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c Laboratório de Ecologia Microbiana e Biotecnologia, Departamento de Biologia, Universidade Federal do Ceará, Campus do Pici, s/n, Bloco 909, Pici, 60455-760, 
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A B S T R A C T   

In the Northeast of Brazil, Ceará was the second state most impacted by COVID-19 in number of cases and death 
rate. Despite that, the early dynamics of the pandemic in Ceará was not yet well understood due the low genomic 
surveillance of SARS-CoV-2 in 2020. In this study, we analyze the circulating lineages and the genomic variation 
of the virus in Ceará state. Thirty-four genomes were sequenced and combined with sequences available in 
GISAID database from March 2020 to June 2021 to compose the study dataset. The most prevalent lineages 
detected were B.1.1.33, in 2020, and P.1, in 2021. Other lineages were found, such as P.2, sublineages of P.1, B.1, 
B.1.1, B.1.1.28 and B.1.212. Analyzing the mutations, a total of 202 single-nucleotide polymorphisms (SNPs) 
were identified among the 34 genomes sequenced, of which 127 were missense, 74 synonymous, and one was a 
nonsense mutation. Among the missense mutations, C14408T, A23403G, T27299C, G28881A G28883C, and 
T29148C were the most prevalent within the dataset. Although SARS-CoV-2 sequencing data was limited in 
2020, our results could provide insights to better understand the genetic diversity of the circulating lineages in 
Ceará.   

1. Introduction 

In December 2019, the disease known as COVID-19, caused by the 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), was 
detected in Wuhan, China (Wang et al., 2020; Zhu et al., 2020), and was 
later declared as a pandemic by the World Health Organization (WHO) 
in March 2020. Since then, the virus has spread rapidly resulting in more 
than six million deaths worldwide as of August 2022 (WHO, 2022). In 
Brazil, the first confirmed contagion of SARS-CoV-2 was in late February 

2020 in the state of São Paulo (de Jesus et al., 2020). After this, the 
country rapidly became one of the epicenters of the pandemic with 
lineages B.1.1.28 and B.1.1.33 being the most prevalent in the early 
epidemic phase (Resende et al., 2021). In late 2020, two variants, Zeta 
(P.2) (Voloch et al., 2020) and Gamma (P.1) (Faria et al., 2021a), de
scendants of lineage B.1.1.28, emerged and were associated with the 
second phase of the pandemic. With a population of over 9.2 million 
people, Ceará is an economically relevant state in Brazil, with a strong 
travel industry and a high-traffic airport located in its capital, Fortaleza. 
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Ceará has the second highest number of cases in the northeast of Brazil, 
with 27,482 deaths registered (http://covid.saude.gov.br, accessed on 
12 August, 2022). The first reports of COVID-19 in Ceará dated from 
March 2020. From the early pandemic, genomic surveillance has been 
an efficient tool to trace variants of SARS-CoV-2 and to study the virus 
import and spread. Furthermore, in 2020, before a strong genomic 
surveillance service was established in Ceará, only few SARS-CoV-2 
genomes were sequenced to infer the lineages that were circulating in 
the first months of pandemic. After the first SARS-CoV-2 genome 
sequence was made available, in January 2020 (Wu et al., 2020), over 
12 million genomes were sequenced and shared on the Global Initiative 
on Sharing All Influenza Data (GISAID) database (Khare et al., 2021), 
allowing the identification of the virus lineages worldwide. Mutations 
have emerged throughout the virus genome, but those related to gene S 
are more relevant, once its product, the Spike protein, is directly 
involved in the host cell entrance process (Fung and Liu, 2019). For 
example, a single amino acid change from aspartic acid to glycine at 
position 614 of protein Spike (D614G) became dominant in a short time, 
and was associated with increased transmission of the virus (Korber 
et al., 2020). Knowledge of new mutations and circulating lineages is 
essential for decision making on measures to contain the pandemic, 
since each variant may influence in the pathogenicity and trans
missibility of the virus (Lauring and Hodcroft, 2021; Saito et al., 2021; 
Wang et al., 2021). In this study, we used thirty-four SARS-CoV-2 
genome sequences to investigate the circulating lineages and detect 
mutation patterns to better understand the dispersion and evolution of 
the SARS-CoV-2 in the early phase of the epidemic in Ceará. Sequences 
from 2020 were used to determine the circulating lineages in this year, 
before the strike of the second wave, during which Gamma lineages 
were most prevalent. In addition, we highlight the importance of 
monitoring SARS-CoV-2 lineages through genomic surveillance as a 
measure to contain the pandemic. 

2. Material and methods 

2.1. Ethical Aspects 

This research was approved by the Federal University of Ceará (UFC) 
Ethics Committee (CEP/CAAE: 31453320.7.0000.5054) and the Bra
zilian Ministry of Health SISGEN (A29A4F4). 

2.2. Sample selection and viral detection by RT-qPCR 

From 5,449 samples used to perform SARS-CoV-2 detection for 
diagnosis from July 2020 to June 2021, 34 clinical RT-qPCR positive 
samples with the lowest cycle threshold of each month were chosen for 
this study. The diagnostic procedure was performed at the Laboratory of 
Pharmacogenetics (FARMAGEN) in the Drug Research and Development 
Center (NPDM), Federal University of Ceará (UFC). Nasopharyngeal 
swabs were confirmed as positive for SARS-CoV-2 using iTaq Universal 
Probes One-Step Kit (Bio-Rad, USA) on a QuantStudio 5 instrument 
(Thermo Fisher Scientific, USA). The protocol used was established by 
the Centers for Disease Control and Prevention (CDC, Atlanta, USA). To 
detect the presence of SARS-CoV-2, N1 and N2 genes from the viral 
Nucleocapsid were used, and the human RNase P gene was used as an 
internal control. 

2.3. Nucleic acid extraction, library preparation, and sequencing 

The viral RNA was extracted from 140 μL of clinical samples using 
QIAamp Viral RNA Mini kit (QIAGEN, Hilden, Germany), according to 
the manufacturer’s instructions. The libraries were prepared using 
AmpliSeq Plus or COVIDSeq kits (Illumina, San Diego, USA), according 
to the manufacturers’ protocols. AmpliSeq Plus libraries were purified 
with AMPure XP magnetic beads (Beckman Coulter, Brea, USA). Li
braries were quantified using High Sensitivity dsDNA quantification kit 

with Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, USA), 
and the mean fragment size was analyzed by TapeStation 4150 with 
DNA HS D1000 kit (Agilent, Santa Clara, USA). Library concentration 
was calculated and diluted to 4 nM. Libraries were pooled, denatured, 
and diluted to a final concentration of up to 12 pM and sequenced on a 
MiSeq platform with MiSeq Reagent kit v2 (300-cycle) (Illumina, San 
Diego, USA) to generate reads of 2 × 150 bp. The DNA sequencing was 
performed at the Genomics and Bioinformatics Center (CeGenBio), from 
NPDM. The sequences are available in the GISAID database (https://gi 
said.org/) (Supplementary Table S1). 

2.4. Data analysis 

Sequencing data were inspected for overall quality with FastQC 
v0.11.9 (Andrews, 2010) and trimmed with Trimmomatic v0.38 (Bolger 
et al., 2014). Good quality reads were then processed and analyzed to 
variant calling and lineage classification. Reads were aligned to 
SARS-CoV-2 reference genome (NCBI acc. ID NC_045512.2) using BWA 
v0.7.17-r1188 (Li and Durbin, 2009). SortSam v2.18.29 from Picard 
Tools (http://broadinstitute.github.io/picard/) was used to sort the 
alignment, and samtools v1.11 (Danecek et al., 2021) was used for 
indexing. GATK v.4.1.9.0 (Van der Auwera and O’Connor, 2020) called, 
selected and filtered variants according to the alignment of samples’ 
reads to the reference genome. Variants were annotated according to the 
coding sequences of the reference using snpEff v5.0e (Cingolani et al., 
2012a) and the resulting VCF file was converted into a table using 
SnpSift v.4.3t (Cingolani et al., 2012b). In order to classify the samples 
into pango lineages we assembled samples’ reads with Skesa v.2.1 
(Souvorov et al., 2018) generating contigs for each genome sample. We 
used RagTag v.2.0.0 (Alonge et al., 2019) to order and orient contigs 
generated by Skesa. Pangolin v.3.1.11 (github.com/cov-lineages/
pangolin) was used to assign the pango lineage to each genome. Com
plementary analysis was performed with DRAGEN COVID Lineage app 
v.3.5.8 from Illumina`s BaseSpace (basespace.illumina.com). Additional 
1,619 SARS-CoV-2 genome sequences collected from March 2020 to 
June 2021 in the state of Ceará were downloaded from GISAID (gisaid. 
org/EPI_SET_20220721sn) to analyze the prevalent lineages circulating 
in this period (Supplementary Table S2). 

2.5. Maximum Likelihood phylogenetics 

A Maximum Likelihood (ML) phylogenetic tree was generated with 
the 34 genome sequences and representants of all Variants of Interest 
(VOI) and Variants of Concern (VOC) with collection dates within the 
study period – from July 2020 to June 2021. The final dataset was 
composed of 121 SARS-CoV-2 genome sequences, and included the 
Wuhan reference sequence (NCBI acc. num. NC_045512.2) and 86 
genome sequences downloaded from GISAID, with collection sites in all 
continents, in Brazil and in Ceará (Supplementary Method). Multiple 
alignment was performed with MAFFT v7.505 (Katoh and Standley, 
2013), and the ML tree construction was made with IQ-TREE multicore 
version 2.2.0.5 (Minh et al., 2020), using the GTR+I+F+R3 substitution 
model and SHaLRT with 1,000 replicates as indicated by ModelFinder 
(Kalyaanamoorthy et al., 2017). FigTree v1.4.4 (http://tree.bio.ed.ac. 
uk/software/figtree/) was used to create the visualization. 

3. Results 

We sequenced 34 SARS-CoV-2 samples from Ceará, Brazil, which 
were later classified into pango lineages (Supplementary Table S1). 
Among these, 25 were collected from July to December 2020 and nine 
from January to June 2021. The genomic sequences were classified into 
seven different lineages, being B.1.1.33 (n=15, 44.12%) the most 
frequent, followed by P.1 (n=8; 23.53%), B.1.212 (n=3, 8.82%) and 
B.1.1 (n=3, 8.82%), B.1.1.28 (n=2, 5.88%), P.2 (n=2, 5.88%), and B.1 
(n=1, 2.94%). Moreover, 1,619 sequences from GISAID from the state of 
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Ceará were added to the dataset to determine the circulating SARS-CoV- 
2 lineages from March 2020 to June 2021, resulting in a dataset of 1,653 
sequences. Considering this dataset, the most prevalent lineages were 
P.1 (72.41%), P.2 (7.38%), P.1.10 (6.05%) and B.1.1.33 (3.69%). Other 
lineages were found, although in less proportion (Fig. 1). 

Lineages B.1 (1.39%) and B.1.212 (1.15%) were not constantly 
represented throughout the months, being sampled mainly up to 
September 2020. Lineage B.1.1.33 was observed in all months from 
2020 and in early 2021, but was not observed from March 2021 on. Even 
though the lineage B.1.1.28 (1.45%) was dominant in the early 
pandemic phase in Brazil, it did not have a high prevalence in Ceará in 
any sampled month, according to the data available. P.2 lineage (VOC 
Zeta) was first observed in April, although was not again sampled until 
November, and presented higher prevalence from December 2020 to 
January 2021, reaching 46.23% in January. Lineages P.1, P.1.10 and 
other sublineages of P.1 became more prevalent starting from February 
2021 and remained frequent until the end of the study period. Notably, 
we have found one genome sequence belonging to Gamma (P.1) variant 
in October 2020. 

The occurrences of mutations in the 34 SARS-CoV-2 genomes 
sequenced were also assessed. A total of 202 single-nucleotide poly
morphisms (SNPs) were found, among which 127 were missense (non- 
synonymous), 74 synonymous and one nonsense (Supplementary 
Table S3). Missense mutations with over 40% of prevalence within the 
dataset were C14408T (P4715L) in ORF1ab; A23403G (D614G) in gene 
S; T27299C (I33T) in ORF6; and G28881A (R203K), G28883C (G204R) 
and T29148C (I292T) in gene N (Fig. 2a). All high-prevalence mutations 
found in the dataset are signature to at least one lineage (Supplementary 
Table S4), with the exception of ORF1ab:P4715L. In gene S, 23 missense 
SNPs were identified and, among which, the mutation D614G was 
detected in 100% of the sequenced genomes (Fig. 2b). Missense SNPs in 
the gene S with a frequency of at least 20% among the genomes analyzed 
also included C21614T (L18F), C21638T (P26S), G21974T (D138Y), 
A22812C (K417T), G23012A (E484K), A23063T (N501Y), C23525T 
(H655Y), C24642T (T1027I), and G25088T (V1176F). The only deletion 
found within the dataset was the VOC Gamma synapomorphic deletion 
in position 11,287 (S3675-F3677_), which is a conservative 9-bp in- 
frame deletion. As expected, this mutation was found in the six ge
nomes identified as lineage P.1. We found only one nonsense mutation, 
located in ORF7a, at position 27,673 (Q94*). 

A Maximum Likelihood phylogenetic tree was constructed to confirm 
SARS-CoV-2 lineage classification and to show the proximity of the 
lineages found in the study with all variants classified as VOC or VOI that 

circulated from July 2020 to June 2021 (Fig. 3). Within the study set, 
only VOC Gamma and VOI Zeta were found, being classified as lineages 
P.1 and P.2, respectively. Apart from those sequences, lineages B.1, 
B.1.1, B.1.1.33, B.1.1.28 and B.1.212 were found within the dataset, 
which show low relationship to other VOCs and VOIs. 

4. Discussion 

In the present study, we showed the most prevalent circulating lin
eages and the distribution of SARS-CoV-2 mutations in the Brazilian 
state of Ceará. Genome sequencing is an essential step to understand 
lineage dispersion and to detect mutations. The first viral genomes 
sequenced available in GISAID from Ceará were classified as B.1 (Can
dido et al., 2020), and similar results have been reported for other 
Brazilian states (Botelho-Souza et al., 2021; dos Santos et al., 2021). 
Lineage B.1 was predominant worldwide, especially in Europe, and 
emerged around January 2020 (Rambaut et al., 2020), contributing to 
the early viral epidemic dynamics in Brazil (Candido et al., 2020). 
Within our dataset, B.1.1.33 was the most prevalent lineage in Ceará in 
2020, which was in accordance with another study, also conducted in 
the Northeast region of Brazil, that showed a higher prevalence of 
B.1.1.33 lineage (dos Santos et al., 2021). In a different study, a low 
prevalence of B.1.1.33 in Ceará, in the first two months of the pandemic, 
was reported (Resende et al., 2021). However, divergences of results are 
expected due to sampling size bias. The results showed occurrence of 
lineage P.2 in April 2020, with the highest frequency in January 2021. In 
Brazil, lineage P.2 was first reported in Rio de Janeiro, in October 2020 
(Voloch et al., 2020), even though Lamarca et al. (2021) estimated that 
the origin of P.2 lineage took place in February 2020. From the results, 
lineage P.1 was detected in Ceará in mid-October 2020, and quickly 
became predominant in early 2021, being responsible for most 
COVID-19 infections in Brazil during the second wave (Levi et al., 2021). 
P.1 (VOC Gamma) was first detected in Manaus in November-December 
2020, and was quickly found in other Brazilian states (Faria et al., 
2021b). Recently, Lamarca et al. (2021) inferred that P.1 had its origin 
around August 2020, which is in accordance with our results. This 
suggests that lineage P.1 emerged and was not noticed earlier due to 
poor genomic surveillance in the country at that time. Our analysis 
identified genome mutations within a dataset comprising 34 samples 
collected from patients in Ceará, using as reference the genome of the 
first SARS-CoV-2 isolated in Wuhan, China. In the Spike protein, the 
mutation D614G was most prevalent, with 100% of frequency within the 
dataset. D614G was first detected in January 2020, in samples from 

Fig. 1. Prevalence of SARS-CoV-2 genome sequences for each month from Ceará.  
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China and Germany, but quickly became the dominant genotype 
throughout the world (Korber et al., 2020; Yurkovetskiy et al., 2020). 
Moreover, D614G has been associated with lower Ct values in infected 
patients, possibly indicating a higher upper respiratory tract viral load. 
D614G has been previously associated with ORF1ab:P4715L, with a 
strong allelic association, therefore, they possibly confer a fitness gain 
(Yang et al., 2020). Indeed, these mutations had a high prevalence 
among the sequenced genomes, which can indicate an increased trans
missibly of the virus. Moreover, mutations P4715L and D614G were 
detected in South America, including Brazil, and have been correlated 
with higher mortality rates (Fang et al., 2021; Toyoshima et al., 2020). 
Among our samples, we also detected mutations that were located in the 
Spike protein that have been associated with a higher infectivity and 
evasion of immune system, such as K417T, E484K and N501Y (Harvey 
et al., 2021; Khan et al., 2021). E484K has also been detected in lineage 
P.2 (Voloch et al., 2020), and in one of the genomes classified as B.1.1.33 

from July 2020, within the dataset. Some Clade 2 signature mutations, 
which showed a wide spread in Brazil (Candido et al., 2020), were also 
found in the dataset: I33T, located in ORF6, and I292T, in the N gene. 
Structural proteins encoded for the two regions are involved in the 
degradation of interferon-induced antiviral proteins (Li et al., 2020). 
Finally, other important mutations found with a higher prevalence 
among our dataset were R203K and G204R, located in the N gene. The 
occurrence of these SNPs was reported by Laamarti et al. (2020), who 
detected them in samples from all continents except Africa and Asia. Our 
results highlight the importance of genomic surveillance as a tool for 
monitoring and understanding the evolution of SARS-CoV-2. Further
more, this work fills a gap in the knowledge about SARS-CoV-2 as it 
reports the early imports of lineages and the prevalence of mutations in 
the state of Ceará in the first two years of the COVID-19 pandemic in 
Brazil. 

Fig. 2. Mutations of SARS-CoV-2 genome sequences from Ceará state, Northeast Brazil. a) Frequency of SNPs per SARS-CoV-2 genome position among the 34 genome 
sequences (missense SNPs with prevalence >40% were labelled). b) Frequency of SNPs in Spike protein (S) among the 34 genome sequences (SNPs with prevalence 
>20% were labelled). 
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5. Conclusions 

We have showed that the lineage B.1.1.33 was the most prevalent in 
early epidemic phase in Ceará state in 2020, and that P.1 was predom
inant in 2021. The mutations reported in this present study also brought 
up the genetic diversity of SARS-CoV-2 variants and provided evidence 
associated with higher transmissibility and disease severity. Our results 
confirm the need to sustain continuous genomic surveillance through 
SARS-CoV-2 sequencing in order to identify circulating lineages and to 
monitor the pandemic. 
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