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Abstract: Multiple epicenters of the SARS-CoV-2 pandemic have emerged since the first pneumonia
cases in Wuhan, China, such as Italy, USA, and Brazil. Brazil is the third-most affected country
worldwide, but genomic sequences of SARS-CoV-2 strains are mostly restricted to states from the
Southeast region. Pernambuco state, located in the Northeast region, is the sixth most affected
Brazilian state, but very few genomic sequences from the strains circulating in this region are available.
We sequenced 101 strains of SARS-CoV-2 from patients presenting Covid-19 symptoms that reside in
Pernambuco. Phylogenetic reconstructions revealed that all genomes belong to the B lineage and
most of the samples (88%) were classified as lineage B.1.1. We detected multiple viral introductions
from abroad (likely from Europe) as well as six local B.1.1 clades composed by Pernambuco only
strains. Local clades comprise sequences from the capital city (Recife) and other country-side cities,
corroborating the community spread between different municipalities of the state. These findings
demonstrate that different from Southeastern Brazilian states where the epidemics were majorly
driven by one dominant lineage (B.1.1.28 or B.1.1.33), the early epidemic phase at the Pernambuco
state was driven by multiple B.1.1 lineages seeded through both national and international traveling.

Keywords: SARS-CoV2; coronavirus; outbreak; Brazil; phylogenetics

1. Introduction

Acute respiratory infection is caused by several viral pathogens such as influenza, rhinoviruses,
and coronaviruses (CoV), that can infect the upper and lower respiratory tract of humans leading to
compromised oxygenation and eventually multiple organ failure and death [1]. Two coronaviruses,
SARS-CoV in 2002 and MERS-CoV, in 2012, spilled over to the human population affecting thousands
of people, but these viruses were not well adapted to human-to-human transmission and the outbreaks
came into control before massive human spread [2]. However, in December 2019, a new pneumonia-like
illness was reported in the Wuhan municipality in China. A few weeks later the genome of the etiological
agent was sequenced and revealed a new coronavirus named SARS-CoV-2 [3]. Different from the
SARS-CoV-1 and MERS-CoV, SARS-CoV-2 is particularly well adapted to sustained human-to-human
transmission. It is highly infectious, spreading through symptomatic and asymptomatic individuals [4].
Due to widespread human mobility, this virus reached all continents in less than three months after
the initial reports from Wuhan (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/

situation-reports/). This pandemic is still unfolding, and more than 30 million people have already
been infected by the virus, and more than 1 million have died from it, highlighting that humankind is
facing one of the largest and most challenging human pandemics of all times.

Since the initial spread of SARS-CoV-2, there were two well recognized epicenters of the pandemic
outside China: Northern Italy, which reported the peak of the epidemic around late March to mid-April
2020 [5,6], and the United States of America (USA), which reached the first peak around April 2020,
with most cases concentrating in the New York City area [7]. Currently, the USA is the most affected country
in the world, accounting for more than 7 million infected people. Large-scale SARS-CoV-2 diagnostic
performed in several countries are revealing a complex picture of infection waves due to relaxing of
non-pharmaceutical interventions associated with the low level of acquired immunity [8] (https://coronavirus.
jhu.edu/map.html, https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/).
SARS-CoV-2 human infections have been increasing at a rapid pace in South America as well, led mostly by
Brazil—the most populous country of the continent with more than 211.8 million people (Instituto Brasileiro
de Geografia e Estatística, IBGE—http://www.ibge.gov.br). The first SARS-CoV-2 infection in Brazil was
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reported on 25 February 2020, and now (September 2020), Brazil is the third-most affected country in the
world, with more than 5 million cases and 150 thousand deaths [9] (https://coronavirus.jhu.edu/map.
html—https://covid.saude.gov.br/). Recent publications based on the sequencing and characterization
of SARS-CoV-2 genomes from Minas Gerais and São Paulo (southeast region of Brazil) revealed the
introduction of different SARS-CoV-2 lineages from European countries, which were associated with
recent travel history of the patients [9–11]. Resende et al. 2020 [12], sequenced 95 SARS-CoV-2 genomes
from 10 Brazilian states and Candido et al. 2020 sequenced 427 genomes from 21 Brazilian states
and both identified more than 100 independent introductions of SARS-CoV-2 in Brazil and the
extensive community spread of prevailing lineages (B.1.1.28 and B.1.1.33) in some Southeast Brazilian
states [12,13].

Pernambuco is the seventh most populous state in Brazil and the eighth state regarding the number
of infected patients with 147.872 confirmed cases, but the fourth in terms of deaths (8.279 deaths) and the
second considering lethality (5.6%) (last accessed September 2020—CIEVS PE—https://www.cievspe.
com/). So far, no genomic epidemiology study [14] was performed to sequence SARS-CoV-2 viral
genomes circulating in the state. In this study, we sequenced 101 SARS-CoV-2 genomes from the
Pernambuco state, Northeastern Brazil during an early pandemic phase in order to evaluate the
emergence and community spread of this virus in one of the most affected Brazilian states.

2. Materials and Methods

2.1. Patient Samples and SARS-CoV-2 Molecular Detection

Samples were obtained from nasopharyngeal and oropharyngeal swabs from symptomatic patients
of different ambulatory facilities from Pernambuco (Northeast Brazil) (Figure 1A). Samples metadata
can be found in Table S1. These samples are a part of the COVID-19 biorepository from the Aggeu
Magalhães Institute (IAM), an Oswaldo Cruz Foundation (FIOCRUZ) unit. All standard operating
procedures (SOPs) established by the World Health Organization guidelines were employed [15].
Rigorous biosafety measures were employed as all samples were manipulated in the BSL-3 facility
laboratory. RNA extractions were performed using the robotic platform using the Maxwell® 16 Viral
Total Nucleic Acid Purification Kit (Promega, Wisconsin-USA), following the manufacturer’s protocol.
The molecular detection was performed using the Kit Molecular Bio Manguinhos SARS-CoV-2 (E/RP):
A single-step reaction for detecting the virus envelope gene (E) and the Ribonuclease P housekeeping
control gene (RNAse P) [16]. The study was approved by the Aggeu Magalhaes Institute Ethical
Committee—CAAE 32333120.4.0000.5190.

https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://covid.saude.gov.br/
https://www.cievspe.com/
https://www.cievspe.com/
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this study, 101 samples from the beginning of the SARS-CoV-2 spread at the Pernambuco state were 
processed for whole genome amplification and sequencing. Samples were obtained from twenty-five 
municipalities of the Pernambuco state (Figure 1A) and were distributed across the 15th (33 samples), 
16th (six samples), 17th (14 samples), 18th (11 samples), 19th (23 samples), and 20th (14 samples) 
epidemiological weeks (blue bars in Figure 1B—lower panel) representing the beginning of the SARS-
CoV-2 spread at the Pernambuco state. 

Figure 1. Sample distribution of the sequenced SARS-CoV-2 genomes among the Pernambuco state 
municipalities and epidemiological curves of SARS-CoV-2 confirmed patients from Pernambuco per 
epidemiological week. (A) Pernambuco state map showing the number of genomes sequenced in this 
study distributed by Pernambuco municipalities. Municipality colors represents the number of the 
genomes obtained from a given municipality (green—1 genome, yellow—2 up to 4 genomes, blue—

Figure 1. Sample distribution of the sequenced SARS-CoV-2 genomes among the Pernambuco state
municipalities and epidemiological curves of SARS-CoV-2 confirmed patients from Pernambuco
per epidemiological week. (A) Pernambuco state map showing the number of genomes sequenced in
this study distributed by Pernambuco municipalities. Municipality colors represents the number of the
genomes obtained from a given municipality (green—1 genome, yellow—2 up to 4 genomes, blue—5 to
nineteen genomes and red—more than 20 genomes) and the number over a geographical area indicates the
municipality name as shown in the numerical legend below the map. (B) SARS-CoV-2 epidemiological data
from Pernambuco state—number of confirmed SARS-CoV-2 cases (grey) and deaths (red) per epidemiological
week. Number of genomes sequence (blue bars) obtained in this study. Epidemiological week 10 refers to the
first week of March 2020 and epidemiological week 11 includes the first official case reported in Pernambuco
on 12 March 2020.
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2.2. Genomic Sequencing

Total RNA was used for single strand cDNA generation using FIREScript—Solis Biodyne kit
(Sinapse inc) following manufacturer’s instruction. cDNA generated was subjected to multiplex PCR
reactions using Q5 High Fidelity Hot-Start DNA Polymerase (New England Biolabs) and a set of specific
primers, designed by (https://www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w).
Cycling conditions were: 98 ◦C at 30 s, 98 ◦C at 15 s, 62 ◦C at 30 s, and 65 ◦C at 5 min during 35 cycles.
Amplified PCR products were purified using AMPure XP Beads (Beckman Coulter) and quantified using
the Qubit®dsDNA HS Assay Kits (Invitrogen) following the manufacturer’s instruction. Sequence
libraries were prepared with Nextera XT Library Prep Kit (Illumina, San Diego, CA, USA) using 1.5 ng
of PCR products following the manufacturer’s instructions. Sequencing was performed in the MiSeq
(Illumina) machine using MiSeq Reagent kit V3 of 150 cycles employing a paired-end strategy.

2.3. Viral Strain Isolation and Resequencing

A virus (hCoV-19/Brazil/PE-IAM19/2020) containing a rare mutation N501Y in the spike protein
was sent to Laboratory of Respiratory Viruses and Measles, the WHO Regional Reference Laboratory
in Americas for SARS-CoV-2, for viral isolation and whole genome resequencing. The viral isolation
was conducted using 200 µL of the clinical sample inoculated in VERO CCL-81 cells and after the third
passage the cytopathic effect (CE) was observed. The supernatant was recovered, and the viral RNA
was extracted using the QIAamp Viral RNA Mini Kit (Qiagen). These experiments were performed at
the BSL3 facility. The viral isolation was confirmed by the real time RT-PCR test targeting the gene E
Kit Molecular Bio Manguinhos SARS-CoV-2 (E/RP). The RNA extracted from clinical sample and from
isolated viruses from the third passage were submitted to whole genome sequencing using the RT
and PCR multiplex protocol [12]. Amplified PCR products were purified using AMPure XP Beads
(Beckman Coulter) following and quantified using the Qubit®dsDNA HS Assay Kits (Invitrogen)
following the manufacturer’s instruction. The library was prepared using the Nextera XT Library Prep
Kit (Illumina, San Diego, CA, USA) and sequencing was performed in the Illumina MiSeq machine
using MiSeq Reagent Kit v2 Micro employing a paired-end strategy.

2.4. Genome Assembly and Annotation

Low quality raw sequencing reads, and primers sequences were removed using Trimmomatic
0.36 with default parameters except that the primers sequences used for amplification were passed
in the ILLUMINACLIP parameter. Based on the knowledge that epidemic viruses sampled at short
time frames does not accumulate a substantial number of mutations, we performed a reference-based
assembly strategy using the first published SARS-CoV-2 genome as reference (NC_045512.2) using
Bowtie2 software [17] with default parameters. Following, we generated a .bed file using bedtools v
2.15.0 [18], samtools 1.5 [19], vcf-annotate (parameters-filter Qual = 20/MinDP = 100/SnpGap = 20) from
vcftools v 0.1.13 [20] and genomeCoverageBed from bedtools v 2.15.0 [18] keeping only position with
>5x of coverage. Lastly, we used bedtools maskfasta [18] to generate the final consensus sequences.

The N regions and coverage values for each genome were plotted using karyoploteR [21]. All in
house scripts used in the following sections are deposited on https://github.com/dezordi/SARS-CoV-2_
tools [22].

2.5. Evolutionary Analysis

46,638 genomes of SARS-CoV-2 from GISAID (https://www.gisaid.org/) available up to 24 Jul
2020 were retrieved, this number represents the 45,498 SARS-CoV-2 genomes identified in human
samples, with complete and sequenced with high coverage from all continent except South America
plus 1140 genomes with no quality filter from South America countries. Sequences from other
continents except South America with less than 29,400 pb were removed with fasta_cleaner.py resulting
in 39,467 genomes. The genomes were aligned with the reference genome NC_045512.2 using MAFFT

https://www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w
https://github.com/dezordi/SARS-CoV-2_tools
https://github.com/dezordi/SARS-CoV-2_tools
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add v7.310 [23] with the -keep-length parameter. The 3’ and 5’ ends were removed from alignment as
indicated by [24]. Sequences from the edited alignment were submitted to a step to remove redundancy
with cluster_gisaid.py, where sequences with 100% of identity from the same country were clusterized
with cd-hit-est [25]. After the first step of clusterization, some countries were still overrepresented,
for example, USA and England with more than 3000 genomes remaining after clusterization. For these
(see Table S2), a second step of clusterization was performed with a minimum threshold of percentage
identity (99.6%) to obtain a number of genomes per country close to the mean number of genomes from
other countries. Finally, the 101 genomes sequenced in our study are aligned with the final dataset of
7264 genomes and the final alignment was visualized and checked with Aliview [26].

SARS-CoV-2 lineages were assigned with pangolin (https://pangolin.cog-uk.io/) updated at
14 August 2020. Phylogenetic trees were constructed with IQ-TREE 2.1.1 [27] using the ultrafast
bootstrap method [28] with 10,000 replicates and with the ModelFinder [29] for two datasets, the first
one with 7264 genomes encompassing all genomes that passed from aforementioned filters, and the
second one with this previously dataset sampled by country and week (or by state and week for
Brazilian genomes) with gisaid_sampler.py. Genomes without a complete collection date information
were removed, which resulted in 983 genomes. Branch support was recalculated with the Transfer
Bootstrap Expectation (TBE) [30] using 1000 randomly selected bootstrap replicates. The iTOL [31]
was used to annotate the phylogenetic trees, tree branches were colored by region and tip colors
were colored by pangolin lineage signatures, the root was set between lineages A and B, as proposed
by [24]. After tree reconstruction, genomes from GISAID that clustered with IAM genomes with
ultrafast bootstrap branch support ≥40 were evaluated regarding the synapomorphic SNPs supporting
each cluster.

For the Bayesian analysis, we firstly used the dataset generated with gisaid_sampler.py comprising
sequences from A Lineage, B Lineage and B1 Lineage including all SARS-CoV-2 genomes sequenced
in this study in a maximum likelihood analysis. After the ML reconstruction with IQ-TREE the tree
was evaluated in Tempest 1.5.3 [32] to check the root-to-tip temporal signal. The outlier sequences
were removed before the phylogenetic analysis performed in BEAST 1.10.4 [33]. Bayesian time-scaled
trees were inferred for each dataset using a strict clock applying a fixed mean clock rate of 0.8 × 10−3

as used by other authors [7,34]. We also applied the Bayesian coalescent Skyline model and the GTR
+ G4 + I nucleotide substitution model. These analyses were based on three independent runs of
100 million MCMC generation sampling in every 10,000 steps. To gain more insights about local
SARS-CoV-2 transmission, the identified local clusters were analyzed together in a separate run in
Beast. Clock prior was allowed to vary uniformly between 0.8 × 10−3–1.0 × 10−3 and other models were
as above. The run convergence was evaluated with Tracer 1.7 and all parameters showed ESS values
>200. The generated trees were combined using LogCombiner and the Maximum clade credibility tree
was obtained using the treeannotator. The time-scaled trees were visualized and edited on Figtree 1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/) and Inkscape 0.92 (https://inkscape.org/).

2.6. Single Nucleotide Polymorphism Analysis

Single nucleotide polymorphism (SNPs) were evaluated using the snp-sites tool [35], using as
input the alignments between each IAM genome and the NC_045512.2 as the reference, the positions
with SNPs were retrieved with BCFtools [36]. The SNPs positions were crossed with the genome
assembly depth and nucleotide diversity per position accessed with bam-readcount tool [37] (https:
//github.com/genome/bam-readcount), the outputs from bcftools and bam-readcount were crossed with
snp_div.py to access the metrics and nucleotide diversity of SNPs by genomic region (Tables S3 and S4).
Owing to the importance of Spike protein in SARS-CoV-2 biology, single amino acid polymorphisms
(SAPs) and regions were deletions were found in other SARS-CoV-2 genomes [38] were carefully
analyzed using Aliview and karyoploteR.

https://pangolin.cog-uk.io/
http://tree.bio.ed.ac.uk/software/figtree/
https://inkscape.org/
https://github.com/genome/bam-readcount
https://github.com/genome/bam-readcount


Viruses 2020, 12, 1414 7 of 18

2.7. Epidemiological Data

SARS-CoV-2 confirmed infections and deaths cases from Pernambuco state were obtained from
from the Brazilian Ministry of Health coronavirus website (https://covid.saude.gov.br/). We collected
the number of cases and deaths per day and epidemiological week since the first case reported in the
state (12 March 2020). Plots were performed using the ggplot2 package of the R statistical language
(https://www.r-project.org/).

3. Results and Discussion

3.1. Epidemiological Data from Pernambuco State

The first confirmed SARS-CoV-2 infection in Pernambuco was reported in the second week of
March (12 March 2020) in the 11th epidemiological week (Figure 1B) comprising an elderly couple
returning from Italy on 28 February [39], only 16 after the first confirmed case in Brazil (25 February 2020)
(Figure 1B—top panel). In the 21st epidemiological week, the Pernambuco state reached the first peak of
cases followed by a second peak at the 31st epidemiological week (Figure 1B—top panel). An increasing
number of deaths followed in which the largest number occurred at the 21st epidemiological with
683 deaths and an average of 97.57 deaths per day (Figure 1B—lower panel). In this study, 101 samples
from the beginning of the SARS-CoV-2 spread at the Pernambuco state were processed for whole
genome amplification and sequencing. Samples were obtained from twenty-five municipalities of the
Pernambuco state (Figure 1A) and were distributed across the 15th (33 samples), 16th (six samples),
17th (14 samples), 18th (11 samples), 19th (23 samples), and 20th (14 samples) epidemiological weeks
(blue bars in Figure 1B—lower panel) representing the beginning of the SARS-CoV-2 spread at the
Pernambuco state.

3.2. Genome Sequencing and Variability

One hundred and one SARS-CoV-2 genomes were obtained with a coverage breadth ranging from
66.47 to 99.89 and an average coverage breadth of 94. We also observed a high average coverage depth
of 1826×with a standard deviation of 770× (Table S1).

Coverage depth was mostly uniform with few amplicons showing a much higher depth and
few systematic gaps between the 7th and 8th kb position from the ORF1ab (Figure S1), the ORF
that generate all non-structural proteins of SARS-CoV-2, and between 20–21 kb of the Spike protein
ORF (S), the outermost protein in the coronavirus crown responsible for the cell surface receptor
binding [40]. These systematic gaps are probably related to primer competition during the PCR
reaction, which probably lead to a higher abundance of some amplicons in detriment of others. It can
be clearly seen in the coverage depth plot for each genome in Supplementary File S1. On the other
hand, Liu et al. 2020 [38] found recurrent deletions in the coding region of the Spike protein that may
restrict late phase viral replication both in clinical and in vitro isolated viral strains [38]. In order to
investigate if these natural occurring deletions could be responsible for such gap patterns seen in the
Spike protein of the genomes sequenced here, we manually checked the alignment of all genomes
from Pernambuco and probed our raw sequencing paired-end data. We could not detect any evidence
of deletion in the Spike protein region (NSPRRAR) or (QTQTN) in ninety-six genomes where these
regions were well sequenced (Supplementary File S2) identified by Liu et al. 2020 suggesting that the
gap regions found in the genomes sequenced here were likely a result of primer competition and the
low number of sequenced amplicons corresponding to those regions.

https://covid.saude.gov.br/
https://www.r-project.org/
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Regarding amino acid mutations, new evidence recently emerged showing a number of important
amino acid changes in the Spike protein. An amino acid change (D614G) is of particular interest since
G614 lineages have consistently replaced well established D614 strains and could confer a fitness
advantage of the former strains leading to a higher viral load in infected patients and higher mortality
rate [41–44] although it is not clear yet if this mutation has any impact on virus transmissibility
and disease progression [45]. This amino acid change is almost always accompanied by three
other mutations: A non-coding nucleotide change (C-to-T) in the 5’UTR, a synonymous nucleotide
mutation (C-to-T) at position 3037 and a non-synonymous mutation (C-to-T) at position 14,408 that
generated an amino acid change in the RNA-dependent RNA polymerase (RdRp P323L). All genomes
sequenced from the Pernambuco state showed the G614 amino acid change and the three accompanying
nucleotide mutations described above, except the IAM138 strain which has all four positions identical
to Wuhan-1 reference sequence (Figure 2, Supplementary File S3). Recent experimental evidence,
in different human cell lines, confirmed that D614G is a key amino acid change that increases
SARS-CoV-2 infectivity and when associated with I472V may increase the resistance to neutralizing
antibodies [41]. Interestingly, we screened 479 SARS-CoV-2 high-quality genomes available from
Brazil for such mutations (up to 1st October 2020) and 469 (98%) of those contain the D614G mutation
(Table S5). Additional genomic data will be necessary to evaluate if variant G614 also replaced
D614 strains in a similar way as it happened in other countries or its high prevalence is a result of a
founder effect based on the importation of primarily G614 variants to Brazil.

Additionally, a rare mutation N501Y in spike protein was found in one sample (hCoV-19/Brazil/PE-
IAM19/2020), this mutation is located in the domain that is responsible for ACE2 receptor binding.
This amino acid substitution was reported 38 times around the world (Europe, North America and
Oceania) being most frequently reported (34 x) in Victoria, Australia. Minor variants were observed in
this residue G23063T, which is a nucleotide supported by a substantial fraction of the sequenced reads
(>10%) but that account for less than 50% of the reads in a giving position and is not included in the final
majority rule consensus. This variant was supported by roughly 21% of the reads (421/1924 reads) in the
first Illumina sequencing experiment (Figure S2). Then we took two approaches to better characterize
this strain. First, we sequenced the SARS-CoV-2 genome directly from the clinical sample using a
different primer set [12] and we obtained similar results where G23063T was supported by around 15%
(193/1271) of the reads (Figure S2). Second, we attempted to isolate this virus after the third passage in
VERO CCL-81 cells and we managed to detect 75% (620/816 reads) G23073T of the reads supporting
the N501Y mutation (Table S7). Interestingly, this sample was not clustered phylogenetically with
other sequences containing this amino acid substitution.

The full set of nucleotide changes found in the genomes sequenced in this study can be found in
Tables S3 and S7).
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3.3. SARS-CoV-2 Lineages in Pernambuco

Comprehensive phylogenetic analysis with thousands of genomes sampled worldwide have
identified two main SARS-CoV-2 lineages called A and B, which emerged during the beginning of
the pandemic in the Hubei province—China [25]. Besides, a subdivision of these lineages was also
proposed with five and nine sub lineages within A and B, respectively. Both A and B major lineages
spread worldwide, but ongoing studies have been showing that the lineage B (particularly B1) spread
and replaced the lineage A in several different countries [42]. The lineage B1, that was responsible
for the Italian outbreak [46–48], and it later spread to other western countries in Europe and the
Americas, including Brazil [13]. Up to now, few studies have investigated the SARS-CoV-2 lineages
imported to Brazil and its further spread into the country. The largest study sequenced 427 genomes
and analyzed 490 genomes from 21 Brazilian states detecting that only five strains belong to the
lineage A while the remaining 485 belong to the B lineage [13]. These authors estimated that more
than 100 international introductions of the virus occurred in Brazil. Resende et al. 2020 sequenced
95 genomes from 10 Brazilian states characterizing six SARS-CoV-2 lineages (A.2, B.1, B.1.1, B.2.1, B.2.2,
and B.6). Moreover, the majority of the strains characterized were classified as clade B.1 (95%) and 92%
of those belong to the sub-clade B.1.1 [12]. Lastly, Xavier et al. 2020 sequenced the genome of 40 strains
of SARS-CoV-2 from Minas Gerais state where 85% of these belong to the B lineage in which most of
those falls within B.1.1 and only one genome belongs to the A lineage [11].

In order to evaluate which lineages belong the genomes sequenced in this study, we performed
lineages and sublineages assignment with Pangolin following Rambout et al. 2020 [25] dynamic
nomenclature for SARS-CoV-2 which was depicted onto a ML phylogenetic tree reconstructed
with 7264 SARS-CoV-2 reference genomes (Figure 3). All 101 viral genomes obtained from
Pernambuco belong to the B lineage, one strain (IAM138) showed several nucleotide and amino
acid polymorphisms that are characteristic of early diverging B lineages that circulated in China,
such as the reference Wuhan-1 genome sequencing (see Genome sequencing and variability section
above, Figures 2 and 3 and Table S5) suggesting that this lineage is likely a representative of the early
divergent SARS-CoV-2 lineages emerged from China.

A second strain (IAM19) was assigned to the B.1 lineage and grouped with high branch support
with two SARS-CoV-2 genomes from France and with genomes from Ceara and Minas Gerais states
(ultrafast bootstrap = 55, TBE = 0.80, PP = 0.98, Figure 4, Table S6). The remaining 99 strains grouped in
the B1.1 sub-lineage (Table S1 and Figures 3 and 4). Sixteen of those were clustered with another single
Pernambuco genome and were placed directly at a polytomic branch showing no specific clustering
with other samples from the GISAID dataset. The proofreading correction of the RNA polymerase of
SARS-CoV-2 genome results in a low mutation rate of this virus compared to other RNA viruses [49].
Such low variability of densely sequenced genomes from a short period of time (early pandemic
phase) likely hindered the positioning of those samples since there is a low number of synapomorphic
mutations for a confident phylogenetic clustering. We also found five clades supported by ultrafast
bootstrap and/or TBE containing Pernambuco genomes mixed with sequences from other countries and
six clades having more than 2 sequences from Pernambuco state alone (Table S6). Several sequences from
Pernambuco (cluster 7—IAM17/IAM291/EPI_ISL_476371, cluster 11—IAM109 and cluster 12—IAM766)
grouped with references sequence from Europe (ultrafast bootstrap = 96, 83 and 100 respectively),
while IAM08 grouped with five genomes from African continent (cluster 9—ultrafast bootstrap = 97) and
IAM1264 grouped with other two sequences from Brazil and a genome from Chile (cluster 8—ultrafast
bootstrap = 83) (Table S6).
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Figure 3. Maximum likelihood phylogenetic tree using 7264 genomes available from GISAID plus
101 genomes generated in this study (red stars) rooted between group A and B. Pangolin lineage
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Time-resolved Bayesian tree reconstructions confirmed all clades (Figure 4) and the polytomic
positioning of several of the genomes investigated here as shown in the ML tree including the
basal positioning of IAM138 samples although with low branch support (PP = 0.75 clustering with
EPI_ISL_457352 genome from Europe—Figure 4 clade 1). Besides, the estimated most recent common
ancestors (tMRCA) of A and B lineages are in agreement to the emergence of the virus around
December 2019. The IAM19 genome clustered with two samples from France with an estimated the
tMRCA between late February and mid-March which coincides with the first official case reported
(March 12). Moreover, all other sequenced strains belonging to the B1.1 lineage that were clustered in
highly supported clades showed overlapping tMRCA between mid-March and mid-April (Table S2)
supporting that these lineages that emerged slightly later were the most successful ones spreading in
the state (Figure 4).
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bar represents the HPD95% credible interval of the estimated tMRCA. Branch colors follow continent
order as in Figure 3, but only highly supported clades containing genomes obtained in this study were
colored. Red stars show the SARS-CoV-2 genomes from Pernambuco state.

Then we further accessed the phylogenetic clustering and dating of Pernambuco only clusters
(six clades) showing higher branch support (ultrafast bootstrap or TBE > 40) and with more than
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3 genomes suggesting successful community transmission (data showing the clusters, branch support
and synapomorphies can be seen in Table S6). We performed a Bayesian phylogenetic analysis on
those clades in order to better understand the SARS-CoV-2 timing and spread through different
municipalities of the Pernambuco state (Figure 5A,B). Firstly, the largest Cluster 5 (composed of
10 SARS-CoV-2 genomes) have several early diverging samples from the Recife metropolitan area,
including six samples from Recife and one sample from Olinda, which further seeded the transmission
to small country-side cities of Vitoria de Santo Antao, Lagoa do Carro e Chã Grande. The tMRCA of
this clade dated between late February to late March (Figure 5B) in line with the first cases reported in
the state (12th March). Other four clusters (Clusters 1,3,4 and B.1.1.28 PE subcluster) are composed of
genomes from geographically close municipalities (Figure 5A), with exception of Cluster 2 which is
composed of Jaqueira, Recife and Caruaru, the last two cities are separated from each other around
135km (Figure 5A). The tMRCA of clusters 3, 4 and B.1.1.28 PE sub-cluster was dated between
mid-March and early April, while the tMRCA of clusters 1 and 2 was dated between early and
late April (Figure 5B). Interestingly, both B.1.1.28 PE subcluster and genomes from B.1.1.33 lineages
found in our study represents less than 5% of the lineages characterized at Pernambuco while for
other states they accounted to between 10 up to 80% (Parana—10, Sao Paulo—17, Sergipe—19,
Minas Gerais—25, Para—33, Rio Grande do Sul—38, Santa Catarina—39, Rio de Janeiro—80%) except
for Ceara state where it accounted for only 3% [12]. These lineages described for the first time in this
study, suggests that the epidemic at Pernambuco was mainly driven by multiple lineages emerging
locally after international introduction at the Recife metropolitan region with further spread to the state
country-side cities. Recife city and its metropolitan area receive thousands of Brazilian and foreign
tourists every year through the largest national and international airport of the Northeast region
besides the intense road flux between Northeast state capitals. Such intense and clustered human
mobility hub probably contributed to the emergence of several different lineages of SARS-CoV-2 in the
state before non-pharmaceutical interventions were set. Such lineages established transmission chains
between municipalities of the Pernambuco state corroborating the exponential spread within the state
soon after the first cases were reported (Figure 5B).

Overall, our results showed five new international introduction events of the SARS-CoV-2 into
Pernambuco that originated local clusters that were successful in spreading throughout several cities
of the state. Although not formally tested, the origin of such strains is likely Europe, whose sequences
dominated the base of the B.1.1 cluster. Simultaneously to the arrival of international strains,
national lineages (e.g., B.1.1.28 and B.1.1.33) also reached Pernambuco in the beginning of the epidemic,
highlighting the fast dissemination capacity of SARS-CoV-2 and bringing new insights about the
importance of restrictions to people movement within the country. Besides, the lineage assignment
further supports that the B lineage is prevailing through community spread in Brazil in line with other
SARS-CoV-2 studies.
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Figure 5. Time origin and geographical spread of local SARS-CoV-2 clusters identified in Pernambuco
state. (A) Partial map of Pernambuco showing the municipality of origin of patients belonging to the
identified clusters in the phylogeny. Circles in the map and in the tips of the phylogeny are colored
according to the municipality name in the top legend. Branches in the tree are colored to distinguish
each cluster whose posterior probability support is shown. (B) Violin plots representing each cluster
tMRCA median and 95% HPD (left Y-axis) superimposed to the daily number of new COVID-19 cases
(grey bars) and deaths (red line) (right Y-axis, log10 scale). Violin plots are colored according to the
phylogeny in panel A.

4. Conclusions

The genomic analysis of 101 SARS-CoV-2 genomes from the beginning of the epidemic at
Pernambuco state, Brazil, revealed at least five independent international importation events of
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SARS-CoV-2 strains, that effectively seeded community transmission, occurred from late February
to mid-April which is in line with studies focusing on other Brazilian states. Moreover, we also
found evidence of community spread of at least six local lineages, defined here as highly supported
clades with synapomorphic mutations and with three or more local sequences, among Recife city
and other country-side municipalities. One of these was the Brazilian B.1.1.28 lineage, whereas five
were newly detected in this study. Interestingly, all genomes belong to the B lineage, with a higher
prevalence of B1.1 lineage, which was shown to be the most prevalent currently circulating in Brazil.
All except one genome have the G614 amino acid change which has been suggested to increase the viral
fitness allowing to reach a higher viral load in an experimental setting and likely in human patients.
G614 strains have replaced D614 strains in several regions around the globe where the second was first
established. The high prevalence of G614 strains in our dataset suggests two possible explanations:
I—most strains that entered Brazil belonged to G614 strains or II—D614 and G614 were equally
imported into Brazil but G614 became prevalent as it occurred in European and North American
countries. Our study highlights the importance of international traveling in seeding SARS-CoV-2 in the
state of Pernambuco, fostering the emergence of local lineages and the community spread. Continued
genomic-based surveillance of SARS-CoV-2 in a much broader set of samples is needed in order to
access the viral mutational spectra and provide data to tease apart those hypotheses that will likely
impact the control measures set to curb the epidemic.

Data availability

All genomes generated in this study are deposited on GISAID under the accessions EPI_ISL_500460-
500486 and EPI_ISL_500865-500875.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/12/1414/
s1, Figure S1: SARS-CoV-2 genome coverage breadth of each sample sequenced in this study, Figure S2:
Integrated Genome Viewer screenshot of minor variants found in the sample IAM19, Table S1: General information
about the 101 sequenced genomes, Table S2: Number of GISAID genomes by country after clusterization, Table S3:
SNPs found and coverage depth, Table S4: General metrics of SNPs by genomic regions, Table S5: Annoation of
mutations on high quality Brazilian genomes, Table S6: Synapomorphic SNPs found in monophyletic clusters,
Table S7: Minor variants identified in the 101 new genomes sequenced, File S1: Sequencing coverage depth plot for
each sample studied, File S2: Sequencing coverage depth of the 23-24kb SARS-CoV-2 region (Spike protein coding
region) where Liu et al. 2020 found recurrent deletions, File S3: Nucleotide and amino acid alignment highlighting
the characteristic changes that a accompany the D614G Spike amino acid change, File S4: Acknowledge of authors
and originating laboratories that shared SARS-CoV-2 genomes in GISAID database.

Author Contributions: L.C.A.B., S.P.B.F., C.F.J.A., and G.L.W. conceived and planned the study. R.H.S., P.M.S.L.,
B.A.S.A., D.G.A.C., S.C.G.A., J.J.F.M., M.J.C.O., L.V.B.L., and P.R.O.H. conducted swab collections and sample
processing. M.H.S.P., D.R.D.G., C.D., M.F.B., F.Z.D., L.C.M., L.K., E.H., A.F.d.S., S.J.R.d.S., K.G.d.S.S., B.S.L.F.d.S.,
D.L.d.C., C.E.C., A.d.M.N., C.T.A.d.S., R.P.G.M., M.A.L.d.S., M.d.S.B., W.R.C.d.N., and R.M.L.A. performed
laboratory experiments. M.H.S.P., D.R.D.G., C.D., M.F.B., F.Z.D., A.F.d.S., T.G., P.C.R., G.B., L.C.M., L.R.S.V., A.M.R.,
C.F.J.A., and G.L.W. performed data analysis. M.H.S.P., F.Z.D., and G.L.W. wrote the manuscript. All authors
reviewed the final manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by the National Council for Scientific and Technological Development by
the productivity research fellowship level 2 for Wallau GL (303902/2019-1).

Acknowledgments: We thank the many brave researchers around the globe for their effort to generate and make
readily available the SARS-CoV-2 genomic data in GISAID and other databases. We also thank the LACEN-PE
whole team for providing the samples to sequence the SARS-CoV-2 genomes, the Technological Platform Core
and the Bioinformatic Core of the Aggeu Magalhaes Institute for the support with their research facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, X.; Yu, Y.; Xu, J.; Shu, H.; Xia, J.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; et al. Clinical course
and outcomes of critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China: A single-centered,
retrospective, observational study. Lancet Respir. Med. 2020, 8, 475481. [CrossRef]

http://www.mdpi.com/1999-4915/12/12/1414/s1
http://www.mdpi.com/1999-4915/12/12/1414/s1
http://dx.doi.org/10.1016/S2213-2600(20)30079-5


Viruses 2020, 12, 1414 16 of 18

2. Rabi, F.A.; Al Zoubi, M.S.; Kasasbeh, G.A.; Salameh, D.M.; Al-Nasser, A.D. SARS-CoV-2 and Coronavirus
Disease 2019: What We Know So Far. Pathogens 2020, 9, 231. [CrossRef] [PubMed]

3. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al.
A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270273.
[CrossRef] [PubMed]

4. He, X.; Lau, E.H.Y.; Wu, P.; Deng, X.; Wang, J.; Hao, X.; Lau, Y.C.; Wong, J.Y.; Guan, Y.; Tan, X.; et al.
Temporal dynamics in viral shedding and transmissibility of COVID-19. Nat. Med. 2020, 26, 672675.
[CrossRef] [PubMed]

5. Tuite, A.R.; Ng, V.; Rees, E.; Fisman, D. Estimation of COVID-19 outbreak size in Italy. Lan. Infec. Deseases
2020, 20, 537. [CrossRef]

6. Licastro, D.; Rajasekharan, S.; Dal Monego, S.; Segat, L.; DAgaro, P.; Marcello, A. Isolation and Full-Length
Genome Characterization of SARS-CoV-2 from COVID-19 Cases in Northern Italy. J. Virol. 2020, 94.
[CrossRef]

7. Gonzalez-Reiche, A.S.; Hernandez, M.M.; Sullivan, M.J.; Ciferri, B.; Alshammary, H.; Obla, A.; Fabre, S.;
Kleiner, G.; Polanco, J.; Khan, Z.; et al. Introductions and early spread of SARS-CoV-2 in the New York City
area. Science 2020, eabc1917. [CrossRef]

8. Dong, E.; Du, H.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time.
Lancet Infect. Dis. 2020, 20, 533534. [CrossRef]

9. de Souza, W.M.; Buss, L.F.; da Silva Candido, D.; Carrera, J.-P.; Li, S.; Zarebski, A.E.; Pereira, R.H.M.;
Prete, C.A.; de Souza-Santos, A.A.; Parag, K.V.; et al. Epidemiological and clinical characteristics of the
COVID-19 epidemic in Brazil. Nat. Hum. Behav. 2020, 4, 856–865. [CrossRef]

10. do Nascimento, V.A.; Corado, A.L.G.; do Nascimento, F.O.; da Costa, K.A.; Duarte, D.C.G.; de Jesus, M.S.;
Luz, S.L.B.; Gonalves, L.M.F.; da Costa, C.F.; Delatorre, E. Genomic and phylogenetic characterization of an
imported case of SARS-CoV-2 in Amazonas State, Brazil. Memorias Instituto Oswaldo Cruz 2017, 115, e200310.
[CrossRef]

11. Xavier, J.; Giovanetti, M.; Adelino, T.; Fonseca, V.; da Costa, A.V.B.; Ribeiro, A.A.; Felicio, K.N.; Duarte, C.G.;
Silva, M.V.F.; Lima, M.T.; et al. The ongoing COVID-19 epidemic in Minas Gerais, Brazil: Insights from
epidemiological data and SARS-CoV-2 whole genome sequencing. Emerg. Microbes Infect. 2020, 9, 1824–1834.
[CrossRef] [PubMed]

12. Resende, P.C.; Motta, F.C.; Roy, S.; Appolinario, L.; Fabri, A.; Xavier, J.; Harris, K.; Matos, A.R.; Caetano, B.;
Orgeswalska, M.; et al. SARS-CoV-2 genomes recovered by long amplicon tiling multiplex approach using
nanopore sequencing and applicable to other sequencing platforms. BioRxiv 2020. [CrossRef]

13. Candido, D.S.; Claro, I.M.; de Jesus, J.G.; Souza, W.M.; Moreira, F.R.R.; Dellicour, S.; Mellan, T.A.; du Plessis, L.;
Pereira, R.H.M.; Sales, F.C.S.; et al. Evolution and epidemic spread of SARS-CoV-2 in Brazil. Science 2020,
369, 1255–1260. [CrossRef]

14. Grubaugh, N.D.; Ladner, J.T.; Lemey, P.; Pybus, O.G.; Rambaut, A.; Holmes, E.C.; Andersen, K.G.
Tracking virus outbreaks in the twenty-first century. Nat. Microbiol. 2018, 4, 1019. [CrossRef] [PubMed]

15. WHO Laboratory Testing for 2019 Novel Coronavirus (2019-nCoV) in Suspected Human Cases; World Health
Organ: Geneva, Switzerland, 2020.

16. Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brnink, S.; Schneider, J.;
Schmidt, M.L.; et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance
2020, 25. [CrossRef] [PubMed]

17. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357359.
[CrossRef] [PubMed]

18. Quinlan, A.R. BEDTools: The Swiss-Army Tool for Genome Feature Analysis. Curr. Protoc. Bioinforma. 2014, 47.
[CrossRef]

19. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.
The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 20782079. [CrossRef]

20. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.;
Marth, G.T.; Sherry, S.T.; et al. 1000 Genomes Project Analysis Group The variant call format and VCFtools.
Bioinformatics 2011, 27, 21562158. [CrossRef]

21. Gel, B.; Serra, E. karyoploteR: An R/Bioconductor package to plot customizable genomes displaying arbitrary
data. Bioinformatics 2017, 33, 30883090. [CrossRef]

http://dx.doi.org/10.3390/pathogens9030231
http://www.ncbi.nlm.nih.gov/pubmed/32245083
http://dx.doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://dx.doi.org/10.1038/s41591-020-0869-5
http://www.ncbi.nlm.nih.gov/pubmed/32296168
http://dx.doi.org/10.1016/S1473-3099(20)30227-9
http://dx.doi.org/10.1128/JVI.00543-20
http://dx.doi.org/10.1126/science.abc1917
http://dx.doi.org/10.1016/S1473-3099(20)30120-1
http://dx.doi.org/10.1038/s41562-020-0928-4
http://dx.doi.org/10.1590/0074-02760200310
http://dx.doi.org/10.1080/22221751.2020.1803146
http://www.ncbi.nlm.nih.gov/pubmed/32726185
http://dx.doi.org/10.1101/2020.04.30.069039
http://dx.doi.org/10.1126/science.abd2161
http://dx.doi.org/10.1038/s41564-018-0296-2
http://www.ncbi.nlm.nih.gov/pubmed/30546099
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://www.ncbi.nlm.nih.gov/pubmed/31992387
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1002/0471250953.bi1112s47
http://dx.doi.org/10.1093/bioinformatics/btp352
http://dx.doi.org/10.1093/bioinformatics/btr330
http://dx.doi.org/10.1093/bioinformatics/btx346


Viruses 2020, 12, 1414 17 of 18

22. Dezordi, F.Z. SARS-COV-TOOLS. Available online: https://github.com/dezordi/SARS-CoV-2_tools (accessed on
3 June 2020).

23. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol. Biol. Evol. 2013, 30, 772780. [CrossRef] [PubMed]

24. Rambaut, A.; Holmes, E.C.; Toole, O.; Hill, V.; McCrone, J.T.; Ruis, C.; du Plessis, L.; Pybus, O.G. A dynamic
nomenclature proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 2020, 5, 1403–1407.
[CrossRef] [PubMed]

25. Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide
sequences. Bioinformatics 2006, 22, 16581659. [CrossRef] [PubMed]

26. Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics
2014, 30. [CrossRef]

27. Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm
for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268274. [CrossRef]

28. Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast
Bootstrap Approximation. Mol. Biol. Evol. 2018, 35, 518522. [CrossRef]

29. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model
selection for accurate phylogenetic estimates. Nat. Methods 2017, 14, 587589. [CrossRef]

30. Lemoine, F.; Entfellner, J.-B.D.; Wilkinson, E.; Correia, D.; Felipe, M.D.; Oliveira, T.D.; Gascuel, O.
Renewing Felsensteins phylogenetic bootstrap in the era of big data. Nature 2018, 556, 452456. [CrossRef]

31. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL) v4: Recent updates and new developments.
Nucleic Acids Res. 2019, 47, W256W259. [CrossRef]

32. Rambaut, A.; Lam, T.T.; Carvalho, L.M.; Pybus, O.G. Exploring the temporal structure of heterochronous
sequences using TempEst (formerly Path-O-Gen). Virus Evol. 2016, 2, vew007. [CrossRef]

33. Suchard, M.A.; Lemey, P.; Baele, G.; Ayres, D.L.; Drummond, A.J.; Rambaut, A. Bayesian phylogenetic and
phylodynamic data integration using BEAST 1.10. Virus Evol. 2018, 4, vey016. [CrossRef] [PubMed]

34. Duchene, S.; Featherstone, L.; Haritopoulou-Sinanidou, M.; Rambaut, A.; Lemey, P.; Baele, G. Temporal signal
and the phylodynamic threshold of SARS-CoV-2. Virus Evol. 2020, 6, veaa061. [CrossRef] [PubMed]

35. Page, A.J.; Taylor, B.; Delaney, A.J.; Soares, J.; Seemann, T.; Keane, J.A.; Harris, S.R. SNP-sites: Rapid efficient
extraction of SNPs from multi-FASTA alignments. Microb. Genom. 2016, 2, e000056. [CrossRef] [PubMed]

36. Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population
genetical parameter estimation from sequencing data. Bioinformatics 2011, 27, 29872993. [CrossRef] [PubMed]

37. BAM-READCOUNT. Available online: https://github.com/genome/bam-readcount (accessed on 3 June 2020).
38. Liu, Z.; Zheng, H.; Lin, H.; Li, M.; Yuan, R.; Peng, J.; Xiong, Q.; Sun, J.; Li, B.; Wu, J.; et al. Identification of

common deletions in the spike protein of SARS-CoV-2. J. Virol. 2020. [CrossRef]
39. de Magalhes, J.J.F.; Mendes, R.P.G.; da Silva, C.T.A.; da Silva, S.J.R.; Guarines, K.M.; Pena, L.

Epidemiological and clinical characteristics of the first 557 successive patients with COVID-19 in Pernambuco
state, Northeast Brazil. Travel Med. Infect. Dis. 2020, 38, 101884. [CrossRef] [PubMed]

40. Fung, T.S.; Liu, D.X. Human Coronavirus: Host-Pathogen Interaction. Annu. Rev. Microbiol. 2019, 73, 529557.
[CrossRef]

41. Li, Q.; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H.; Nie, L.; et al. The impact of
mutations in SARS-CoV-2 spike on viral infectivity and antigenicity. Cell 2020, 182, 1284–1294. [CrossRef]

42. Korber, B.; Fischer, W.M.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.;
Bhattacharya, T.; Foley, B.; et al. Tracking changes in SARS-CoV-2 Spike: Evidence that D614G increases
infectivity of the COVID-19 virus. Cell 2020, 182, 812–827. [CrossRef]

43. Becerra-Flores, M.; Cardozo, T. SARS-CoV-2 viral spike G614 mutation exhibits higher case fatality rate.
Int. J. Clin. Pract. 2020, e13525. [CrossRef]

44. Yurkovetskiy, L.; Wang, X.; Pascal, K.E.; Tomkins-Tinch, C.; Nyalile, T.P.; Wang, Y.; Baum, A.; Diehl, W.E.;
Dauphin, A.; Carbone, C.; et al. Structural and Functional Analysis of the D614G SARS-CoV-2 Spike Protein
Variant. Cell 2020. [CrossRef] [PubMed]

45. Grubaugh, N.D.; Hanage, W.P.; Rasmussen, A.L. Making sense of mutation: What D614G means for the
COVID-19 pandemic remains unclear. Cell 2020, 182, 794–795. [CrossRef] [PubMed]

46. Mercatelli, D.; Giorgi, F.M. Geographic and Genomic Distribution of SARS-CoV-2 Mutations. Front. Microbiol.
2020, 11. [CrossRef] [PubMed]

https://github.com/dezordi/SARS-CoV-2_tools
http://dx.doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://dx.doi.org/10.1038/s41564-020-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/32669681
http://dx.doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699
http://dx.doi.org/10.1093/bioinformatics/btu531
http://dx.doi.org/10.1093/molbev/msu300
http://dx.doi.org/10.1093/molbev/msx281
http://dx.doi.org/10.1038/nmeth.4285
http://dx.doi.org/10.1038/s41586-018-0043-0
http://dx.doi.org/10.1093/nar/gkz239
http://dx.doi.org/10.1093/ve/vew007
http://dx.doi.org/10.1093/ve/vey016
http://www.ncbi.nlm.nih.gov/pubmed/29942656
http://dx.doi.org/10.1093/ve/veaa061
http://www.ncbi.nlm.nih.gov/pubmed/33235813
http://dx.doi.org/10.1099/mgen.0.000056
http://www.ncbi.nlm.nih.gov/pubmed/28348851
http://dx.doi.org/10.1093/bioinformatics/btr509
http://www.ncbi.nlm.nih.gov/pubmed/21903627
https://github.com/genome/bam-readcount
http://dx.doi.org/10.1101/2020.03.31.015941
http://dx.doi.org/10.1016/j.tmaid.2020.101884
http://www.ncbi.nlm.nih.gov/pubmed/32971239
http://dx.doi.org/10.1146/annurev-micro-020518-115759
http://dx.doi.org/10.1016/j.cell.2020.07.012
http://dx.doi.org/10.1016/j.cell.2020.06.043
http://dx.doi.org/10.1111/ijcp.13525
http://dx.doi.org/10.1016/j.cell.2020.09.032
http://www.ncbi.nlm.nih.gov/pubmed/32991842
http://dx.doi.org/10.1016/j.cell.2020.06.040
http://www.ncbi.nlm.nih.gov/pubmed/32697970
http://dx.doi.org/10.3389/fmicb.2020.01800
http://www.ncbi.nlm.nih.gov/pubmed/32793182


Viruses 2020, 12, 1414 18 of 18

47. Stefanelli, P.; Faggioni, G.; Lo Presti, A.; Fiore, S.; Marchi, A.; Benedetti, E.; Fabiani, C.; Anselmo, A.;
Ciammaruconi, A.; Fortunato, A.; et al. Whole genome and phylogenetic analysis of two SARS-CoV-2 strains
isolated in Italy in January and February 2020: Additional clues on multiple introductions and further
circulation in Europe. Eurosurveillance 2020, 25. [CrossRef] [PubMed]

48. Giovanetti, M.; Angeletti, S.; Benvenuto, D.; Ciccozzi, M. A doubt of multiple introduction of SARS-CoV-2 in
Italy: A preliminary overview. J. Med. Virol. 2020. [CrossRef] [PubMed]

49. Denison, M.R.; Graham, R.L.; Donaldson, E.F.; Eckerle, L.D.; Baric, R.S. Coronaviruses: An RNA proofreading
machine regulates replication fidelity and diversity. RNA Biol. 2011, 8, 270279. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2807/1560-7917.ES.2020.25.13.2000305
http://www.ncbi.nlm.nih.gov/pubmed/32265007
http://dx.doi.org/10.1002/jmv.25773
http://www.ncbi.nlm.nih.gov/pubmed/32190908
http://dx.doi.org/10.4161/rna.8.2.15013
http://www.ncbi.nlm.nih.gov/pubmed/21593585
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patient Samples and SARS-CoV-2 Molecular Detection 
	Genomic Sequencing 
	Viral Strain Isolation and Resequencing 
	Genome Assembly and Annotation 
	Evolutionary Analysis 
	Single Nucleotide Polymorphism Analysis 
	Epidemiological Data 

	Results and Discussion 
	Epidemiological Data from Pernambuco State 
	Genome Sequencing and Variability 
	SARS-CoV-2 Lineages in Pernambuco 

	Conclusions 
	References

