000 200
0.25 5000 025
000 T T T T T T T T T T 0 0.00 T T T T T T T T T T 0
- o - o (s < w0 © ~ © - o - o (s < wn © ~ @
TT 9?9 999?99 TT 99 9T 9T 9O % 0%
— -~ N o N N N N N N - - [\ o N 2\ N [\ i\ N
o [aY) 3V o o 8V} o o 8\ o [aY) [aY) o o o (8 8V o o o
o o (=} o o o o o o o o o (=3 o o (=] o o o o
N 39 N N 3V N N o N 3V N 39 \Y N N N N N o N

Fig. 2. Prevalence of SARS-CoV-2 lineages and number of genomes per period, based on EpiCoV GISAID data. A. Specific lineages and variants in Brazil. B. Specific
lineages and variants in Rio Grande do Sul. C. Gama lineages in Brazil. D. Gama lineages in Rio Grande do Sul. E. Delta lineages in Brazil. F. Delta lineages in Rio
Grande do Sul. G. Omicron lineages in Brazil. H. Omicron lineages in Rio Grande do Sul. **Omicron genomes not related to BA, BE, BQ, and DL lineage.
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Fig. 3. Maximum likelihood analysis of Gamma variant lineages with 4545 samples, Branch support was accessed by the aLRT branch support. Black dots represent
support > 0.8. Tip colors are based on Brazilian regions and the 5 countries that presented the highest number of sequences recovered via blast. A. Complete tree. B.
Well-supported subclades. Bold sample lanes represent genomes sequenced in this study. ** Collapsed clade that represents all sequences after P.1-I clade. Complete
figure with branch support and uncollapsed clade is available on SupplementaryData6.

with sequencing capacity. That is the case of the Rio Grande do Sul state
where there is a higher concentration of diagnostic and genomic infor-
mation from the capital city Porto Alegre and surrounding municipal-
ities. In this study, we generated 1480 genomes mainly from the central
and Northeast regions of the state to augment the genomic information
from the Rio Grande do Sul state. Then we subsampled the main lineages
circulating in the state to test hypotheses regarding the sink and source
role of the state to other Brazilian states and border countries Argentina
and Uruguay. We found that inter-state transmission was much more
important in SARS-CoV-2 lineages transmission spread from and to the
Rio Grande do Sul state than inter-country transmission.

The extremely large number of SARS-CoV-2 genomes currently
available (the global dataset used in this study included 15,271,032
genomes) makes phylogenetic inferences timing and computationally
consuming (Morel et al., 2021). Current approaches to handle such a
massive amount of data are focused on lineages subsampling taking into
consideration lineages presence in different locations and prevalence
(Hill et al., 2021). The Augur software (Huddleston et al., 2021), im-
plements some sub-sampling algorithms but does not consider the
epidemiological estimates such as the number of cases per region.
Considering the global disparities of genome sequencing throughout
different geographic regions (A.F. Brito et al., 2022) we implemented a
sampling strategy based on the number of cases and genomes by region
per time using the in-house script explore.R which allowed us to more
precisely sample genomes following the increase and decrease in cases
and mitigate sampling biases present in the global and local datasets.

Our global subsampled phylogenetic reconstruction of Delta and
Omicron clades showed that the United States of America and the
Central-West region of Brazil were placed in a basal position near the

root suggesting that these regions were the source point to spread these
lineages to other regions of Brazil. Previous evidence has shown the
origins of each analyzed VOC, such as Gamma with P.1 lineage in the
North region of Brazil (Naveca et al., 2021), Delta with B.1.617.2 line-
age in India (McCrone et al., 2022), and Omicron with B.1.1.529 lineage
in South Africa (Viana et al., 2022). But this is the first large-scale
analysis showing that the Delta lineage was probably introduced from
the USA to Brazil and that the Central-West region of Brazil acted as an
important hub for the spreading of the Omicron lineage to other major
regions of the country.

Based on the augmented dataset of SARS-CoV-2 genomes from Rio
Grande do Sul including genomes of previously undersampled regions
(Center and Northwestern) we next evaluated if the main transmission
chains with Rio Grande do Sul occurred with other Brazilian states or
with border countries Argentina and Uruguay. Previous studies char-
acterized the spreading of B.1.1.28 and B.1.1.33 lineages from Rio
Grande do Sul to Uruguay (Mir et al., 2021) and the spreading of the P.1
lineage from Brazil to Uruguay (Rego e al, 2021). Besides the large
terrestrial frontier between Rio Grande do Sul, Uruguay and Argentina,
our results showed only one probable migration event of the P.1 lineage
from Rio Grande do Sul to Uruguay (Fig. 3B, clade P.1-II). The clades of
P.1.2 lineage contains samples from Rio Grande do Sul as ancestors from
samples of the Southeast, in line with the evidence showing the likely
origin of this sub-lineage in the state (Franceschi et al., 2021b). The
P.1.14-I clade, showed an ancestral origin of P.1.14 samples from
Southeast towards Rio Grande do Sul in line with the findings shown by
Ferrareze, et al. (2024).

There are few studies about Delta lineages on Rio Grande do Sul, one
of the reasons may be related to the low number of samples sequenced in
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this period (Fig. 2B). Our results showed that two main Delta lineages
circulated on Rio Grande do Sul: the AY.99.2 and the AY.101, corrob-
orating the results from Castro et al. (2023) and Arantes et al. (2022)
that addressed the early emergence of Delta in Brazil. The circulation of
those lineages appears to have occurred from July 2021 to January
2022, with the tMRCA of those lineages estimated from late March 2021,
which is in line with the estimations of Arantes et al., 2023 for AY.101
(Arantes et al., 2022). The clades of AY.99.2 showed samples from Rio
Grande do Sul as ancestors (Fig. 4B Clade AY.99.2-1) with spreading to
Minas Gerais (Southeast region), while the clade AY.99.2-1V showed the

opposite, which indicates a recurrent spreading pattern of AY.99.2 be-
tween those 2 states. The analysis of AY.101 clades also revealed Rio
Grande do Sul samples as ancestors and a putative migration to South-
east states: Rio de Janeiro (AY.101-I clade) and Sao Paulo (AY.101-II
clade).

Our results showed that ancestral samples of AY.99.2 from the Rio
Grande do Sul state and posterior spreading to the Southeast were in line
with other studies (Ferrareze et al., 2024). On the other hand, the same
study identified the introduction of AY.101 lineage in the Southeast
region in early January 2021, and the posterior introduction in Rio
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Table 1

Datasets and tMRCA inferred by treetime tool.
lineage number of samples tMRCA
P.1.2 482 2021-01-12 ~ 2021.03
P.1.14 540 2020-12-15 ~ 2020.95
AY.101 1030 2021-03-22 ~ 2021.22
AY.99.2 1953 2021-03-26 ~ 2021.23
BA.1.1 1467 2021-10-09 ~ 2021.77
BA.5.2 384 2022-02-11 ~ 2022.11
BA.2 1530 2021-12-09 ~ 2021.93

Grande do Sul in July 2021 which diverged from our findings of an
introduction from Rio Grande do Sul to the Southeast region. The
divergence about the AY.101 phylogeographic inferences may be the
result of different subsampling strategies, where Ferrareze et al. (2024)
used the Augur subsampling strategy based on Pango lineage, and we
used the Augur inside GIST performing a subsampling based on
normalized genomes by state cases and then the sampling by Pango
Lineage and collection date.

The Omicron analysis showed three main lineages circulating in Rio
Grande do Sul during the period of the study: BA.1.1, BA.5.2, and BA.2
which is in line with other Brazilian states (Fig. 2G, H). During the first
quarter of 2022, the BA.1 and BA.1.1 lineages were the most prevalent,
as described previously (da Silva et al., 2022) but were further replaced
by BA.2, BA.5, and BQ from June to July 2022 (Rhoden et al., 2024).
There is no phylogenetic information in the literature about the relation
of Omicron lineages from Rio Grande do Sul and other locations, our
results showed that excluding the BA.5.2-I clade (Fig. 5B), the omicron

clades are majorly formed by samples from Rio Grande do Sul. The
BA.5.2-1 clade showed a close relation between Rio Grande do Sul
samples and Goias samples (Central West Brazilian region).

Despite the standardization of sampling methods, sequencing dis-
parities (Brito et al., 2022) may still generate sampling biases that can
affect genomic surveillance studies, here we identified both local sam-
pling disparities on the Rio Grande do Sul (by state regions and periods,
see https://microreact.org/project/2utyqQKoA7zDkYHEuzvyTG-sarsu
fsmlacen) and in countries that have terrestrial borders with the
Southern region of Brazil (Argentina (Gamma = 251, Delta = 196, and
Omicron = 206 sequences included in each analysis), and Uruguay
(Gamma = 117, Delta = 0, and Omicron = 69 sequences included in
each analysis), details see SupplementaryData 9). These results
coupled to the absence of traveling information as well as no diagnostic
test focused on Rio Grande do Sul state land borders may have biased
our inferences. On the other hand, this was the most comprehensive
study posed to augment the Rio Grande do Sul dataset in underrepre-
sented areas as well as the first to employ a case incidence aware sub-
sampling approach to mitigate the impact of these biases.

Overall, our findings suggest that despite the large land border and
intense international transportation of goods between Rio Grande do
Sul, Argentina, and Uruguay few examples of cross-border transmission
occurred, likely due to more effective non-pharmacological in-
terventions applied at countries’ borders and that the major sink and
source transmission pathways of SARS-CoV-2 with the Rio Grande do
Sul state occurred between Brazilian states from the Southeast and
Central West part of the country.
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5. Conclusion

Overall, our study underscores the importance of robust sampling
strategies and comprehensive genomic surveillance efforts to accurately
track the spatio-temporal spread of SARS-CoV-2 lineages. By applying a
sampling strategy based on the number of genomes and epidemiological
information, we described the most prevalent clades of Gamma, Delta,
and Omicron lineages that circulated in Rio Grande do Sul Brazil, during
the period from June 2020 to July 2022 and showed that the large
majority of transmission events took place between Brazilian states of
the South-East and Central-West regions than between countries sharing
land borders with Rio Grande do Sul.
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