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Abstract
We report SARS-CoV-2 genomic surveillance results between Belo Horizonte, Brazil’s third and fourth case waves. Sam-
ples were obtained through a routine university monitoring COVID-19 program from the 9th to the 22nd epidemiological 
weeks (March and June 2022). We identified ten samples from the BA.1 clade (BA.1, BA.1.1, and BA.1.14.1 lineages) and 
45 samples from the BA.2 clade (BA.2, BA.2.56, BA.2.9, BA.2.62, BA.2.23, BA.2.81, and BA.2.10). We observed pro-
gressive replacement of the BA.1 by the BA.2 clade. Furthermore, two XAG recombinants were found in the 22nd week. 
Diversification of the omicron variant seems to have contributed to the resurgence of cases in Belo Horizonte, similarly to 
what has been reported in South Africa.
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Introduction

COVID-19 has strongly impacted Brazil. The country pre-
sents the second-largest death toll worldwide and a signifi-
cant reduction in life expectancy due to the pandemic [1]. 
Brazil, a country with a continental proportion, showed 
substantial heterogeneity in the number of cases and deaths 
across its territory. Minas Gerais, a state with more than 
20,000,000 inhabitants, reported more than 60,000 deaths 
reaching almost 10% of the Brazilian total. Belo Horizonte, 
the capital of the Minas Gerais state, presented one of the 
lowest state capital mortality rates in Brazil [2].

SARS-CoV-2 variants played a significant role in the 
COVID-19 waves in Brazil [3]. Four waves could be iden-
tified in Minas Gerais: the first was in mid-2020 when 
B.1.1.28 and B.1.1.33 variants were circulating [4–6]; the 
second was after the introduction of alpha (B.1.1.7) and 
gamma (P.1) variants in late 2020 [7, 8]. The other two 
waves were observed in early 2022 after introducing the 
omicron variant and its subvariants. Interestingly, the delta 
variant in Brazil did not result in increased cases [9, 10].

All genomic surveillance studies published from Minas 
Gerais have used samples from the Brazilian Public Health 
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System or private laboratories. Here, we conducted a study 
sampling from a university COVID-19 monitoring project 
that attends academic community members (students and 
staff). We aimed to evaluate SARS-CoV-2 variant circulation 
between the third and fourth waves (between March and June 
2022) to understand whether viral lineages may have changed 
during the resurgence of cases.

Methods

Epidemiological data from Belo Horizonte was obtained 
from the Secretary of Health. We estimated the changepoint 
in the number of cases time series with the mcp package. 
Medians were compared with the Wilcoxon test. Samples 
were obtained through the MonitoraCOVID (https:// monit 
oraco vid. ufmg. br/), an outreach COVID-19 monitoring pro-
ject from the largest university in the state, the Universidade 
Federal de Minas Gerais. Symptomatic subjects were ini-
tially remotely clinically assessed and had their tests sched-
uled. Out of the 111 SARS-CoV-2 positive samples collected 
between the 9th and 22nd epidemiological weeks (March 3 
until June 1, 2022), fifty-seven nasopharyngeal swab speci-
mens with an RT-qPCR cycle threshold below 30 were 
randomly selected. No samples were obtained from weeks 
12, 13, 15, 16, and 18. All samples were residual positive 
COVID-19 clinical diagnostic samples de-identified before 
receipt by the researchers. The study was conducted accord-
ing to the Declaration of Helsinki and approved by the Eth-
ics Committee (protocol number 33202820.7.1001.5348).

Sequencing was performed using the Illumina platform, 
and bioinformatic analysis was carried out as described 
elsewhere [7, 9]. Sequencing libraries were assembled 
using the QIAseq SARS-CoV-2 Primer Panel (QIAGEN) 
with the ARTIC V4.1 primer pools and quantified by the 
QIAseq Library Quant Assay kit (QIAGEN). We suc-
cessfully sequenced all selected samples. The data gener-
ated were processed with a custom pipeline (available on 
GitHub—https:// github. com/ filip erome ro2/ Viral Unity). 
The 57 consensus genomes were classified into Pango 
lineages (pangolin tool V. 4.1.2) [11] and Nextclade web 
application (v.2.3.0) (Supplementary Table 1). A dataset 
(n = 1468) containing public reference genomes classified 
by Nextstrain as Omicron clades (Supplementary Table 2) 
was aligned using Minimap2, and a maximum likelihood 
phylogeny was inferred using IQ-tree v2.0.3 [12] under the 
GTR + F + I + G4 model to corroborate the classification.

Results

There was a significant change in the Belo Horizonte 
confirmed cases time series in the 20th week (Fig. 1A). 
Deaths in the period ranged from 0.03 to 4.65% of the 

reported cases in the week. A reduction was observed in 
the MonitoraCOVID project from the 8th week and an 
increase (19th week) in diagnostic tests and their positiv-
ity (Fig. 1B). Of note, there was a student break from the 
8th until the 13th week. One hundred and eleven diag-
nostic tests were positive (out of 481 tests performed) in 
the sampling period for sequencing (9th to 22nd week). 
The most frequently reported symptoms were odynopha-
gia (79/111; 71.2%), cough (77/111; 69.4%), headache 
(64/111; 57.7%), myalgia (50/111; 45.0%), nasal con-
gestion (47/111; 42.3%), coryza (44/111; 39.6%), and 
fever (25/111; 22.5%). Most subjects had completed the 
first vaccination scheme (110/111; 99.1%) and received 
the third dose (100/111; 90.0%). The first vaccination 
schemes included two doses of ChAdOx1 (68/110; 
61.9%), BNT162b2 (27/110; 24.5%), and Corona-
Vac (15/110; 13.6%), while the third doses were with 
BNT162b2 (74/100; 74.0%), Ad26.COV2.S (16/100; 
16.0%), and ChAdOx1 (10/100; 10.0%).

57/111 samples (51.35%) were successfully sequenced 
with weekly representation ranging from 29.55% (22nd 
week) to 100% (11th and 14th week) (Fig. 1C). Median age 
(Fig. 1D) and cycle threshold (Fig. 1E) between sequenced 
and non-sequenced samples did not differ (p = 0.514 and 
p = 0.645, respectively). 38/57 (66.67%) of the sequenced 
samples were from females. The median genome coverage 
was 79% (ranging from 51 to 94%), and sequencing depth 
was 670.60 times (ranging from 608.36 to 5832.09 times) 
(Supplementary Table 1).

According to the Nextclade classification, we identified 
10 samples from the BA.1 clade: BA.1 (n = 2), BA.1.1 
(n = 6), and BA.1.14.1 (n = 2) and 45 samples in the BA.2 
clade: BA.2 (n = 33), BA.2.9 (n = 2), BA.2.23 (n = 1), 
BA.2.10 (n = 1), BA.2.56 (n = 2), BA.2.62 (n = 2), and 
BA.2.81 (n = 4) (Supplementary Table 1). Two samples 
were from the XAG recombinant of BA.1/BA.2 in the 
22nd week. The distribution throughout the period indi-
cates that BA.1 clade was the most present when the num-
ber of cases declined, and the resurgence happened with 
BA.2 clade variants circulating (Fig. 1D).

Our phylogenetic analysis corroborated the assignment 
of the genomes generated in our study in BA.1, BA.2, and 
XAG recombinant lineages (Fig. 2A). The XAG is con-
sidered a recombination between BA.1 and BA.2, showing 
characteristic mutations of both variants. ORF1ab gene 
C241T, A2832G, C2857T, C3037T, T5386G, and C5585A 
mutations are likely derived from the BA.1, while the 
non-synonymous mutations in spike gene (T19I, D405N, 
5408S) and the absence of the H69/V70 deletions derived 
from the BA.2. XAG also presents some other mutations: 
T2790C, A4184G, A334G, and C17502G (Fig. 2B).
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Discussion

Genomic surveillance has always been a powerful tool 
in epidemiological investigations, but its use has grown 
substantially during the COVID-19 pandemic. Tracking 
the SARS-CoV-2 variants has proven to be challenging. 
Sequencing results had to be obtained and communicated 
promptly and efficiently so genomic findings could be help-
ful in public policy [13]. SARS-CoV-2 evolution has con-
tributed to changes in viral transmissibility and infectivity, 
leading the World Health Organization to designate certain 

strains as a variant of interest or concern. Omicron is the 
only variant of concern currently circulating, and its subvari-
ants are under close monitoring.

BA.1, BA.2, and BA.3 variants contributed to South 
Africa’s fourth COVID-19 wave [14]. The BA.1 was asso-
ciated with increased cases in late 2021–early 2022 in the 
Amazonas and the Rio Grande do Sul states, according to 
virological.org posts 783 and 785. Similarly, our results 
indicate that the decline observed between weeks 9th and 
11th was associated with higher BA.1 circulation. When 
the cases showed the second increase in 2022, between 

Fig. 1  Epidemiological and genomic surveillance results. A Distribu-
tion of the number of cases and deaths in the city of Belo Horizonte, 
capital of Minas Gerais state. Dashed lines indicate the period of 
sampling for sequencing. B Distribution of the number of tests con-
ducted in the MonitoraCOVID project between the 5th and 22nd epi-
demiological week and their results. Dashed lines indicate the period 
of sampling for sequencing. C Percentage of the positive samples that 
were successfully sequenced between the 9th and 22nd epidemio-

logical weeks. D Age distribution between sequenced (median 34.7) 
and not-sequenced samples (median 29.5). Dashed lines indicate the 
median age in each group. E N1 target cycle threshold (Ct) distribu-
tion between sequenced (median 20.9) and not-sequenced (median 
20.4) samples. Dashed lines indicate the median Ct in each group. F 
Distribution of the BA.1, BA.2, and XAG variants found in the study 
period
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weeks 19th and 22nd, the BA.2 clade was the most com-
mon. The replacement of BA.1 by the BA.2 clade has also 
been reported in Japan [15] and England [16]. Many omi-
cron subvariants and lineages have been described [14]. 

Our results indicated two BA.1 and five BA.2 sub-lineages 
circulating between the third and fourth waves suggesting 
a greater genomic diversification of these two subvariants.

Fig. 2  Lineage classification results. A Maximum likelihood infer-
ence phylogeny using a global reference dataset. Red circles represent 
the genomes generated in our study (n = 57). Blue circles represent 
the XAG recombinant genomes. Different colors represent BA.1, 
BA.2, BA.4, and BA.5. B Schematic representation of SARS-CoV-2 

XAG recombinant lineage. Orange dots (ORF1ab gene) represent 
conserved mutations frequently found in BA.1 lineage. Purple dots 
(spike gene) represent conserved mutations commonly found in BA.2 
lineage, while green dots (ORF1ab) represent mutations found in 
XAG recombinant variant
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We also report two genomes classified as omicron XAG 
recombinant. The XAG clade is the first BA.1 and BA.2 
recombinant lineage found in Brazil. The first Brazilian 
identification happened in the Rio Grande do Sul state 
in March 2022. Until recently, 260 genomes (186 identi-
fied in Brazil) classified as XAG recombinant by Pango 
lineages were available in the GISAID database (avail-
able at https:// www. gisaid. org/ and accessed on July 22, 
2022). The XAG has already been identified in six other 
Brazilian states (Distrito Federal, Paraná, Pernambuco, 
Rio de Janeiro, Santa Catarina, and São Paulo) and other 
countries (e.g., Argentina, Canada, Chile, Colombia, 
USA, Israel) (available at https:// github. com/ cov- linea 
ges/ pango- desig nation/ issues/ 709 and accessed on July 
22, 2022). The description of other SARS-CoV-2 recom-
binants has already been reported, such as XD and XF, 
derived from Delta and Omicron BA.1, and XE, derived 
from subvariants Omicron BA.1 and BA.2 [17]. However, 
most data has been unpublished thus far. Since the number 
of omicron genomic diversification and recombinants has 
increased significantly, continuous genomic monitoring is 
of great importance to help in epidemiological surveil-
lance studies and understanding these mutations’ effects 
on viral behavior.

Our study presents limitations. Since samples were 
obtained from a university testing program, younger subjects 
were overrepresented compared to the city age distribution. 
Of note, at the time of the sampling (9th to 22nd week), 
younger subjects had not had a fourth vaccination shot avail-
able in the city. Another selection bias may have happened 
since the project tests symptomatic subjects. Although BA.2 
infections seem to lead to a higher viral load than BA.1 [15], 
no clinical outcome difference has been suggested between 
BA.1 and BA.2 variants [18, 19]. The inability to sequence 
samples with lower viral levels may have also led to bias. 
We could also not estimate the BA.2 introduction date due 
to insufficient or inexistent sampling in some epidemiologi-
cal weeks. Despite the mentioned limitations, integrating 
genomic surveillance with routine university monitoring was 
successfully achieved. Further studies are necessary to fol-
low omicron subvariants dispersion and track new variants.

Data sharing

All consensus genome sequences from this study have been 
deposited on GISAID and are publicly available (IDs: EPI_
ISL_13948217—EPI_ISL_13948273). The Supplementary 
Tables and phylogeny are available on our GitHub reposi-
tory page https:// github. com/ LBI- lab/ SARS- CoV-2- Omicr 
on- BA.1- and- BA.2- during- routi ne- surve illan ce- on-a- unive 
rsity- campus- in- Belo- Horiz ont.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42770- 022- 00848-5.
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