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RESUMO

A pandemia de COVID-19, causada pelo SARS-CoV-2, se espalhou
rapidamente pelo mundo, apés sua descoberta no final de 2019. Desde entéo,
esforcos internacionais de pesquisa multidisciplinar tém contribuido com o
combate do avanc¢o do virus. Diante disso, essa dissertacdo apresenta dois
estudos que tém como objetivo a analise de dados gendmicos do Rio Grande do
Sul (RS) a fim de identificar novas linhagens e mutac¢des importantes e de dados
epidemioldgicos para pormenorizar o histérico da pandemia no pais. No primeiro,
sequenciamos 56 amostras de 13 municipios do Rio Grande do Sul coletadas
durante a segunda onda pandémica em margo de 2021. O trabalho confirmou a
predominancia da variante Gamma no estado, sua difusao a partir de multiplas
introducbes virais e o aparecimento da sublinhagem P1.2. No segundo,
analisamos as sequéncias brasileiras disponiveis na plataforma GISAID - até 7
de dezembro de 2021, 76.413 genomas e seus metadados - juntamente com as
informacdes demograficas e epidemioldgicas extraidas da base de dados do
IBGE do projeto Brasil.IO. Assim, identificamos as proporcdes de casos e mortes
em cada regido brasileira, a ascensdo e declinio das principais linhagens e
variantes e sua incidéncia sobre a populacdo. Até o momento, a variante Gamma
se trata da mais letal versdo do SARS-CoV-2 na histéria da pandemia no pais,
visto que em todas as regifes foi a aparente causa do recorde no niumero de
casos e mortes por COVID-19. Utilizando genomas completos, metadados e
dados epidemiolégicos e demograficos, contribuimos para o entendimento da
evolugéo e do comportamento do SARS-CoV-2. Promissoramente, este trabalho
tem o potencial de guiar o desenvolvimento de intervencbes néao
medicamentosas e possiveis solu¢bes para prevencdo da doenca e protecdo da

populacao.

Palavras-Chave: SARS-CoV-2; COVID-19; Variantes; Linhagens; Genbmica;
Epidemiologia; Sequenciamento; Biologia molecular



ABSTRACT

The COVID-19 pandemic, caused by SARS-CoV-2, spread rapidly around
the world after its discovery in late 2019. International multidisciplinary research
efforts have contributed to combating the spread of the virus. Therefore, this
dissertation presents two studies aiming to analyze genomic data from Rio
Grande do Sul (RS) in order to identify new lineages and important mutations and
epidemiological data to detail the history of the pandemic in the country. In the
first study, we sequenced 56 samples from 13 municipalities in Rio Grande do
Sul collected during the second pandemic wave in March 2021. The work
confirmed the predominance of Gamma in the state, its diffusion from multiple
viral introductions and the appearance of the P1.2 sublineage. In the second one,
we analyzed all the Brazilian sequences available on the GISAID platform - as of
December 7th, 2021, 76,413 genomes and their metadata - together with the
demographic and epidemiological information extracted from the IBGE database
and the Brasil.lIO project. We identified the proportions of cases and deaths in
each Brazilian region, the rise and decline of the main lineages and variants and
their incidence on the population. The Gamma variant seems to be the most lethal
version of SARS-CoV-2 in the history of the pandemic in the country so far, since
in all regions it was the apparent cause of the record number of cases and deaths
by COVID-19. Using complete genomes, metadata, and epidemiological and
demographic data, we aim to contribute to the understanding of the evolution and
behavior of SARS-CoV-2. Promisingly, this work can help guide the development
of non-pharmaceutical interventions and possible solutions to prevent the

disease and protect population.

Keywords: SARS-CoV-2; COVID-19; Variants; Lineages; Genomics;
Epidemiology; Sequencing; Molecular biology
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1 REVISAO DA LITERATURA

1.1  Coronavirus da Sindrome Respiratoria Aguda Grave 2 (SARS-CoV-2)

A taxonomia do SARS-CoV-2 (Figura 1) pode ser descrita da seguinte
forma (Coronaviridae Study Group Of The International Committee On
Taxonomy Of Viruses, 2020): Reino Riboviria; Ordem Nidovirales; Subordem
Cornidovineae; Familia Coronaviridae; Subfamilia Orthocoronavirinae; Género
Betacoronavirus; Subgénero Sarbecovirus; Espécie Severe Acute Respiratory
Syndrome-Related Coronavirus.

Figura 1: Imagem de microscopia eletronica de transmissdo de particulas de SARS-CoV-2
isoladas de um paciente. Imagem capturada e aprimorada em cores no Integrated Research
Facility em Fort Detrick, Maryland, National Institute of Allergy and Infectious Diseases (NIAID)

Fonte: https://www.niaid.nih.gov/news-events/novel-coronavirus-sarscov2-images
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1.2 Familia Coronaviridae

Os coronavirus (CoVs), nomeados por sua superficie em forma de coroa,
sdo um grupo de virus geneticamente diverso e que pode infectar varias
espécies de animais, incluindo morcegos, porcos, espécies de aves, gatos,
roedores e humanos (Weiss, 2020). Apenas os CoVs alfa e beta sdo conhecidos
por infectar humanos e causam principalmente doencas respiratérias e entéricas
com uma variedade de sintomas e largo espectro de severidade (Corman, 2018;
Coronaviridae Study Group of the ICTV, 2020)

Sao virus envelopados medindo de 80 a 160nm de diametro e com um
genoma de RNA positivo. A associacdo do genoma com a proteina N forma o
nucleocapsideo em forma de hélice. O envelope compreende uma membrana
bicamada lipidica e proteinas de superficie que envolvem toda a particula viral.
Dentre elas, a proteina Spike € responsavel pela morfologia externa do
coronavirus (Figura 1 e 2) (de Wilde, 2017; Murray, 2009), sendo o elemento que
mais chama a atencdo dos pesquisadores por ter relacdo direta com a entrada
do virus nas células animais. A sintese de proteinas ocorre em duas fases.
Primeiramente, ocorre a traducdo de uma poliproteina que € clivada formando
uma RNA polimerase dependente de RNA. Subsequentemente, a polimerase
gera uma fita de RNA sentido negativo que é usada como molde para replicar
RNA mensageiro (MRNA) (Murray, 2009; de Wilde, 2017; Murgolo, 2021;
V’kovski, 2021).
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Figura 2: Modelo de um SARS-CoV-2. A superficie do virus (azul) é coberta com proteinas spike
(vermelho). As espiculas na superficie dos coronavirus dao o nome a essa familia de virus —
corona, que é latim para “coroa”, e a maioria dos coronavirus tém aparéncia semelhante. Fonte:

NIH (https://www.niaid.nih.gov/news-events/novel-coronavirus-sarscov2-images)

O genoma de RNA dos CoVs contém pouco menos de 30 kb e codifica 14
Open Reading Frame (ORF), algumas das quais se sobrepdem (Snijder, 2003).
Possui uma cauda poli A e sequéncias curtas de regides nao traduzidas (UTR)
que formam estruturas regulatérias e uma Unica sequéncia lider proxima a
extremidade 5’. Uma sequéncia reguladora da transcri¢do precede a maioria das
ORFs. A extremidade proximal 5 do genoma contém duas grandes ORFs:
ORFla e ORF1b que juntos resultam em uma poliproteina que compreende
aproximadamente dois tercos do genoma, que é clivada em proteinas néo
estruturais (nsp) pelas proteases nsp5 e nsp3 codificadas pelo ORF1a (Angelini,
2013; Snijder, 2003). Além das funcbes de protease, as nsps tém funcdes
especificas na replicacdo e na modulacdo do ambiente da célula hospedeira,
ancorando os complexos de replicacdo viral a dominios celulares e conduzindo
a transcricdo de mRNA. O terco restante do genoma contém os genes das
proteinas estruturais comuns a todos os CoVs - Spike (S), Envelope (E),
glicoproteina de Membrana (M) e Nucleocapsideo (N) (Robson, 2020).
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A replicagéo dos virus de RNA normalmente esta associada a uma alta
taxa de erro que resulta em diversas populacdes de mutantes gendémicos
(Denison, 2011). Embora essa baixa fidelidade permita que os virus de RNA se
adaptem a diferentes ambientes e pressodes seletivas, também estd associada a
uma maior chance de erros levarem a extingdo de uma populacgéo. Isso sugere
a necessidade de um equilibrio entre a diversidade de mutantes e a aptidao para
viruléncia e evolucao (Denison, 2011; Gorbalenya, 2006; Smith, 2012). Esse
fator desafia o desenvolvimento de antivirais contra CoVs e outros virus de RNA,
ja que podem levar rapidamente ao desenvolvimento de resisténcia a farmacos
(Perales, 2015). Outra barreira € a funcédo de proofreading das exonucleases
representada nos CoVs pela nspl4 (Chen, 2009). Além disso, essas proteinas
também estdo envolvidas em varios outros processos do ciclo de vida e
patogenicidade do virus, incluindo respostas imunes inatas e recombinacao do
genoma viral (Becares, 2016; Gribble, 2021) Os genomas dos virus da ordem
Nidovirales sédo 0s maiores e mais complexos entre os virus de RNA conhecidos
(Saberi, 2018) e a nsp14 é altamente conservada dentro da familia Coronaviridae
(Ma, 2015). A funcdo de proofreading pode ter sido crucial para garantir a
competéncia de replicacdo dos CoVs e na expansao e manutencao dos géneros

e das espécies hoje conhecidas (Gorbalenya, 2006).

1.3 Historico dos Coronavirus

Uma publicacdo em 1931 indicou que havia uma nova doenca respiratéria
gue acometia primariamente galinhas de duas a trés semanas de idade (Schalk
e Hawn, 1931). Os autores se referiram & doenga como "uma doenca respiratoria
aparentemente nova". A infec¢do era muito contagiosa e altamente virulenta e
incluia sintomas como falta de ar severa e fraqueza fisica. Era facilmente
transmitida por contato direto entre aves ou por transferéncia de exsudatos
brénquicos de galinhas infectadas para galinhas saudaveis - como forma de
experimentacdo. (Fabricant, 1998) Em 1933, a doenca foi reproduzida em
galinhas jovens pela injecdo intratraqueal, subcutadnea e intraperitoneal de
material tratado em filtro de Berkefeld - filtro de ceramica largamente utilizado

em laboratérios de microbiologia. Algumas empresas afirmam que esse filtro
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possui a capacidade de filtrar até 100% das particulas acima de 0,9um a até 98%
das particulas acima de 0,5um de diametro. Os animais desenvolveram sintomas
tipicos ja descritos apoés varios periodos de incubacao e recebimento do filtrado
(Bushnell e Brandly, 1933; Beach, 1931). Foi sugerido que o patégeno nao
poderia ser bactéria ou protozoario, pois acreditava-se que estes seriam retidos
no processo de filtragem. Em 1937, Beaudette e Hudson cultivaram o entdo
nomeado virus da bronquite infecciosa (IBV) pela primeira vez em embrides de
galinha (Beaudette e Hudson, 1937). Esta cepa ficou conhecida como “cepa
Beaudette” e, 50 anos mais tarde, foi 0 primeiro coronavirus a ter seu genoma

sequenciado (Boursnell, 1987).

Os coronavirus humanos foram descobertos como um dentre muitos virus
causadores do resfriado comum. A pesquisa sobre o estudo do resfriado comum
teve origem no Reino Unido com a Common Cold Research Unit em 1946
(Research into the Common Cold, 1946). O laboratoério descobriu varios virus,
como virus influenza, virus parainfluenza e rinovirus (Andrewes, 1966). Em um
experimento entre 1960 e 1961, a equipe coletou amostras de garganta de 170
meninos em idade escolar com sintomas de resfriado em um internato na
Inglaterra. Entre as poucas amostras que nao puderam ser cultivadas, uma
amostra em especial - que foi testada com todos os métodos de cultura
bacteriana e viral disponiveis e resultaram negativos - foi designada B814
(Kendall, 1962). Em 1965, puderam confirmar que o patdégeno era um virus pois:
(I) passou pelo filtro Berkefeld; (II) era suscetivel ao tratamento com éter
(indicando a presenca de envelope viral); (Ill) era capaz de induzir resfriado em
voluntérios tratados com antibioticos (indicando que néao era uma bactéria); (1V)
era cultivado em cultura de células epiteliais de traqueia humana. Testes
sorolégicos indicaram ainda que o virus ndo estava relacionado a nenhum virus

conhecido na época (Tyrrell e Bynoe, 1965).

Foi somente com o desenvolvimento da microscopia eletrénica que os
virus puderam ser visualizados e estruturalmente estudados. Cientistas da
Universidade de Maryland foram os primeiros a descrever a estrutura do
coronavirus usando a microscopia eletrbnica de transmissdo. Em 1948,
relataram que o IBV tinha forma esférica e alguns deles tinham projecdes

filamentosas (Reagan, 1948). No entanto, as imagens eram dificeis de
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interpretar devido a baixa resolucéo e baixa ampliacdo da tecnologia da época
(25.000x). Outro estudo que utilizou microscopia eletrénica observou IBVs como
estruturas em forma de anel (Domermuth e Edwards, 1957). Imagens
microscépicas com uma resolucdo um pouco melhor foram publicadas em 1964.
Quatro cepas de IBV, incluindo a cepa Beaudette, foram comparadas com o virus
da gripe. Em todas as cepas de IBV foram observadas projecdes em forma de
péra, que eram chamadas de Spikes (do inglés “espiculas” ou “espinhos”) (Berry,
1964). Em 1965, pesquisadores também estudaram a morfologia do virus da
hepatite murina (MHV) - outro coronavirus identificado anos antes - afirmando
que a superficie da particula viral é coberta por espiculas (David-Ferreira e
Manaker, 1965). Almeida e Tyrrell publicaram em 1967 imagens de dois virus
respiratorios humanos - 229E e B814 - e o IBV e concluiram que séo
morfologicamente idénticos (Almeida e Tyrrell, 1967). No mesmo ano, outro
estudo também relatou a estrutura dos virus do resfriado comum coletado de
trabalhadores do National Intitute of Health nos EUA durante 1965-1966.
Descobriram que seis de suas amostras tinham caracteristicas morfoldgicas
comuns com B814 e compararam a estrutura de uma de suas amostras com as
do 229E, IBV e influenza. A semelhanca com IBV foi tdo relevante que os
chamaram de "virus semelhantes ao IBV". Neste estudo, também foi relatada a
presenca de espiculas na superficie viral, como no trabalho de June Almeida
(MclIntosh, 1967). Em meados de 1967, foi reconhecido que IBV, MHV, B814 e
229E eram estrutural e biologicamente semelhantes de tal modo que formam um
grupo distinto (Tyrrell e Almeida, 1967; Becker, 1967). Almeida sugeriu nome
"Coronavirus" devido a franja de projecdes - spikes ou espiculas - na superficie
viral que lembra uma coroa solar. Assim o virus foi alcunhado em um breve artigo

publicado na revista Nature em 1968 (Almeida, 1968).

Com o passar dos anos, algumas mudancas de nomenclatura e de
taxonomia foram revisadas. Em 1975, “Coronaviridae” foi adotado oficialmente
como o home da familia pelo Comité Internacional de Taxonomia de Virus (ICTV)
(ICTV, 1975). Em 2009, a familia passou por algumas reformas de nomenclatura.
O IBV foi oficialmente designado como Virus da Bronquite Infecciosa Aviaria,
mas renomeado para Coronavirus Aviario em ((a) ICTV, 2009); O MHV foi

renomeado como Coronavirus Murino ((b) ICTV, 2009); Cepas isoladas de
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humanos foram chamadas coletivamente de Coronavirus respiratorio humano e
foram unidas com Coronavirus humano 229E (HCoV-229E) ((c) ICTV, 2009).
Devido ao crescente numero e diversidade de novas espécies descobertas, o
ICTV dividiu o género Coronavirus em quatro géneros, Alphacoronavirus,

Betacoronavirus, Deltacoronavirus e Gammacoronavirus (Carstens, 2010).

1.4  Estrutura e replicacéo

O SARS-CoV-2 é um virus de RNA de fita simples com um genoma de
aproximadamente 29.900 nucleotideos que contém 11 estruturas de leitura
aberta (ORFs) e codifica 27 proteinas (Figura 3). Cerca de 70% do genoma €
coberto pela sobreposicdo dos genes ORFla e ORF1b, que sdo traduzidos em
poliproteinas formando 16 proteinas ndo estruturais (nspl a nsp16). O ultimo
terco do genoma codifica as proteinas estruturais (Spike [S], Envelope [E],
Membrana [M] e Nucleocapsideo [N]) e seis proteinas acessorias (ORF3a,
ORF6, ORF7a, ORF7b, ORF8 e ORF10) (Helmy, 2020). A proteina N fosforilada
e 0 RNA genbmico juntos formam o nucleocapsideo que é envolto por bicamada
fosfolipidica que possui as proteinas M, S e E. M € uma proteina transmembrana
responsavel pelo transporte de moléculas e formacao do envelope. A proteina E
€ necessaria para a montagem e liberacdo do virus, possui atividade de canal
ibnico e é relatada como tendo papel na patogénese do virus (Kaur, 2021). N é
a Unica proteina do nucleocapsideo e € composta por dois dominios — ambos
necessarios para a ligacdo do RNA. N também se liga a proteina M e ao
complexo replicase. A proteina S, um trimero, forma a estrutura “coroa solar’ na
superficie do virus e a ligagdo ao receptor da célula hospedeira por meio das
subunidades S1 e S2 (Figura 4) (Li, 2020; Greaney, 2021).
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Figura 3: Organizacédo do genoma do SARS CoV-2 e suas proteinas codificadas. Fonte: Helmy,
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Figura 4: (A) Estrutura da particula de SARS-CoV-2. (B) llustracdo esquematica da entrada e

replicacdo viral uma célula animal. Fonte: Jackson, 2022; Cevik, 2020
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A replicacdo do SARS-CoV-2 é um processo complexo que envolve
sintese, revisao e limitacdo de RNA. Comec¢a com a entrada na célula por meio
do reconhecimento pela Spike, presente na superficie do envelope viral, dos
receptores da enzima conversora de angiotensina 2 humana (hACE2), conforme
ja observado em SARS-CoV (Luan, 2020; Wrapp, 2020). E possivel que outros
receptores medeiem a entrada do SARS-CoV-2 nas células hospedeiras, como
linfécitos CD147 (Wang, 2020). Apo6s a fixacdo, a protease transmembrana
serina 2 humana (TMPRSS2) cliva e ativa a Spike (Hoffmann, 2020) permitindo
gue 0 SARS-CoV-2 entre nas células hospedeiras por endocitose ou fusdo direta
do envelope viral com a membrana celular (Yang, 2020; Xia, 2020). Uma vez
dentro da célula, o RNA infectante atua como um mRNA, que é traduzido pelos
ribossomos hospedeiros para produzir as enzimas da replicagao viral (Figura 4
e 5). Estas proteinas geram novos genomas de RNA e mRNAs para a sintese
dos componentes necessarios para montar as novas particulas virais (Jackson,
2022; Cevik, 2020).
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Figura 5: Imagem de microscopia eletronica de transmissao de particulas virais de SARS-CoV-
2 (em amarelo) dentro de endossomos de uma célula epitelial nasal fortemente infectada.
Imagem capturada no NIAID Integrated Research Facility em Fort Detrick, Maryland. Fonte:

https://www.niaid.nih.gov/news-events/novel-coronavirus-sarscov2-images

As nsp tém diversas utilidades, trabalhando isoladamente ou em
complexos. A maior finalidade dessas proteinas é de montar o complexo de
replicacéo e transcrigcdo (RTC) (Ziebuhr, 2005). No RTC, a nsp12 tem a funcéo
de RNA polimerase dependente de RNA, usando a nsp7 e a nsp8 como
auxiliares. A nspl3 € uma helicase dependente de ATP e catalisa o
desenrolamento de oligonucleotideos em fitas simples (Adedeji, 2012; Jia, 2019).
Além disso, sugere-se que o nspl3 também desempenha um papel no
capeamento do mRNA, além de varios papéis no ciclo de vida do coronavirus
(lvanov, 2004 ; Ivanov, 2004 b). Em trabalhos anteriores, foi determinado que o
complexo nsp7-nsp8-nspl2-RNA é o componente central do RTC do SARS-
CoV-2 (Gao, 2020; Wang, 2020). Um dos estudos propds que durante a
formacdo do RTC, o complexo nspl13-nsplse liga ao complexo nsp8-nspl e a
nspl2 para fornecer uma base para o par de nspl13-nsp2. O nspl3-2 individual
tem uma atividade de helicase para desenrolar o molde de RNA com fita dupla.

Apds o nspl13-2 ser montado no RTC, o contato entre o par de nspl3-2 permite
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a entrada de seu canal para a entrada do RNA. Subsequentemente, o molde de
RNA de fita simples desenrolado passa por meio do canal e se estende até a
nspl2 para a subsequente sintese de acidos nucleicos (Yan, 2020). Na figura 6,
observam-se os passos para a formacdo do RTC: Etapa 1, a nspl2 se liga a
nsp7 e nsp8 para constituir o RTC central, aguardando o desenrolamento de um
RNA modelo. A molécula nspl13 se mantém em estado inativo. Na Etapa 2, uma
nspl3 (nspl3-1) entra em contato com o RTC central para formar uma
plataforma e recrutar o nsp13-2. Na Etapa 3, nsp13-2 é montado no RTC e entra
em contato com nspl3-1, permitindo que o RNA seja ligado e se mova em
direcédo ao centro de atividade da nspl12. Ja na Etapa 4, o molde de RNA de fita
simples desenrolado passa pelo canal de ligacdo no nspl3-2 e se estende até o

centro ativo da nspl12 para a subsequente sintese de RNA.

Figura 6: Diagrama esquematico do RTC. Fonte: Yan, 2020
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Template RNA Template RNA

Central RTC

A proteina Spike € responsavel por mediar a interagdo com o receptor da
hACE2 (Figura 4B) e é um alvo primario do desenvolvimento de anticorpos
neutralizantes e vacinas (Baum, 2020; Gu, 2020) Esta proteina recobre a
superficie do SARS-CoV-2 e é composta por duas subunidades, S1 e S2. S1
contém o dominio de ligacdo ao receptor (RBD) e o dominio N-terminal (NTD),
responsaveis pela ligacao do virus na superficie da célula hospedeira. S2 € uma
subunidade rica em alfa-hélice que contém dominios essenciais para a fuséo das
membranas da célula e do virus - entrada do virus na célula (Li, 2020; Greaney,
2021).
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Como muitos outros virus, os CoVs tém a capacidade de manipular e
interromper a progressao do ciclo celular para se beneficiar do estado fisioldgico
das células infectadas em uma fase especifica (Bagga e Bouchard 2014). O
estagio pode diferir entre espécies, tipo celular e hospedeiro. Por exemplo, as
células infectadas pelo IBV demonstraram entrar em parada do ciclo celular na
fase S por meio da ativacao da resposta ao dano do DNA celular (Xu et al. 2011).
Isso é benéfico para a replicacdo do virus, pois os fatores que normalmente sao
necessarios para a transcricgdo do DNA na célula sdo regulados positivamente
na fase S. Assim, esses elementos podem ser recrutados pelo virus no
citoplasma celular. Uma variedade de proteinas de CoVs foi associada a inducdo
da parada do ciclo celular, mas atencéo deve ser dado ao fato de que muitos
estudos envolveram a expressdo exacerbada de proteinas virais individuais.
Portanto, devem ser interpretados com cautela, pois seus niveis de expressao,

provavelmente, sdo diferentes dos durante a infeccao (de Wilde et al., 2017).

1.5 A Pandemia de COVID-19

ApGs seu surgimento inicial em Wuhan na China no final de 2019, o
SARS-CoV-2 se espalhou rapidamente pelo mundo levando a pandemia COVID-
19 - oficialmente reconhecida em 11 de mar¢o de 2020 pela OMS (OMS, 2020).
Até o dia nove de marco, mais de 450 milh6es de casos e mais de 6 milhdes de
mortes foram confirmados no mundo. No Brasil, o terceiro pais mais afetado pela
COVID-19, foram notificados 29,2 milh6es de casos e 653 mil mortes (Dong,
2020). Estes grandes numeros podem estar relacionados, entre outros fatores,
a magnitude continental do Brasil, levando a mudltiplas introducdes virais
(Candido, 2020) e ao surgimento de novas variantes de preocupacao (VOC) que

apresentam maior potencial infeccioso.

A COVID-19 pode manifestar uma larga diversidade de sintomas,
variando de casos assintomaticos e manifestagfes clinicas leves, até casos
graves e criticos. De acordo com o Ministério da Saude brasileiro, 0s casos

podem ser classificados em:
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Assintomatico: Caracterizado por teste laboratorial positivo para COVID-
19 e auséncia de sintomas;

Leve: Caracterizado a partir da presenca de sintomas nao especificos,
como tosse, dor de garganta ou coriza, seguido ou ndo de anosmia,
ageusia, diarreia, dor abdominal, febre, calafrios, mialgia, fadiga e/ou
cefaleia;

Moderado: Os sintomas mais frequentes podem incluir desde sinais leves
da doenca, como tosse persistente e febre persistente, até sinais de piora
progressiva de outro sintoma relacionado a COVID-19 (adinamia,
prostracdo, hiporexia, diarreia), além da presenca de pneumonia sem
sinais ou sintomas graves;

Grave: Considera-se a Sindrome Respiratéria Aguda Grave como
sindrome gripal que apresente dispneia, desconforto ou angustia
respiratoria, pressao persistente no torax, saturacao arterial de oxigénio
menor que 95% em ar ambiente ou coloracdo azulada de labios ou rosto.
Para criangas, os principais sintomas incluem taquipneia, hipoxemia,
desconforto respiratério, alteracdo da consciéncia, desidratacéo,
dificuldade para se alimentar, lesdo miocardica, elevacdo de enzimas
hepaticas, disfuncdo da coagulacdo, rabdomidlise, cianose central ou
saturacao arterial de oxigénio <90% em repouso e ar ambiente, letargia,
convulsdes, dificuldade de alimentag&o/recusa alimentar;

Critico: Os principais sintomas sao sepse, sindrome da angustia
respiratoria aguda, insuficiéncia respiratoria grave, disfuncédo de multiplos
orgdos, pneumonia grave, necessidade de suporte respiratério e
necessidade de internagcdo em unidades de terapia intensiva.

A COVID-19 pode estar também associada a sintomas e sequelas

neuroldgicas, como delirio, encefalopatia, agitacdo, acidente vascular cerebral,

meningoencefalite, olfato ou paladar prejudicados, ansiedade, depressao e

distarbios de sono. Em alguns casos, manifestacdes neurolégicas foram

relatadas mesmo em pacientes sem sintomas respiratorios. As manifestacdes

clinicas da infecgéo pelo SARS-CoV-2 sao geralmente mais leves em criangas

do que em adultos. No entanto, em 26 de abril de 2020, o Sistema Nacional de

Saude Inglés lancou um alerta relatando uma nova apresentagdo clinica em
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criancas, caracterizada como um conjunto de sintomas por inflamacé&o
exacerbada que pode levar a um quadro de faléncia multipla de 6rgaos e choque

(Ministério da Saude).

Mudancas importantes nos epicentros do COVID-19 ocorreram durante
2020, comecando com a Asia, seguido pela Europa, América do Norte e América
do Sul. Apés meses de evolucdo relativamente lenta, novas VOCs como Alpha,
Beta, Gamma, Delta e Omicron, surgiram (Mullen, 2020). Mais recentemente, a
Organizacdo Mundial da Saude (OMS) atribuiu rotulos as VOCs com base em
letras gregas. Portanto, as quatro VOCs sao denominadas, respectivamente,
Alfa, Beta, Gama e Delta.

Esforgos internacionais de sequenciamento viral permitiram o envio de
mais de 9.14 milhdes de genomas para a Iniciativa Global de Compartilhamento
de Todos os Dados da Influenza (GISAID) até marco de 2022 (Shu, 2017) e
estdo disponiveis para estudos de epidemiologia genémica para acompanhar a
histéria e a dinamica evolutiva de SARSCoV-2. Por meio desse repositério,
também é possivel realizar estudos levando em consideracado a geografia de um
continente, pais ou regido. Por exemplo, algumas VOCs tiveram multiplas
insercdbes em paises grandes como o Brasil (Candido, 2020). O Brasil
sequenciou um total de 76.413 amostras até 7 de dezembro de 2021, com uma
média mensal de 724 genomas por més. Infelizmente, esse nUmero € muito
baixo se comparado ao niumero de casos no mesmo periodo (> 22.140.000),
representando cerca de 0,34% (Dong, 2020). A regido Sudeste € responsavel
pela maior parte do sequenciamento no pais, seguida pelo Nordeste, Sul, Norte
e Centro-Oeste (Figura 8). Até novembro de 2020, havia poucas amostras
sequenciadas em comparacdo com a populacdo do pais. Somente a partir dos
primeiros meses de 2021, a taxa de sequenciamento de SARS-CoV-2 aumentou.
Isso tem a ver, provavelmente, com o rapido crescimento de casos de COVID-
19 no estado do Amazonas - a segunda onda pandémica no Brasil - e ao

surgimento da linhagem P.1 e suas sublinhagens, a variante Gama (Figura 8).
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Figura 7: Representacao grafica do numero de genomas sequenciados no Brasil por més e a
proporcdo em cada regido.
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Apesar das regides possuirem diferentes nameros de habitantes, a
porcentagem de genomas sequenciados ndo corresponde aos tamanhos das
populacbes de cada regido brasileira. Esta disparidade € mais aparente no
Sudeste, Nordeste e Sul. Eles representam, respectivamente, 42%, 27% e 14%
dos brasileiros, mas contribuiram com as taxas discrepantes de sequenciamento
de 66%, 14% e 8%. Além disso, o territdrio altamente populoso do Nordeste
apresenta um numero grande de genomas, No entanto, representa apenas
0,018% dos casos de COVID-19 da regido, a menor entre as cinco divisdes
brasileiras. Em contraste, a regido Sudeste tem o0 maior percentual de
sequenciamento de seus casos - 0,057%, mais de trés vezes maior que 0
Nordeste (Tabela 1). Esta area é conhecida por ter ndo s6 alguns dos estados
mais populosos, mas também por abrigar grandes institutos e unidades de
pesquisa em Biologia, Ciéncias da Saude e Saude Pdublica, como Instituto
Oswaldo Cruz, Butantan, Instituto Adolfo Lutz e grandes universidades. Estas
instituicdes estdo localizadas principalmente nos estados de S&o Paulo e Rio de
Janeiro, sdo bem equipadas e recebem apoio financeiro do governo para

manutencao de suas pesquisas e vigilancia epidemioldgica.
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Tabela 1: Proporcdes de cada regido brasileira quanto a populagdo, sequenciamento, casos e

Obitos no periodo estudado.

Populacao Sequéncias Caso; Morte§ Casqs
(2021) cumulativos | cumulativas | sequenciados

Norte 9% 7% 9% 8% 0.026%
Nordeste 27% 14% 22% 19% 0.018%
Centro-oeste 8% 5% 11% 10% 0.023%
Sudeste 42% 66% 39% 48% 0.057%
Sul 14% 8% 19% 16% 0.021%
Brasil 100% 100% 100% 100% 0.036%
1.6 Variantes e linhagens de SARS-CoV-2

Para estabelecer uniformidade na denominagao de variantes e linhagens

de SARS-CoV-2, o Centro de Controle e Prevencdo de Doencas dos Estados
Unidos (CDC) define:

Linhagem - Um grupo de virus intimamente relacionados com um
ancestral comum. O SARS-CoV-2 possui varias linhagens.

Variante - Um genoma viral que pode conter uma ou mais mutacoes,
levando a diferentes variantes. Variantes do SARS-CoV-2 associadas a
maior transmissibilidade, viruléncia ou capacidade de escapar da
imunidade natural mediada por infeccdo ou vacinas sdo chamadas de
Variantes de Preocupacdo.

Mutacdo - Uma mudanca no genoma. Dependendo do organismo, as
mutacdes acontecem com frequéncia, mas apenas, as vezes, podem
mudar caracteristicas de um organismo. No caso do SARS-CoV-2, as
mutacfes virais que sdo intimamente relacionadas sdo agrupadas e
nomeadas de acordo com as substituicdes mais representativas de cada
grupo (Guan, 2020; Shu, 2017; Mercatelli, 2020).

Recentemente, a OMS atribuiu rétulos as variantes com base em letras

gregas. Apos meses de evolucdo gradual, surgiram novas VOCs - Alpha, Beta,

Gamma, Delta e Omicron - carregando combinacdes singulares de substituicdes

de aminoacidos na Spike (Mullen, 2020). Essas linhagens apareceram

independentemente no Reino Unido, Africa do Sul, Brasil, india e, mais uma vez,
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na Africa do Sul respectivamente. (Rambaut, 2020; Tegally, 2021; Faria, 2021;
Naveca, 2021; Cherian, 2021; Callaway, 2021), sendo que originaram surtos
secundarios nos paises onde emergiram, apesar de eventual alta

soroprevaléncia (Buss, 2021).

1.7 Variantes e linhagens de SARS-CoV-2 no Brasil
1.7.1 B.1.1,B.1.1.28,B.1.1.33 e P.2

A diversidade de SARS-CoV-2 durante a primeira onda epidémica no
Brasil foi composta principalmente pelas linhagens B.1.1.33, B.1.1.28 e B.1.1.
(Figura 8A) (Candido, 2020; Franceschi, 2021). Até setembro de 2020, B.1.1.33
era a mais prevalente, seguido por B.1.1.28 e B.1.1. A partir de outubro, as trés
comecaram a diminuir suas proporcoes. Essas linhagens foram rapidamente
substituidas por P.1 e P.2, no final de 2020 e inicio de 2021. Ambas sao
derivadas do ancestral comum B.1.1.28 e abrigam mutagbes importantes na
Spike, como E484K e N501Y (Ferrareze, 2021; Franceschi e Caldana, 2021;
Lamarca, 2021). A P.2 foi detectada pela primeira vez no Brasil em abril de 2020
e, dentre as variantes de maior proporc¢ao, chegou a mais de 57% em dezembro
de 2020 e mais de 54% em janeiro de 2021. Em marco de 2021, teve uma baixa
significativa, pois nesse més houve um grande aumento da proporgéo de P.1
gue deu origem a segunda onda de COVID-19 no pais. De agosto de 2021 em
diante, ndo foi mais detectada nenhuma P.2 no Brasil. A partir de fevereiro de
2021, B.1.1 e B.1.1.33 tinham proporg¢des abaixo de 1% e, de abril em diante, o
mesmo aconteceu com a B.1.1.28 (Figura 8).
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Figura 8: Frequéncias de linhagens e variantes do SARS-CoV-2 e relagéo de letalidade para o
territério brasileiro até 7 de dezembro de 2021. (A) Propor¢cdes de linhagens e variantes de
acordo com os genomas brasileiros de SARS-CoV-2 do banco de dados GISAID. (B) Proporgéo

de casos e 6bitos por 100.000 habitantes por més. (C) Contagem de casos e 0bitos por més.
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1.7.2 Alpha

A variante Alpha (linhagem B.1.1.7) foi apresentada em dezembro de
2020 pelas autoridades de saude do Reino Unido (Shen, 2021). Sua maior
transmissibilidade explica 0 aumento na incidéncia, hospitalizagbes e presséo
sobre o sistema de saude do pais (Shen, 2021; Altaman, 2021; Rees-Spear,
2021). Relatorios epidemiologicos e modelagem sugerem que se espalha 56%
mais rapido do que outras linhagens e leva a um aumento de 35% no risco de
morte. Apesar disso, ndo houve relatos cientificos de doencas mais graves em
criancas e jovens (Altaman, 2021; Hu, 2021). Em comparacdo com ancestrais
contendo a mutacdo D614G, a variante Alfa acumulou 23 mutacdes. Destas
mutagbes, as que tém maior potencial para influenciar as caracteristicas
biolégicas do virus sdo H69-V70del, N501Y e P681H (Kumar, 2021;
Mohammadi, 2021). Quase metade (47%) das mudancas relatadas ocorrem na
proteina Spike. Essas mutacdes podem desempenhar um papel importante na
alteracdo da interacdo com o hACE2 e no comprometimento da eficacia de
anticorpos neutralizantes, anticorpos monoclonais, células T e soro
convalescente (Hu, 2021; Mohammadi, 2021).
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Alpha teve uma presenca discreta no Brasil (Figura 8A). Foi sequenciada
pela primeira vez em dezembro de 2020 e atingiu um maximo de 4,63% em
marco de 2020. A partir de julho de 2021, sua proporcao ja era menor que 1% e

de setembro em diante ndo foi mais detectada.

1.7.3 Beta

A linhagem B.1.351, nomeada pela OMS como variante Beta, foi relatada
pela primeira vez em dezembro de 2020 pela Republica da Africa do Sul e sua
caracteristica mais significativa € a maior taxa de transmissdo (Mwenda, 2021).
Possui 18 mutacdes em comparacdo a cepa de referéncia e 8 delas estdo
localizadas na proteina Spike. As substituicdes K417N, E484K e N501Y sao as
mais relevantes, pois sugere-se que a variante possa escapar da acédo de
anticorpos neutralizantes e comprometer a eficacia de vacinas (Wang, 2021;
Zhou, 2021; Shen, 2021b; Ferrareze, 2021).

A Beta teve apenas 10 genomas sequenciados no Brasil até 7/dez/2021.
Destes, nove foram detectados no estado de Sédo Paulo, em marco e abril de
2021, e um na Bahia em agosto do mesmo ano. Apesar de pouca incidéncia -
provavelmente introduzida por viajantes - foi o suficiente para que o virus
obtivesse mais trés novas mutacdes em relacdo a cepa inicial da Africa do Sul
(Slavov, 2021). Esse fenbmeno corrobora o fato de que enquanto o virus estiver
em circulacdo, sua constante evolucao propiciara novas linhagens e variantes

colocando em risco vacinas e tratamentos atuais.

1.7.4 Gamma

A linhagem P.1 (originalmente B.1.1.28.1) descende da B.1.1.28 e faz
parte da variante Gamma, que engloba também as sublinhagens da P.1. Foi
detectada pela primeira vez no Japao em janeiro de 2021 e foi isolada de quatro
viajantes que chegaram a Téquio vindos do Amazonas. (Fujino, 2021; Freitas,
2021). Gamma possui 23 mutagdes, sendo 12 na Spike (Mullen, 2020). As
mutacOes mais marcantes séo a triplice K417T, E484K e N501Y (algumas destas
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estdo presentes também em outras variantes). Este grupo de mutacdes na Spike
tem implicacdes importantes para a evasao da imunidade humoral. As primeiras
sequéncias brasileiras de Gamma foram detectadas em agosto de 2020, tiveram
aumento significativo em fevereiro de 2021 (mais de 61%) e entre abril e junho
ja representavam mais de 95% dos genomas sequenciados no Brasil. De agosto
em diante, houve uma queda brusca da proporcéo da variante Gamma, pois ja

comecava a perder espaco para a Delta.

Um numero assustador de casos e mortes no Brasil pela P.1 e
sublinhagens é evidente a partir de dezembro de 2020 (Figura 8). Com o surto,
um grande aumento de casos, hospitalizac6es e Obitos resultou na segunda
onda de COVID-19 vivenciada de forma semelhante a primeira onda (Ministério
da Saude). No Brasil, a segunda onda teve inicio em Manaus, onde a linhagem
P.1 foi descrita pela primeira vez, causando muitas mortes por falta leitos de UTI
e de oxigénio (Sabino, 2021). A transmissao endémica do SARS-CoV-2 no
Amazonas no apice da segunda onda foi influenciada pela disseminacédo de
novas sublinhagens locais P.1 que sdo mais transmissiveis (Naveca, 2021). As
principais sublinhagens que aumentaram proporcionalmente por volta de margo
de 2021 contém mutagbes como S:N679K (P.1.4) e S:P681H (P.1.6 e P.1.7).
Foram nomeadas como “P.1 Plus” por causa de suas novas substituicbes
adquiridas independentemente na proteina Spike, por exemplo, P.1+679K,
P.1+681H, P.1+681R e P.1+NTDdels (dele¢cdes no NTD). Além disso, a primeira
substituicdo € atualmente conhecida por estar presente em Omicron e a segunda
em Omicron e Alpha. A partir de margo de 2021, P.1 j4 comecou a diminuir de
propor¢cao dando lugar as suas sublinhagens. Em agosto de 2021, a P.1 plus foi
responsavel por mais de 72% dos genomas sequenciados na regido Norte. Um
estudo indicou que a transmissdo endémica do SARS-CoV-2 no Amazonas
durante a segunda onda estava ligada a evolucdo da Gamma por meio da
aquisicao de delecdes de NTD e das mutagdes do local de clivagem da furina
(P681H e N679K) (Naveca, 2021). O estudo também observou que P.1.4 e P.1.6
foram associadas a um aumento de 6 vezes na carga de RNA. Isso sugere que
individuos infectados com P.1 Plus podem ser mais infectantes do que aqueles
que abrigam apenas as muta¢des parentais P.1. A transmissdo endémica pode

ter selecionado mais linhagens infecciosas ao invés de linhagens que sdo mais
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aptas para evadir o sistema imunoldgico. No Centro-Oeste, a P.1.7 surgiu em
marco de 2021 e atingiu quase metade dos genomas sequenciados em agosto.
Aparentemente, essa linhagem surgiu quase ao mesmo tempo que no Norte e,
mais discretamente, no Nordeste. Essa semelhanca coincide com a proximidade

geogréfica das regides.

Com a queda da incidéncia da COVID-19 por volta de outubro e novembro
de 2020, muitos estados e municipios relaxaram os protocolos da pandemia.
Mas o surgimento do P.1 e as comemoracdes de fim de ano coincidiram nos
meses seguintes, marcando a ascensao da segunda onda no Brasil (Figura 8).
Em fevereiro de 2021, a prevaléncia de SARS-CoV-2 diminuiu em comparacao
com o més anterior. Com excecao do Nordeste, todas as regides tiveram queda
nos casos e, logo na sequéncia, uma alta acentuada em marco. Assim, pode-se
considerar algumas circunstancias concomitantes. Alguns meses antes, a P.1 foi
introduzida primeiramente no Norte e rapidamente se espalhou por todo o pais
nos meses posteriores (Fujino, 2021). Ao mesmo tempo, duas outras VOCs
altamente transmissiveis, Alfa e Beta, estavam surgindo em outros paises
(Rambaut, 2020; Tegally, 2021). Outra ocasido de destaque foi o Carnaval de
2021. Trata-se de um evento que acontece todos 0s anos por volta de fevereiro
€ marco e o pais recebe turistas de todo o mundo. Naquele ano, a comemoracao
deveria acontecer entre os dias 12 e 17 de fevereiro, mas foi oficialmente
cancelada devido ao aumento dos numeros da Covid-19 (New York Times).
Infelizmente, vérias festas e carnavais clandestinos aconteceram nas semanas

proximas as datas do Ano Novo e do Carnaval.

Até novembro de 2020, havia poucas amostras sequenciadas no Brasil.
Os esforcos no sequenciamento do SARS-CoV-2 aumentaram somente a partir
de marco de 2020 (Figura 7). Esse periodo marcou a ascensdo da segunda
onda, que devastou o Brasil entre mar¢co e junho de 2021, atingindo a
impressionante marca de 82.392 6bitos no més abril de 2021 (Figura 8C). Além
disso, os piores numeros de casos e Obitos - considerando todo o periodo
estudado e todas as regifes - pertencem a regido Sul em marco de 2021. Neste
més, a regido atingiu um total de 539.855 casos e 15.919 oObitos, o que
representa as espantosas propor¢oes de 1.775,7 casos por 100 mil habitantes e

52,36 Obitos por 100 mil habitantes (Projeto Brasil.lIO). Porto Alegre, capital do
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estado do Rio Grande do Sul, foi considerada um epicentro do colapso do
sistema de saude do pais durante a segunda onda. Em marco de 2021, o estado
apresentou uma proporcao de Obitos de 64 oObitos por 100 mil habitantes,
semelhante ao que ocorreu no Amazonas em janeiro e fevereiro daquele ano.
Houve proporgBes ainda maiores de Obitos no épice da segunda onda em
comparacao com a primeira onda, caracterizando a segunda onda como mais

letal.

1.7.5 Delta

A variante Delta, detectada pela primeira vez na india em outubro de 2020
(OMS, “Tracking SARS-CoV-2 variants”) e rapidamente disseminada por todo o
pais, compreende a linhagem B.1.617.2 e as sublinhagens AY. Abriga um total
de 29 mutacbes, sendo oito na proteina Spike. Destas oito, as substituicdes
L452R e P681R sdo as mais relevantes (Cherian, 2021). A primeira concede
maior afinidade ao receptor hACE2 (Starr, 2021) e pode permitir a evasado da
atividade antiviral das células-T CD8 (Koshy, 2021). A segunda substituicdo
facilita a fusdo da membrana e integracdo do virus a célula hospedeira.
(Haseltine, 2021; Bertram, 2013). A combinacdo das mutacdes acima
mencionadas pode nomear a Delta como a variante mais transmissivel dentre as

existentes na época. (Shiehzadegan, 2021).

No Brasil, a variante Delta foi sequenciada pela primeira vez em marco de
2021 e em agosto ja representava mais da metade dos genomas sequenciados
no pais (62,27%). De setembro em diante, foi responsavel por mais de 92% das
sequencias brasileiras no periodo analisado (Figura 8A). Felizmente, a partir

deste periodo o niumero de casos e de mortes ja estava em declinio.

1.7.6 Omicron

Em 26 de novembro, a OMS nomeou a linhagem encontrada na Africa do
Sul, B.1.1.529, como Omicron, juntando-se a Alpha, Beta, Gamma e Delta na

lista atual de VOCs. Esta variante contém mais de 30 muta¢des na Spike, muitas
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delas ja encontradas em outros VOCs, como Delta e Alpha. Essas alteracdes
estdo possivelmente relacionadas a elevada infectividade. (Callaway, 2021;
Torjesen, 2021). De acordo com o repositério do GISAID, as primeiras
sequéncias de Omicron no pais sao do final de novembro de 2021. Um aumento
acentuado no numero de casos é perceptivel jA& nas primeiras semanas de
janeiro, mas proporcionalmente com menos mortes (Taylor, 2022). A0 mesmo
tempo, a procura por doses de reforco da vacina contra COVID-19 subiu no pais
(Dong, 2020). A campanha de vacinacdo do Brasil aparentemente reduziu
bastante o nimero de internagBes e 6bitos no segundo semestre de 2021 e,
aproximadamente, 67% dos brasileiros ja estdo totalmente vacinados (Taylor,
2022). Apesar disso, o0 numero de novas infeccées por SARS-CoV-2 registradas
globalmente no final de dezembro de 2021 e nos primeiros dias de janeiro de
2022 aumentou 71% em relacéo a semana anterior. Nesse periodo, as infec¢des
semanais aumentaram 65%, 78% e 100%, respectivamente, na Europa, Sudeste
Asia, nas Américas (b Taylor, 2022). Ocorre, assim, uma rapida reviravolta no
declinio constante de infec¢bes que o mundo experimentava desde outubro de
2021.

1.8 Evolucéo e mutagbes

A evolucdo dos CoVs ocorre em seus hospedeiros e € impulsionada pela
sua diversidade genética e por pressdes evolutivas. As mutacbes sao
possibilitadas pelo grande genoma viral, alta taxa de mutacdo (~10-4
substituicBes por sitio por ano) e alta frequéncia de recombinacao (até 25% para
todo o genoma in vivo) (Woo, 2010; Vijgen, 2005; Sanchez, 1992; Baric, 1990;
Banerjee, 2020). Mutagbes que conferem maior fitness s&o selecionadas e,
consequentemente, levam a deriva antigénica - um fenémeno evolutivo de
tendéncia que altera constantemente a estrutura de antigenos do virus por meio
de mutacbes. O resultado da razdo das taxas de mutacdes néo-
sindnimas/sindnimas >1 indica selecdo positiva, <1 selecdo negativa e =1
evolucdo neutra (Kryazhimskiy e Plotkin, 2008). Apesar de observar pouca
diversidade viral no inicio da pandemia (Simmonds, 2020; Mavian, 2020), a

selecdo positiva com vantagens presumidas, como taxas de transmisséo
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aumentadas, foi documentada (Volz, 2021; Meng et al., 2021; Davies, 2021). No
entanto, a caracterizacdo funcional dessas mutacbes permanece pouco
investigada (Singh, 2021). A deriva antigénica € mais frequentemente observada
em proteinas da superficie viral que estdo altamente expostas a pressdes de
selecdo do sistema imunoldgico do hospedeiro (Bush, 2021). De fato, os genes
da proteina Spike, particularmente as regides de codificacdo S1 e RBD, tém as
taxas de mutacdo nao-sinbnima mais altas (Gallagher, 2020; Tortorici, 2019),
uma tendéncia observada na maioria dos CoVs (Singh, 2021). Estudos sugerem
que sitios selecionados positivamente também foram observados no dominio N-
terminal (NTD) do RBD de SARS-CoV-2 (Rambaut, 2020; Mccarthy, 2021;
Weisblum, 2020). Especula-se que com a circulacdo ininterrupta do virus, a
vacinagao e a terapia com soro convalescente, outras mutacdes selecionadas
positivamente no NTD sao provaveis de ocorrer. Outras pesquisas retrospectivas
sobre a evolucdo de CoVs endémicos podem ajudar a prever provaveis
trajetdrias evolutivas do SARS-CoV-2 (Singh, 2021). Com a rapida disseminac¢ao
das diferentes variantes, € inerente o surgimento de novas mutacdes, que
acabam selecionadas por imunidade populacional, vacinal e outros fatores ainda
desconhecidos (Rambaut, 2020; European Centre for Disease Prevention and
Control, 2020. Center for Disease Control and Prevention, 2021). Importante
destacar a necessidade de esfor¢os internacionais de vigilancia epidemiolégica
e compartilhamento global de dados gendémicos (Singh, 2021).

A mutacdo D614G - uma substituicdo de acido aspartico por glicina na
posi¢ao de aminoacido 614 do gene S (Zhang, 2020; Korber, 2020) - atualmente
€ detectada em todas as VOCs (Mullen, 2020; Korber, 2020; Lauring e Hodcroft,
2021). A D614G intensifica a infectividade do SARSCoV-2 aumentando a carga
viral no tecido respiratério (Plante, 2021; Hou, 2020). Isso acontece,
possivelmente, devido a maior abertura da Spike ou ao seu potencial de clivagem
(Mansbach, 2021, Butowt, 2020), fazendo com que esta mutacéo se tornasse
dominante pouco ap0s a emergéncia da pandemia (Shu, 2017; Hadfield, 2018).
Também existe uma correlacéo epidemioldgica entre D614G e anosmia (Butowt,
2020).

A substituicdo de uma asparagina por uma tirosina na posicao 501

(N501Y) apareceu pela primeira vez no Reino Unido em setembro de 2020 e é
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um dos seis residuos de contato mais importantes dentro de RBD que interage
com a hACE2. Essa mutacéo foi associada com maior afinidade de ligagdo com
o receptor devido a formacao de uma ligacdo de hidrogénio extra com a hACE2
(Khan, 2021; Starr, 2020; Leung, 2020). Estudos sugerem que esta mutacao
pode aumentar a transmissibilidade e mortalidade do SARS-CoV-2 (Tang, 2021,
Gu, 2020; Ali, 2021).

A substituicdo de acido glutamico por lisina na posicdo 484 do RBD
(E484K) cria uma forte interacdo ibnica com o aminoacido 75 da hACE2. Isso
acontece devido a mudanca eletrostdtica de um aminoacido carregado
negativamente para um carregado positivamente (Nelson, 2021). A mutacao
também pode levar a evasao imune, uma vez que esta localizada em uma alca
flexivel, outrora irrelevante para a ligacdo ao receptor onde o &cido glutamico
originalmente estava. Isso pode explicar a disseminacdo e infectividade
aprimoradas do SARS-CoV-2 (Baum, 2020; Greaney, 2020), casos de
reinfeccao por virus contendo a E484K (Nonaka, 2021; Resende, 2021) e a sua
fixacdo em diferentes linhagens (Ferrareze, 2021). Além disso, a eficacia da
neutralizacdo do virus que contém a mutacdo E484K é diminuida tanto no soro
de pacientes vacinados como no de pacientes convalescentes (Ferrareze, 2021;
Singh, 2021b; Hoffmann, 2021; Rees-Spear, 2021; Focosi e Maggi, 2021;
Sabino, 2021). Estes fatos sugerem que esta substituicdo deve ser investigada

continuamente.

A furina € uma serina protease essencial para a infeccdo presente em
alguns coronavirus e virus influenza (Simmons, 2011; Tse, 2014). A clivagem da
furina € uma etapa inicial e critica da entrada do SARS-CoV-2 em células
suscetiveis. Mudancas no local de reconhecimento da furina podem afetar a
patogenicidade do virus (Nagy, 2021). Um trabalho demonstrou que mutacdes
na Spike sé@o responsaveis pela melhora do fitness viral da Delta. O estudo
identifica a mutagcdo P681R como fator importante para a replicagédo viral
aprimorada da Delta em comparagédo com a variante Alfa - que possui a P681H
(Lubinski, 2021.) A substituicdo P681R otimiza o processo de clivagem das
subunidades S1 e S2 da Spike (Liu, 2021). Além disso, 0 surgimento
independente da mutacéao em diferentes linhagens sugere evolugéo convergente

e, consequentemente, uma possivel vantagem adaptativa, uma vez que a
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aquisicdo de um sitio de clivagem de furina foi, provavelmente, essencial para a
infeccdo por SARS-CoV-2 em humanos (Lasek-Nesselquist, 2021; Hoffmann,
2020).

O residuo L452, apesar de nao ter contato direto com a hACE2, junto com
os residuos F490 e L492 formam uma area hidrofébica na superficie do RBD. A
substituicdo L452R - presente na Delta - estabiliza a interacdo entre a Spike e a
hACE2, facilta a entrada do virus na célula e aumenta o potencial de
infectividade viral. Em contraste, o aumento na infectividade com a L452R é
ligeiramente menor do que o aumento observado com a mutacdo N501Y (Deng,
2021). Além disso, linhagens que carregam esta mutacao parecem apresentar
uma resisténcia moderada a neutralizacdo por anticorpos produzidos por

infeccdo prévia ou vacinacdo (Deng, 2021).

1.9 Diagnostico de COVID-19

No estudo de métodos diagndsticos € importante destacar alguns
conceitos da epidemiologia analitica. A sensibilidade é a capacidade de um
ensaio de identificar corretamente individuos doentes (positivos verdadeiros)
com base na quantidade mais baixa do analito que a técnica pode detectar, A
especificidade € a capacidade de um ensaio de identificar corretamente
individuos ndo-doentes (negativos verdadeiros). Ja a “precisdo” € um termo
genérico relacionado a sensibilidade e especificidade de uma técnica e sua
capacidade de discriminar corretamente entre individuos doentes e saudaveis
(Medronho, 2009).

As abordagens de deteccdo de SARS-CoV-2 mais utilizadas incluem
testes rapidos de antigenos ou anticorpos, testes moleculares baseados em
acidos nucleicos e testes sorolégicos enzimaticos imunoldgicos. Outras técnicas,
como amplificacdo isotérmica de RNA mediada por grampos (LAMP), clusters
de repeticbes palindrébmicas curtas regularmente interespagadas e

guimioluminescéncia, sdo usadas em ambientes de pesquisa.

RT-gPCR, tomografia computadorizada (TC) e exames hematoldgicos e

bioquimicos sado testes diagndésticos basicos e os principais de COVID-19
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(Roberts, 2021) atualmente disponiveis no mercado (Cui e Zhou, 2020). ATC e
a RT-gPCR estdo mais provavelmente limitadas a instituicbes maiores e mais
bem equipadas, pois consomem muito tempo, sao caras e exigem profissionais
altamente qualificados (Kaushik, 2021). Além disso, a TC pode detectar apenas
os sintomas da doenca, mas ndo pode identificar o virus com base nos sintomas
(Li, L. 2020). Ademais, uma correlacéo positiva foi encontrada entre proteina C
reativa, lactato desidrogenase e velocidade de sedimentacédo de eritrécitos com
a gravidade da pneumonia vista por TC (Ai, 2020). No entanto, os testes rapidos
atualmente ndo sdo confiaveis para detectar casos precoces e assintomaticos
(Li, Z. 2020). Testes baseados em anticorpos, juntamente com RT-qPCR, estdo
sendo usados em conjunto para desenvolver técnicas de diagnéstico COVID-19
mais rapidas, precisas, especificas e altamente sensiveis. Varios ensaios
sorolégicos estdo em desenvolvimento para o diagnostico rapido de COVID-19,
mas tém a desvantagem de menor sensibilidade em comparacdo com as

técnicas convencionais ja citadas. (Roberts, 2021).

1.9.1 RT-gPCR

A deteccao de genes alvo por meio da PCR quantitativa em tempo real
tem sido a melhor escolha no diagnéstico de doencas infecciosas (Pabbaraju,
2009; Lee, 2001). Vérios laboratérios vém desenvolvendo ensaios de
diagnostico, mas o RT-gPCR continua sendo a técnica de detec¢cdo mais
acurada para SARS-CoV-2, pois mede diretamente partes do genoma viral.
Genes como N, E e RdRp de SARS-CoV-2 sdo usados para a deteccéo
direcionada (Xu, 2020). A RT-gPCR compreende duas etapas fundamentais. A
primeira delas é a transcricdo reversa do RNA viral para formar DNA
complementar (cDNA); a segunda consiste na amplificacdo de cDNA por PCR

utilizando primers especificos e marcados com sondas fluorescentes (Figura 9).

Durante a transcrigao reversa, a transcriptase reversa (RT) cria um cDNA
a partir do molde de RNA viral, com o auxilio do primer reverso (ou
oligonucleotideos aleatorios). A atividade da RNase da RT digere o molde inicial
de RNA. A atividade da DNA polimerase da RT completa a segunda fita de DNA
guiada pelo primer direto e cDNA. O DNA de fita dupla recém-formado (dsDNA)
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€ usado como modelo a PCR. No estégio de hibridizagdo, o primer reverse se
liga a fita sense do dsDNA e o primer forward com uma sonda marcada com
fluoréforo se ligam a fita antisense do DNA. Durante a etapa de extenséo, a DNA
polimerase estende o primer forward e hidrolisa a sonda resultando na liberagéo
do fluoroéforo. Em seguida, apdés a excitagdo por laser, a emissdo de
fluorescéncia pode ser capturada pelo termociclador em tempo real. Com cada
ciclo de amplificacdo, o amplicon dsDNA é multiplicado por um fator de 2 vezes
com um aumento proporcional no sinal de fluorescéncia geral. Apos 20 a 40
ciclos de amplificacdo, o RT-PCR esta completo. O ciclo no qual o sinal de
fluorescéncia cruza o limiar para positividade é chamado de ciclo limiar (Ct), e
os valores de Ct sdo inversamente proporcionais aos titulos virais presente nas
amostras. Assim, o rendimento da reacao é aumentado pela repeticao dos ciclos
no termociclador (Cascella, 2022; Stang, 2021; Nolan, 2006). Em 11 de janeiro
de 2020, o primeiro genoma sequenciado de SARS-CoV-2 foi enviado a
plataforma GISAID. A partir de entéo, institutos de pesquisa ao redor do mundo

ja comecavam a elaborar primers e kits para desenvolver a técnica.

40



Figura 9: llustracéo
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Embora o RT-gPCR seja considerado padrdo-ouro de diagnéstico de
SARS-CoV-2, é uma técnica demorada e cara. Estes sao fatores limitantes que
impedem que haja dados epidemioldgicos confidveis de transmissao viral em
certas populacdes. Ademais, devido a baixa carga viral nos primeiros dias da
infeccdo, o RT-qPCR pode néo ser sensivel o suficiente para detectar baixas
guantidades de RNA, o que pode levar eventuais falso-negativos. Assim, testes
de diferentes técnicas podem ser necessarias para a confirmacéo do diagnéstico
(Roberts, 2021). No inicio da pandemia, quando as técnicas diagnosticas ainda
nao haviam sido otimizadas e padronizadas, uma alguns pacientes positivos
para COVID-19 foram identificados como falso-negativo devido a baixa

sensibilidade dos primers e das sondas utilizadas na época. (Ylce, 2020).

O RT-gPCR em amostras de saliva também tem sido estudado por ter a
possibilidade de auto coleta - um método nao invasivo, conveniente, indolor e

facil, sem contato direto entre profissionais de saude e pacientes. Porém, a saliva
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contém mais de 3.000 proteinas, 3.000 mRNA, ~50 microRNAs, centenas de
metabalitos e mais de 700 espécies de microrganismos, como bactérias e outros
virus (Dawes, 2019), o que pode dificultar o desenvolvimento e a precisdo da
técnica. Em principio, os pacientes séo informados de que um resultado negativo
ndo € garantia da auséncia de infeccdo viral. No entanto, devido a alta
especificidade da andlise de RT-gPCR, a deteccdo de SARS-CoV-2 na saliva
pode ser aceitavel. Cabe adicionar que um trabalho de revisdo observou uma
detecgdo salivar substancial de SARS-CoV-2 em pacientes com swab
nasofaringeo negativo (11,6%), o que pode ser um indicio de resultados falso-

negativos em amostras padréao-ouro (Caixeta, 2021).

1.9.2 Amplificagdo isotérmica (LAMP)

A amplificacdo isotérmica mediada por loop (LAMP) é um método de
amplificacdo altamente especifico, sensivel e rapido, levando em torno de uma
a duas horas até o resultado. A técnica amplifica o RNA com por meio de quatro
a seis primers que se ligam a regides do genoma alvo sob uma temperatura
constante de 60— 65°C (Nagamine, 2002; Sharma, 2020; Notomi, 2000). As
amostras sao armazenadas em meio de transporte de virus, o0 RNA extraido &
misturado com primers e o mix e aquecido até 60—65°C para a rea¢ao acontecer.
Um numero maior de primers pode ser usado para aumentar a sensibilidade e a
especificidade e reduzir o tempo de reacdo (Nagamine, 2002). Os ensaios
baseados em LAMP podem ser realizados em um tubo de PCR e produz
resultados qualitativos. A presenca de turbidez, mudanca de cor ou de
fluorescéncia sdo parametros analisados ap0s a reacéo (Hardinge, 2019). Como
limitacdo pode-se citar a potencial interacdo primer-primer, pois Vvarios primers

sdo usados em uma mesma reagéo (Sahoo, 2016).

1.9.3 Imunocromatografia - testes rapidos

Os dispositivos baseados em imunocromatografia lateral em papel (ILP)
sdo pequenos, simples, de facil aplicacdo e fornecem resultados qualitativos
rapidamente (de 10 a 30 minutos) (Sher, 2017; Yetisen, 2013). Além serem
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fabricados de forma econémica e em alto volume (Jiang, 2019; Deng, 2018), ja
foi demonstrado como ferramenta importante para o diagndstico viral e vigilancia
epidemioldgica (Lee, 2016; Rohman, 2012; Igbal, 2019). A amostra
(normalmente sangue) é adsorvida no papel cromatogréfico e carregadas
lateralmente por forca capilar. O principio de deteccdo é baseado na ligacao
colorimétrica entre anticorpos IgG e IgM ou algum antigeno de SARS-CoV-2 -
usualmente Spike e/ou Nucleocapsideo - ao seu antagonista fixado no papel
cromatografico. Assim, com base no aparecimento das linhas de teste e controle,
ocorrerdo resultados positivos, negativos e invalidos - no caso de a linha controle
nao aparecer (Carter, 2020; Sheridan, 2020). No entanto, os anticorpos podem
ser detectados aproximadamente 4 a 8 dias ap6s a infeccao (Li, 2020; Luo,
2020). Além disso, reacgdes cruzadas podem fornecer resultados falso-positivos

com outros tipos de coronavirus ou virus influenza (Santiago, 2020).

1.10 Next Generation Sequencing (NGS)

O sequenciamento de nova geracdo (do inglés: Next Generation
Sequencing) é uma tecnologia de sequenciamento paralelo massivo de alto
rendimento. A técnica é usada para determinar a ordem dos nucleotideos de
genomas (ou de regides especificas) de DNA ou RNA. O NGS revolucionou as
ciéncias biolégicas, permitindo aos laboratérios uma ampla variedade de
aplicacdes e estudos de sistemas bioldgicos. No contexto de SARS-CoV-2, tem
sido fundamental na pesquisa e na descoberta das variantes virais e no
desenvolvimento e padronizacdo de ferramentas de diagndstico molecular.
Como exemplo, pode-se destacar que por meio dessa técnica o genoma do
SARS-CoV-2 foi descrito de forma abrangente, possibilitando a determinacgéo de
sua classificacédo filogenética (Poon, 2020; Zhou, 2020; Wu, 2020; Lu, 2020).
Cabe ressaltar que o NGS néo esta sendo empregado como método diagnostico,
mas em estudos de epidemiologia molecular e filogenética e nas ciéncias
“émicas” (Conesa, 2019; Chervitz, 2011). Seu uso acaba sendo restrito devido
ao alto custo e a necessidade de profissionais altamente qualificados em biologia

molecular e bioinformatica.
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As tecnologias de sequenciamento NGS se tornaram rapidamente o0s
meétodos de escolha com varias aplicacbes em virologia e biologia molecular -
incluindo a identificacdo de novos virus a partir de amostras em estudos
metagendmicos (Kohl, 2015), a reconstrucdo de sequéncias completas ou quase
completas de genomas e a analise da evolucéo viral, linhagens e variantes
(Domingo, 2012; Chiu, 2019). Uma das vantagens mais relevantes das
abordagens baseadas em NGS € que os genomas completos podem ser
identificados mesmo em virus desconhecidos ou pouco caracterizados. No caso
do SARS-CoV-2, a segunda e a terceira geragao de tecnologias NGS (Slatko,
2018) foram aplicadas com sucesso e varios protocolos especificos de
preparacdo de bibliotecas foram desenvolvidos independentemente por
diferentes fabricantes [Pillay, 2017; Paden, 2020; Campos, 2020]. O tipo de
amostra (amostras clinicas, amostras ambientais, células cultivadas infectadas),
carga viral, procedimentos de extracdo de RNA, qualidade do RNA e outras
consideracdes devem ser conciliadas com os objetivos para guiar a escolha da

estratégia de sequenciamento mais adequada. (Chiara, 2021; Sharma, 2021).

A montagem das bibliotecas, passo que precede o NGS, é feita pela
colheita das amostras e a extracdo de material genético. Esse periodo pré-
analitico € muito importante, pois bibliotecas de qualidade geram sequéncias
com alta cobertura. As sequéncias disponiveis de SARS-CoV-2 derivam
principalmente de amostras de diagndstico clinico (apés a RT-gPCR), com altas
cargas virais que permitem a extracao de RNA suficiente para o sequenciamento
e reconstrucdo de genomas virais completos ou fragmentos. Alguns estudos
relatam que as amostras do trato respiratério inferior podem conter uma carga
viral mais alta do que as do trato respiratorio superior (Li, 2020). No entanto,
cabe apontar que durante o curso da infecc¢ao, a carga viral muda dinamicamente
entre as diferentes alturas do sistema, bem como entre outros tecidos (Pan,
2020; Zhang, 2020; Yu, 2020; Walsh, 2020; Rokni, 2020; Wang, 2020). Um
namero muito limitado de sequéncias de SARS-CoV-2 foi obtido de urina, fezes,
sangue e espécimes ambientais, como aguas residuais, amostras de ar e “swabs
ambientais” (GISAID). Nesses casos, a escolha da estratégia e tecnologia de

sequenciamento € muito influenciada pela baixa carga viral e consequente
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escassez e ma qualidade do RNA viral (Rimoldi, 2020; Nemudryi, 2020;
Lednicky, 2020).

1.10.1 Extracdo de RNA

A extracdo de RNA viral requer laboratérios de nivel 2 de biossegurancga.
O RNA pode ser extraido e purificado de amostras clinicas, isolados cultivados
ou amostras ambientais (Chiara, 2021). Ha disponivel uma grande variedade de
kits para extracao de RNA total ou enriqguecimento de RNA viral. As metodologias
padrao incluem o uso de guanidina e fenol, que, respetivamente, inibe nucleases
para garantir que o RNA viral ndo seja degradado e desnatura e dissolve
proteinas para inativar o virus. Também é recomendada a adicdo de RNA
transportador poli-A para aumentar o rendimento da extracéo e tratamento com
DNAase para a preparacdo de bibliotecas para metatranscriptomica (Chiara,
2021). O RNA pode ser analisado qualitativamente, quantificado por
espectrofotometria e armazenado a -80°C até o uso. Antes do sequenciamento,
a presenca e a quantidade de RNA viral podem ser avaliadas usando RT-qPCR
por meio dos valores de Ct (Carter, 2020)

1.10.2 Preparacao das bibliotecas

A preparacédo das bibliotecas de cDNA € um passo crucial para 0 sucesso
do NGS. Esta etapa prepara amostras de DNA ou RNA para serem compativeis
com a reacao e leitura de um sequenciador. As bibliotecas sdo normalmente
criadas fragmentando randomicamente o DNA (em pequenas sequéncias
chamadas de reads) e adicionando adaptadores em uma ou em ambas as
extremidades - respectivamente, mate-pair que também sequencia as duas
extremidades de reads maiores (de 2000 a 5000 nucleotideos) e paired-end, que
proporciona o sequenciamento nas duas extremidades de reads com tamanho
entre 200 e 500 nucleotideos. Esses adaptadores contém sequéncias
complementares que permitem que os fragmentos de DNA se liguem a flowcell
do chip do sequenciador onde as reac¢des acontecem. Os fragmentos podem
entdo ser amplificados e purificados. (Meredith, 2020; Chiara, 2021; Quick, 2020)
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1.10.3 Sequenciamento

O principio desta metodologia, considerando algumas plataformas de
sequenciamento, € similar ao método proposto por Sanger, pois ha a sintese de
uma fita complementar ao DNA alvo utilizando DNA polimerase e nucleotideos
terminadores marcados com diferentes fluoréforos. A fluorescéncia emitida apés
a incorporacdo de cada nucleotideo é registrada como imagem e no final, por
meio de uma decodificacdo destas imagens, tem-se a sequéncia estudada
(Meredith, 2020).

Durante a etapa de sequenciamento, as bibliotecas sdo adicionadas a um
chip que é colocado no sequenciador. Os clusters de fragmentos de DNA séo
amplificados resultando em milh&es de copias de DNA de fita simples. A seguir,
nucleotideos quimicamente modificados séo adicionados a flowcell e se ligam a
fita molde de DNA por meio de complementaridade. Cada nucleotideo contém
um marcador fluorescente e um terminador reversivel que bloqueia a
incorporacdo da proxima base. Posteriormente, ocorre a excitagdo dos
fluoréforos por laser fazendo com que os nucleotideos emitam fluorescéncia. No
sequenciador, um sinal fluorescente indica qual nucleotideo foi adicionado cada
base e o terminador € clivado para que a proxima possa se ligar. Uma imagem
contendo a cor fluoroforo excitado e a posicdo dos clusters é capturada na
flowcell. Em seguida, a extremidade 3’ dos fragmentos é desbloqueada com
conseguente remocao dos reagentes incorporados no ciclo anterior permitindo o
inicio de um novo ciclo (Chiara, 2021; lllumina, Understanding the NGS worflox;
Turcatti et al., 2008; Fedurco et al., 2006). Este processo se repete até que todas
as bases de cada fragmento sejam determinadas. Depois de ler a fita de DNA, o

chip pode ser lavado para repetir o processo na fita reversa.

1.10.4 Analise de dados

Ap6s o0 sequenciamento, o aparelho identifica os nucleotideos e a
precisdo dos resultados. Para a analisar os dados, é possivel importar as
sequéncias para ferramentas de analise padréo ou configurar um pipeline préprio

para o projeto. Para a formulacdo dos pipelines existe uma vasta gama de
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pacotes, aplicativos, softwares e comandos que podem ser usados de acordo
com a arquitetura de cada projeto. Essas ferramentas e pipelines fazem o
controle de qualidade e alinhamento de sequéncias, chamada de variante para
andlise de mutacbes e visualizacdo e interpretacdo de dados na forma de

arvores filogenéticas, gréficos, mapas etc.
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3

3.1

OBJETIVOS

Objetivo geral

O objetivo principal deste trabalho €, além de contextualizar o estado da

arte de SARS-CoV-2 em topicos pertinentes ao escopo do trabalho, estudar a

gendmica de amostras do RS e apresentar o histérico epidemioldgico viral no

Brasil.

3.2

Objetivos especificos

Identificar a prevaléncia de linhagens de SARS-CoV-2 no RS no periodo

estudado;
Caracterizar as mutaces encontradas;

Construir e analisar a arvore filogenética das sequéncias obtidas;

Entender possiveis rotas de dispersdo viral usando abordagens

filogenéticas;
Estabelecer o histérico completo de linhagens e variantes no Brasil;

Correlacionar o surgimento de linhagens, ondas de COVID-19 e

estatisticas populacionais do pais;

Apresentar historico epidemiolégico pormenorizado da pandemia de
COVID-19 no periodo estudado.
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4 CONCLUSAO

O primeiro estudo realizado corrobora a substituicdo virtual total de
linhagens anteriores por P.1 no sul do Brasil nos casos de COVID-19
sequenciados em marco de 2020. Além disso, varios casos foram relacionados
a nova sublinhagem P.1.2 e sua provavel origem foi estabelecida no estado do
Rio Grande do Sul. Na época do estudo, a evolucao continua da P.1 era algo
muito preocupante, considerando seu impacto clinico e epidemiolégico,
justificando uma vigilancia gendmica aprimorada. Algumas limitac6es devem ser
consideradas. Em primeiro lugar, o tamanho da amostra é baixo e né&o
necessariamente representativo do estado do RS. Considerando o numero de
sequéncias de cada regido intermediaria do RS disponiveis no GISAID, € muito
provavel que a distribuicdo observada seja consequéncia de amostragem em
diferentes momentos nessas localidades ou simples aleatoriedade. Assim, ndo
deve ser assumida como uma representacéo verdadeira da diversidade espacial
do estado. Como os genomas publicamente disponiveis sdo resultado de
esforcos de sequenciamento episodico, especialmente no Brasil, e ndo continuo,
inferéncias mais precisas sobre introducbes e processos de difusdo em
contextos regionais e mundiais sdo limitadas devido a falta de distribuicéo
geografica e temporal adequada das amostras. Portanto, pesquisas e vigilancia
constantes sao essenciais para desvendar uma caracterizacdo genémica mais
precisa do SARS-CoV-2 no Brasil, identificando novas variantes para melhor

resposta e controle da sua disseminagao.

A revisdo dos dados de COVID-19 no Brasil revelou o curso da pandemia
no pais no periodo estudado. E um estudo retrospectivo da evolucdo
epidemiologica do SARS-CoV-2 no Brasil envolvendo todos os territorios. Esse
tipo de exame minucioso é pertinente para entender o comportamento do virus.
O trabalho possibilitou a identificagéo das ondas e propor¢des de casos e mortes
em cada regido brasileira. Ademais, foi possivel observar a ascenséo e declinio
das principais linhagens e variantes analisadas e, a0 mesmo tempo, sua
incidéncia sobre a populacdo. Entende-se que a variante Gamma foi a mais letal

na histéria da pandemia no pais, até o momento. Em todas as regides, foi a
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aparente causa da segunda onda e de numeros alarmantes. Também é evidente
a discrepancia da contagem e das propor¢des das variantes entre as diferentes
regides brasileiras. O Brasil possui magnitude continental e isso possibilita a
introducdo de linhagens em diferentes territérios e em diferentes momentos.
Além disso, o pais detém larga diversidade genética, cultural e geografica,
colaborando com a heterogeneidade dos resultados apresentados. Um fato que
chama a atencéo - e pode ser entendido como uma limitacdo da analise - é o
namero particularmente baixo de genomas sequenciados em relagdo ao nimero
de casos confirmados no pais. Logo, os resultados apresentados podem néo
refletir a epidemiologia exata da pandemia no pais. No entanto, este estudo
ainda € umarica fonte de informacdes e podera ajudar a guiar o desenvolvimento
de intervencdes ndo medicamentosas e possiveis solucdes para prevencao da

doenca e protecdo da populagéo.
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Abstract

Almost a year after the COVID-19 pandemic had begun, new lineages (B.1.1.7,
B.1.351, P.1, and B.1.617.2) associated with enhanced transmissibility, immunity
evasion, and mortality were identified in the United Kingdom, South Africa, and
Brazil. The previous most prevalent lineages in the state of Rio Grande do Sul
(RS, Southern Brazil), B.1.1.28 and B.1.1.33, were rapidly replaced by P.1 and
P.2, two B.1.1.28-derived lineages harboring the E484K mutation. To perform a
genomic characterization from the metropolitan region of Porto Alegre, we
sequenced viral samples to: (i) identify the prevalence of SARS-CoV-2 lineages
in the region, the state, and bordering countries/regions; (ii) characterize the
mutation spectra; (iii) hypothesize viral dispersal routes by using phylogenetic
and phylogeographic approaches. We found that 96.4% of the samples belonged
to the P.1 lineage and approximately 20% of them were assigned as the novel
P.1.2, a P.l-derived sublineage harboring signature substitutions recently
described in other Brazilian states and foreign countries. Moreover, sequences
from this study were allocated in distinct branches of the P.1 phylogeny,
suggesting multiple introductions in RS and placing this state as a potential
diffusion core of P.1-derived clades and the emergence of P.1.2. It is uncertain
whether the emergence of P.1.2 and other P.1 clades is related to clinical or
epidemiological consequences. However, the clear signs of molecular diversity

from the recently introduced P.1 warrant further genomic surveillance.

Keywords: COVID-19; high-throughput nucleotide sequencing; infectious
diseases; molecular epidemiology; molecular evolution; phylogeny; severe acute

respiratory syndrome coronavirus 2.
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Abstract Almost a year after the COVID-19 pandemic had begun, new lineages (B.1.1.7, B.1.351,
P.1, and B.1.617.2) associated with enhanced transmissibility, immunity evasion, and mortality were
identified in the United Kingdom, South Africa, and Brazil. The previous most prevalent lineages in
the state of Rio Grande do Sul (RS, Southern Brazil), B.1.1.28 and B.1.1.33, were rapidly replaced by
P.1and P2, two B.1.1.28-derived lineages harboring the E484K mutation. To perform a genomic char-
acterization from the metropolitan region of Porto Alegre, we sequenced viral samples to: (i) identify
the prevalence of SARS-CoV-2 lineages in the region, the state, and bordering countries / regions;
(ii) characterize the mutation spectra; (iii) hypothesize viral dispersal routes by using phylogenetic
and phylogeographic approaches. We found that 96.4% of the samples belonged to the P.1 lineage
and approximately 20% of them were assigned as the novel P.1.2, a P1-derived sublineage harboring
signature substitutions recently described in other Brazilian states and foreign countries. Moreover,
sequences from this study were allocated in distinct branches of the P.1 phylogeny, suggesting multi-
ple introductions in RS and placing this state as a potential diffusion core of P.1-derived clades and
the emergence of ’1.2. It is uncertain whether the emergence of 1.2 and other P.1 clades is related
to clinical or epidemiological consequences. However, the clear signs of molecular diversity from the
recently introduced P.1 warrant further genomic surveillance.

Keywords: COVID-19; severe acute respiratory syndrome coronavirus 2; infectious diseases; high-
throughput nucleotide sequencing; molecular evolution; molecular epidemiology; phylogeny

1. Introduction

After its initial emergence in Wuhan (China) in late 2019, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) spread rapidly around the world leading to the
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COVID-19 pandemic officially recognized in March 2020 [1]. As of May 17, 2021, >163
million cases and >3.3 million deaths have been confirmed. In Brazil, the third most affected
country by COVID-19, >15.6 million cases and >435,000 deaths have been reported. From a
virological standpoint, this could be related to the continental magnitude of Brazil, leading
to multiple viral introductions [2] and the recent emergence of a novel variant of concern
(VOC) presenting enhanced infectiousness.

Rio Grande do Sul (RS) is the southernmost state in Brazil. It is bordered southerly
by Uruguay, westerly by Argentina, and northerly by the state of Santa Catarina, Brazil.
With an estimated population of 11.5 million inhabitants and 39.79 inhabitants per square
kilometer, RS is the 6th most populous and the 13th most densely populated state in the
country [3]. Since 2017, the Brazilian Institute of Geography and Statistics (IBGE) has
divided RS into eight intermediate geographic regions: Porto Alegre, Pelotas, Uruguaiana,
Santa Maria, Santa Cruz do Sul/Lajeado, ljui, Passo Fundo, and Caxias do Sul [4]. The
municipality of Porto Alegre is the state capital, and its metropolitan region comprises
34 municipalities aggregating >4 million inhabitants (~2% of the country’s population) and
is characterized by intense transit of people. COVID-19 was firstly confirmed in RS on
10 March 2020, in a returning traveler from Italy [5]. The state implemented in May 2020
the “controlled distancing system”, which divided the state into 21 regions and 26 areas
(RO1-R26) and consisted of a flag system establishing restrictions and flexibilizations of non-
essential activities based on the weekly occupation of intensive care unit beds and ex pected
deaths. However, due to economic losses, the more amenable “shared management system”
allowed mayors to appeal in court and adopt less restrictive flag protocols [6].

Important shifts of COVID-19 epicenters have occurred during 2020, starting with
Asia and followed by Europe, North America, and South America. After months of rel-
atively slow evolution, novel VOCs (e.g., B.1.1.7, B.1.351, P.1, and B.1.617.2) harboring
a constellation of signature mutations in the spike protein have emerged [7]. More re-
cently, the World Health Organization (WHO) assigned labels for the VOCs based on
Greek letters. Therefore, the four VOCs are named, respectively, Alpha, Beta, Gamma, and
Delta. These lineages independently arose in the United Kingdom [8], South Africa [9],
Brazil [10,11], and India [12,13] and have fueled secondary outbreaks in places where they
have emerged, despite previous rates of seroprevalence of up to 75% [14]. The city of
Manaus (Amazonas, Brazil), the probable place of origin of the P.1 lineage, faced a major
second wave of COVID-19. An explosive resurgence of cases and deaths became evident in
mid-December 2020. Since the P.1 variant carries multiple mutations of potential biological
significance (especially E484K, K417T, and N501Y in the receptor-binding domain (RBD) of
the spike protein): (i) some key substitutions may lead to the immunity evasion; (ii) higher
transmissibility when compared with pre-existing lineages has been characterized; (iii) this
VOC has been the focus of increased surveillance and deserves being studied in greater
detail [15]. After this outbreak, almost all Brazilian states experienced increases in the num-
ber of cases, hospitalizations, intensive care unit (ICU) admissions, and deaths, resulting
in a reemergence of the public health crisis previously experienced in the first wave of
COVID-19[16].

The diversity of SARS-CoV-2 during the first epidemic wave in Brazil was mainly
composed of B.1.1.28 and B.1.1.33 lineages [2,17], although the very low sequencing rate
across the country has limited these estimates [17]. However, these previous lineages
were rapidly replaced by P.1 and P.2 in late 2020 and early 2021, which are both derived
from the common ancestor B.1.1.28 and harbor concerning mutations in the spike protein
(e.g., E4B4K and N501Y) [17,18]. In RS state, the most common lineages identified up to
May 2021 are still B.1.1.33 (n = 290) and B.1.1.28 (n = 238) [19,20]. Nevertheless, P.1 has
emerged as the most prevalent lineage sequenced in more recent samples [19]. Recently,
newer mutations were detected in addition to the original set presented in P.1, giving rise
to the sublineage P.1.2 [21]. P.2 probably emerged in Rio de Janeiro state (Southeast) [22],
but it was also found in several municipalities of RS state as of October 2020 [23,24]. The
first 1 infection in the state was once thought to be in a patient from Gramado city in
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February 2021 [25]. However, in a more recent study, the actual first P.1 was detected on
30 November 2020. This happened in a patient with comorbidities from Campo Bom city,
who was reinfected by the P.2 lineage on 11 March 2021 [26].

Even though RS was one of the least affected Brazilian states in the first epidemic
wave, it suffered a pronounced increase in cases in late 2020 [16]. In February 2021, the
progressive increases in cases and hospitalizations (3.8-fold) led to the collapse of the local
state healthcare system. Since recent findings of the widespread dissemination of the SARS-
CoV-2 lineage P.1 in Brazil have been confirmed, we sequenced samples from patients
from the metropolitan region of Porto Alegre to: (i) identify the prevalence of SARS-CoV-2
lineages in the region, the state, and bordering countries/regions; (ii) characterize the
mutation spectra; (iil) hypothesize possible viral dispersal routes by using phylogenetic
and phylogeographic approaches.

2. Results
2.1. Epidemiological Information

Of the 56 samples of hospitalized patients between March 9 and 17 2021, 75.0% (n = 42)
of them were male, and the mean age was 37.2 years (interquartile range (IQR): 13.5 years).
The mean cycle threshold (Ct) value for the first RT-qPCR conducted at Laboratério Exame
was 19.12 cycles (median: 18.00; IQR: 6.00 cycles). Forty-seven (83.9%) had contact with a
confirmed or suspected case. The majority of them were from the RS state capital, Porto
Alegre (n =32; 57.1%). In total, 51 (91.1%) were from the intermediate geographic region
of Porto Alegre and 5 (8.9%) from the intermediate region of Santa Maria (Table 1 and
Figure 52C).

2.2. SARS-CoV-2 Mutations and Lineages

Consensus SAR5-CoV-2 genomes were obtained with an average coverage depth of
813.2x (median: 820.6x; IQR: 184.7x) (Figure 56). We detected 175 different mutations
comprising all samples (Figure 1A). The ORFlab carried 102 (58.3%) replacements followed
by spike (n = 24; 13.7%), nucleocapsid (n = 18; 10.3%), ORF3a (n = 14, 8.0%), ORF7a (n = 6;
3.43%), ORF8 (n = 5; 2.86%), and membrane (n = 3; 1.7%) genes. Remarkably, 50% of the
spike substitutions occurred in only one genome, and, of these, nine (75.0%) were missense
(Table S1). Fifty-nine (33.7%) mutations were identified in two or more sequences. From
these, 36 (61.0%) are non-synonymous (missense), 21 (35.6%) are synonymous, 1 (1.7%) is
intergenic at 5" Untranslated Region (UTR), and 1 (1.7%) is an inframe deletion. Highly
frequent (>10 genomes) mutations were found in 34 genomic positions, 24 (70.5%) being
missense and 9 (26.5%) synonymous. Fifteen substitutions (10 in the spike protein: L18F,
T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, H655Y, and T10271) are P.1 lineage-
defining mutations (Figure 1B and Table 2). The only P1 defining replacement not found at
high frequency in our study was the deletion in ORFlab (del 11288:11296), called in only
four genomes. Deletions overlapping annealing sites of amplicon primers are associated
with a strong decrease in the PCR efficiency prior to sequencing, leading to low genomic
coverage [27]. Then, after applying a stringent coverage depth filter (DI > 50) for calling
the genomic positions in the consensus sequences, this deleted region was flagged as
low coverage.

Most importantly, other positions presenting single nucleotide polymorphisms (SNPs)
reached the appropriate threshold, since a point mutation is generally unable to cause dropouts.

After comparing the frequency of mutations from the recently sequenced samples
and the Brazilian P.1 genomes, we observed a combination of mutations that stood out
in a significant proportion (n = 11; 19.6%) compared with previous .1 sequences from
Brazil. This combination was previously described [21] and gave rise to the 1.2 lineage,
which harbors three ORFlab replacements (synC1912T, D762G, and T18201), one in ORF3a
(D155Y), and one in N protein (synC28789T) (Table 2). Additionally, two of these genomes
(18.2%) carry T11296G (ORFlab nsp6: F3677L) and eight (72.7%) harbor G25641T (ORF3a:
L83F) substitutions. Another cluster, made of four local genomes and subsequently named
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Clade 2, was also detected. This clade possesses three defining mutations (ORFlab nsp4:
V2862L, synC10507T, and ORF3a: M260K), but it does not fall into a lineage designation at
this moment but deserves further monitoring (Figure S1).

Table 1. Epidemiological characteristics of the 56 sequenced samples from Rio Grande do Sul, Southern Brazil.

Study ID GISAIDID Cycle Municipality of Residence Gender Age Group Lineage Contact with
(HBM-RS) (EPL_ISL_) Threshold . Confirmed Case
39468 2139494 16 5ao Leopoldo Male 30-39 Pl Yes
39469 2139495 19 Porto Alegre Female 20-29 P12 Yes
39470 2139496 19 Porto Alegre Male 60-69 r1 No
39471 2139497 18 Porto Alegre Male 20-29 ri Yes
39472 2139498 17 Gravatal Male 30-39 r1 No
39473 2139499 26 Cachoeira do Sul Female 20-29 r1 Yes
39474 2139500 18 Gravatai Male 30-39 P1 Yes
39475 2139501 18 Porto Alegre Female 20-29 P1 No
39476 2139502 15 Porto Alegre Male 20-29 ri Yes
39477 2139503 21 Porto Alegre Male 30-39 r1 Yes
39478 2139504 15 Cachoeira do Sul Male 30-39 r1 Yes
39479 2139505 22 Porto Alegre Male 50-59 P1 Yes
39480 2139506 17 Novo Hamburgo Male 4049 P1 Yes
39481 2139507 14 Porto Alegre Female 70-79 ri Yes
39482 2139508 14 Porto Alegre Female B0-89 P12 No
39483 2139509 13 Gravatal Male 30-39 r1 Yes
39454 2139510 20 Porto Alegre Male 20-29 r1 Yes
39485 2139511 16 Porto Alegre Male 50-59 Pl Yes
39486 2139512 27 Porto Alegre Male 30-39 P2 No
39487 2139513 14 Sao Sebastido do Cai Male 4049 P12 Yes
30488 2139514 28 Santo Antonio da Patrulha Male 70-79 r1 Yes
39489 2139515 z Porto Alegre Female 20-29 P12 Yes
39490 2139516 18 Porto Alegre Male 20-29 r1 Yes
39491 2139517 15 Alvorada Female 20-29 B.1.1.28 Yes
39492 2139518 17 Gravatal Female 30-39 Pl Yes
39493 2139519 2 Canoas Male 30-39 r2 Yes
39494 2139520 17 Porto Alegre Female 30-39 ri No
39495 2139521 17 Porto Alegre Male 30-39 r1 Yes
39496 2139522 17 Canoas Female 30-39 r1 Yes
39497 2139523 21 Porto Alegre Male 4049 P12 Yes
39498 2139524 20 Porto Alegre Female 4049 Pl Yes
39499 2139525 2 Portao Male 30-39 r1 Yes
39500 2139526 11 Porto Alegre Male 20-29 r1.z2 Yes
39501 2139527 14 Santa Maria Male 20-29 P12 Yes
39502 2139528 21 Porto Alegre Male 30-39 r1 Yes
39503 2139529 16 Porto Alegre Male 30-39 P1 No
39504 2139530 21 Gravatal Male 4049 Pl Yes
39505 2139531 13 Porto Alegre Male 30-39 r1.z2 Yes
39506 2139532 23 Porto Alegre Female 4049 r1 Yes
39507 2139533 28 Canoas Female 30-39 r1 Yes
39508 2139534 22 Porto Alegre Male 20-29 r1 Yes
39509 2139535 23 Alvorada Male 20-29 Pl Yes
39510 2139536 19 Canoas Male 50-59 P12 Yes
39511 2139537 22 Porto Alegre Male 30-39 ri1 No
39512 2139538 25 Cachoeira do Sul Female 4049 r1 Yes
39513 2139539 23 Santa Maria Male 40-49 L1 Yes
39514 2139540 15 Porto Alegre Male 30-39 P1 No
39515 2139541 21 Porto Alegre Male 20-29 Pl Yes
3516 2139542 28 Porto Alegre Male 50-59 ri Yes
39517 2139543 17 Sapiranga Male 30-39 r1 Yes
39518 2139544 17 Porto Alegre Male 30-39 P12 Yes
39519 2139545 23 Porto Alegre Male 20-29 r1 Yes
39520 2139546 15 Campo Bom Male 20-29 Pl Yes
39521 2139547 15 Porto Alegre Male 20-29 Pl Yes
39522 2139548 21 Porto Alegre Male 50-59 r1 Yes
30523 2139549 18 Porto Alegre Male 20-29 r1 Yes

All samples were nasopharyngeal swabs collected during 9-17 March 2021, from residents of RS state. Study ID: Study identifier only
known by study investigators. The Ct values are related to the first RT-qI"CR conducted at Laboratorio Exame.
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Figure 1. Mutations of the SARS-CoV-2 genomes from RS state, Southern Brazil sampled in March 2021. (A) Genome map
for the 56 genomes sequenced. Nucleotide substitutions are colored in red and blank regions represent low sequencing
coverage. (B) Count of single nucleotide polymorphisms (SNPs) per SARS-CoV-2 genome position along the 56 genomes.
These mutations are corresponding to the red lines in (A), and only missense substitutions represented by >10 sequences
have their respective amino acid changes indicated above the bars. Main open reading frames (ORFs) and SARS-CoV-2
proteins are indicated at the bottom to allow a rapid visualization of the viral proteins affected.

Considering PANGO lineages, 54 genomes (96.4%) were designated as P.1, one (1.8%)
as P.2, and one (1.8%) as B.1.1.28. Even without being classified according to the Pango-
designation’s most updated version, the P.1.2 lineage was presentin 11/54 (20.4%) of the
P.1 sequences (https: / / github.com/ cov-lineages/ pango-designation/ issues/ 56; accessed
on 6 May 2021) (Figure S1).

2.3. Lineage Distribution in Neighboring Countries and Brazilian Regions

RS state shares borders with Argentina to its west (Figure S2), leading to the transit
of people at the frontiers. From March to April 2020, B.1 was the most prevalent lineage
in this bordering country. B.1.499 and N.3 were abundant from May to July when the
N.5 started to rise and surpassed B.1.499 in November 2020 (Figure 2A). Importantly, N.3
and N.5 are derived from the B.1.1.33 lineage widespread in Brazil (https://cov-lineages.
org/lineages.html; accessed on 4 May 2021). The P.2 lineage, which initially emerged in
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Brazil [22] and derived from another Brazilian disseminated lineage (B.1.1.28), was firstly
found in November 2020, and, by January and February 2021, it had already outnumbered
the other lineages in Argentina (Figure 2A).

Table 2. Detailed description and frequency of mutations found in our 56 sequences compared with all Brazilian I'1

sequences until 26 April 2021.

Genomic

Amino Acid

Frequency Our

Frequency in

Position Effect Change Gene/Region Product Study (%) Brazilian's P.1 (%)
41T Intergenic NA 5" UTR NA 100.0 97.2
T733C Synonymous D156D Leader Protein 96.4 99.9
C1912T Synonymous 55495 ) 19.6 1.4
—_— nsp2

A2550G Missense D762G 19.6 1.5
C2749T Synonymous DB828D 94.6 99.7
C3037T Synonymous F924F 100.0 99.9
C3828T Missense 51188L 96.4 95.3
A5648C Missense K17950Q nsp3 85.7 100.0
C5724T Missense T18201 ORFlab 17.9 2.3
A6319G Synonymous P2018P 87.5 99.5
A6613G Synonymous V2116V 96.4 99.8
T11296G Missense F3677L nspb 30.4 8.2
C12778T Synonymous Y4171Y nsp9 94.6 98.9
C13860T Missense T45321 RdRp 94.6 99.5
C14408T Synonymous L4715L 98.2 96.8
G17259T Missense 556651 Helicase 94.6 99.7
C21614T Missense L18F 96.4 99.9
C21621A Missense T20N 94.6 99.8
C21638T Missense rzes 96.4 99.1
G21974T Missense D138y 96.4 100.0
G22132T Missense R190S5 96.4 98.4
A22812C Missense K417T . Surface 96.4 83.4
G23012A Missense E484K 5 Glycoprotein 96.4 99.9
A23063T Misse nse N501Y 96.4 99.8
A23403G Missense D614G 100.0 97.7
C23525T Missense H655Y 96.4 100.0
C24642T Missense T10271 96.4 99.9
G25088T Missense V1176F 100.0 99.9
G25855T Missense D155Y . 19.6 1.6
T26149C Missense S253P ORF3a ORF3a Protein 94.6 98.7
G28167A Missense E92K ORF8 ORFS8 Protein 94.6 99.8
C28512G Missense PSOR Nudleocapsid 96.4 98.3
(287801 Sy nonymous Y172Y N Phosphoprotein 19.6 13

AGTAGGG

28877 -28883 Missense RG203-204KR 96.4 99.8

TCTAAAC

Original bases or amino acids are represented before the genomic coordinate, while the mutated ones are presented after. Only mutations
observed in more than 10 genomes from this study are shown .1 linea ge-defining mutations are highlighted in bold. 1.2 (new lineage)
defining replacements are underlined and marked with gray background color. UTR, untranslated region; ORF, open reading frame; S,
spike; N, nucleocapsid; nsp, nonstructural protein; RdRp, RNA-dependent RNA polymerase.

In the entire Brazil, despite early introductions of B.1 and B.1.1, lineages B.1.1.28
and B.1.1.33 were most abundant from March to October 2020. In October, P2 already
represented an important portion of the sequences, and, by November, it had already
surpassed B.1.1.33. In December 2020 and January 2021, with the emergence of .1, this
lineage and F.2 already became the most prevalent, while, between February and April, P.1
replaced all other lineages (Figure 2A B). Some fluctuations evidently occurred in different
Brazilian regions, such as a prevalence of more local lineages (e.g., B.1.195 and B.1.1.378
in the Northern region, B.1.1 and N.9 in the Northeast, and B.1.1.7 in the Southeast and
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Centre-West regions) (Figure S3). In RS, a similar landscape was observed compared to
the Brazilian scenario. B.1.1.28 and B.1.1.33 were most prevalent until October 2020, when
P.2 emerged and remained until January 2021 along with B.1.1.28 as the most prevalent.
After the introduction of P.1 (January 2021), this lineage practically supplanted the others
in February and March 2021 (Figure 2A,B).
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Figure 2. Distribution of SARS-CoV-2 lineages across time in Argentina, other Brazilian regions, and RS state. The other
bordering country (Uruguay) was not included due to the limited number of samples available (n = 135). (A) Per month
lineage distribution in Argentina, all of Brazil, and RS state. Only the 10 most prevalent lineages were considered.
(B) Timeline showing the distribution of the most prevalent lineages until the end of 2020 (B.1.1.28 and B.1.1.33) and from
the end of 2020 onward (P.1 and P.2) for the five Brazilian regions, RS state, and considering only this study (March 2021).
(C) Map of RS state divided into eight intermediate regions, as defined by IBGE, displaying the proportion of the lineages in
each area. The region of Porto Alegre was amplified and the lineage frequencies from 2020, 2021 and the present study are
presented on the right. NA, other lineages.
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After dividing RS into the intermediate regions proposed by IBGE (Figure 52), it was
possible to gain insights into the dynamics of the lineages in the state, despite the low
sample size of some regions (Figure 2C). In most regions, the lineages B.1.1.28 and B.1.1.33
were more prevalent, but P2was also detected. In fact, in the Caxias do Sul region, more .2
(n =31, 49.2%) were sequenced in relation to other lineages. Since the Porto Alegre region
has a larger sample size, we divided its results by year to check the most recent (2021)
evolutionary abundance. In 2020, B.1.1.33 (n = 229; 49.3%) and B.1.1.28 (n = 137, 29.5%)
were the most abundant, followed by P.2 (n = 37; 8.0%). In 2021, P.1 (n = 26, 68.4%) and P2
(n =6, 15.8%) have already outperformed the other lineages (Figure 2C). In our study from
March 2021, 96.4% of the samples were classified as P.1. We were able to identify a new P.1
sublineage (P.1.2) in 11 (20.4%) genomes from four different municipalities (Porto Alegre,
Canoas, Sao Sebastiao do Cai, and Santa Maria), demonstrating the possible diversification
of P1 and its spread within RS (Figure 2C and Figure S1).

2.4. Maximum Likelihood Phylogenomic Analysis

After running the Nextstrain workflow using quality control and subsampling ap-
proaches, we obtained a dataset of 8635 time- and geographical-representative genomes.
From these, 861 were from Africa, 1370 from Asia, 2219 from Europe, 481 from North
America, 218 from Oceania, and 3486 from South America. Brazil was represented by 2608
sequences and RS state by 730 sequences (56 from this study and 674 available in GISAID)
(Table S2).

The time-resolved ML phylogenetic tree confirmed the PANGO lineages assigned,
since 54 genomes (96.4%) grouped with P.1 representatives, 1 (1.8%) with B.1.1.28, and
1(1.8%) with I:2sequences. We also observed a strong correlation between genetic distances
and sampling dates (R2 = 0.71). The P.1 sequences were grouped above the regression line,
showing higher evolutionary rates than the other lineages in the SARS-CoV-2 phylogeny,
as observed in other studies [11,14]. We highlighted the most abundant global lineages
present in RS state that passed the quality control criteria (B.1.1 (n = 32), .1 (n= 83), P.2
(n=83), B.1.1.28 (n = 203), and B.1.1.33 (n = 286)). We also noticed the high abundance of
B.1.1.28 and B.1.1.33 lineages until October and November 2020, followed by the rise and
establishment of .2 and P.1, respectively (Figure 3A).

The only B.1.1.28 sequence identified in this study (RS-HBM-39491) branched in a
clade represented by 30 sequences, mostly represented by Southeastern Brazilian (n = 17;
56.6%) genomes. This clade is supported by the ORFlab:synC15810T mutation and in-
cludes a subclade characterized by the ORF1ab:L4182F mutation, where the local sequence
is placed together with four samples from Sao Paulo (SP), one from Portugal, and one
from Chile (Figure 54). Most importantly, this local genome harbors seven other mutations:
ORF1ab:T20871 (nsp3), D3022N (nsp4), N3970S (nsp8), V4436 A (RNA-dependent RNA
polymerase), synC13724T, synG18973A, and intergenic:G29736T. Additionally, the only
P.2 sequence from this study (RS-HBM-39486) formed a separate clade composed of 20 se-
quences from several Brazilian states (10 from RS, 1 from Parana, 1 from SP, and 1 from
Maranhao), 5 from Argentina, 1 from USA, and 1 from Norway (Figure S5). This clade is
characterized by the ORFlab:synT6218C (nsp3) mutation. Moreover, this local sequence
accrued seven specific mutations: ORFlab:synA7201G, S2926F (nsp4), V6871A (2'-O-ribose
methyltransferase), 5:G1251V, ORF7a:G38V, N:synC28333T, and intergenic:G29688T.

To get a more detailed understanding of the P.1 diffusion throughout Rio Grande
do Sul, other Brazilian regions, and worldwide, we built an ML tree of 4499 genomes
belonging to this lineage (Table 53). P.1 sequences from this study were allocated into
several distinct branches, suggesting multiple introductions and the formation of different
P.1-derived clades and clusters.
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Figure 3. Phylogenetic analysis of genomes sequences in RS state in a global context. (A) Time-resolved ML tree of
8635 global representative SARS-CoV-2 genomes. Circles represent global sequences belonging to the five most abundant
lineages in RS state that passed quality control criteria: B.1.1 (n = 32), P.1 (n = 83), P2 (n = 83), B.1.1.28 (n = 203), and B.1.1.33
(n = 286). Diamonds represent RS genomes (available in GISAID and sequenced in this study). Root-to-tip regression is
represented on the right of the tree. (B) ML tree of 4499 SARS-CoV-2 genomes belonging to the P.1 lineage. Tips are colored
by Brazilian regions, South America, or other continents. Introductions, clusters, and clades are annotated in the tree (see
Methods). Root-to-tip regression is depicted on the left of the tree and sequences from “other continents” were dropped to
improve visualization.
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We identified 4 clades, 5 clusters, and 13 isolated sequences (Figure 3B and Figure 57).
Most importantly, Clade 1 had high branch-support (SH-aLRT = 76.3) and was composed
of 11 sequences originated in this study that shared five lineage-defining mutations as
previously described (Table 2) and were recently attributed to the I.1.2 sublineage (https:
/ /github.com/cov-lineages / pango-designation /issues /56; accessed on 6 May 2021). As
of April 26, 2021, this sublineage is already distributed worldwide in 93 sequences (the
Netherlands, Spain, England, and USA) and in other Brazilian states (Rio de Janeiro (R])
and SP) [21]. Clade 2 sequences harbored two mutations in ORF1ab:V2862L (nsp4) and
synC10507T and one in ORF3a:M260K, and it comprised 81 genomes. Four samples are
from this study. The majority are from Amazonas (n = 15), Sao Paulo (n =11), RS (n = §),
and Bahia (BA) (n = 4), and worldwide sequences are mainly represented by French
Guiana, USA, Spain, Japan, and Jordan. Clade 3 is represented by three ORFlab mutations
(synC1420T, D1600N [nsp3], and synT8392A) in three of the seven local genomes. It is
composed of sequences from RS (n =25), 5P (n = 15), Maranhao (n = 10), and RJ (n = 8), as
well as other countries (mainly Spain, French Guiana, and USA). Clade 4 is characterized
by two ORFlab substitutions (G400S (nsp2) and 568221 (2'-O-ribose methyltransferase)),
one N:synT26861C in three genomes, and carries other additional mutations (ORF1lab:
synG10096A, G3676S (nsp6), F3677L (nsp6)) and M:synT26861C. This clade is mainly found
inSP (n=11), RS (n = 7), Santa Catarina (n = 5), BA (n = 4), and Goias (n = 4), as well as
other countries (mainly USA, Chile, and England).

Clusters 1 and 3 have, respectively, one (ORFlab: G36765 (nsp6)) and two (ORFlab:
synC1471T and A1049V (nsp3)) shared mutations. Among all identified clusters, the most
diverse was Cluster 5, which contains three samples from this study and has five defining
mutations: four in ORFlab (synT4705C, synC11095T, syn11518, and T5541I (helicase))
and one in ORF7a: E16D. Moreover, two sequences share one distinct mutation (ORFlab:
F3677L (nsp6)).

2.5. Bayesian Molecular Clock and Phylogeographic Analysis

To date the time of the most recent common ancestor (TMRCA) and the diffusion
of the four .1 clades identified in our ML analysis, we used coalescent and phylogeo-
graphic methods. For Clade 1, which is correspondent to the recently labeled P.1.2 lineage,
sequences showed a moderate correlation of genetic distances and sampling dates (corre-
lation coefficient: 0.59, R = 0.34) (Figure 4A). We estimated a median evolutionary rate
of 7.68 x 104 (95% highest posterior density interval [HPD]: 4.18 x 10 4t0 1.14 x 103
subst/site/year) and the TMRCA on 18 December 2020 (95% HPD: 29 October 2020 to 31
January 2021). Interestingly, the tree’s root was placed in RS, between a sequence from
RS (the oldest sequence from this clade: EPI_ISL._983865) and a subclade from USA. The
divergence of these subclades was dated on 15 January 2021 (95% HPD: 15 January to
26 March 2021). The subclade composed of the RS sequences formed two separate clusters,
one with three sequences from this study and one Australian genome and another com-
posed of sequences from RS, SP, UK, Portugal, USA, and transmission clusters from R] and
Netherlands (Figure 4B). The emergence of an important cluster in RJ carrying ad ditional
mutations [21] was dated here on 11 March 2021 (95% HFPD: 11 March to 6 April 2021).
As American sequences formed a separate subclade, local transmission is probably occur-
ring in the country. The divergence of the American subclade was dated 7 February 2021
(95% HPD: 1 February to 11 May 2021). In accordance with the root being placed in RS, the
BSSVS proced ure identified well-supported rates of diffusion from RS to other Brazilian
states such as Sao Paulo (Bayes Factor (BF): 6.82; posterior probability (PP): 0.52), Rio de
Janeiro (BF: 39.18; PP: 0.86), and other countries such as USA (BF: 31.94; PP: 0.84) and
Netherlands (BF: 80.16; PP: 0.93).
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Figure 4. Bayesian discrete asymmetric phylogeographic analysis of the identified Clade 1 (lineage P.1.2). (A) Root-to-tip
regression of genetic distances and sampling dates for Clade 1. Correlation coefficient and R squared are depicted above
the graph. (B) MCC tree of the 93 sequences included in this analysis up to 26 April 2021 (82 from GISAID and 11 from
this study). Numbers above branches represent the posterior probability of each branch. Only posteriors > 0.5 are shown.

Circles indicate countries outside Brazil and Brazilian states (BR suffix).
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However, it is possible that this lineage emerged in another Brazilian state, but its
earlier representatives were not sampled. This is a strong hy pothesis since this sequence
is associated with community transmission after contact with tourists in a city of RS
(Gramado) that receives numerous visitors annually [25].

For Clade 2, we estimated a median evolutionary rate of 5.85 x 10~* (95% HPD:
4.18 x 10~* to 7.71 x 10~4 subst/site/year), and the TMRCA was dated 30 November
2020 (95% HPD: 2 November to 21 December 2020). This clade includes sequences from
11 Brazilian states from all 5 regions and 9 other countries. We were able to detect at least
five introductions from Amazonas, where this clade probably emerged. These introductions
ranged from December 28, 2020 (95% HPD: 28 December 2020 to 5 January 2021) to
28 January 2021 (95% HPD: 28 January to 7 March 2021). Importantly, we identified a
well-supported subclade (PP = 1) of four genomes from this study (Figure 5A).
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Figure 5. Bayesian discrete asymmetric phylogeographic analysis of the identified Clades 24 up to 26 April, 2021. (A) Clade
2: MCC tree of the 71 sequences included in this analysis. (B) Clade 3: MCC tree of the 122 genomes included in this analysis.
(C) Clade 4: MCC tree of the 50 sequences included in this analysis. For all MCC trees, numbers above branches represent
the posterior probability of each branch. Only posteriors > 0.5 are shown. Asterisks represent potential introductions in RS
state and subclades cited in the text are indicated. Circles indicate countries outside Brazil and Brazilian states (BR suffix).
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For Clade 3, the TMRCA was estimated on 20 December 2020 (95% HPD: November
25 to 29 December 2020) and the median evolutionary rate was 7.85 x 10~* (95% HPD:
6.06 % 1074 to 1.02 % 1073 subst/site/ year). This clade harbors sequences from 9 Brazilian
states and 10 other countries. Amazonas is the most probable source of its emergence.
From then onwards, multiple transmission clusters were established in foreign countries
(e.g., Spain, Portugal, and USA) and Brazilian states (especially Maranhao, SP, and RS).
This clade was introduced at least 5 times in RS, leading to 2 major subclades represented
by 18 and 4 sequences, respectively. The major subclade (n= 18, PP = 0.98) was dated
11 January 2021 (95% HPD: 11 January to 1 February 2021) (Figure 5B).

For Clade 4, the TMRCA was dated on 2 December 2020 (95% HPD: 7 October 2020 to
3 January 2021), and the median evolutionary rate was 6.26 x 1074 (95% HPD: 3.51 x 1074
to 1.01 x 1073). This clade comprises nine Brazilian states and five foreign countries.
After its initial emergence and spread in Amazonas, it had already formed transmission
clusters in SF, BA, United Kingdom, and USA. Most importantly, a subclade containing
sequences from two neighboring states from Southern Brazil (seven from RS and five
from Santa Catarina (SC)) indicates its diffusion from RS to SC, probably leading to two
separate introductions. The divergence of this subclade was estimated on 16 December 2020
(95% HPD: 16 December 2020 to 19 January 2021) (Figure 5C).

Phylogenetic and molecular clock approaches suggest the wide circulation of the VOC
P.1 both nationally and internationally between late 2020 and early 2021. This lineage
has already diversified into some clades that bear characteristic mutations, although
they exhibit similar evolutionary rates. We inferred that .1 (and its derived clades) was
introduced multiple times in the southernmost Brazilian state (RS) between mid-December
2020 and January 2021. Remarkably, this date is close to the first P.1 detection in Manaus,
which is located ~4000 km away. These early introductions led to the formation of local
subclades that could be identified even using a reduced set of sequenced samples.

3. Discussion

In this study, the analysis of 56 samples from the state of Rio Grande do Sul (RS),
Southern Brazil, confirmed that the P.1 lineage was already highly prevalent. Interestingly,
we demonstrated that .1 is already showing signs of diversification and has originated a
new sublineage (P.1.2). Herein, we indicate the likely origin and the first clusters of this
novel lineage. This sublineage was detected in three Brazilian states, and other countries,
and its most recent common ancestor was dated on mid-December, 2020 (95% HPD:
29 October 2020 to 31 January 2021). In accordance with the majority of the states from
Brazil, this state experienced significant increases in hospitalizations in early 2021. This
scenario was related to the emergence and rapid spread of the F.1 variant across the country.

After almost one year of relatively slow SARS-CoV-2 evolution, the emergence of
multiple and convergent lineages harboring a constellation of mutations in the spike
protein raised concern in the scientific community. This protein is responsible for mediating
interaction with the human Angiotensin-Converting Enzyme 2 receptor (hACE2) and is a
primary target of neutralizing antibodies and vaccines [28]. The variants harboring different
mutational signatures, including spike protein substitutions, were classified as VOCs and
“variants of interest” (VOIs), depending on their growing relevance in the current pandemic.
The first three VOCs emerged in England (B.1.1.7) [8], South Africa (B.1.351) [9], and Brazil
(P1) [10]. More recently, B.1.617.2 (India) [12,13] also was characterized as a VOC. By May
2020, B.1.427/429 [29], B.1.526 (New York, USA), B.1.617 (India), and P2 (Brazil) [22] were
categorized as VOIs. B.1.1.7, B.1.351, and P.1, the most studied VOCs, have the D614G and
N501Y mutations in common. B.1.351 and P.1 share a mutation in the K417 site (K417N
and K417T, respectively) and the E484K replacement, which is also observed in the P.2
lineage. Additionally, B.1.1.7 carries the P681H substitution in the furin-cleavage site and
multiple VOIs bear the L452R substitution [7]. The presence of common substitutions
in different SARS-CoV-2 lineages suggests co-evolutionary and convergent mutational
processes [8-10,30].
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In the present study, we noticed that B.1.1.33 and B.1.1.28 lineages, detected at the
beginning of the pandemic in Brazil [2], had been similarly prevalent in different regions
until September 2020, before the appearance of 2 (in October) and F1 (in December 2020).
The B.1.1.33 lineage shows variable abundance in different Brazilian states (ranging from
2% in Pernambuco to 80% in Rio de Janeiro), with moderate prevalence in South Amer-
ican countries (5-18%). Surprisingly, this lineage was firstly detected in early March
2020 in other American countries (e.g., Argentina and USA). Apparently, an intermediate
strain probably emerged in Europe and subsequently spread to Brazil, where its spread
gave rise to B.1.1.33 [31] and possibly triggered secondary outbreaks in Argentina and
Uruguay [31,32]. We found that N.3 and N.5, both derived from B.1.1.33, represented an
important proportion of the sequences from Argentina from May to December 2020, when
itwas replaced by the P.2 lineage, which probably emerged in Rio de Janeiro (Southeastern
Brazil). The B.1.1.28 lineage, despite apparently being less abundant than B.1.1.33 in several
Brazilian regions, quickly diversified into two variants: VOC P.1 and VOI P.2 [33]. Since
the end of 2020, these two lineages have lead the diversity of SARS-CoV-2 in Brazil [17]
and have caused concern in other countries after several introductions. Regarding the
distribution of sequenced samples across RS state, the cumulative frequency of B.1.1.28
and B.1.1.33 was higher until mid-April 2021 [16]. However, since the end of 2020 and
beginning of 2021, a rise in P.1 and P.2 sequences was observed. Our study supported
that P.1 outperformed other lineages in RS as of March 2021, although the collection of
samples in hospitalized patients and low geographic representativeness does not allow the
extrapolation of these findings.

The emergence of a B.1.1.28 derived lineage carrying the S:E484K mutation (P.2) was
dated, in a retrospective study, late February 2020 in the Southeast (Sao Paulo and Rio
de Janeiro), followed by transmission to the South (especially RS). Since then, multiple
dispersion routes were observed between Brazilian states, especially in late 2020 and
early 2021 [18]. However, this lineage went unreported until October 2020, when it was
first detected in the state of Rio de Janeiro [22] and in the small municipality of Esteio
in RS [23]. The increased frequency of B.1.1.28 and derived lineages was corroborated
by another study that included samples from several municipalities of RS in November
2020. This study found that 86% of the genomes could be classified as B.1.1.28 and ~50% of
these, in fact, belong to the new lineage P2 [24]. Nonetheless, our current study suggests
that P2 has already been nearly entirely replaced by the P1 lineage or is not particu-
larly well represented among the analyzed patients seeking emergency consultation or
requiring hospitalization.

Between June and October 2020, an extremely high seroprevalence (44-76%) was
observed in Manaus (Amazonas, Brazil) in a study from blood donors [14]. However,
despite these numbers, Manaus faced a resurgence of cases and a six-fold increase in
hospitalizations between December 2020 and January 2021. The most plausible hy potheses
that would justify this condition are: (i) the previous overestimation of seroprevalence in
Manaus; (i) the immune evasion property of some SARS-CoV-2 mutations found in VOCs;
(iii) higher transmissibility and pathogenicity of SARS-CoV-2 lineages circulating in the
second wave compared with pre-existing lineages [15].

A genomic epidemiology study that used 250 SARS-CoV-2 genomes from 25 different
municipalities from Amazonas sampled between March 2020 and January 2021 shows that
the first exponential phase in the state was driven mainly by the spread of lineage B.1.195,
which was gradually replaced by B.1.1.28. The second wave coincided with the emergence
of 1 in November, which rapidly replaced the parental lineage (<2 months) [11] and
whose emergence was preceded by a period of rapid molecular evolution [10]. Importantly,
rapid accumulation of mutations over short timeframes have been reported in chronically
infected or immunocompromised hosts [34,35]. However, preliminary findings pointed to
the existence of P.1 intermediate lineages, suggesting that the constellation of mutations
defining F.1 were acquired at sequential steps during multiple rounds of infections instead
of within a single long-term infected individual [36]. The VOC P.1 carries three deletions,
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four synonymous substitutions, a four base-pair nucleotide insertion, and at least 17 other
lineage-defining replacements, including 10 missense mutations in the spike protein (L18E
T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, H655Y, and T10271), 8 of which are
subjected to positive selection [10].

Regarding infectiousness, transmissibility, and case fatality, the viral load was ~10-fold
higher in P1 infections than in non-P.1 infections [11]. Although another study points to
uncertainties regarding viral load and duration of infection after accounting for confound-
ing effects [10]. Moreover, it was estimated to be 1.7-2.4-fold more transmissible, raising
the probability that reinfections would be caused more frequently in hosts infected by P.1
rather than by older lineages. Remarkably, infections were 1.2-1.9 times more likely to
result in death in the period following the emergence of .1 compared to previous time
frames [10]. These findings support that successive lineage replacements in Amazonas
were driven by a complex combination of factors, including the emergence of the more
transmissible VOC P.1 virus [11].

A study conducted in RS described a P.1 lineage infection on 30 November 2020
followed by a .2 lineage reinfection on 11 March 2021 in a patient with comorbidities.
This report was the first detected F.1 in the state [26]. Other analyses suggest that the P.1
lineage presumably emerged in Manaus, Brazil, in mid-November 2020 [10,11]. Therefore,
the P11 lineage was present in Southern Brazil about a few days after its emergence in
Manaus, Northern Brazil. Our molecular clock analysis supported this scenario. Another
study, once thought to be the first .1 report in RS, documented local transmission of P.1
from a person who had close contact with tourists and was positive for COVID-19 in early
February 2021 [25]. This happened in the city of Gramado, a town in the mountains that
receives around 6.5 million tourists every year and belongs to the Caxias do Sul inter-
mediate region. Interestingly, this sample from Gramado was the earliest representative
of a new Fl-derived lineage (I.1.2), described in 11 patients from our study and found
in transmission clusters from the R] state in Southeastern Brazil, USA, and the Nether-
lands. Remarkably, our local sequences are more similar to genomes from other countries
compared to the R] cluster, which acquired at least four additional mutations (including
S:A2625) [21].

Whether 1.2 has worse clinical outcomes than its prior variant (P.1) is unknown.
However, as described above, the missense mutations characteristic of the new sublineage
are located at nsp2 and nsp3 (ORF1lab), ORF3a, and nucleocapsid. These sites are known
for their interaction with human proteome, potentially influencing the immunological and
inflammatory response against SARS-CoV-2 infection [37]. The ORF3aD155Y substitution
is located near SARS-CoV caveolin-binding Domain IV. The binding interaction of viral
ORF3a protein to host caveolin-1 is essential for entry and endomembrane trafficking of
SARS-CoV-2. Since this mutation breaks the salt bridge formation between Asp155 and
Argl34, it can interfere with the binding affinity of ORF3a to host caveolin-1 and change
virulence properties. Most importantly, this disrupted interaction may be associated with
improved viral fitness, since it can avoid the induction of host cell apoptosis or extend the
asymptomatic phase of infection [38]. We hypothesize that these new substitutions could,
therefore, influence epidemiological and clinical outcomes favoring P.1.2 evolution. This is
elusive at best at this time, however, and further sublineage characterization is needed to
further explore its real relevance.

Some limitations should be considered. Firstly, the sample size islow and not necessar-
ily representative of RS state. Considering the number of sequences from each intermediate
region in RS available in GISAID, it is very likely that the distribution seen on the map
(Figure 2C) is a consequence of sampling at different times in these localities or simple
randomness. Thus, it should not be assumed as a true representation of the spatial diversity
in the state. Since publicly available genomes are a result of episodic sequencing efforts,
especially in Brazil, more precise inferences about introductions and diffusion processes
in regional and worldwide contexts are restricted due to the lack of proper geographical
and temporal distribution of the samples. Therefore, more research and surveillance are
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essential to unravel a more precise genomic characterization of SARS-CoV-2 in Brazil,
promptly identifying novel variants to better respond and control its spread.

In summary, our study corroborates the total virtual substitution of previous lineages
by P.1 in Southern Brazil in COVID-19 cases sequenced in March 2020. Moreover, we con-
firmed various cases caused by the novel P.1.2 sublineage and placed its origin in the state
of Rio Grande do Sul. The continuous evolution of the VOC .1 is concerning, considering
its clinical and epidemiological impact, and warrants enhanced genomic surveillance.

4. Materials and Methods
4.1. Sample Collection and Clinical Testing

Samples were obtained from Hospital da Brigada Militar patients, both admitted or
visiting the emergency ward, from Porto Alegre, RS, Brazil. Nasopharyngeal swabs were
collected and placed in saline solution. Samples were transported to the clinical laboratory
(Laboratério Exame) and tested on the same day for SARS-CoV-2 using Real-Time Reverse-
transcriptase Polymerase Chain Reaction (Charité RT-qPCR assays). The RTq-PCR assay
used primers and probes recommended by the World Health Organization targeting the
nucleocapsid (N1 and N2) genes [39]. Remnant samples were stored at —20 °C.

Between 9 March and 17 March 2021, all routinely tested samples of the clinical
laboratory provenient of the Hospital da Brigada Militar patients and yielded positive
RT-gPCR were selected. Subsequently, those positive clinical samples were submitted to a
second RT-qPCR performed by BiomeHub (Florianopolis, Santa Catarina, Brazil), using
the same protocol (charite-berlin). Only samples with quantification cycle (Cq) below
30 for at least one primer were submitted to the SARS-CoV-2 genome sequencing. In total,
56 patients who presented symptoms such as fever, cough, sore throat, dyspnea, anosmia,
fatigue, diarrhea, and vomiting (moderate and severe clinical status) [40] were included in
the study.

4.2, RNA Extraction, Library Preparation, and Sequencing

Total RNAs were prepared as in the reference protocol [41] using SuperScript IV
(Invitrogen, Carlsbad, CA, USA) for cDNA synthesis and Platinum Taq High Fidelity
(Invitrogen, Carlsbad, CA, USA) for specific viral amplicons. Subsequently, cDNA was used
for the library preparation with Nextera Flex (Illumina, San Diego, CA, USA) and quantified
with Picogreen and Collibri Library Quantification Kit (Invitrogen, Carlsbad, CA, USA).
The sequencing was performed on the [llumina MiSeq (Illumina, San Diego, CA, USA)
150 x 150 runs with 500xSARS-CoV-2 coverage (50-100 thousand reads/sample).

4.3. Quality Control and Consensus Calling

Quality control, reference mapping, and consensus calling were performed using an
in-house pipeline developed by BiomeHub (Florianépolis, Santa Catarina, Brazil). Briefly,
adapters were removed, and reads were trimmed by size = 150. Reads were mapped to the
reference SARS-CoV-2 genome (GenBank accession number NC_045512.2) using Bowtie
v2.4.2 (end-to-end and very-sensitive parameters) [42]. Mapping coverage and depth were
retrieved using samtools v1.11 [43] (minimum base quality per base (Q) = 30). Consensus
sequences were generated using beftools mpileup (Q = 30; depth (d) < 1000) combined
with beftools filter (DP > 50) and beftools consensus v1.11 [44]. Coverage values for each
genome were plotted using the karyoploteR v1.12.4 R package [45]. Finally, we assessed
the consensus sequences quality using Nextclade v0.14.2 (https:/ /clades.nextstrain.org/;
accessed on 4 May 2021).

4.4. Mutation Analysis

SNPs and insertions/ deletions in each sample were identified using snippy variant
calling and core genome alignment pipeline v4.6.0 (https: / / github.com/tseemann/snippy;
accessed on 4 May 2021), which uses FreeBayes v1.3.2 [46] to call variants and snpEff
v5.0 [47] to annotate and predict their effects on genes and proteins. Genome map and
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SNP histogram were generated after running MAFFT v7.475 [48] alignment using the
msastats.py script, and plotAlignment and plotSNPHist functions [49]. Sequence positions
refer to GenBank RefSeq sequence (NC_045512.2), isolated and sequenced from an early
cage from Wuhan (China) in 2019,

We identified global virus lineages using the dynamic nomenclature implemented in
Pangolin v2.3.8 [50] (https: // github.com/cov-lineages/pangolin; accessed on 4 May 2021)
and global clades and mutations using Nextclade v0.14.2 (https:/ /clades.nextstrain.org/;
accessed on 4 May 2021). We also used Pathogenwatch (https: / /pathogen.watch/; accessed
on 4 May 2021) and Microreact [51] to explore mutations and lineages across time and
geography initially.

4.5, Maximum Likelihood Phylogenomic Analysis

All available SARS-CoV-2 genomes (1,048,519 sequences) were obtained from GISAID
on April 26, 2021 and combined with our 56 sequences to obtain a global representative
dataset. These sequences were subjected to analysis inside the NextStrain ncov pipeline [52]
(https:/ / github.com/nextstrain/ncov; accessed on 4 May 2021). In this workflow, se-
quences were aligned using Nextalign v0.1.6 (https://github.com/neherlab/nextalign;
accessed on 4 May 2021). In the initial filtering step, short and low-quality sequences
or those with incomplete sampling dates were excluded. Uninformative sites and ends
(100 positions in the beginning and 50 in the end) were also masked from the alignment. Ge-
netically closely related genomes to our focal subset were selected, prioritizing sequences
geographically closer to Brazil's RS state. The maximum likelihood (ML) phylogenetic tree
was built using IQ-TREE v2.1.2 [53], employing the general time-reversible (GTR) model
with unequal rates and base frequencies [54]. The tree’s root was placed between lineage
A and B (Wuhan/WH01/2019 and Wuhan/Hu-1/2019 representatives), and sequences
that deviate more than four interquartile ranges from the root-to-tip regression of genetic
distances against sampling dates were removed from the analysis. A time-scaled ML tree
was generated with TreeTime v0.8.1 [55] under a strict clock and a skyline coalescent prior
with a mean rate of 8 x 10~* substitutions per site per year. Finally, clades and mutations
were assigned and geographic movements inferred. The results were exported to JSON
format to enable interactive visualization through Auspice.

Additionally, as P.1 sequences mostly represent our dataset, we downloaded all
complete and high-quality global genomes assigned to P.1 PANGO lineage (4499 sequences)
submitted until 26 April 2021. These sequences were aligned using MAFFT v7.475, the
ends of the alignment (300 in the beginning and 500 in the end) were masked, and the ML
tree was built with IQ-TREE v2.0.3 using the GTR + F + R3 nucleotide substitution model
as selected by the ModelFinder [56]. Branch support was calculated using the Shimodaira-
Hasegawa approximate likelihood ratio test (SH-aLRT) [57] with 1000 replicates.

Local sequences were classified according to the following scheme: monophyletic
clades composed by one local genome were classified as “isolated”, while clades composed
by 2 < genomes < 4 wete considered “clusters”, and, if > 4 local genomes were represented,
we assigned a “clade” designation.

ML trees were inspected in TempEst v1.5.3 [58] to investigate the temporal signal
through regression of root-to-tip genetic divergence against sampling dates. For the
P.1 ML tree, samples with missing days of the collection were filled with the 15th day
of the month. ML and time-resolved trees were visualized using FigTree v1.4.4 (http:
/ /tree.bio.ed.ac.uk/software/figtree/; accessed on 4 May 2021) and ggtree R package
v2.0.4 [59].

4.6. Discrete Bayesian Phylogeographic and Phylodynamic Analysis

Considering the four identified clades composed of >4 sequences from this study,
we extracted the clade members using the caper R package v1.0.1 [60]. Clade-specific
ML trees and root-to-tip regression assignments were generated as described above. Evo-
lutionary parameter estimates and spatial diffusion were assessed separately for each
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clade using a Bayesian Markov Chain Monte-Carlo (MCMC) approach implemented in
BEAST v10.4 [61]. The BEAGLE library [62] was used to enhance computational time.
Time-stamped Bayesian trees were generated using the HKY + I' nucleotide model [63], a
strict molecular clock model with a Continuous Time Markov Chain (CTMC) rate refer-
ence prior [64] (mean rate =8 x 104 and a non-parametric skygrid tree prior [65] with
grid points defined by the approximate number of weeks spanned by the duration of
the phylogeny.

The MCMC chains were run in duplicates for at least 50 million generations, and
convergence was checked using Tracer v1.7.1 [66]. Log and tree files were combined using
LogCombiner v1.10.4 to ensure stationarity and good mixing after removing 10% as burn-in.
Maximum clade credibility (MCC) was generated using TreeAnnotator v1.10.4 [61]. Viral
migrations were reconstructed using a reversible discrete asymmetric phylogeographic
model [67] to infer the locations of the internal nodes of the tree. A discretization scheme
with a resolution of different Brazilian states and other countries was applied. Location
diffusion rates were estimated using the Bayesian stochastic search variable selection
(BSSVS) [67] procedure employing Bayes factors to identify well-supported rates.

4.7. Geoplotting

Geographical maps and general plots were generated using R v3.6.1 [68], and the
gegplot2 v3.3.2 [69], geobr v.1.4 [70], and sf v0.9.8 [71] packages. For the discrete phy-
logeographic analysis, SpreaD3 v0.9.7.1 software [72] was used to map spatiotemporal
information embedded in MCC trees.

Supplementary Materials: The following are available online at https: / /www.mdpi.com/article/
10.3390/ pathogens10080988/s1. Figure 51. Spatiotemporal distribution of the 56 sequenced sam-
ples from RS. Figure 52. Neighbouring countries, Brazilian divisions and RS intermediate regions.
Figure S3. Proportion of the 10 most frequent lineages of SARS-CoV-2 across time in four Brazilian
regions. Figure 54. ML tree augmenting the B.1.1.28 clade where the local sequence (RS-HBM-39491)
was placed. Figure S5. ML tree augmenting the P.2 clade where the local sequence (RS-HBM-39486)
was placed. Figure S6. Coverage depth plots for each genome sequenced. Figure 57. Expanded
ML tree built using 4499 P.1 sequences deposited in GISAID until 26 April 2021. Tips represented
by sequences sequenced in this study are augmented to enable visualization of the different intro-
ductions, clusters, and clades reported. Table 51. Collection of all mutations (n = 175) found in the
56 sequenced genomes, including effects on SARS-CoV-2 genes and proteins. The table is ordered by
genomic position. Table S2. GISAID acknow ledgment table of the 8635 global sequences used in the
Nextstrain workflow. Table 53. GISAID acknowledgment table of the 4499 P.1 sequences analyzed.
Supplementary File 1. Data and code used to reproduce the results presented.
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Introduction

After its initial emergence in Wuhan, China, in late 2019, SARS-CoV-2
quickly spread around the world leading to the officially recognized COVID-19
pandemic in March 2020 (WHO). SARS-CoV-2 infection can manifest a wide
variety of symptoms, ranging from asymptomatic cases and mild clinical
manifestations to severe and critical cases. As of March 9, more than 450 million
cases and more than 6 million deaths have been confirmed worldwide. In Brazil,
the third most affected country by COVID-19, 29.2 million cases and 653
thousand deaths were reported (Dong, 2020; Brazilian Health Ministry). From a
virological point of view, this may be related to the continental magnitude of Brazil,
allowing multiple viral introductions and the emergence of new Variants of
Concern (VOCs) with increased infectious potential (Candido, 2020). The
COVID-19’s hotspots changed during 2020, starting in Asia, followed by Europe
and the Americas. After months of gradual evolution, new VOCs (e.g. Alpha,
Beta, Gamma, Delta, and Omicron) carrying signature amino acid substitutions

in the spike protein have emerged (Mullen, 2020). These lineages independently
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arose in the United Kingdom, South Africa, Brazil, India, and once more in South
Africa (Rambaut, 2021; Tegally, 2021; Faria, 2021; Naveca, 2021; Cherian, 2021,
Callaway, 2021), leading to secondary outbreaks, regardless the extremely high

seroprevalence estimates (Buss, 2021).

An alarming number of cases and deaths in Brazil by recurrent Gamma
(P.1 and sublineages) became evident in December 2020. The variant harbors
mutations of potential biological significance in the spike’s receptor-binding
domain (RBD) such as E484K, K417T, and N501Y (Mullen, 2020). These amino
acid substitutions may lead to immunity evasion and increased transmissibility
(Sabino, 2021). After this outbreak, a large increase of cases, hospitalizations,
and deaths resulted in the second wave of COVID-19, similarly experienced in
the first wave (Brazilian Health Ministry). In Brazil, the second wave started in
Manaus, northern Brazil, where the P.1 lineage was first described, causing a
large number of deaths in a panorama of lack of oxygen and ICU beds (Sabino,
2021).

The Delta variant (lineage B.1.617.2 and AY sublineages), firstly detected
in India at the end of January 2021, harbors L452R and P681R. Among others,
these are the most relevant mutations (Cherian, 2021). The first one grants a
higher affinity to the ACE2 receptor (Starr, 2021) and might allow the evasion of
CD8 T cells antiviral activity (Website - Koshy, 2021). The second substitution
would facilitate the membrane fusion and integration of the virus to the host cell
(Website - Haseltine, 2021; Bertram, 2013). The combination of the
aforementioned and co-occurring mutations may be responsible for Delta higher
transmissibility (Shiehzadegan, 2021)

On 26 November, the WHO named the new lineage spotted in South
Africa, BA.1, as Omicron variant, joining Delta (lineage B.1.617.2 and AY
lineages), Alpha (lineage B.1.1.7), Beta (lineage B.1.351), and Gamma (P.1 and
sublineages) on the current list of VOCs. This variant contains more than 30
mutations in the spike protein, many of which have already been found in other
VOCs. Amino acid substitutions at sites 417, 484, and 493 have been associated
with the escape of antibody neutralization (Han, 2022). These changes are linked

to elevated infectivity and immune evasion (Callaway, 2021; Torjesen, 2021).
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Concurrently to the increase of the vaccination rates, there was observed
a reduction of the number of cases and deaths in the second half of 2021, in
Brazil (aTaylor, 2022). The emergency of Omicron increased the number of
positive cases, doubling from one week to another in January 2022. However,
the number of deaths is not even close to the rates that Brazil reached in the
years 2020 and 2021 in the first and second waves. Concomitantly, high
vaccination rates, represented by almost 70% of the Brazilian population with a
complete vaccination schedule by January 2022, might have been preventing
more serious cases of COVID-19 (Reuters, 2022; Maisa, 2022; Maslo, 2022; UK
Health Security Agency, 2022).

Due to the viral genotypic diversity, it is important to study the dynamics of
SARS-CoV-2. Precious information can be obtained about the proteins and viral
genes through molecular techniques and bioinformatics. This data might support
the development of nonpharmaceutical interventions, vaccines, drugs, and other
possible solutions to protect and treat the population. International viral
sequencing efforts have allowed the submission of millions of genomes in the
Global Initiative on Sharing All Influenza Data (GISAID) (Shu and McCauley,
2020). This study aims to investigate some epidemiological aspects in Brazil,
analyzing the available genome sequences to date, to better understand the
dynamics of SARS-CoV-2 in the country regarding several consensus statistics

information.

METHODOLOGY
Brazilian sequences and metadata

On December 7th, 2021, complete genomes and metadata were
downloaded from the GISAID platform for each Brazilian state after the exclusion
of sequences with low coverage. The metadata provide information about the
lineage, sex, age, collection date, and location of the Brazilian sequences.

Consensus statistics, cases and deaths

105



In order to analyze the epidemiological information available, we extracted
data from the Brazilian Institute of Geography and Statistics (IBGE) website
(https://sidra.ibge.gov.br/tabela/6706) and the Brasil.lIO project

(https://brasil.io/dataset/covid19/caso_full/ - accessed on December 10th, 2021).

These data allow the analysis of the Brazilian population in the different states
and regions in relation to population estimates, age, sex, and COVID-19 cases,

and deaths.

Mean, median, interquartile range, maximum and minimum values were
calculated based on all age information from each Brazilian state. This resulted
in a table with five columns - for each region - and several rows - for each age
entry. Splitting the genome counts by months in the columns and regions in the
rows allowed the visualization of the sequencing counts and proportions in the
whole period. Figure 2 was built from this splitted data inserting a stacked column
graph, resulting in figures for the absolute counts per month and the contribution

of each region.

Information about cases and deaths extracted from the Brasil.lIO project
were summarized into pivot tables for each Brazilian region, where the columns
represent the cases and deaths proportions - calculated based on the population
estimates taken from the IBGE repository - and the rows represent months.
These tables provide the insertion of combined charts with columns portraying
the cases per 100 thousand inhabitants in the primary Y axis, the line the deaths
per 100 thousand inhabitants in the secondary Y axis and the time in months in

the X axis.

Cases and deaths per 100 thousand inhabitants were calculated with the
formula: (total number of cases or deaths/population of the region or the
state)x100,000. Case-fatality rates (%) were calculated considering the ratio of
the deaths per 100k inhabitants and cases per 100k inhabitants: (deaths per
100,000/cases per 100,000)x100. The correlation between the proportion of
cases and the case-fatality ratio was achieved by using the CORREL function

and selecting the matrixes of the analyzed entries.
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Lineages and Variants frequencies

The metadata downloaded from the GISAID platform also contains the
lineage for each genome, as well as the date and state of the samples collection.
The lineages proportion charts were made by summarizing the aforementioned
information in a pivot table, where the columns represent the months and the
rows represent the designated main lineages and variants. This step also divides

the proportions for every Brazilian region, yielding a chart for each one.

Results
Brazil

A total of 76,413 sequences were downloaded from the GISAID platform
ranging from February 2020 to November 2021 (22 months). Of these, 22,405
(29.32%) were from male patients, 25,022 (32.75%) from females, and 28,986
(37.93%) were unknown. A count of 46,652 sequences had age information with
a mean age of 42.54 years, median of 41 years, an interquartile range (IQR) of
27, minimum age of one month (0.08 year), and maximum age of 121 years - the
numbers for each region can be seen in Figure 1. City information was only found
for 35,919 sequences. The main lineages and the variants proportions for the
whole period is shown in Table 1. Moreover, 114 samples were labeled as “None”

lineage.
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Figure 1. Box plot chart showing the patient age distribution for the five Brazilian regions

according to the SARS-CoV-2 sequenced genomes from the GISAID database.
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In 2020, Brazil sequenced 5,337 SARS-CoV-2 genomes with a mean of
485.15 genomes per month, while in 2021 - until December 7th - 71,498 with a
mean of 6,499.81 per month. The whole studied period yields the mean of 724

sequenced samples per month with an upward tendency towards mid-2021

(Figure 2). The Southeast region is responsible for the majority of the sequencing

in the country, followed by the Northeast, South, North, and Midwest regions

(Table 1).
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Figure 2. Number of sequenced SARS-CoV-2 genomes for the five Brazilian regions according
to the GISAID database.
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Table 1. Proportions regarding population, sequencing, cases, and deaths in the studied period
for each Brazilian region

Population Sequences Cumulative Cumulative Sequenced

(2021) cases deaths cases
North 9% 7% 9% 8% 0.026%
Northeast 27% 14% 22% 19% 0.018%
Midwest 8% 5% 11% 10% 0.023%
Southeast 42% 66% 39% 48% 0.057%
South 14% 8% 19% 16% 0.021%
Brazil 100% 100% 100% 100% 0.036%

As shown in Figure 3A, until September 2020, B.1.1.33 was the most
prevalent lineage followed by B.1.1.28 and B.1.1. After that, the three lineages
started to decline. Alpha variant had a discrete presence in Brazil and reached a
maximum of 4.56% of the studied genomes in March 2020. Beta had a minor
prevalence with only ten sequences in 2021 - nine in March and April in the
Southeast and one in August in the Northeast. P.2 emerged in the country in early
2020 and significantly increased in percentage between December 2020 and
January 2021, being quickly replaced by Gamma in the following months.
Between March and July 2021, the variant yielded the highest proportion,
corresponding to more than 90% of the sequenced genomes between April and

June 2021. In addition, this variant represented 57.8% of all Brazilian sequenced
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genomes in the period (Table 2). From July 2021 towards the end of the year,
Delta overthrew Gamma in proportion, reaching more than 90% of the sequences
in September 2021. Furthermore, Supplementary Figure 4 highlights the
distribution of genomes among the five different Brazilian regions considering age
ranges.

Figure 3. SARS-CoV-2 lineage frequencies and case-fatality ratio for the Brazilian territory up to
December 7, 2021. (A) Lineage frequencies according to the SARS-CoV-2 sequenced genomes
available on the GISAID database. (B) Proportion of cases and deaths for 100,000 inhabitants
according to the Brasil.lO project database.
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Table 2. Overall proportions of the main lineages and variants on each Brazilian region in the

studied period.

North |Northeast| Midwest |Southeast| South Brazil
Alpha 0.02% 0.56% 1.20% 1.64% 0.43% 1.26%
Gamma 74.73% 53.28% 69.46% 57.64% 46.01% 57.80%
Delta 11.76% 28.00% 18.40% 33.31% 26.48% 29.86%
B.1.1 0.42% 3.20% 0.21% 0.18% 2.83% 0.83%
B.1.1.28 3.38% 3.56% 1.81% 1.90% 6.16% 2.57%
B.1.1.33 2.12% 3.18% 2.09% 1.65% 6.21% 2.29%
P.2 4.60% 5.72% 5.78% 2.28% 7.75% 3.53%
Others 2.98% 2.51% 1.05% 1.39% 4.11% 1.86%

Table 3 displays the proportions of cases and deaths, and the case-fatality

rate of COVID-19 in the studied period. Until December 7th, the accumulated

number of 22,163,231 cases and 616,293 deaths were recorded. These indicate
an overall measure of 10,390 cases and 289 deaths per 100 thousand inhabitants
with an overall case-fatality of 2.78% - considering the estimated population of
213,317,639 inhabitants (IBGE). Interestingly, we found a moderate negative
correlation (r = -0.56) between the proportion of cases and the case-fatality ratio.
For example, Roraima state (RR - Northern Brazil) yielded the highest proportion
of cases (19,717 per 100k) but had a remarkably low mortality rate of 1.6%. In
contrast, Rio de Janeiro state (RJ - Southeastern Brazil) had a relatively low

proportion of cases (7,720 per 100k) but presented the highest case-fatality ratio

of all states.
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Table 3. Overall cases and deaths per 100 thousand inhabitants and case-fatality rate on each
Brazilian state and their respective regions in the studied period.

Region |State|Cases per 100k Deaths per 100k| Case-fatality
Region | State | Region | State [Region| State
AC 9,730 204 2.10%
AM 10,089 323 3.21%
AP 14,252 228 1.60%
North PA | 10,048 | 6,987 250 193 | 2.49% [2.77%
RO 15,419 367 2.38%
RR 19,717 315 1.60%
TO 14,546 244 1.68%
AL 7,183 189 2.63%
BA 8,432 183 2.17%
CE 10,308 267 2.59%
MA 5,124 144 2.82%
Northeast| PB | 8,538 |11,379 207 235 | 2.42% (2.07%
PE 6,636 210 3.16%
Pl 10,127 219 2.17%
RN 10,776 211 1.96%
SE 11,902 259 2.17%
DF 16,747 357 2.13%
Midwest | 14,326 WO g [ 1) 4y 2217
MS 13,363 342 2.56%
MT 15,527 393 2.53%
ES 15,168 322 2.12%
MG 10,333 263 2.55%
Southeast 9,628 327 3.40%
RJ 7,720 396 5.13%
SP 9,531 331 3.48%
PR 13,660 352 2.58%
South RS | 14,199 (13,051| 319 316 | 2.25% |2.42%
SC 16,842 273 1.62%
BRAZIL 10,390 289 2.78%

July 2020 was the worst month in relation to the number of cases and
deaths in the first wave of COVID-19 pandemics in Brazil. In this period, there
was a count of 1.25 million cases (589.6 cases per 100 thousand inhabitants)
and 32,936 deaths. October and November mark the valley between waves.
Respectively, over 720.3 thousand cases (337.7 cases per 100 thousand
inhabitants) and 13,296 deaths were registered these months. The utmost peak
of cases and deaths in the country was in March 2021, with over 2.2 million cases
(1,033.8 cases per 100 thousand inhabitants), and in April 2021, with over 82.2
thousand deaths (Figure 3B). This time spam represents the apex of the second
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wave of COVID-19 in the country and coincides with the very steep ascending
proportion of the Gamma variant introduced a few months earlier. Interestingly,
in February 2021, the incidence of SARS-CoV-2 decreased in comparison to the
previous month. Given the continental magnitude of Brazil, each region

presented different counts, rates, and proportions of cases and deaths

Regional Data
Northern Brazil

A total of 5,002 sequences were downloaded from the GISAID platform
ranging from March 2020 to October 2021 (20 months). A total of 2,341 (46.80%)
sequences were from male patients, 2,327 (46.52%) from female patients, and
334 (6.68%) were unknown. Of these, 4,754 sequences had associated age
information with a mean age of 42.18 years (median = 41, IQR = 24, maximum
of one month and minimum of 105 shown in Figure 1). City information was found
for 4,629 sequences. The North region represents 9% of Brazilian inhabitants
and includes seven states: Acre, Amazonas, Amap4a, Par4, Rondbnia, Roraima,
and Tocantins. Furthermore, the region has the lowest population density (4.9
people per km?) and exhibits a younger population - with a higher proportion
between 0 and 29 years old (Supplementary table 3). The distribution of main

lineages and variants in the studied period can be seen in Table 2.

The first wave of COVID-19 had an abrupt growth in May 2020, which
represents the third month with more COVID-19 deaths (4,962) and proportion of
cases (836.1 per 100 thousand inhabitants). Between the first and second waves,
November was the bottom valley with 817 deaths and 362.1 cases per 100
thousand inhabitants. In December 2020, the region had the largest amount of
sequencing concomitantly to a major introduction of P.1 near the end of 2020
(Figure 4A). The rise was very sharp and reached more than 90% of the
sequences in March 2021. In this month, North had the highest proportion of
cases per 100 thousand inhabitants (992.6) and the highest number of people
dying from COVID-19 per month (5,505). Moreover, the diversification of P.1 in
different sublineages, in particular P.1.4, P.1.6, and P.1.7, started around
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February to March 2021 (Figure 4A). Gamma represented over 74% of the
sequences, which is the highest percentage of this variant among the regions
(Table 2). Unlike other Brazilian territories, Delta had a delayed escalation,
reaching 50% only in September (Figure 4A). It also showed the lowest proportion
in comparison to other regions (11.76%) considering the whole studied period
(Table 2).

Figure 4. SARS-CoV-2 lineage frequencies and case-fatality ratio for Northern Brazil up to
December 7, 2021. (A) Lineage frequencies according to the SARS-CoV-2 sequenced genomes
from the GISAID database. (B) Proportion of cases and deaths for 100,000 inhabitants according
to the Brasil.lO project database.
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Northeastern Brazil

A number of 10,569 sequences were downloaded from the GISAID
platform ranging from February 2020 to November 2021 (22 months). Of these,
4,478 (42.37%) were from male patients, 5,056 (47.84%) from female patients
and 1,035 (9.79%) were unknown. A total of 9,325 sequences had age
information, with a mean age of 41.66 years (median = 40, IQR = 24, maximum
of 107 and minimum of one month, Figure 1). City information was available for
8,632 sequences. Furthermore, the region was responsible for sequencing 14%
of the Brazilian genomes - the second-highest percentage. The Northeast
contains 27% of the Brazilian inhabitants, with a population density of 37.2 people
per km: and nine states: Alagoas, Bahia, Ceara, Maranhdo, Paraiba,
Pernambuco, Piaui, Rio Grande do Norte, and Sergipe (Tables 2 and 6). People
between 10 and 19 years old are the majority among other age ranges
(Supplementary table 3). The main lineages and variants proportions in the

studied period can be seen in Table 2.

In the first wave, in mid-2020, the highest proportion of cases was 652.7
per 100 thousand inhabitants in July and the largest number of deaths was in
June when 4,962 people died due to COVID-19. These months had a larger
proportion of B.1.1 reaching more than half of the genomes in the period. Like
other regions, B.1.1.28 and B.1.1.33 were present in the first year of pandemics,
but in lower percentages. November was the period between waves, in which the
region had 268 cases per 100 thousand people and 2,321 deaths. With the rise
of Gamma, which is responsible for 53.28% of all genomes in the region, and P.2
at the end of 2020 and beginning of 2021, the first three mentioned lineages
already started to drop. After that, Gamma reached more than 95% of the total
sequences in April 2021, which is the month that yields the largest number of
deaths (14,212). In the following two months, the proportion of cases was 880.6
per 100 thousand inhabitants. In addition, this period still had more than 95% of
Gamma, but the number of deaths started to sink. Delta appeared in June 2021,
reaching a proportion around 90% already in September and 100% in November.
This variant represented 28% of the genomes in the Northeast (Figure 5 and
Table 5b).
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Figure 5. SARS-CoV-2 lineage frequencies and case-fatality ratio for Northeastern Brazil up to
December 7, 2021. (A) Lineage frequencies according to the SARS-CoV-2 sequenced genomes
from the GISAID database. (B) Proportion of cases and deaths for 100,000 inhabitants according
to the Brasil.lO project database.
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Midwestern Brazil

A total of 3,821 sequences were downloaded from the GISAID platform
ranging from March 2020 to October 2021 (20 months). Of these, 1,808 (47.32%)
were from male patients, 1,880 (49.20%) from female patients and 133 (3.48%)
were unknown. A total of 3,473 sequences had associated age information. The
mean and median ages were the lowest among other regions - respectively 39.66
and 38 years (IQR = 32, maximum of 101 and minimum of one month, Figure 1).
City information was available for 3,417 sequences. The Midwest region is
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composed of four states: Distrito Federal, where the Brazilian capital city Brasilia
is located, Goias, Mato Grosso do Sul, and Mato Grosso. Despite the low
population density of the region (10.4 people per km:), Distrito Federal has 537.1
people per km:, the largest density of all Brazilian states. The Midwest region
represents the smallest portion of the country’s population and contributed with
the lowest percentage of genome sequencing (Table 2). The region yields the
highest overall cases per 100 thousand people (14,325.7) and the highest overall
deaths per 100 thousand people (355.2), which is even larger than Southeast’s
that has a much greater population density. Moreover, it is possible to observe
that Midwest had younger patients (Supplementary table 4) - the bars between 1
and 20 years old are over the average line and over all other regions. This agrees
with the fact that the region has a younger population (Supplementary table 3).
The main lineages and variants proportions in the studied period can be seen in
Table 2.

August 2020, in the first wave, yields the highest number of cases per 100
thousand inhabitants and deaths - respectively 1,0104.7 and 4,003. Moreover,
between May and September 2020, the B.1.1.33 was the most prevalent lineage,
ranging from about 50% to 70% in the period. November was the month between
waves with 645.5 cases per 100 thousand people and 1,706 deaths. From this
month forward, with the escalation of P.2 and Gamma around November and
December 2020, the second wave started to rise. P.2 reached almost 60% in
December and Gamma more than 93% in April 2021. The number of cases
reached a maximum in March 2021 (1,395.1 cases per 100 thousand people)
and the deaths peaked in the following month (8,638 deaths) (Figure 6). In
addition, Gamma still represented more than 90% of the sequenced genomes
until July, but the deaths started to drop. The Delta variant started to rise in July
2021 and steeply reached a proportion of 92% in October. Among the genomes
sequenced in the Midwest region, Gamma represented the vast majority with
69.46% and Delta with just 18.40%. Furthermore, a noteworthy diversification of

P.1 was also apparent.
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Figure 6. SARS-CoV-2 lineage frequencies and case-fatality ratio for Midwestern Brazil up to
December 7, 2021. (A) Lineage frequencies according to the SARS-CoV-2 sequenced genomes
from the GISAID database. (B) Proportion of cases and deaths for 100,000 inhabitants according
to the Brasil.lO project database.
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Southeastern Brazil

A total of 50,775 sequences were downloaded from the GISAID platform
ranging from February 2020 to November 2021 (22 months). Of these, 11,237
(22.13%) were from male patients, 13,048 (25.70%) from female patients and
26,490 (52.17%) were unknown. A number of 23,622 sequences had age
information with a mean of 42.55 years (median = 41, IQR = 28, maximum of 121
and minimum of one month, Figure 1). The region is composed of slightly older
people in comparison to the aforementioned regions (Supplementary table 3).

City information was available for 15,227 sequences. The Southeast region is
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composed of four states (Espirito Santo, Minas Gerais, Rio de Janeiro, and S&o
Paulo) and has a population density of 96.9 people per km:, the largest of all
regions (Table 6). Furthermore, the population density of Rio de Janeiro and Séo
Paulo are 399.2 and 187.9, the second and third highest of all Brazilian states,
respectively (Supplementary table 1). The region represents the bulkiest portion
of the country’s population (42%), hence contributing with the highest sequencing
rate (66%) of the Brazilian genomes. Rio de Janeiro and Sdo Paulo Southeast
hold the first and second place among all Brazilian states in overall case-fatality
rates, 5.13% and 3.48%, respectively. These numbers of the Southeast region
are the highest among all territories (3.398%). However, the territory yields an
overall proportion of 9.627,8 cases per 100 thousand inhabitants, the second-
lowest (Table 1). The main lineages and variants proportions in the studied period
can be seen in Table 2.

Characterizing the apex of the first wave of COVID-19, July and August
2020 had a similar proportion of cases - 482.3 and 488.2 cases per 100 thousand
people, respectively - and July had a total of 14,332 deaths. At this period, the
most prevalent lineages were B.1.1.28 and B.1.1.33 fluctuating between 70% and
90%. The valley between waves was in November 2020, when 291.8 cases per
100 thousand people and 6,224 deaths were documented. In this month, P.2 was
the most prevalent lineage, followed by B.1.1.28 and B.1.1.33. In December 2020
and January 2021, P.2 represented around 60% of the sequenced genomes. At
the same time, Gamma started to steeply escalate and reached more than 92%
in May and June 2021. The Alpha variant had a minor prevalence throughout the
first half of 2021 and did not exceed 6.5% in any month. The second wave can
be characterized by two peaks of cases, in April and June 2021 - 912.6 and 910.1
cases per 100 thousand people, respectively - and a sharp rise of deaths in April
- 40,609. In addition, Gamma represented 90% and 92% of the sequenced
genomes in April and June. The first sequences of Delta started to emerge
around the middle of 2021 and abruptly rose in proportion, reaching more than
90% in September. Of all genomes sequenced in the Southeast region, Gamma
was identified in 57.64% and Delta, the highest proportion among regions, in
33.31% of them (Figure 7).
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Figure 7. SARS-CoV-2 lineage frequencies and case-fatality ratio for Southeastern Brazil up to
December 7, 2021. (A) Lineage frequencies according to the SARS-CoV-2 sequenced genomes
from the GISAID database. (B) Proportion of cases and deaths for 100,000 inhabitants according
to the Brasil.lO project database.
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Southern Brazil

A total of 6,246 sequences were downloaded from the GISAID platform
ranging from March 2020 to November 2021 (21 months). Of these, 2,711
(43.40%) sequences were male patients, 2,541 (40.68%) female patients and
994 (15.91%) were unknown. A total of 5,507 genomes had associated age
information with a mean of 46.10 years (median = 41, IQR = 28, maximum of 121
and minimum of one month, Figure 1), the highest of all five Brazilian
regions. Additionally, the South region is composed of a slightly older population,
with a higher percentage of inhabitants between 50 and 79 years old in

comparison to the other regions (Supplementary table 3). City information was
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available for 4,014 sequences. The region is divided into three states (Parana,
Santa Catarina, and Rio Grande do Sul), representing 14% of Brazilians, and has
a population density of 52.7 people per km: (Tables 2 and 6 and Supplementary
table 1). The overall case-fatality is the lowest (2.25%) and the overall proportion
of cases is the second-highest among territories (14,199 per 100 thousand
inhabitants). The main lineages and variants distributions in the studied period
can be seen in Table 2. Furthermore, B.1.1 corresponded to a significant
percentage of sequences in the first year of pandemics - similarly to the
Northeast.

The waves of COVID-19 in this region appear to be characterized by a
different pattern (Figure 8). There are four peaks of cases (August and December
2020, and March and June 2021) and three valleys (October 2020 and February
and April 2021). Moreover, the apex in the studied period was in March 2021,
when 1,775 cases per thousand people (the largest proportion among all regions
in all months) and 15,919 deaths were registered. The most prevalent
lineage/variant in each peak was B.1.1.33 in August 2020 (45%), P.2 in
December 2020 (63%), and Gamma in both March (88%) and June (95%) 2021.
Different from other regions, the Gamma variant represented only 46% of the
sequenced genomes, whereas B.1.1.28, B.1.1.33, and P.2 yield the largest
proportions in comparison to other territories - respectively, 6.16%, 6.21%, and
7.75%. Meanwhile, Delta emerged in April 2021 reaching 70% of the sequences
in August (Figure 8). In addition, this variant corresponded to 26.48% of the
sequencing efforts in the region.
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Figure 8. SARS-CoV-2 lineage frequencies and case-fatality ratio for Southern Brazil up to
December 7, 2021. (A) Lineage frequencies according to the SARS-CoV-2 sequenced genomes
from the GISAID database. (B) Proportion of cases and deaths for 100,000 inhabitants according
to the Brasil.lO project database.
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4 Discussion

This work is a retrospective study of the epidemiological course of SARS-
CoV-2 in Brazil involving every territory, which is truly pertinent to the
understanding of viral behavior. The country sequenced a total of 76,413 samples
until December 7th, 2021. Unfortunately, it was an insufficient sequencing effort
considering the number of cases in the same period (>22.140.000) representing
around 0.34%. Apart from the North, all regions had the majority of their
sequences from female patients. The Southeast yields the largest difference, with

7.2% fewer male patients (Supplementary Figure 6). Furthermore, the Southeast

122



and South regions have an older population, with a higher proportion of patients
over 60 years old and fewer under 30 years old (Supplementary Figures 3 and
4).

The first pandemic wave occurred in different months in each region,
ranging from May to August 2020. At this time, B.1.1.28, B.1.1.33, and B.1.1 were
the most prevalent lineages. Figure 1A shows that until November 2020, there
were few sequenced samples and the efforts on sequencing SARS-CoV-2
increased only after December 2020. This period was the onset of the second
wave, which devastated Brazil between March and June 2021, reaching the
astonishing mark of 82,392 deaths in April 2021. Furthermore, the higher number
of cases and deaths - considering the whole studied period and all regions -
belong to the South in March 2021. In this month, the region reached a total of
539,855 cases and 15,919 deaths, which represented 1,775.7 cases per 100
thousand inhabitants and 52.36 deaths per 100 thousand inhabitants
(Supplementary Tables 3 and 4). Porto Alegre, the capital city of Rio Grande do
Sul state, was considered a major epicenter of the collapse of the Brazilian
healthcare system in the second wave. In March 2021, the state reached a death
proportion of 64 deaths per 100 thousand inhabitants, similar to what Amazonas
experienced in January and February (Supplementary Tables 5 and 6), with
growth of COVID-19 cases in the state of Amazonas and the escalation of the
Gamma variant. There were even higher proportions of deaths in the apex of the
second wave in comparison to the first wave, characterizing the second wave as

deadlier (Supplementary Table 6).

P.1 emerged in Manaus, firstly detected in travelers returning to Japan
from Amazonas on January 2nd, 2021 (Fujino, 2021), and soon was recognized
as a VOC. The lineage harbors 21 lineage-defining mutations, ten of them in the
Spike protein. The emergence of this VOC was attributed as a cause of the
second wave of COVID-19 in Brazil (Sabino, 2021). However, precise elucidation
is difficult due to the low sequencing rate in the country, especially before
December 2021 (Naveca, 2021). In Manaus (Amazonas state capital city, in the
North region), a study indicated that possibly around 76% of the population had
already been infected with SARS-CoV-2 by October 2020. (Buss, 2020;

Fontanet, 2020) The seroprevalence in Manaus would be above the theoretical
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herd immunity threshold of 67%. Within these circumstances, the abrupt increase
in hospital admissions due to COVID-19 in Manaus during January 2021 was
unforeseen and critical (Faria, 2021). After a sharp peak in late April 2020,
COVID-19 hospitalizations in Manaus remained stable from May to November
2021, despite the relaxation of sanitary protocols (Sabino, 2021).

The endemic transmission of SARS-CoV-2 in Amazonas in the apex of the
second wave was influenced by the spread of hitherto new local P.1 sublineages
that are more transmissible (Naveca, 2021 preprint). These were named as “P.1
plus” because of their independently acquired new substitutions in the Spike
protein (for instance P.1+679K, P.1+681H, P.1+681R, and P.1+NTDdels). The
main sublineages that rose in proportion around March 2021 contain mutations
such as S:N679K (P.1.4) and S:P681H (P.1.6 and P.1.7). Furthermore, the first
substitution is currently known to be present in Omicron and the second one in
Omicron and Alpha. After March 2021, P.1 already started to decline in proportion
- overthrown by its sublineages. In August 2021, P.1 plus was responsible for
more than 72% of the sequenced genomes in the North region (Figure 4). A study
indicated that the endemic transmission of SARS-CoV-2 in Amazonas during the
second wave was linked with the evolution of Gamma through the acquisition of
NTD deletions and the aforementioned furin cleavage site mutations (P681H and
N679K) (Naveca, 2021 preprint). The study also observed that P.1.4 and P.1.6
were associated with a 6-fold increase in the RNA load, suggesting that P.1 plus
infected individuals might be more infectious than those harboring only the
parental P.1 mutations. The endemic transmission may have selected more
infectious lineages over lineages that are fitter to evade the immune system. In
the Midwest region, P.1.7 emerged in March 2021 and reached almost half of the
sequenced genomes in August. Apparently, this lineage arose nearly at the same
time as in the North and, more discreetly, in the Northeast. This similarity concurs
with the geographic proximity of the regions. Four states from the North
(Rondénia, Amazonas, Para, and Tocantins) border two states from the Midwest
(Mato Grosso, and Goias); two states of the North (Para and Tocantins) border
three states of the Northeast (Maranh&o, Piaui, and Bahia); one state of the

Midwest (Goias) border one state of the Northeast (Bahia).
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With the drop of the incidence of COVID-19 around October and
November 2020, many states and municipalities relaxed the pandemic protocols.
But the emergence of P.1 and the end of the year celebrations concurred in the
following months, which marks the ascend of the second wave. In February 2021,
the prevalence of SARS-CoV-2 decreased in comparison to the previous month.
With exception of the Northeast, all regions experienced a lowering in the number
of cases and a steep rise in March, and some concurring circumstances might be
considered. A few months earlier, P.1 was first introduced in the North and quickly
spread around the country in the following months (Fujino, 2021). At the same
time, two other highly transmissible VOCs, Alpha and Beta, were emerging in
other countries (Rambaut, 2021; Tegally, 2021).

The vaccination in the Brazilian territory started officially on January 17th,
2021 in Sao Paulo, the most populated state. Health workers, people over 75
years old, people over 60 years old who live in homes for the elderly, and the
indigenous population were prioritized (Empresa Brasil de Comunicacéo, 2021).
In August, half of the Brazilian population was vaccinated with at least one dose
(Ritchie, 2020). Brazil’s vaccination campaign converged with a greatly reduced
number of hospital admissions and deaths in the second half of 2021 reaching
67,5% of the Brazilian population fully vaccinated by the end of 2021 (Taylor,
2022; Ritchie, 2020). As of Dec 9th, more than 315 million COVID-19 vaccine
doses were applied in the Brazilian population (Brazilian Health Ministry,
vaccination data). Over 139.4 million people were fully immunized (second dose
or single dose) and over 15.4 million booster doses were applied. After cases fall
in mid 2021, a sharp rise in the number of Omicron cases was already noticeable
in the first weeks of January but with proportionately fewer deaths (Taylor, 2022).
According to the GISAID database, the first Omicron sequences in the country
are from late November 2021. Globally, the number of new COVID-19 infections
recorded from late December 2021 to the first days of January 2022 increased
by 71% from the previous week. Around 9.5 million cases were registered
worldwide - the highest number to date and a quick turnabout of the steady
decline in infections that the world has experienced since October 2021. Weekly
infections rose by 65%, 78%, and 100% in Europe, Southeast Asia, in the

Americas, respectively (Taylor, 2022).
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The insufficient and different sequencing efforts can be considered a
limitation. Despite the regions having different numbers of inhabitants, the
percentage of sequenced genomes is not proportional to the population sizes.
The dissimilarity is larger in the Southeast, Northeast, and South regions. They
represent 42%, 27%, and 14% of the Brazilian population, respectively, but
contributed with the contrasting sequencing rates of 66%, 14%, and 8%.
Furthermore, the Northeast yields a disparately higher number of genomes and,
nevertheless, has a sequencing rate of 0.018%, the lowest among other
territories (Table 1). The Southeast has the largest percentage of sequenced
genomes from its own cases. This area is known for having not only some of the
most populated states but also for housing the epicenter of Brazilian academic
research. Research institutes and facilities in Biology, Health Sciences, and
Public Health like Instituto Oswaldo Cruz, Butantan, Instituto Adolfo Lutz, and
large universities are localized mainly in the States of Sdo Paulo and Rio de

Janeiro.

FINAL REMARKS

The review of COVID-19 data in Brazil unravels the course of the
pandemic in the country during the studied period. This kind of scrutiny made it
possible to identify the waves and proportions of cases and deaths in each
Brazilian region. Furthermore, it was possible to observe the rise and decline of
the main lineages and variants analyzed and their incidence on the population.
Gamma is presumed to be the most lethal variant in the history of the pandemic
so far in the country. In all regions, it was the apparent cause of the second wave
and the alarming numbers of cases and deaths. The discrepancy in the counts
and ratios of the variants among the different Brazilian territories is also evident.
Brazil has continental magnitude and this allows the introduction of new lineages
in different regions and at different times. In addition, the country has a large
genetic, cultural and geographic diversity, contributing to the heterogeneity of the
unveiled results. A fact that draws attention - and may be understood as a
limitation of the analysis - is the particularly low number of sequenced genomes
in relation to the number of confirmed cases in the country. Thus, the presented

results might not reflect the exact epidemiology of the pandemics in the country.
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However, this study is still a remarkably rich source of information and may help
guide the development of non-pharmaceutical interventions and possible
solutions to protect the population and prevent new pandemics related to

infectious diseases.
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SUPPLEMENTARY

Supplementary Table 1. Population estimates, area and population density of each Brazilian

state and their respective regions.

Population density

Region State Acsrt;‘;sm EOpUlat'on | Area (km) (peoplefkm)
Region State Region State Region State
Acre AC 906,876 164,123.96 5.5
Amazonas AM 4,269,995 1,559,167.89 2.7
Amapa AP 877,613 142,470.76 6.2
North Para PA 18,906,962| 8,777,124 |3,850,509.94(1,245,870.80| 4.9 7.0
Rondénia RO 1,815,278 237,765.24 7.6
Roraima RR 652,713 223,644.53 2.9
Tocantins TO 1,607,363 277,466.76 5.8
Alagoas AL 3,365,351 27,843.30 120.9
Bahia BA 14,985,284 564,760.43 26.5
Ceara CE 9,240,580 148,894.44 62.1
Maranhéo MA 7,153,262 329,642.18 21.7
Northeast |___Faraiba PB_ |57667,842] 4959905 || 557 167.01| 26:467-24 37.2 1.9
Pernambuco PE 9,674,793 98,067.88 98.7
Piauf PI 3,289,290 251,756.52 13.1
Rio ?\lr:::ge do RN 3,560,903 52,809.60 67.4
Sergipe SE 2,338,474 21,925.42 106.7
Distrito Federal DF 3,094,325 5,760.78 537.1
Goias GO 7,206,589 340,203.33 21.2
Midwest |Mato Gsr3|sso do MS 16,707,336 2,839,188 1,606,316.67 357.145.53 10.4 79
Mato Grosso MT 3,567,234 903,207.02 3.9
Espirito Santo ES 4,108,508 46,074.45 89.2
Minas Gerais MG 21,411,923 586,521.12 36.5
Southeast— : 89,632,912 924,565.48 96.9
Rio de Janeiro RJ 17,463,349 43,750.43 399.2
S3o Paulo SP 46,649,132 248,219.48 187.9
Parana PR 11,597,484 199,298.98 58.2
South | Ri© Grs"t“lde do RS  |30,402,587|11,466,630| 576,736.82 | 281,707.16 52.7 40.7
Santa Catarina sc 7,338,473 95,730.68 76.7
BRAZIL 213,317,639 8,510,295.91 25.1
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Supplementary Table 2. Proportions of the main lineages and variants per month in the whole

country.

Delta (Gamma|Alpha| P.2 |B.1.1.28/B.1.1.33| B.1.1 |Others
Feb-20 37.50%|62.50%
Mar-20 34.41% | 31.76% |10.59%|23.24%
Apr-20 0.23% | 34.44% | 46.41% | 9.35% | 9.58%
May-20 0.60% | 29.61% | 48.94% |10.27%|10.57%
Jun-20 0.23% | 30.45% | 35.68% |26.59%| 7.05%
Jul-20 0.23% | 32.72% | 41.42% |17.62%| 8.01%
Aug-20 0.49% 0.73% | 30.56% | 38.88% |15.89%|13.45%
Sep-20 0.49% 1.72% | 36.86% | 39.56% (16.22%| 5.16%
Oct-20 0.72% 16.67%| 35.02% | 32.37% |10.39%| 4.83%
Nov-20 0.71% 27.52%| 31.06% | 18.30% | 5.82% |16.60%
Dec-20 12.33% |0.23%|50.57%| 14.27% | 7.19% | 2.74% [12.67%
Jan-21 24.89% |3.07%|50.34%| 8.92% | 3.81% | 0.91% | 8.07%
Feb-21 59.02% |2.32%28.82%| 4.72% | 0.55% | 0.39% | 4.17%
Mar-21 | 0.02% |85.33% |4.56%| 5.83% | 1.58% | 0.15% | 0.19% | 2.34%
Apr-21 | 0.08% [93.77% |2.95%| 0.96% | 0.34% 0.08% | 1.83%
May-21| 0.17% |96.01% |2.25%| 0.07% | 0.30% 0.01% | 1.20%
Jun-21|1.17% | 96.31% |1.59%| 0.01% | 0.02% 0.02% | 0.89%
Jul-21 |11.45%|87.57% |0.51%] 0.03% | 0.03% 0.01% | 0.40%
Aug-21(62.15%| 37.44%|0.17% 0.01% 0.22%
Sep-21(92.43%| 7.11% 0.46%
Oct-21 |98.23%| 1.15% 0.62%
Nov-21{99.77%| 0.06% 0.17%

Supplementary Table 3. Cases per 100 thousand inhabitants of the regions per month.

Month-Year|North|Northeast|Midwest|Southeast| South
Mar-20 1.6 1.6 2.8 3.8 2.4

Apr-20 56.2 42.5 13.7 43.8 15.2

May-20 513.3| 268.4 88.6 161.3 58.5

Jun-20 836.1| 529.3 488.1 333.2 |1745
Jul-20 762.2| 652.7 923.2 482.3 495.7
Aug-20 684.7| 492.7 1104.7 488.2 686.2
Sep-20 492.6| 310.1 956.8 358.4 |491.6
Oct-20 368.6| 268.0 582.8 294.2 444.2
Nov-20 362.1| 268.2 437.1 291.8 |810.7
Dec-20 469.2| 4585 645.5 541.9 |(1290.5
Jan-21 867.7| 485.1 779.4 712.7 |1034.8
Feb-21 763.7| 516.9 713.8 560.9 |937.8
Mar-21 992.6| 780.8 1395.1 886.3 [1775.7
Apr-21 747.6| 791.3 1100.2 912.6 [1026.8
May-21 606.0| 880.6 1043.3 836.1 (1107.3
Jun-21 562.0| 876.0 1075.9 910.1 (1333.8
Jul-21 359.5| 417.6 857.3 660.4 |(1012.7
Aug-21 208.2| 174.6 835.1 469.7 534.5
Sep-21 107.4| 104.0 544.9 399.6 |387.2
Oct-21 99.5 86.2 439.4 158.7 |322.4
Nov-21 139.7( 107.1 252.4 101.4 211.4
Dec-21 47.6 25.6 45.8 20.2 44.5
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Supplementary Table 4. Deaths per 100 thousand inhabitants of the regions per month

Month-Year|North|Northeast|Midwaset|Southeast|South
Mar-20 0.02 0.04 0.0 0.2 0.03
Apr-20 3.83 2.69 0.4 3.6 0.61
May-20 26.24| 12.72 1.8 11.6 1.18
Jun-20 20.69| 18.08 8.5 15.2 3.45
Jul-20 12.10| 16.36 21.5 16.0 10.83
Aug-20 8.66 11.06 24.0 14.3 13.44
Sep-20 7.54 7.03 20.0 11.6 10.13
Oct-20 5.45 5.17 13.0 8.7 6.79
Nov-20 4.32 4.02 8.0 6.9 8.56
Dec-20 6.59 5.65 10.2 11.4 17.66
Jan-21 21.90 6.59 12.9 16.2 16.25
Feb-21 26.12 8.72 14.4 154 14.41
Mar-21 29.12| 21.88 43.4 28.6 52.36
Apr-21 28.50| 24.64 51.7 45.3 44.55
May-21 16.58| 20.65 31.3 32.8 29.63
Jun-21 12.35| 19.21 30.7 30.8 29.87
Jul-21 8.20 | 10.27 20.3 22.0 24.92
Aug-21 5.25 5.31 195 14.4 12.69
Sep-21 2.61 2.58 11.6 10.6 9.31
Oct-21 1.62 2.07 7.8 6.5 8.01
Nov-21 1.83 1.82 3.7 4.1 4.08
Dec-21 0.50 0.39 0.5 0.8 0.62
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Supplementary Table 5. Cases per 100 thousand inhabitants of the states per month

Mar | Apr [May | Jun | Jul [Aug | Sep | Oct | Nov | Dec | Jan | Feb | Mar |Apr2|May | Jun | Jul |Aug | Sep | Oct | Nov

20 |20 |20 | 20 | 20 | 20 | 20 | 20 | 20 | 20 | 21 | 21 |21 | 1 |21 |21 |21 |21 |21 | 21 | 21

AC| 5 | 40 |641| 776|703 | 554 | 394 | 284 | 602 | 591 | 755 [1000(2337| 898 | 521 334 [ 175 | 75 | 11 | 14 | 18

AM| 4 | 119|846 | 690 | 705 | 453 | 446 | 524 | 387 | 534 1140| 774 | 507 | 366 | 367 | 342 | 177 | 51 | 31 | 50

AP | 1 | 122|971 |BHBB| 909 | 766 | 577 | 447 | 793 |1033[1007| 755 936 | 726 | 577 | 459 | 138 | 47 | 90 | 116

North |PA| 0 | 34 |398| 774|572 | 512 | 350 | 243 | 207 | 257 | 407 | 409 | 626 | 599 | 513 | 418 | 203 | 135 | 82 | 78 | 125
RO | 0 | 27 | 245|898 | 977 | 890 | 503 | 317 | 489 | 837 [1594|1328 1403| 927 | 994 | 564 | 296 | 147 | 247 | 386

RR| 2 | 77 | 486 1068|1030/ 945 | 787 | 851 |1205|1184|1030(1112[1349|1146| 593 | 342 | 179 | 156

To| 1 | 9 |250] 438|879 1056/ 437 | 395 | 533 | 735 | 754 1153|1166(1179| 759 | 548 | 342 | 254 | 253

AL | 1 | 31 | 275|763 | 706 | 567 | 240 | 116 | 125 | 292 | 385 | 415 | 646 | 599 | 576 | 703 | 394 [ 173 | 72 | 57 | 41

BA| 1 | 18 | 104|366 |620 | 604 | 359 | 284 | 333 | 603 | 632 | 640 | 798 | 648 | 743 | 753 | 458 | 181 | 87 | 83 | 94

CE| 4 | 81 |440| 671|695 | 436 | 284 | 357 | 293 | 376 | 407 | 572 [1223]1468|1375| 920 | 351 | 134 | 96 | 35 | 66

MA| 1 | 48 | 444 | 631|562 | 433|307 | 171|103 | 109 | 92 | 165 | 323|343 | 327 | 380 | 275 | 167 | 100 | 68 | 56
Northeast| PB | 0 | 22 | 301|832 | 883|566 | 382 | 293 | 298 | 523 | 618 | 727 | 937 | 825 631 | 278 | 206 | 107 | 359
PE| 1 | 70 | 285 | 252|374 | 316 | 224 | 163 | 202 | 411 | 404 | 395 | 514 | 593 | 781 | 704 | 419 | 173 | 136 | 115 | 81

Pl | 1 | 18 | 137|515 | 924 | 772 | 577 | 508 | 430 | 471 | 490 | 447 | 992 409 | 208 | 82 | 195 | 176

RN| 2 | 34 | 188|673 |554 | 295 | 218 | 324 | 409 | 643 | 637 | 759 | 818 461 | 152 | 99 | 140 | 233

SE| 1 | 19 |280 | 787 |1424 591 | 210 | 294 | 249 | 956 |1065| 598 460 | 137 | 28 | 17 | 13

DF | 11 | 35 | 270 |1275(1844/1802] 976 | 679 | 514 | 729 | 821 | 633 637 | 656 | 801 | 636 | 91

_ Go| 1 | 10 | 41 | 294|615 | 896 |1075| 616 | 336 | 405 | 578 | 627 905 |1065| 628 | 561 | 432
Midwest F0sT 2 46 | 250 | 601 | 848 | 719 | 436 | 618 |1219] 938 | 726 718 | 438 | 148 | 120 | 84
MT | 1 61 | 387 |1003|1127| 891 | 549 | 430 | 602 |1025/ 949 1063| 841 | 471 | 276 | 164

Es| 2 | 63 | 268|808 |886 | 681|492 | 590 | 834 |1418|1117] 783 600 | 487 | 562 | 513 | 322

MG| 1 | 7 | 40 | 161|383 418|367 | 298 | 268 | 591 | 895 | 674 760 | 466 | 346 | 210 | 107
Southeast = o750 [ 252 | 339 | 303 | 333 | 236 | 259 | 254 | 460 | 494 | 355 422 | 552 | 902 | 208 | 125
sp| 5 | 57 | 174 | 368|559 | 562 | 389 | 280 | 269 | 473 | 675 | 566 709 | 439 | 222 | 86 | 71

PR| 2 | 11 | 29 | 156 | 459 | 481 | 405 | 208 | 574 [1177|1145| 842 876 1257 812 | 681 | 462 | 377 | 204

South |Rs| 3 | 11 | 68 | 154 | 347 | 516 | 565 | 497 | 650 |1213| 851 | 817 1130| 964 [1134[1329| 357 | 245 | 261 | 212
sc| 3 | 29 | o1 | 236 | 787 [1277 514 | 592 1436H1148 1278 1104(1094(1148| 835 | 581 | 491 | 331 | 221
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Supplementary Table 6. Deaths per 100 thousand inhabitants of the states per month.
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0.0
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0.1
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0.0
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0.0
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0.1
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Supplementary Figure 1. Total deaths in each month in the country.

Z6ETE

90,000

£96'99 I

80,000

PPT'GS

PTL'8S I

70,000

60,000

237'sc I

50,000

£80°V7

6750 I

¥.5'67 I

168'S7 | I
9E6'CE I
bTr'oE I

LBEET

40,000

69297

08'T7
967'ET
80097 I

9rE'TT

30,000

069

6v0'TT -

8/L's

20,000

<oz

10,000

T¢-AOU
T¢-1no
Tz
Tz-08e
Tzl
Tg-unf
Te-lew
Te-iqe
Te-Jew
Te-ray
Te-uef
0c¢-z9p
0z-hou
0g-1no
0c¢-135
07-08e
ozt
og-unf
0z-1ew
0¢-1qe

07-Jew

Supplementary Figure 2. Total of cases in each month in the country.

3,000,000

880'€9 W TZ-22Q

8T5'G8C WM T7-AON

£97'79¢ mmmmm 17120

99T'2v9 e TC-d5S

050°€98 I T7-5NY

058'TSE'T I 7|
80P'ZT0'7 I— T C-UN[
+8.'788'T mEE——— | - AN
IIL'TI6 T I 7Y
POE'SOT' I [ 7B
£95'6VET I—— 701
68F'275'T I T7-UE[
£90'6EET I (7-79(

202708 I (7-AON

86£07. n— 07170

9€5'206 n— (7095

BLETY'T I— (- 3NY

[8L°4ST'T n—— (7|

0/5'968 m—— (7-UN[

896'8Cy mEmmEE (C-AeN

20€'T8 W 0Z-Mdy

ce8's | 0Ten
T | 07924
2 2 2 2 2 =
=3 =3 =3 =3 =3
8 g 8 g 8
) =} L, =} L
~ o~ — —

Supplementary Figure 3. Proportion of age ranges in every Brazilian region.
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Supplementary Figure 4. Percentage of sequenced genomes in each age range in every
Brazilian region.
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Supplementary Figure 5. Case-fatality rate on every month of the studied period.
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Supplementary Figure 6. Proportion of male and female patients in the Brazilian regions.
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APENDICE C Artigo 3 - Population-based prevalence surveys during the

Covid-19 pandemic: A systematic review

*Artigo publicado em coautoria.

Revista

Reviews in Medical Virology (JCR 6,989 e Qualis Al). 2020. DOI:
https://doi.org/10.1002/rmv.2200

Titulo

Population-based prevalence surveys during the Covid-19 pandemic: A

systematic review

Abstract

Population-based prevalence surveys of Covid-19 contribute to establish the
burden of infection, the role of asymptomatic and mild infections in transmission,
and allow more precise decisions about reopen policies. We performed a
systematic review to evaluate qualitative aspects of these studies, assessing their
reliability and compiling practices that can influence the methodological quality.
We searched MEDLINE, EMBASE, bioRxiv and medRxiv, and included cross-
sectional studies using molecular and/or serological tests to estimate the
prevalence of Covid-19 in the general population. Survey quality was assessed
using the Joanna Briggs Institute Critical Appraisal Checklist for Prevalence
Studies. A correspondence analysis correlated methodological parameters of
each study to identify patterns related to higher, intermediate and lower risks of
bias. The available data described 37 surveys from 19 countries. The majority
were from Europe and America, used antibody testing, and reached highly
heterogeneous sample sizes and prevalence estimates. Minority communities
were disproportionately affected by Covid-19. Important risk of bias was detected

in four domains: sample size, data analysis with suficiente coverage,
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measurements in standard way and response rate. The correspondence analysis
showed few consistent patterns for high risk of bias. Intermediate risk of bias was
related to American and European studies, municipal and regional initiatives,
blood samples and prevalence >1%. Low risk of bias was related to Asian studies,
nationwide initiatives, reverse-transcriptase polymerase chain reaction tests and
prevalence <1%. We identified methodological standards applied worldwide in
Covid-19 prevalence surveys, which may assist researchers with the planning,

execution and reporting of future population-based surveys.
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APENDICE D Artigo 4 - Genomic epidemiology of SARS-CoV-2 in Esteio,
Rio Grande do Sul, Brazil

*Artigo publicado em coautoria.

Revista

BMC Genomics (JCR 3,969 e Qualis A2). 2021. DOI:
https://doi.org/10.1186/s12864-021-07708-w

Titulo

Genomic epidemiology of SARS-CoV-2 in Esteio, Rio Grande do Sul, Brazil

Abstract

Background: Brazil is the third country most affected by Coronavirus disease-
2019 (COVID-19), but viral evolution in municipality resolution is still poorly
understood in Brazil and it is crucial to understand the epidemiology of viral
spread. We aimed to track molecular evolution and spread of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in Esteio (Southern Brazil)
using phylogenetics and phylodynamics inferences from 21 new genomes in
global and regional context. Importantly, the case fatality rate (CFR) in Esteio
(3.26%) is slightly higher compared to the Rio Grande do Sul (RS) state (2.56%)
and the entire Brazil (2.74%).

Results: We provided a comprehensive view of mutations from a representative
sampling from May to October 2020, highlighting two frequent mutations in spike
glycoprotein (D614G and V1176F), an emergent mutation (E484K) in spike
Receptor Binding Domain (RBD) characteristic of the B.1.351 and P.1 lineages,
and the adjacent replacement of 2 amino acids in Nucleocapsid phosphoprotein
(R203K and G204R). E484K was found in two genomes from mid-October, which

is the earliest description of this mutation in Southern Brazil. Lineages containing
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this substitution must be subject of intense surveillance due to its association with
immune evasion. We also found two epidemiologically related clusters, including
one from patients of the same neighborhood. Phylogenetics and phylodynamics
analysis demonstrates multiple introductions of the Brazilian most prevalent
lineages (B.1.1.33 and B.1.1.248) and the establishment of Brazilian lineages

ignited from the Southeast to other Brazilian regions.

Conclusions: Our data show the value of correlating clinical, epidemiological and
genomic information for the understanding of viral evolution and its spatial
distribution over time. This is of paramount importance to better inform policy
making strategies to fight COVID-19.
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APENDICE E Artigo 5 - E484K as an innovative phylogenetic event for viral
evolution: Genomic analysis of the E484K spike mutation in SARS-CoV-2
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*Artigo publicado em coautoria.

Revista
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Titulo

E484K as an innovative phylogenetic event for viral evolution: Genomic analysis
of the E484K spike mutation in SARS-CoV-2 lineages from Brazil

Abstract

The COVID-19 pandemic caused by SARS-CoV-2 has affected millions of people
since its beginning in 2019. The propagation of new lineages and the discovery
of key mechanisms adopted by the virus to overlap the immune system are
central topics for the entire public health policies, research and disease
management. Since the second semester of 2020, the mutation E484K has been
progressively found in the Brazilian territory, composing different lineages over
time. It brought multiple concerns related to the risk of reinfection and the
effectiveness of new preventive and treatment strategies due to the possibility of
escaping from neutralizing antibodies. To better characterize the current scenario
we performed genomic and phylogenetic analyses of the E484K mutated
genomes sequenced from Brazilian samples in 2020. From October 2020, more
than 40% of the sequenced genomes present the E484K mutation, which was
identified in three different lineages (P.1, P.2 and B.1.1.33 - posteriorly renamed
as N.9) in four Brazilian regions. We also evaluated the presence of E484K

associated mutations and identified selective pressures acting on the spike
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protein, leading us to some insights about adaptive and purifying selection driving

the virus evolution.
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