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RESUMO

A pandemia de COVID-19 causou impactos imensuraveis na saude e no sistema
socioecondmico em todo o mundo. A identificacdo e caracterizagdo de variantes de
preocupacao (VOCs) e variantes de interesse (VOIs) de SARS-CoV-2 sdo fundamentais para
compreender a dindmica do virus e sua implicagdo nas taxas de transmissio e severidade
dos casos de COVID-19. Nesse sentido, o Observatoério de Vigilancia Genémica de COVID-
19 (OviGen-BR) foi idealizado em colaboragdo com o Laboratério de Biologia Integrativa da
Universidade Federal de Minas Gerais (LBI-UFMG), Grupo Pardini, Fundagdo Ezequiel Dias
(FUNED), Secretaria de Estado de Saude de Minas Gerais (SES-MG), Prefeitura de Belo
Horizonte (PBH), Ministério de Ciéncia e Tecnologia e Rede Corona-Omica MCTI (Rede
Virus-MCTI) em carater nacional com o objetivo de monitorar a dindmica das variantes de
SARS-CoV-2, principalmente em momentos de mudangas no cenario epidemiolégico, com
aumento no niumero médio de casos de COVID-19 no pais. Desta forma, nesta dissertacéo
realizamos a vigilancia genOmica e epidemiolégica de SARS-CoV-2 em dois diferentes
cenarios de aumento de casos de COVID-19. A primeira etapa contou com 7.549 amostras
investigadas para o diagndstico molecular (RT-gPCR) de COVID-19 oriundas de 15 capitais
brasileiras (Belém, Belo Horizonte, Boa Vista, Brasilia, Campo Grande, Fortaleza, Goiania,
Macapa, Manaus, Palmas, Porto Alegre, Porto Velho, Rio de Janeiro, Salvador e S&ao Paulo)
no periodo de abril a outubro de 2021, correspondente a segunda onda de COVID-19. A
segunda etapa, continuacdo do projeto, contou com 291.571 amostras investigadas para o
diagnostico molecular de COVID-19 proveniente de 12 capitais brasileiras (Belém, Belo
Horizonte, Boa Vista, Brasilia, Fortaleza, Goiania, Macapa, Manaus, Palmas, Porto Velho, Rio
de Janeiro e Sao Paulo) no periodo de agosto de 2021 a margo de 2022, correspondente a
terceira onda de COVID-19. As amostras foram genotipadas para identificagdo das mutagdes
definidoras das variantes circulantes de SARS-CoV-2, além do sequenciamento do genoma
completo. Para avaliar o potencial de transmissibilidade das VOCs circulantes, os valores de
cycle threshold (Ct), que se correlacionam inversamente proporcional a carga viral, foram
avaliados no periodo de dominancia de cada variante. Os resultados obtidos demonstram que
a VOC Delta foi detectada pela primeira vez em junho/2021 e levou dezesseis semanas para
substituir a Gama com introducao a partir da regiao sudestes do pais. Com a emergéncia da
VOC Omicron, a VOC Delta foi substituida em apenas trés semanas, mostrando o seu poder
de transmissao correspondente ao maior pico de COVID-19 desde o inicio da pandemia no
Brasil. Em adi¢cao, a VOC Delta demonstrou uma maior taxa de transmissao comparado a
VOC Gama, no entanto, inferiores as taxas de transmissdo da VOC Omicron. Embora a VOC
Omicron tenha apresentado maiores indices em relagdo ao numero de casos, ela ndo foi

associada ao aumento de internacao e severidade da COVID-19 mostrando a importancia dos



programas de vacinagao na prevencgao dos casos graves de COVID-19. Este trabalho reforga

a importancia dos programas de vigilancia em nivel nacional.

Palavras-chave: SARS-CoV-2; COVID-19; variantes; vigilancia genémica; transmissao;

severidade.



ABSTRACT

The COVID-19 pandemic has had immeasurable impacts on health and the socioeconomic
system worldwide. The identification and characterization of variants of concern (VOCs) and
variants of interest (VOIs) of SARS-CoV-2 are fundamental to understanding the dynamics of
the virus and its implication in transmission rates and severity of COVID-19 cases. In this
sense, the COVID-19 Genomic Surveillance Observatory (OviGen-BR) was designed in
collaboration with the Laboratory of Integrative Biology of the Federal University of Minas
Gerais (LBI-UFMG), Pardini Group, Ezequiel Dias Foundation (FUNED), Secretary of State for
Health of Minas Gerais (SES-MG), City Hall of Belo Horizonte (PBH), Ministry of Science and
Technology and, Corona-Omica Network MCTI (Virus Network-MCTI) on a national basis to
monitor the dynamics of SARS-CoV-2 variants, mainly in times of changes in the
epidemiological scenario with an increase in the average number of COVID-19 cases in the
country. Thus, in this dissertation, we performed genomic and epidemiological surveillance of
SARS-CoV-2 in two different scenarios of increasing cases of COVID-19. The first stage was
carried out with 7,549 samples investigated for the COVID-19 molecular diagnosis (RT-qPCR)
from 15 Brazilian capitals (Belém, Belo Horizonte, Boa Vista, Brasilia, Campo Grande,
Fortaleza, Goiania, Macapa, Manaus, Palmas, Porto Alegre, Porto Velho, Rio de Janeiro,
Salvador, and Sao Paulo) from April to October 2021, corresponding to the second wave of
COVID-19. The second stage, a continuation of the project, was carried out with 291,571
samples investigated for the COVID-19 molecular diagnosis from 12 Brazilian capitals (Belém,
Belo Horizonte, Boa Vista, Brasilia, Fortaleza, Goiania, Macapa, Manaus, Palmas, Porto
Velho, Rio de Janeiro, and Sdo Paulo) from August 2021 to March 2022, corresponding to the
third wave of COVID-19. The samples were genotyped to identify the defining mutations of
circulating SARS-CoV-2 variants, in addition to whole genome sequencing. To assess the
transmissibility potential of circulating VOCs, the cycle threshold (Ct) values, which correlate
inversely proportionally to the viral load, were evaluated in the period of dominance of each
variant. The results obtained demonstrate that the Delta VOC was detected for the first time in
June/2021 and it took sixteen weeks to replace the Gamma with the introduction from the
Southeast region of the country. With the emergence of Omicron VOC, the Delta VOC was
replaced in just three weeks, showing its transmission power corresponding to the biggest
peak of COVID-19 since the beginning of the pandemic in Brazil. In addition, Delta VOC
demonstrated a higher transmission rate compared to Gamma VOC, however, lower than the
transmission rates of Omicron VOC. Although VOC Omicron had higher rates concerning the
number of cases, it was not associated with increased hospitalization and severity of COVID-
19, showing the importance of vaccination programs in preventing severe cases of COVID-19.

This work reinforces the importance of surveillance programs at the national level.



Keywords: SARS-CoV-2; COVID-19; variants; genomic surveillance; transmissibility;

severity.
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1. INTRODUGAO
1.1. Coronavirus e SARS-CoV-2

Os coronavirus sao virus pertencentes a subfamilia Orthocoronavirinae da familia
Coronaviridae (ordem Nidovirales). Os Orthocoronavirinae sao divididos nos géneros
Alphacoronavirus, Betacoronavirus, Gammacoronavirus e Deltacoronavirus, sendo os dois
primeiros os principais responsaveis por infectar mamiferos e, os dois uUltimos responsaveis
principalmente pela infecgdo em aves (Figura 1)'. Desde a sua primeira descrigdo até os dias
atuais, sete coronavirus foram descritos como capazes de infectar humanos, sao eles: HCoV-
229E e HCoV-NL63 (membros do género Alphacoronavirus), HCoV-OC43, HCoV-HKU1,
SARS-CoV, MERS-CoV e mais recentemente o SARS-CoV-2 (membros do género

Betacoronavirus)?.

HCoV-229E

0.3 Substitution/site

SARS-CoV

HCoV-NL63

VN,
4

HCoV-HKU1 HCoV-0C43

0

0

Figura 1: Reconstrugdo filogenética de genoma completo de coronavirus de mamiferos. Os
Alphacoronavirus estédo representados pela cor preta onde encontram-se os coronavirus HCoV-229E
e HCoV-NL63. Os Betacoronavirus estdo subdivididos nos grupos A (azul), B (vermelho) e C (verde),
no qual estdo inclusos os coronavirus HCoV-OC43, HCoV-HKU1, SARS-CoV e MERS-CoV. As
ilustracdes de animais ao lado de cada linhagem representam os possiveis principais reservatoérios de

cada virus (adaptado de Forni D. et al, 2017)2.

Os primeiros coronavirus humanos, HCoV-229E e HCoV-OC43, foram descobertos na
década de 60 (Figura 2). Estas linhagens foram conhecidas como causadores de doengas
leves das vias respiratérias superiores. Adiante, em 2002-2003, os primeiros casos da
Sindrome Respiratéria Aguda Grave (do inglés Severe Acute Respiratory Syndrome, SARS)

causada por SARS-CoV foram relatados na China®. O virus se espalhou rapidamente para
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paises da América do Norte, América do Sul, Europa e Asia ocasionando a primeira epidemia
por coronavirus. Aproximadamente 8000 casos e 800 mortes foram documentados*. Neste
periodo, diversas medidas de restricdo foram adotadas para diminuir a transmissdo humano-
para-humano. Em conjunto, iniciativas de rastreamento de virus por sequenciamento foram
empregadas, o que contribuiu para a descoberta dos virus HCoV-NL63 e HCoV-HKU1 em
2004 e 2005, respectivamente. Os sintomas causados por esse virus eram similares a de um
resfriado comum. Em 2012, a emergéncia de MERS-CoV no Oriente Médio causou uma
segunda epidemia com mais de 2500 casos documentados e uma taxa de mortalidade de
36%, a maior taxa de uma infecgdo causada por coronavirus®. A epidemia associada a alta
taxa de mortalidade causou grande preocupacao a nivel global visto que o surto poderia se
disseminar. No entanto, a epidemia nao se intensificou, embora casos esporadicos ocorreram
durante um periodo®.

Em dezembro de 2019, diversos casos de pneumonia de origem desconhecida foram
relatados na cidade de Wuhan, capital da provincia de Hubei na China’. Similar aos sintomas
provocados por SARS-CoV na epidemia de 2002-2003, esses pacientes apresentavam
sintomas como febre, tosse, dispneia e infiltrado inflamatério pulmonar. Em janeiro de 2020,
o primeiro genoma completo foi sequenciado através de um isolado viral de amostra de lavado
bronco-alveolar de um paciente com pneumonia severa’®. Deste modo, foi identificado o
sétimo coronavirus humano nomeado primeiramente como 2019-nCov e posteriormente como
SARS-CoV-2 pelo International Committee on Taxonomy of Viruses (ICTV)®, uma vez que o
sequenciamento do genoma completo revelou identidade de sequéncia de 79,5% com o
genoma de SARS-CoV'°.

Descoberta de Descoberta de Emergéncia de
HCoV-229E HCoV-HKU1 SARS-CoV-2

Pandemia de
SARS-CoV-2

Emergéncia de
MERS-CoV

Descoberta de Emergéncia de Descoberta de
HCoV-0C43 SARS-CoV HCoV-NL63

1931 1966 1967 1986 1987 1992 1995 2000 2002 2003 2004 2005 2008 2012 2019 2020

Figura 2: Linha do tempo indicando os periodos de relevancia na descoberta dos coronavirus
humanos. Os primeiros coronavirus humanos descobertos foram HCoV-229E e HCoV-OC43, em 1966
e 1967, respectivamente. Em 2002, SARS-CoV foi descrito e responsavel por uma epidemia com um
grande numero de infectados. Os virus HCoV-NL63 e HCoV-HKU1 foram identificados em sequéncia
nos anos de 2004 e 2005, respectivamente. MERS-CoV foi responsavel pela segunda epidemia
causada por coronavirus em 2012. Até que, em 2019, SARS-CoV-2 foi descrito e rapidamente causou
a pandemia COVID-19 em 2020 (adaptado de V’kovski, P. et al, 2021)5.
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1.2. Estrutura e Genoma viral

SARS-CoV-2 é um virus envelopado de aproximadamente 60 a 140 nm de didmetro
composto por uma camada bilipidica, quatro proteinas estruturais, proteinas do spike (S),
proteina do envelope (E), proteina de membrana (M) e proteina do nucleocapsideo (N), um
conjunto de proteinas n&o estruturais (nsps) e proteinas acessérias''. A proteina S é dividida
nas subunidades S1 e S2 na qual é responsavel pela mediacao da entrada do virus na célula
hospedeira a partir do reconhecimento dos receptores celulares. Por intermediar o contato do
virus com as proteinas receptoras da célula hospedeira, a proteina S se torna um importante
alvo imunolégico’. O genoma de SARS-CoV-2, envolto pela proteina N, possui um tamanho
médio de 30kb e, com excec¢ao do gene que codifica a proteina S, a identidade nucleotidica

¢ altamente conservada dentre os outros coronavirus (Figura 3)'.
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Figura 3: Representagédo esquematica do genoma e particula viral de SARS-CoV-2. Os primeiros dois
tercos do RNA gendmico (gRNA) é composto pelos genes ORF1ab, que codifica a RNA polimerase
dependente de RNA, seguido pelos genes que codificardo as proteinas estruturais e acessorias S, 3a,
E,M, 6,7a,7b,8,N, e 10, naordem, além das sequéncias reguladoras de transcri¢do (TRSs) (adaptado
de Kim et al, 2020)"3.

A primeira regido gendmica do virus € composta pelos genes ORF1a e ORF1b que
juntamente codificardao 16 nsps (nsp1 a nsp16), incluindo a nsp12 que abriga a atividade da
enzima replicase RNA polimerase dependente de RNA (RdRp) (Tabela 1). Na sequéncia,
encontram-se 0s genes responsaveis pela codificagdo das proteinas estruturais virais, sdo
elas: proteinas S, E, M e N. Em adigao, o genoma de SARS-CoV-2 é conhecido por apresentar
genes codificadores de pelo menos 6 proteinas acessoérias que estao intercaladas entres os
genes estruturais (3a, 6, 7a, 7b, 8 e 10). Além de regides 5 e 3’'UTRs nao codificadoras, mas
que possuem importante sequéncias e estruturas regulatorias da transcricdo, replicagado

gendmica e controle da tradugao™.



Tabela 1: Lista de 16 proteinas nao

genoma e respectivas fungdes'®1S,
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estruturais (nsps) de SARS-CoV-2, sua localizacdo no

Gene nsp Funcao
nsp1 Medeia o processamento e a replicacédo do RNA
nsp2 Modula a via de sinalizagao de sobrevivéncia da
célula hospedeira
nsp3 Separagéao de proteinas traduzidas
nspd Contém dominio transmembranar 2 (TM2) e medeia
a interagdo com membranas celulares
nsp5 Participa do processamento de poliproteinas durante
a replicagao viral
ORF1a nsp6 Dominio transmembranar que restringe a expressao
do autofagossomo
nsp7 Estabiliza a nsp8 pela formagédo de um complexo
nsp8 Forma complexo com a nsp7 e catalisa a sintese de
iniciadores de RNA
nsp9 Proteina de ligagao a acidos nucleicos
nsp10 Critico para a metila?éo d.e <?ap de RNAs
mensageiros virais
nsp11 Fungao desconhecida
nsp12 Contém a replicase RdRp para replicagéo viral
nsp13 Interage com nsp8 e nsp12 e regula a atividade da
ORF1b helicase
nsp14 Atividade de exonuclease
nsp15 Atividade de endoribonuclease
nsp16 Atividade de 2'-Oribose metiltransferase

As proteinas estruturais desempenham papel fundamental na montagem da particula

viral, mas também estao relacionadas com o ciclo replicativo do virus. A proteina S (~150

kDa) é uma glicoproteina que medeia a entrada do virus na célula hospedeira através da sua

fusdo com a membrana celular hospedeira'®. Ela é subdividida em duas unidades funcionais,

incluindo as subunidades S1 e S2. A subunidade S1 é composta pelo dominio de ligagéo ao

receptor (do inglés receptor-binding domain, RBD) e pelo dominio N-terminal (NTD). A

subunidade S2 é composta pelo peptideo de fusédo (FP), repeticao heptad 1 (HR1), hélice

central (CH), dominio conector (CD), repeticao heptad 2 (HR2), dominio transmembranar (TM)

e cauda citoplasmatica (CT). As fungbes das subunidades S1 e S2 é realizar a ligacao do

virus ao receptor do hospedeiro e fundir as membranas virais e das células hospedeiras,

respectivamente .
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A proteina M (~25-30 kDa) é uma proteina estrutural de 222 aminoacidos, sendo
considerada a mais abundante dentre todas as outras proteinas estruturais dos coranavirus'’.
Ela possui trés dominios trans-membranas e dara conformagao ao envelope viral. A proteina
M funciona como um dimero e pode se apresentar como duas conformacdes diferentes,
promovendo assim a curvatura da membrana e sua ligagdo ao nucleocapsideo. Outras
funcdes da proteina M ja foram descritas, tal como a interagdo com a proteina S necessaria
para sua retencdo no compartimento intermediario ER-Golgi (ERGIC) durante o ciclo de
replicagado do virus'.

A proteina E (~8-12 kDa) é uma proteina trans-membrana que possui atividade de
canal ibnico, sendo considerada a de menor tamanho comparado as outras proteinas
estruturais. Durante o ciclo replicativo viral, sua expressido é abundante na célula infectada
para assim, participar da montagem e liberagdo do virus da célula hospedeira. A proteina E
possui um papel importante na maturagdo de SARS-CoV-2'8. Alguns estudos indicaram que
0s coronavirus sem a presenca da proteina E possuiam titulos virais reduzidos, sugerindo
entdo uma maturagao incompleta™®.

Por fim, a proteina N (~45-60 kDa) é formada por dois dominios, um NTD e um dominio
C-terminal (CTD)?. Ela possui papel essencial de ligagao ao acido nucleico do virus formando
o capsideo viral. Em adicdo, a proteina N também esta envolvida em algumas etapas do ciclo

replicativo como montagem e liberagdo do virus da célula hospedeira’®.

1.3. Ciclo Replicativo de SARS-CoV-2

O ciclo replicativo de SARS-CoV-2 envolve basicamente quatro etapas: (i) ligagéo e
entrada do virus na célula hospedeira, (ii) expressao do complexo da replicase, (iii) replicacao
e transcri¢ao e (iv) montagem e liberacao de particula viral (Figura 4). A ligacao e entrada do
virus ocorre pelo contato do RBD — localizado na subunidade S1 da proteina S — com o
receptor de membrana enzima conversora de angiotensina 2 (do inglés angiotensin-
converting enzyme 2, ACE2) da célula hospedeira'?'. Outras proteinas presentes na célula
hospedeira como serino protease transmembrana tipo Il (TMPRSS2), catepsina L e furina,
também sao responsaveis pela endocitose do virus através de sua capacidade de clivarem a
subunidade S2 da proteina S com posterior desnundamento — degradagéo do capsideo para
liberagdo do RNA viral no citoplasma celular®.

Por apresentar fita de RNA de sentido positivo, o material genético viral & diretamente
traduzido pelos ribossomos da célula hospedeira. As regibes ORF1a e ORF1b sado as
primeiras proteinas a serem traduzidas que codificardo as poliproteinas pp1a e pp1lab,
respectivamente. Essas poliproteinas sdo responsaveis pela expressdo de dezesseis
proteinas n&o estruturais e do complexo da replicase?'. As replicases dar&o inicio a etapa de

replicagao, direcionando a produgdo de RNAs subgendmico (sgRNAs) — fitas de RNA de
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sentido negativo complementar a fita de RNA de sentido positivo. Os sgRNAs, por sua vez,
servirdo de molde para a producao de diversas cépias de RNAs subgendmico mensageiro
(sg-mRNAs) que serao traduzidos no reticulo endoplasmatico (ER) para a producao de
proteinas virais. As proteinas estruturais seguem para o ERGIC para posterior montagem da

particula viral e liberagéo da célula infectada por exocitose?®.

SARS-CoV-2
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Figura 4: Representacdo esquematica do ciclo replicativo de SARS-CoV-2. O ciclo se inicia pela
ligacdo da por¢cdo RBD da proteina Spike ao seu receptor, ACE2. A entrada eficiente na célula
hospedeira também depende de fatores como, a clivagem do sitio S1/S2 pela TMPRSS2, e/ou
catepsina e furina. O genoma do virus € liberado no citoplasma, onde é traduzido para a geragéo da
replicase viral (ORF1ab). As poliproteinas (pp1a e pp1b) s&o clivadas por uma protease codificada pelo
virus em nsps, incluindo a RdRp. A replicagdo comega em vesiculas de membrana dupla (DMVs)
induzidas por virus derivadas do ER. O genoma de fita positiva serve como molde para RNA de fita
negativa de comprimento total e sgRNA. A traducao de sgRNA resulta tanto em proteinas estruturais e
acessorias que sao inseridas no ERGIC para a montagem do virion. Finalmente, genomas de RNA de
sentido positivo subsequentes sao incorporados em virions recém-sintetizados, que sdo secretados

pela membrana plasmatica (adaptado de Kim, D. et al, 2020)'3.
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1.4. Patogenicidade de SARS-CoV-2

A patogenicidade de SARS-CoV-2 esta fortemente relacionada ao seu ciclo replicativo,
biodisponibilidade de receptores e proteases na célula hospedeira, concentragcdo de carga
viral transmissivel, sistema imunoldgico do hospedeiro, entre outros fatores. A transmissao
viral de pessoa pra pessoa se da principalmente pelo contato do virus com as vias
respiratorias superiores por goticulas infectadas que sao expelidas durante a fala, espirros,
tosse, contato com superficies contaminadas, entre outras?*. Outra possivel rota de
transmissao é a via fecal-oral, ja que ha relatos da presenca de RNA de SARS-CoV-2 em
amostras de fezes de pacientes com doenga de coronavirus 2019 (COVID-19)%. O sistema
respiratorio € o principal alvo de tropismo de SARS-CoV-2, através de células epiteliais
alveolares?®. Este tropismo € explicado pela alta expressdo de ACE2 e TMPRSS2, receptores
de entrada do virus nas células do pulm&o. Fatores como, a presenga de um sitio unico de
clivagem para a furina na jungao S1 e S2 no RBD, a presenca de mutagdes especificas como
a D614G no gene spike , e outros, foram descritos como responsaveis por aumentar eventos
e eficiéncia de transmissdo entre humanos, indicando uma maior infectividade viral?"=2°,

Ainda que o periodo de incubacdo do virus tenha se modificado ao longo de sua
evolugao, o periodo médio ocorre entre 4-5° dia apds infecgdo. Os sintomas relacionados a
doenca podem variar dependendo de condicdes como idade, presenca ou ndo de
comorbidades e outros. Embora grande parte dos individuos infectados sejam assintomaticos,
os sintomas tipicos da COVID-19 incluem febre, tosse seca, fadiga, dispneia, diarreia, nausea
além das sindromes coagulatérias®**. Embora ACE2 e TMPRSS2 sejam expressos
principalmente em células do pulmao, eles também sdo expressos abundantemente nos
enterdcitos (intestino), e, em menores niveis no figado, coragdo, tecido adiposo, e outros.
Consequentemente, a COVID-19 também pode desencadear doengas extrapulmonares,
incluindo sintomas gastrointestinais, leses cardiacas, renais e hepaticas agudas, e outros®.
Os sintomas mais severos geralmente comegam aproximadamente uma semana apoés o inicio
dos sintomas, incluindo insuficiéncia respiratéria, choque séptico e/ou disfungao de multiplos
orgaos e obito. A taxa geral de mortalidade de casos de COVID-19 é de aproximadamente
1%. Cerca de 3 a 20% de infectados requerem hospitalizagédo, e, em média 10 a 30% podem

evoluir para manifestagbes graves e criticas®'.

1.5. Pandemia COVID-19

A pandemia de COVID-19 alcangou dados catastréficos no Brasil e em todo o mundo.
Em 31 de Dezembro de 2019, a Organizagdo Mundial da Saude (OMS) foi reportada sobre a
ocorréncia de casos de pneumonia de agente etiolégico desconhecido na China. Com
aproximadamente 20 dias apo6s a identificagdo do primeiro caso de SARS-CoV-2 em Wuhan,

a OMS declarou que o surto do novo coronavirus constituia uma Emergéncia de Saude
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Publica®2. O numero de casos confirmados avangou exponencialmente na provincia de Hubei,
em cidades vizinhas e em diferentes continentes. Apds o virus ter sido reportado em 197
paises, em 30 de margo de 2020 a COVID-19 foi caracterizada como uma pandemia pela
OMS?33, Atualmente, as estatisticas indicam mais de 700 milhdes de casos confirmados e mais
de 6 milhdes de mortes por todo mundo, dados substancialmente maiores do que as

epidemias causadas pelos demais coronavirus descritos (Figura 5)3.
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Figura 5: Total de casos confirmados por milhdo de habitantes. O mapa inclui dados cumulativos ao
redor do mundo até a data 21 de janeiro de 2023. Os casos estao representados em escala de azul
com a intensidade da cor associada aos maiores numeros de casos em determinada regido (adaptado
de Ritchie et al, 2020)35.

Em 26 de fevereiro de 2020 na cidade de Sao Paulo, o Brasil teve seu primeiro caso
confirmado a partir de um individuo com histérico de viagem para Italia, epicentro de infe¢des
por SARS-CoV-2 naquela época, notificado pelo nosso grupo de pesquisa®. Os casos
continuaram alcangando grandes propor¢des gerando impactos nao apenas em niveis
epidemioldgicos mas também sociais, econdmicos e politicos®’. Estratégias para mitigagédo da
disseminacdo do virus como a adogao de Intervengdes Nao Farmacéuticas (NPIs) foram
implementadas. Algumas dessas interven¢des incluiam o uso de mascaras, isolamento social,
fechamento de comércio e escolas, entre outros®. Em partes, essas estratégias
desaceleraram a disseminagao viral, mas nao foi suficiente para bloquear a transmissao por
completo. De acordo com dados recentes, mais de 100 introdug¢des internacionais de virus

foram observadas no Brasil, contribuindo assim para o aumento de alcance da
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disseminagao®. Outras medidas de combate contra o SARS-CoV-2 foram delineadas. O
investimento frequente em pesquisa e tecnologia permitiu com que vacinas contra a COVID-
19 fossem produzidas em uma velocidade nunca vista antes. A campanha de vacinagao
contra a COVID-19 no Brasil teve inicio em 17 de janeiro de 2021. Inicialmente, a sua
distribuicdo ocorreu de acordo com as estimativas populacionais de cada grupo prioritario
(pessoas com mais de 60 anos de idade, imunocomprometidos, profissionais da saude, por
exemplo) até o completo acesso a toda populagdo®. A disponibilidade de mais vacinas, o
avancgo da vacinagao na populagao, e o reforco de doses resultou consideravelmente na
queda dos picos de infecgdo e no numero de mortes contribuindo com grandes efeitos para o
combate a doencga*°. Atualmente no Brasil, mais de 399 milhdes de doses foram aplicadas,
91,5% de populagao foram vacinados com a primeira dose e 85,8% foram completamente

vacinados (duas doses ou mais)*'.

1.6. Evolucao de SARS-CoV-2

Em algumas décadas atras, os virus de RNA foram reconhecidos como altamente
mutaveis, o que permite grande adaptabilidade e rapida evolugdo dos genomas de RNA.
Diversos fatores, incluindo a taxa de mutagao viral, o numero de particulas virais geradas
durante o ciclo replicativo na célula, os impactos da mutagcado na dindmica viral dentre e entre
0s hospedeiros individuais, e outros, sdo fatores determinantes para a fixagcdo e acumulo de
mutagcbes no genoma viral. Consequentemente, essas condi¢des contribuem para o
surgimento e disseminagdo de novas variantes*>43,

Estudos comparativos do genoma de SARS-CoV-2 demonstraram alta similaridade
(aproximadamente 96%) com sequéncias do virus SARS-CoV encontrado em morcegos
(RaTG13), coletado na provincia de Yunnan, China**. Mutagdes gendmicas ocorrem como
um mecanismo natural durante o ciclo replicativo viral, através do processo de replicagao e
possivel recombinagcdo. Com base neste e outros estudos, foi possivel estimar que o tempo
de divergéncia entre as duas sequéncias estaria numa faixa de 18 e 71,4 anos. Sugere-se
entdo que possiveis eventos de recombinacdo durante a evolugdo do virus SARS-CoV
contribuiram para a emergéncia de SARS-CoV-2*4.

Estudos mais recentes indicaram que a taxa de mutacdo de SARS-CoV-2 & pelo menos
49-67% mais alta do que as taxas estimadas anteriormente, alcangando um valor de 1,5-1,7
x 107 substituigdes/nucleotideo/ciclo. Essa capacidade de mutagdo viral € um recurso
importante para a manutencgéo do virus além de ser um impulsionador para a diversidade de
variantes de SARS-CoV-2%. A partir deste conhecimento e, para facilitar a identificagéo entre
a comunidade cientifica, Rambaut e colaboradores, 2020* propuseram um conjunto de regras
para a nomenclatura das diferentes linhagens do SARS-CoV-2 que deveriam seguir os

seguintes critérios: “(a) os novos genomas devem exibir um ou mais nucleotideos de diferenca
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dos ramos ancestrais; (b) novos clados devem possuir 5 genomas independentes com
cobertura genémica > 95%;, (c) os genomas dentro de um novo clado devem exibir pelo menos
uma troca nucleotidica conservada; e (d) um valor de bootstrap > 70% para o n6 definidor da
linhagem”. Surgiram-se entdo duas principais linhagens conhecidas como linhagens A e B.
Analises de sequéncias da linhagem B demonstraram a presenca da mutacdo ndo sindnima
D614G no gene S, na qual conferia maior transmissibilidade viral®,

Diante da necessidade de se entender mais sobre a diversidade e evolugao de SARS-
CoV-2, diversos trabalhos de vigilancia genémica foram realizados em todo o mundo. No
Brasil, um estudo de 427 genomas coletados no periodo de 24 de dezembro de 2019 a 30 de
abril de 2020, publicado pelo nosso grupo de pesquisa, revelou a presenga de trés clados:
Clado 1, predominante em Sao Paulo, Clado 2, com sequéncias de 16 estados do Brasil e
Clado 3, predominante no estado Ceara, todos descendentes da linhagem B. Esses dados
indicaram que a transmissdo comunitaria ja estava estabelecida no Brasil naquela época®.
Posteriormente, sequéncias do Clado 1 e 2 foram classificadas como linhagens B.1.1.28 e
B.1.1.33 pela nomenclatura Pangolin (ferramenta computacional para classificagcdo de
linhagens de SARS-CoV-2), respectivamente*®.

Com o rapido avango da pandemia somado ao afrouxamento das medidas de restricao,
o Brasil teve sua segunda onda de infeccdo. Em novembro-dezembro de 2020, Faria e
colaboradores®®, em conjunto com o nosso grupo de pesquisa, a partir de 184 genomas
coletados em Manaus caracterizaram uma nova linhagem de SARS-CoV-2 (descendente da
linhagem B.1.1.28) nomeada linhagem Gama (P.1). Ainda descrevemos que esta linhagem
possui uma taxa de transmissibilidade maior (entre 1,7 e 2,4X), comparado a outras linhagens
circulantes na regiao. Esta analise foi possivel devido a andlise dos valores de cycle threshold
(Cts) de amostras positivas para SARS-CoV-2, obtidos por transcricdo reversa seguida de
reacéo em cadeia da polimerase quantitativa (RT-gPCR), que se correlacionam inversamente
a carga viral. Em fevereiro de 2021, com um curto intervalo de tempo apds sua primeira
descrigao, a linhagem Gama foi responsavel pela infecgdo de mais de 3 milhdes de individuos
e aproximadamente 30.000 mortes chegando a ser a linhagem majoritaria em todos os casos
de COVID-19 no Brasil®'.

O aumento nas taxas de transmissio e casos impulsionou a evolugao de diferentes
variantes ao longo do tempo com o surgimento de diversas mutagdes no genoma de SARS-
CoV-2. Grande parte dessas mutagdes estdo localizadas na proteina S e geralmente
conferem uma vantagem adaptativa ao virus como por exemplo, resisténcia a anticorpos
neutralizantes, aumento de afinidade do virus pelo receptor celular do hospedeiro e,
consequentemente maior transmissao viral, entre outros. Como exemplo, as mutagbes

D614G, N501Y, e outras, que foram associadas ao aumento de transmissibilidade?®>2,
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Portanto, do ponto de vista clinico-epidemioldgico, essas mutagdes desempenham um
importante papel no processo infeccioso.

Diante da emergéncia de novas linhagens que representavam um risco aumentado para
a saude publica global, a OMS adotou classificagbes de acordo com o conjunto de mutagdes
que cada linhagem possuia e o que elas representavam: Variantes de preocupacgao (VOC),
Variantes de interesse (VOI), Variantes sob monitoramento (VUM) e Variantes monitoradas
anteriormente (FMV)%3, Os critérios para classificagdo incluem uma ou mais das seguintes
alteragdes: “aumento da transmissibilidade ou mudanga prejudicial na epidemiologia de
COVID-19; ou aumento da viruléncia ou alteracdo na apresentacao clinica da doenca; ou
diminuicdo da eficacia das medidas de satide publica e sociais ou diagndsticos, vacinas,
terapéuticas disponiveis.”*. Foram classificadas no grupo das VOC as variantes Alfa
(B.1.1.7), identificada inicialmente no Reino Unido, Beta (B.1.351), descoberta na Africa do
Sul, Gama (B.1.1.28.1), originaria do Brasil (Manaus), Delta (B.1.617.2), identificada na india,
e por ultimo a Omicron (B.1.1.529) (Tabela 2). No grupo das VOI encontram-se as variantes
Eta (B.1.525), detectada em diversos paises, Epsilon (B.1.427/B.1.429), identificada nos
Estados Unidos da América (Califérnia), Zeta (B.1.1.28.2), originaria do Brasil (Rio de
Janeiro), Kapa (B.1.617.1) detectada na india, Lambda (C.37), originaria do Peru, entre

outras®®.

Tabela 2: Exemplos de variantes de SARS-CoV-2 classificadas como VOCs ou VOls pela
OMSS3,

Nomenclatura Nomenclatura Mutagoes definidoras Regiao de Classificagao
OMS Pangolin (Spike) identificacdo OoMS
Alfa B.1.1.7 69del, N501Y Reino Unido VOC
Beta B.1.351 K417N, E484K, N501Y Africa do Sul VOC
Gama P.1 K417T, E484K, N501Y Brasil/Japao VOC
Delta B.1.617.2 L452R, P681R india VOC

Omicron B.1.1.529 N501Y, K417N Diversos VOC
Eta B.1.525 69del, E484K Diversos VOI
Epsilon B.1.427/B.1.429 L452R, W152C, S13| Estados Unidos VOl
Zeta P.2 E484K Brasil VOI
Kapa B.1.617.1 L452R, E484Q, P681R india VOI
Lambda C.37 L452Q, F490S Peru VOI

1.7. Vigilancia Genémica

A pandemia da COVID-19 representou um grande desafio em niveis epidemioldgicos,

socioecondmicos e politicos. A urgéncia de se obter informag¢des sobre SARS-CoV-2, suas
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rotas de transmissdo, patogenicidade e severidade, escape vacinal e dindmicas de
substituicdo das variantes impulsionou a implementagao de diversos programas de vigilancia
gendmica do SARS-CoV-2%. As iniciativas de vigilancia epidemioldgica do virus permitiram o
rapido compartilhamento de conhecimento entre diferentes comunidades cientificas em todo
o0 mundo e contribuiram inclusive com o estabelecimento de bancos de dados especificos de
SARS-CoV-2 de acesso livre como o GISAID que foi extremamente util no curso da pandemia.
Atualmente, o GISAID conta com mais de 14 milhdes de sequéncias de SARS-CoV-2
depositadas por todo o mundo. Dessas, nosso grupo contribuiu com mais de 6.000
sequéncias oriundas do nosso pais®.

O sequenciamento massivo de ultima geracédo (NGS) tem sido uma ferramenta muito
importante na vigilancia genbmica para a identificacdo de microrganismos emergentes, bem
como para a elucidacdo dos mecanismos de evolugao de SARS-CoV-2 que até entdo eram
pouco conhecidos®’. Em conjunto com analises filogenéticas, epidemiologicas e de
filogeografia esta técnica € capaz de integrar dados gendémicos a dados clinicos, de
mobilidade e transmissibilidade para modelar padrdes de evolugao, rotas de transmisséo e,
consequentemente a disperséo geografica de SARS-CoV-2. Além do NGS, a identificacédo de
mutacdes definidoras de cada linhagem de SARS-CoV-2 pela Reacdo em Cadeia da
Polimerase em tempo real (QPCR) acelerou o programa de vigilancia gendbmica de SARS-
CoV-2 para laboratérios com minima estrutura de biologia molecular permitindo uma ampla
cobertura na identificagdo das variantes virais e seu impacto no curso da COVID-19%. Nesse
sentido, a busca da delecdo dos aminoacidos 69 e 70 no gene S (69del) que causa a
assinatura de falha no alvo do gene S (do inglés spike gene target failure, SGTF) em conjunto
com outras mutagdes definidoras permite a rapida caracterizacao e diferenciacao de variantes
circulantes em dado momento®®. O método de deteccdo SGTF foi uma das estratégias
utilizadas neste estudo. A 69del ocorre na regido exata da proteina S avaliada pelo kit TagPath
COVID-19 CE-IVD RT-PCR (Thermo Fisher). Salienta-se que a falha de amplificagao causada
pela delecdo néo inviabiliza o diagnéstico de COVID-19 visto que o kit detecta mais duas
outras regides gendmicas do SARS-CoV-2 (N e ORF1ab). Em um outro trabalho realizado
pelo nosso grupo de pesquisa, um método rapido de genotipagem por qPCR de baixo custo
e sensivel usando a tecnologia RhAmp (IDT Technologies) foi desenvolvido para identificar
as variantes emergentes circulantes naquela época no Brasil (Alfa, Gama e P.2) pelas
mutagbes K417T, E484K e N501Y®. Assim, o monitoramento continuo de eventuais
alteragdes no genoma viral € fundamental para compreenséo do curso da pandemia, bem
como para determinar métodos e estratégias de controle para contengdo da disseminagao

viral®®.
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2. JUSTIFICATIVA

A pandemia da COVID-19 deixou marcos histéricos em todo o mundo. SARS-CoV-2 foi
descoberto inicialmente na China e rapidamente se espalhou por todos os continentes
trazendo grandes impactos a saude publica. O aparecimento de mutagcdes é um evento
natural dentro do processo de evolugao viral e, consequentemente contribui para que novas
variantes de SARS-CoV-2 com vantagens adaptativas venham emergindo. Essas vantagens
podem estar relacionadas com uma maior transmissibilidade ou capacidade de evadir a
resposta imune do hospedeiro. A VOC Gama foi um grande exemplo disso no Brasil e, devido
a vigilancia gendmica, foi possivel detecta-la pela primeira vez de maneira rapida e eficiente.
Estratégias de vigilancia genémica tem sido conduzidas em diversos paises e, diante da
necessidade da geracao de conhecimento a respeito do virus, o Observatério de Vigilancia
Gendmica de SARS-CoV-2 (OVIGen) foi idealizado em colaboragdo com o Laboratério de
Biologia Integrativa da Universidade Federal de Minas Gerais (LBI-UFMG), Grupo Pardini,
Fundacao Ezequiel Dias (FUNED), Secretaria de Estado de Saude de Minas Gerais (SES-
MG), Prefeitura de Belo Horizonte (PBH), Ministério de Ciéncia e Tecnologia e Rede Corona-
Omica MCTI (Rede Virus-MCTI)®'. Trata-se de uma iniciativa de vigilancia genémica com o
objetivo de monitorar as variantes do SARS-CoV-2 em ambito estadual e nacional. A
integracao dos dados gerados pelo sequenciamento do virus e dados clinico-epidemiologicos
também foi um fator de grande importancia e impulsionou o uso de banco de dados unicos
em todo o mundo. O GISAID é uma iniciativa cientifica global criada em 2008 que fornece
acesso aberto a dados genémicos de diferentes virus, incluindo SARS-CoV-2%. Atualmente,
o Brasil encontra-se no décimo segundo lugar no ranking de paises com mais sequéncias de
virus depositadas, atingindo 212.157 sequéncias. Enquanto, o primeiro lugar do ranking
possui mais de 4,5 milhdes de sequéncias depositadas. Essa discrepancia reforca a
importancia das iniciativas de vigildancia gendmica e epidemiologica nacional como
mecanismos para o0 monitoramento de variantes (em especial as VOCs), geragao de
conhecimento técnico e cientifico para apoiar o desenvolvimento de protocolos diagnésticos,
apoio no desenvolvimento de vacinas e melhor entendimento da evolugdo molecular e os
padrdes epidemioldgicos do SARS-CoV-2. Dessa forma, a continua e ampla vigilancia
gendmica viral € importante para auxiliar as politicas de saude publica nas medidas eficazes

de contencédo da disseminacgao viral.
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3. OBJETIVOS
3.1. Objetivos Gerais

Estabelecer um programa de Vigilancia Genémica de SARS-CoV-2 (OviGen-BR) em
escala nacional na elucidacdo da dinamica das variantes virais e seus impactos na

transmissao e desfechos clinicos da COVID-19.
3.2. Objetivos Especificos

o Implementar um programa de Vigilancia Genbémica (OVIGen-MG) em escala estadual
com a colaboragao entre a UFMG, Grupo Pardini, SES-MG, FUNED e PBH.

o Realizar a vigilancia genémica de SARS-CoV-2 em escala estadual (OVIGen-MG) e
nacional (OVIGen-BR) durante os cenarios epidemioldgicos de aumento do numero de

casos e/ou severidade da COVID-19.

o Integrar dados clinicos, epidemiolégicos e gendmicos virais para entendimento da
introducgao, transmisséao e disperséo do virus, além da sua relagdo com a severidade da
COVID-19.

o Comunicacao aos o6rgaos de saude publica e sociedade em geral dos resultados
encontrados através do OvigenMG e BR para a tomada de decisdes com relagdo ao
controle da transmissao de COVID-19, locais a serem monitorados e possivel aumento

de casos graves e internagdes em hospitais referéncias.
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4. CAPITULO I - Artigo: Delta Variant of SARS-CoV-2 Replacement in Brazil: A

National Epidemiologic Surveillance Program

Neste capitulo apresentamos o artigo intitulado “Delta Variant of SARS-CoV-2
Replacement in Brazil: A National Epidemiologic Surveillance Program” aceito e publicado na
revista Viruses (fator de impacto: 5,818) que descreve um programa de vigilancia genémica
realizado 7.549 amostras de 15 diferentes capitais brasileiras (Belém, Belo Horizonte, Boa
Vista, Brasilia, Campo Grande, Fortaleza, Goiania, Macapa, Manaus, Palmas, Porto Alegre,
Porto Velho, Rio de Janeiro, Salvador e Sdo Paulo) entre abril e outubro de 2021 durante a
introducdo da variante Delta no pais, sua substituicdo pela variante Gama, avaliagdo de carga
viral e diferencas na apresentacao de sintomas.

Contribui ativamente nesse artigo nas seguintes etapas: recrutamento e prospecc¢ao das
amostras, extragcdo do RNA viral, ensaios de genotipagem por RT-gPCR e sequenciamento

do genoma viral, curadoria e analise de dados, além da escrita do artigo.

Revista: Viruses
Fator de Impacto: 5,818
Link de acesso: https://www.mdpi.com/1999-4915/14/5/847 - doi: 10.3390/v14050847
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Abstract: Coronavirus disease 2019 (COVID-19) pandemic has caused immeasurable impacts on the
health and socioeconomic system. The real-time identification and characterization of new Variants
of Concern (VOCs) are critical to comprehend its emergence and spread worldwide. In this sense,
we carried out a national epidemiological surveillance program in Brazil from April to October
2021. Genotyping by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and
sequencing were performed to monitor the dynamics and dissemination of VOCs in samples from
15 federative units. Delta VOC was first detected on June 2021 and took sixteen weeks to replace
Gamma. To assess the transmissibility potential of Gamma and Delta VOCs, we studied the dynamics
of RT-qPCR cycle threshold (Ct) score in the dominance period of each variant. The data suggest that
Delta VOC has a higher transmission rate than Gamma VOC. We also compared relevant symptom
patterns in individuals infected with both VOCs. The Delta-infected subjects were less likely to have
low oxygen saturation or fatigue, altered results on chest computed tomography, and a propensity
for altered X-rays. Altogether, we described the replacement of Gamma by Delta, Delta enhanced
transmissibility, and differences in symptom presentation.

Keywords: SARS-CoV-2; variants; epidemiologic surveillance; COVID-19; transmission; symptoms

1. Introduction

According to the latest data from the World Health Organization (WHO), there are
currently more than 450 million confirmed cases and approximately six million deaths
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), defined as
coronavirus disease 2019 (COVID-19) pandemic [1]. Viruses from the Coronaviridae family,
such as SARS-CoV-2, are viruses enveloped that present spicules projected from its surface
with the appearance of small crowns, giving the name of Coronavirus. They have large
genomes for RNA viruses (26 to 30 kb) which is possible due to the exonuclease activity of
Nsp14 protein responsible for proofreading the RNA during replication, which maintains
genome stability and a mutation rate of ~10~° mutations/site/cycle [2-4]. Over time,
the emergence and fixation of mutations resulted in new SARS-CoV-2 variants leading to
adaptation of the new coronavirus to human hosts and vaccination scenario [5,6].
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Experience accumulated in preventing and treating COVID-19 through virological,
immunological, epidemiological, and clinical investigations have provided relevant knowl-
edge for confronting the pandemic. However, the emergence of new fast-spreading variants
of SARS-CoV-2 has caused great concern about drug and vaccine development [7]. Cur-
rently, the WHO designated five Variants of Concern (VOCs) [8], including Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and more recently, Omicron (B.1.1.529) [9].
These variants present mutations in Spike protein, especially in the Receptor Binding
Domain (RBD) region, that have been shown to reduce recognition by neutralizing an-
tibodies in vitro. Some of these variants have already been associated with relevant
clinical-epidemiological changes and a major impact on global public health, such as
increased viral transmissibility and virulence [6,10]. In this sense, identifying and char-
acterizing emerging variants that may threaten public health constitute a critical piece of
epidemiological surveillance.

Epidemiological surveillance comprises the systematic collection, analysis, and inter-
pretation of health data that helps target strategies to combat crises caused by infectious
diseases [11,12], such as the COVID-19 pandemic. Thus, SARS-CoV-2 epidemiological
surveillance initiatives have enabled rapid knowledge shared between different scientific
communities worldwide. These initiatives allowed the establishment of specific SARS-
CoV-2 databases [13] that accelerated vaccine development [14]. Several regional initiatives
have also emerged in Brazil to collect information associated with the COVID-19 pan-
demic [10,15-17]. However, due to its enormous territorial extension, a national unified
genomic surveillance system is urgent to expand and connect the regional data in real-time.
In this context, this work aims to present the results of SARS-CoV-2 variants monitoring in
the Brazilian territory to contribute to the national epidemiological surveillance system.
Our analysis explored SARS-CoV-2 variants circulating in Brazil, transmissibility potential,
and symptomatology from April to October 2021.

2. Materials and Methods
2.1. Study Design

The study was divided into three main topics: (i) Genomic surveillance by reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) genotyping analysis and
whole-genome sequencing; (ii) transmissibility analysis between Gamma and Delta VOCs
by measuring RT-qPCR cycle threshold (Ct) score and; (iii) meta-analysis of the symp-
tomatology dynamics between Gamma and Delta VOCs. The samples were collected from
15 Brazilian capitals: Belém, Belo Horizonte, Boa Vista, Brasilia, Campo Grande, Fortaleza,
Goiania, Macapa, Manaus, Palmas, Porto Alegre, Porto Velho, Rio de Janeiro, Salvador,
and Sao Paulo from April to October 2021. The Research Ethics Committee approved this
study (CAAE-33202820.7.1001.5348). The authorization allows access to epidemiological
and viral data with exemption to the consent form in samples from regular viral diagnosis.

2.2. Genomic Surveillance by RT-gPCR Genotyping Analysis and Whole-Genome Sequencing
2.2.1. Genotyping Analysis of SARS-CoV-2 Variants by RT-qPCR

Nasopharyngeal swab samples were randomly selected between 20 April and 31
October 2021. RT-qPCR confirmed the SARS-CoV-2 diagnosis in Hermes Pardini Insti-
tute, a prominent Brazilian diagnostic company that performs COVID-19 tests across
all 27 Brazilian federative units. We included positive samples for SARS-CoV-2 with a
Ct < 30. The total RNA was extracted by KingFisher Flex System instrument (Thermo
Fisher, Waltham, MA, USA) using the MagMAX Viral/Pathogen Nucleic Acid Isolation Kit
(Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s instructions. The
genotyping of SARS-CoV-2 was performed using TagMan SARS-CoV-2 Mutation Panel
(Thermo Fisher, Waltham, MA, USA) with specific primers and probes targeting the VOCs
defining mutations, according to frequencies of variants in the evaluated time. We selected
a set of seven non-synonymous viral spike protein mutations: K417T (A22812C), K417N
(G22814T), L452R (T22917C), E484K (G23012A), E484Q (G23013C), N501Y (A23063T), and
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P681R (C23604G). The assays were performed by real-time quantitative PCR with the iTaq
Universal Probes One-Step kit (Bio-Rad, Hercules, CA, USA). Each reaction was performed
using 4.5 puL of RNA, five uL of iTaq universal probes reaction mix (2x), 0.25 pL of iScript
advanced reverse transcriptase, and 0.25 L of specific SNP probe (40 x; TagMan SARS-
CoV-2 Mutation Panel) in a final volume of 10 uL. The amplification/genotyping reaction
followed the cycling conditions: 50 °C for 10 min; 95 °C for 3 min; 45 cycles of 95 °C for
15 s and 60 °C for 1 min; 60 °C for 1 min. The results were plotted on moving average
graphs using the ggplot2 [18] and zoo [19] packages of the R program (R version 4.1.1;
R Foundation for Statistical Computing, Vienna, Austria). Datasets and codes used are
available on Supplementary File S1.

2.2.2. SARS-CoV-2 Genome Sequencing

We conducted whole-genome SARS-CoV-2 sequencing in all positive samples with
Ct < 30 showing an unexpected spike mutation profile on the RT-qPCR genotyping. Viral
RNA was amplificated by RT-qPCR using the QIAseq SARS-CoV-2 Primer Panel V1 (QIA-
GEN, Hilden, Germany) and ARTIC V3 multiplex primer set as previously described [16].
The library was constructed using the QIAseq FX DNA Library Prep kit (QIAGEN, Hilden,
Germany), and sequencing was performed on the MiSeq platform (Illumina, San Diego,
CA, USA) with v3 cartridges (600 cycles) following the manufacturer’s instructions. For
each sample processing step (cDNA synthesis, viral genome amplification, and library
preparation), negative controls were included in each batch of samples. All consensus
genome sequences characterized in this study have been deposited on GISAID and are
publicly available (Supplementary Table S1).

2.2.3. Viral Genome Assembly

The pipeline for sequencing data processing was performed as previously described [17],
which includes: (i) Filtering and trimming reads and adapters using fastp v.0.20.1 [20];
(ii) mapping the sequences with the reference genome (NCBI RefSeq SARS-CoV-2; accession
number: NC_045512) with Bowtie2 v2.4.2 [21]; (iii) sorting and indexing the mapped files
with SAMtools v1.12 [22]; (iv) variant calling and consensus genome inference using
the BCFtools v1.12; and (v) mask sites with depth less than 10x with BEDtools v2.30.0.
Sequences with less than 70% coverage were removed from the analysis [23].

2.2.4. Lineage Classification and Phylogenetic Analysis

The consensus genomes were classified in Pango lineages using pangolin tool v3.1.17 [24]
and NextClade web application v.1.7.0 [25]. Phylogenetic analysis was performed to con-
firm the classification and contextualize the new sequences generated in our study. We
constructed a reference dataset (n = 281) with representative genomes of SARS-CoV-2
available in the GISAID EpiCoV database [13] that comprised genomes generated in this
study (n = 69) and Brazilian references (1 = 212), SARS-CoV-2 sequences deposited in the
period of April to October 2021 (acknowledgments is available in Supplementary Table S2).
The dataset was aligned using MAFFT v7.480 [26], and the phylogenetic inference was per-
formed with IQTREE [27] with the maximum likelihood method under the GTR +F + I + G4
nucleotide substitution model [28,29]. The support value of the branches was evaluated
using the Shimoidara-Hasegawa-like approximate likelihood ratio (SH-aLRT) test with
1000 replicates. Dataset and script are available on Supplementary File S2.

2.3. Transmissibility Analysis by Measuring Ct Values

To assess the transmissibility potential of SARS-CoV-2 variants and investigate the
dominance relationship between Gamma and Delta VOCs, we studied the dynamics of RT-
qPCR Ct score in samples from Brazilian capitals. RT-qPCR tests provide semi-quantitative
results in the form of Ct values, which are inversely correlated with log10 viral loads and
have been used to establish differences in transmissibility among viral lineages [15,17,30].

35



Viruses 2022, 14, 847

40f14

Ct data were evaluated from 61,815 patients who had positive RT-qPCR results for
SARS-CoV-2 RNA, collected in 15 Brazilian capitals between 1 April and 31 October 2021.
The Ct values were obtained from the amplification of three distinct viral targets (N,
ORFlab, and S genes of SARS-CoV-2), in addition to internal process control used here
as a virus-independent variable (MS2), with the TagPath COVID-19 CE-IVD RT-PCR kit
(Thermo Fisher, Waltham, MA, USA) according to manufacture’s instructions. Samples
were anonymized and categorized into Gamma or Delta groups when a given lineage
exhibited frequency above 90% at the time of collection to estimate differences in the
distribution of Ct values in periods dominated by different VOCs. The dominance period
was defined for each capital: Belém (Gamma: 1 April 2021-16 June 2021; Delta: 1 October
2021-31 October 2021), Belo Horizonte (Gamma: 4 January 2021-31 July 2021; Delta:
1 September 2021-31 October 2021), Brasilia (Gamma: 4 January 2021-15 June 2021; Delta:
1 September 2021-31 October 2021), Fortaleza (Gamma: 4 January 2021-15 July 2021; Delta:
1 October 2021-31 October 2021), Goiania (Gamma: 4 January 2021-15 July 2021; Delta: 16
September 2021-31 October 2021), Palmas (Gamma: 4 January 2021-15 June 2021; Delta: 16
September 2021-31 October 2021), Porto Alegre (Gamma:4 January 202115 July 2021; Delta:
1 September 2021-31 October 2021), Porto Velho (Gamma: 4 January 2021-15 June 2021;
Delta: 16 October 2021-31 October 2021), Rio de Janeiro (Gamma: 4 January 2021-15 June
2021; Delta: 16 August 2021-31 October 2021), and Sao Paulo (Gamma: 4 January 2021-15
July 2021; Delta: 16 September 2021-31 October 2021). Data from periods with intermediate
frequency and data from capitals in which the Delta VOC did not reach the established
dominance cut-off were not analyzed. The lineage effect on the Ct score was estimated at
the national level and for each capital using a linear regression model, and results were
plotted on graphs using the ggplot2 [18] packages of the R software (R version 4.1.1; R
Foundation for Statistical Computing, Vienna, Austria). Dataset and code used are available
on Supplementary File S3.

2.4. Symptomatology Meta-Analysis

Data available in the Severe Acute Respiratory Syndrome (SRAG) database (https:
/ /opendatasus.saude.gov.br/dataset /bd-srag-2021, accessed on 11 November 2021) were
explored to assess patterns of relevant symptoms from 1 April to 31 October 2021. We
selected 9814 registries that simultaneously met the following criteria: (i) samples from
unvaccinated individuals, (ii) confirmation of COVID-19 diagnosis by RT-qPCR, and (iii)
complete registration information. Records were collected from 15 Brazilian capitals, and
the data were divided into two main groups Gamma (control) and Delta (case) groups.
Each group was composed of patients’ clinical data corresponding to the period in which
the variant represented at least 90% of the other variants in the capital. We were able
to retrieve the following clinical data: fever, cough, sore throat, O, saturation, fatigue,
dyspnea, respiratory distress, diarrhea, vomiting, abdominal pain, loss of smell, loss of
taste, need for ventilatory support, altered computed tomography of chest result, altered
X-ray of chest result, intensive care unit (ICU) admission, and death. The meta-analysis
(random and common effects) and the heterogeneity among capitals were calculated using
the meta-package in R software (R version 4.1.1; R Foundation for Statistical Computing,
Vienna, Austria). Dataset and code used are available on Supplementary File S4.

3. Results
3.1. Change in the Dominance Profile of SARS-CoV-2 Variants in Brazil Territory

According to the availability and the pre-established criteria, 7549 samples were
evaluated from 15 different Brazilian capitals between April and October 2021. Belo
Horizonte was the capital with largest number of samples in this study (1 = 1820), followed
by Rio de Janeiro (n = 1097), Sao Paulo (1 = 1093), Porto Alegre (n = 759), Brasilia (n = 725),
Goiania (n = 471), Fortaleza (n = 401), Belém (n = 297), Palmas (n = 288), Campo Grande
(n =198), Porto Velho (n = 155), Salvador (n = 70), Macapa (n = 65), Manaus (1 = 60), and
Boa Vista (1 = 50). Our sampling represented all regions of Brazil, covering 55.56% (15/27)
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of Brazilian State Capitals (Figure 1A). The sample representativeness was assessed with
a cartogram (Figure 1B), which showed that the Midwest and Southeast regions had the
highest sampling rates (number of samples/population size of each region) compared to
the other areas studied.

A City Sample size (%)

© Belém <1

© Belo Horizonte 2

* Bela Visza 4
Brasilia 6

@ Campo Grande

* Fortaleza 10
Goiania 14

Macapa

Manaus

© Palmas 24
Porto Alegre

® Parto Velha

# Rio de Janeiro

« Salvado*
Séo Paulo

B

1. North

2. Northeast

3. Midwest

4. Southeast
a 5. South

Figure 1. Schematic representation of study sampling. (A) Samples from 15 different capitals of Brazil,
representing the five regions (North, Northeast, Midwest, Southeast, and South) were included in
our study. In total, 7549 samples were analyzed and the proportion of samples for each capital is

represented by the size of the colored circles. Each color represents a different capital; (B) Cartogram
of the sampling representativeness according to the population size of each Brazilian region.

According to our data, between April and July 2021, Gamma VOC was the most
prevalent variant among all evaluated capitals (Figure 2A). On 1 June 2021 (epidemi-
ological week 22), the Delta VOC was detected for the first time in Rio de Janeiro, fol-
lowed by Brasilia (Midwest region), Sao Paulo, and Belo Horizonte (both Southeast region)
(Figure 2B). Subsequently, at least one case was observed in all five regions of Brazil. The
spread of Delta VOC promoted a change in the variant’s dominance profile: the case
number of Gamma VOC decreases in contrast to the Delta VOC expansion (Figure 2C,D).
In the second half of August, Delta VOC became prevalent, comprising more than 60%
of coexisting variants in Rio de Janeiro (95.31%; 61/64), Sao Paulo (87.67%; 64/73), Belo
Horizonte (82.14%; 69/84), Porto Alegre (75.76%; 25/33), Fortaleza (63.63%; 7/11), and
Goiania (60%; 27/45). In October 2021, the Delta VOC frequency reached at least 90% of
cases in Belém and Fortaleza, while in Belo Horizonte, Brasilia, Goiania, Macapa, Manaus,
Palmas, Porto Alegre, Porto Velho, Rio de Janeiro, Salvador, and Sao Paulo reached at 99%
(Figure 2D).

Besides the Gamma and Delta VOCs, other lineages were also detected but with a low
frequency (Figure 2A). The Alpha VOC was identified with an average frequency of 1.76%
in April 2021, only in Belo Horizonte, Brasilia, and Sao Paulo. This lineage continued to
circulate between these capitals from May to July 2021, but the frequency did not exceed
8%. In August 2021, the Alpha VOC was also identified in the capitals Goiania, Palmas,
and Porto Alegre, with an average frequency of 1.58%. In the following month, there
was only one case of the Alpha VOC in Porto Alegre (0.55%), and it was not detected
in any of the capitals in October (Supplementary Figure S1). In parallel, we identified
the Zeta lineage only in the first three months of the study, corresponding to April, May,
and June 2021. Its maximum frequency was 7.69% (1/13) in the Palmas capital in April.
(Supplementary Figure S1).
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Figure 2. Most prevalent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
detected in Brazil by genotyping analysis. (A) Gamma (blue) and Delta (red) were the main variants
detected in the period evaluated. In the first months of monitoring, Gamma was predominant but
gradually replaced by Delta. Other variants, such as Alpha (purple) and Zeta (yellow), were also
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detected at low frequency. All samples that could not be classified by genotyping were labeled as
“Others” (gray) and selected for sequencing analysis. White tags indicate the analyzed mutations set,
considering the expected frequencies of the variants in the evaluated time; (B) Each capital presented
a slope of increase in new cases by Delta while Gamma cases decay. Rio de Janeiro was the first
capital where Delta was detected (early June) and replaced Gamma entirely (last September). In other
capitals, such as Fortaleza and Belém, the emergence of Delta was late, and the complete replacement
of Gamma by Delta was not observed in the period evaluated. Blank spaces indicate the absence of
samples in a particular capital within the specified time; (C) Gamma was the most prevalent variant
among all evaluated capitals up to July 2021; (D) Delta was detected for the first time in June 2021, in
Rio de Janeiro. Initially, Delta spread through the Southeast and Midwest regions and, subsequently,
for all Brazilian macro-regions, promoting a change in the genotypic profile until then observed,
becoming predominant in the second half of August.

During the study, 2% of samples showed a different genotypic profile from the ex-
pected mutations panel, indicating the possibility of new variants not yet described. Thus,
these different profiles were classified as “others” (Supplementary Figure S1) and submitted
to SARS-CoV-2 whole-genome sequencing.

3.2. Sequencing Metrics, Classification, and Phylogeny

In total, 69 samples with a non-characteristic genotypic profile by RT-qPCR genotyp-
ing were sequenced and characterized in this study. Median genome coverage of 95.71%
(73.39 to 99.82%) and sequencing depth of 944.4x-2508.8 x (median: 957.5x). The se-
quences, initially analyzed by Pangolin and NextClade tools, were classified as Gamma
(P.1) (91.30%; 63/69), Alpha (B.1.1.7) (1.45%; 1/69), P.4 (1.45%; 1/69), and Delta (B.1.617.2)
(5.79%; 4/69). Sequencing metrics and the pangolin/nextclade classification are available
in Supplementary Table S3. We performed a maximum likelihood phylogeny to corrobo-
rate the data found in Pangolin and Nextclade classification. Our phylogenetic analysis
confirmed that the novel genomes were correctly classified among VOCs Alpha, Gamma,
Delta, and variant P4 (Figure 3).

Gamma
Delta
P4
Alpha
® HP Sequences

03

Figure 3. Maximum likelihood inference tree to confirm lineage classification using a reference
dataset. The genomes generated in our study (n = 69) are highlighted with purple circles. Lineages
Alpha (B.1.1.7), Gamma (P.1), Delta (B.1.617.2), and P4 are highlighted in violet, blue, red, and

gray, respectively.
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3.3. Delta VOC Induces a Decay in Ct Values Compared with Ganima VOC

To explore the dominance dynamics among the main SARS-CoV-2 VOCs in Brazil and
to verify whether transmissibility was associated with induction of higher viral load in
the upper respiratory tract, we evaluated the RT-qPCR Ct values in periods dominated
by Gamma or Delta VOCs. In this sense, the dataset was categorized as Gamma group
(n = 40,845) or Delta group (n = 7539), depending on which variant was dominant. The
period of dominance was arbitrarily defined for each variant displaying frequency above
90%. Samples from periods in which there was no dominant VOC were excluded.

The period marked by the increasing frequency of Delta VOC is associated with lower
median Ct values than the Gamma-dominated period. Median Ct values for the Gamma
Period: 17.12 (N), 16.96 (ORF1lab), 17.23 (S), 25.63 (MS2). Median Ct values for the Delta
period: 16.80 (N), 16.61 (ORFlab), 16.53 (S), 25.25 (MS2). Comparative linear regression anal-
ysis at national level revealed a statistically significant negative correlation between Delta
VOC and Ct value for the three viral targets analyzed (N: p <0.001, § = —0.853 £ 0.075;
ORF1lab: p <0.001, B = —0.964 + 0.076; S: p < 0.001, B = —1.258 + 0.075) (Figure 4A-C). A
small effect was observed for the control target gene (MS2: p < 0.001, = —0.387 £ 0.039)
due to a large number of analyzed data (Figure 4D). However, we observed a stronger
correlation between the virus-related genes (N, S, and ORFlab) and the effects of Cts values
presenting in Delta infections. The data suggested Ct value reduction associated with Delta
frequency increase. Therefore, subjects infected with Delta VOC presented higher viral
loads in the upper respiratory tract at most Brazilian capitals (Supplementary Table 54).

40 B =-0.85320.147 40 B =-0.964 £0.148
30 30
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® @ o
z 20 &2
|
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Predominant ineage Predominant ineage

Figure 4. Comparative analysis of reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) cycle threshold (Ct) values between Gamma and Delta dominated periods. Violin plots
displaying the distribution of Ct data for different Variants of Concern (VOCs) for three viral targets
and internal control: (A) N gene; (B) ORFlab; (C) S gene; and (D) MS2 control. Sample groups
were input as Gamma (blue) and Delta (Red) when the variant exhibited frequency above 90%.
Statistical comparison between periods denotes that Delta VOC induces higher viral loads in the upper
respiratory tract than Gamma VOC infection. Internal control (MS2) had an effect two-three fold
smaller on Ct decrement than reported for all viral targets. Asterisks indicate a significant statistical
association between imputed viral lineages and Ct values (linear model: p < 0.001). * p < 0.05.
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3.4. Effect of SARS-CoV-2 Variants on Symptomatology and Clinical Data

Meta-analysis of the individual results by each capital using the extracted data from
the Brazilian SRAG database indicated that individuals in the Delta group were less likely
to have low oxygen saturation (Odds Ratio—OR: 0.63; 95% CI: 0.47-0.84) or fatigue (OR:
0.65; 95% CI: 0.48-0.88) than those present in the Gamma group (Figure 5A,B). There
was no statistical difference between the two groups for the other symptoms such as
fever, cough, respiratory discomfort, sore throat, dyspnea, diarrhea, vomiting, abdomi-
nal pain, loss of taste, and loss of smell (Supplementary Figure S2). Regarding clinical
examinations, individuals in the Delta group were also less likely to have altered re-
sults on chest computed tomography (OR: 0.17; 95% CI: 0.04-0.71) (Figure 5C) and a
propensity for altered x-rays when compared to patients in the group of previously cir-
culating lineage (Supplementary Figure S2). In addition, an increased chance of being
admitted to intensive care was also observed in the Delta variant group (OR: 1.38; 95% CI:
1.05-1.82) (Figure 5D), but no increase for mechanical ventilation or death was detected
(Supplementary Figure S2).
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Figure 5. Symptoms/ clinical tests occurrence in Delta (case) and Gamma (control) groups in Coro-
navirus disease 2019 (COVID-19) patients from six different capitals of Brazil. The Forest plot
describes the observations for: (A) O, saturation; (B) fatigue; (C) altered chest computed tomography;
(D) intensive care unit (ICU) admission.
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4. Discussion

Since December 2019, the world has faced one of the most challenging infectious
diseases in decades [31]. The SARS-CoV-2 has spread worldwide, causing significant
socioeconomic and health impacts on a global scale [32]. In Brazil, the devastating effects
of the pandemic were no different. Brazil is the largest country in Latin America, with
continental dimensions that pose challenges of comparable sizes, such as the difficulty of
adopting unitary policies to confront and monitor the COVID-19 pandemic [33]. These
problems can be better managed with national epidemiologic surveillance programs, which
provide data that allow preventive and effective public health policies. In this context, we
evaluated the epidemiological dynamics of SARS-CoV-2 variants from 15 different Brazilian
capitals between April and October 2021.

The rapid description of new variants is one of the advantages of epidemiological
surveillance [34]. An example was the Gamma VOC identification, first detected in Ama-
zonas in late November 2020, which contributed to the health system’s collapse in early
2021. This variant spread rapidly across the country and was responsible for the second
wave of infections, turning Brazil into the epicenter of the COVID-19 in the first trimester of
2021 [10,35]. Less than two months were sufficient for Gamma VOC to replace the parental
lineage and turn the predominant SARS-CoV-2 variant in Brazil [15]. In our data, Gamma
VOC was predominant up to mid-July. The first Delta VOC was detected in the Rio de
Janeiro capital in June. One month later, this variant was also detected in other capitals,
such as Belo Horizonte, Brasilia, and Sao Paulo. A study using random sequencing of
samples from patients with COVID-19 described that community transmission of the Delta
in Rio de Janeiro possibly started in June, corroborating the results found in our study [36].
Our results demonstrated that the Delta VOC had become the predominant variant in
several capitals such as Rio de Janeiro, Sao Paulo, Belo Horizonte, Belém, Porto Alegre
(considering the 90% predominance cut-off) in September 2021.

Although Gamma (P.1) and Delta (B.1.617.2) were the main strains detected in our
study, the circulation of low-frequent variants, such as Alpha (B.1.1.7), Zeta (P.2), and P.4
was also identified by RT-qPCR genotyping strategy. A total of four circulating lineages
were identified by genome sequencing, in which the VOC Gamma was the main one
identified. This result is consistent with the period of our study and the prevalence of this
variant in Brazil. Moreover, the variants identified in our study are compatible with that
reported worldwide [37,38]. The phylogenetic analysis revealed great genomic diversity
among the sequences by identifying five sublineages of VOC Gamma and two sublineages
of VOC Delta. Approximately 80% of the sequences have non-synonymous mutations in
the S gene correlated with increased transmissibility and pathogenicity, such as D614G [39]
and N501Y mutations [40].

The replacement of circulating variants by Delta VOC has been well documented [41,42].
Current evidence supports that this variant is more infectious and has a higher transmissi-
bility rate when compared with Alpha and Beta VOCs, even in individuals with natural
or vaccine-induced immunity [43—45]. However, studies comparing the transmissibility
of Delta and Gamma VOCs are limited, and the mechanisms by which these events occur
are not entirely established. Thus, to verify the differences in the potential transmissibility
between these variants, we evaluated the dynamics of viral loads measured from RT-qPCR
Ct values. Our results confirm the hypothesis that the Delta VOC is more transmissible than
the Gamma VOC and suggest that this advantage is likely due to an increase in viral load in
the upper respiratory tract as described in other studies [45-47]. This fact can be observed
through the data comparison by linear regression in the dominated periods by the different
VOCs at the national level, which indicated an association between increased frequency of
Delta VOC and drops in Ct values (range 3 = —0. 853 to —1.258; p <0.001). The data also
showed that random variations during the RT-qPCR diagnostics tests were detected in the
analysis. A significant decay on Ct values measured for the MS2 endogenous control target
was observed ( = —0.387; p < 0.001). At the same time, these small random fluctuations
incur an effect two—three fold less than the one reported for viral targets, not being enough
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to mischaracterize the differences of Ct obtained for the distinct VOCs. Recent reports
on the epidemiological dynamics of SARS-CoV-2 variants have shown that transmission
fitness advantages shaped the evolution of viral variants over time in diverse Brazilian
states [10,17,48]. Our findings agree with these studies and help explain the substitution
process for Delta over Gamma VOC at the national level. Thus, considering the Ct anal-
ysis data and other works that reinforced the increased transmissibility potential of the
Delta variant [49,50], we expected that the replacement time of the Gamma variant by
the Delta variant would be shorter, which, however, was not observed. One hypothesis
may be related to the progress of the vaccination campaign. In Brazil, when Gamma VOC
emerged, the vaccination campaign had not yet started. In September 2021, when Delta
VOC became prevalent, approximately 71% of the population was vaccinated with at least
the first dose, while only 43% were fully vaccinated [51]. Studies have indicated that large-
scale vaccination effectively decreases virus transmission and, consequently, decreases the
number of cases [52]. It can be seen when comparing the number of COVID-19 cases in
January (around 69,000 cases/day) and September 2021 (near 14,000 cases/day) [53]. Thus,
although there was a more transmissible variant in circulation in September, the increase of
cases was not observed, reinforcing the protective effect of vaccines on the population.

According to symptomatology meta-analysis, we observed a reduction of symptoms
such as fatigue and oxygen saturation in the Delta group and fewer altered exams on
computed tomography (CT) and X-ray. Similar results were found in a recent study that
considered the changes on the Delta-variant COVID-19 children’s chest CT milder than
the original strain [54]. However, our results suggested an increase in ICU admission in
the Delta group compared to the Gamma group. In another study [55], no difference was
observed in the proportion of death, mechanical ventilation, or ICU admission between
Delta and pre-Delta patients. Nonetheless, the pre-Delta group was not well characterized
concerning the variants’ predominance. Several differences in the clinical manifestations of
COVID-19 have been reported, mainly related to the emergence of new variants. COVID-19
could be classified as a multisystemic disorder and not only a respiratory disease [56],
so the increase in ICU admission can be justified by other systemic complications that
are not evaluated in our database. Another limitation of SRAG database was the un-
availability of unvaccinated hospitalized individual data in all evaluated capitals in this
study, especially in the period of the Delta variant predominance, as long the vaccination
program progressed.

Furthermore, another challenge of this work was the difficulty in collecting samples
from all Brazilian capitals within the eligibility criteria. These barriers are commonly faced
by initiatives that propose to carry out epidemiological surveillance in a country with
continental proportions.

5. Conclusions

Our study described the replacement of Gamma by Delta VOCs, followed by increas-
ing transmissibility and respiratory symptoms associated between April to October 2021
in Brazil.

Over two years of the COVID-19 pandemic, the disease was marked by moments of
acceleration or slowing transmission, which may be directly related to the predominant
VOC and the vaccination rate. Since each VOC has different virulence capabilities, the
clinical signs caused by them can also differ. Therefore, we must be aware of these changes,
especially about emerging variants such as the Delta variant and, more recently, the Omi-
cron VOC. In this sense, the emergence and rapid dominance of the Omicron VOC in a
short period of time after our evaluation only reinforce the importance of genomic and
epidemiological vigilance initiatives as mechanisms to monitor SARS-CoV-2 variants.

Finally, the epidemiological surveillance system described here has the potential to be
expanded to monitor new variants. This strategy can provide subsidies to health authorities
to implement effective control strategies to prevent COVID-19 transmission.
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5. CAPITULO Il — Manuscrito: Epidemiological surveillance reveals the rise and

establishment of the Omicron SARS-CoV-2 variant in Brazil

Neste capitulo apresentamos o manuscrito intitulado “Epidemiological surveillance
reveals the rise and establishment of the Omicron SARS-CoV-2 variant in Brazil” submetido a
revista Viruses (fator de impacto: 5,818) que descreve a continuagdo de um programa de
vigilancia gendmica realizado em 291.571 amostras em 12 capitais brasileiras (Belém, Belo
Horizonte, Boa Vista, Brasilia, Fortaleza, Goiania, Macapa, Manaus, Palmas, Porto Velho, Rio
de Janeiro e Sao Paulo) durante o maior pico de aumento de casos de COVID-19 no Brasil e
introducdo da variante Omicron. Além disso identificamos a sua substituicdo pela variante
Delta em cada capital e no Brasil de uma forma geral, além da avaliagdo de carga viral geral
entre os pacientes e sua relacdo com as taxas de transmissao e diferencas na apresentacao
de sintomas e desfecho clinico da COVID-19.

Contribui ativamente nesse artigo nas seguintes etapas: desenho do estudo,
recrutamento e prospecc¢ao das amostras, extragdo do RNA viral, ensaios de RT-qPCR e

sequenciamento genémico viral, curadoria e andlise de dados e escrita do artigo.
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Abstract: The introduction of SARS-CoV-2 variants of concern (VOCs) in Brazil has been associated
with major impacts on the epidemiological and public health scenario. In this study, 291,571 samples
were investigated for SARS-CoV-2 variants from August/2021 to March/2022 (highest peak of posi-
tive cases) in four geographical regions of Brazil. To identify the frequency, introduction, and dis-
persion of SARS-CoV-2 variants in 12 Brazilian capitals, VOCs defining spike mutations were iden-
tified in 35,735 samples through genotyping and viral genome sequencing. Omicron VOC was de-
tected in late November 2021 and replaced the Delta VOC in approximately 3.5 weeks. We esti-
mated viral load differences in the upper respiratory tract between SARS-CoV-2 Delta and Omicron
through the evaluation of the RT-qPCR cycle threshold (Ct) score in 77,262 samples. Were observed
alower viral load in patients infected by Omicron VOC compared to Delta VOC. Analyzes of clinical
outcomes in 17,586 patients across the country indicated that individuals infected with Omicron
were less likely to need ventilatory support. The results of our study reinforce the importance of
surveillance programs at national level and showed the introduction and faster dispersion of Omi-
cron over Delta VOC in Brazil, without increasing in the numbers of severe cases of COVID-19.

Keywords: SARS-CoV-2, variants, epidemiologic surveillance, COVID-19, viral load, symptoms.

1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). In the last three years, SARS-CoV-2 has infected al-
most 757 million people and was responsible for over 6 million deaths worldwide [1].
Brazil reported more than 36 million cases and about 698 thousand deaths [2]. Nonethe-
less, the vaccination programs demonstrated high efficiency to combat SARS-CoV-2 in-
fection and dissemination [3,4].

To monitor new SARS-CoV-2 variants according to the potential impact concerning
virus spread, disease severity, vaccines performance, diagnostic tools, and others, the
World Health Organization (WHO) created the Variants of Interest (VOIs), Variants of
Concern (VOCs), Variants under Monitoring (VUMSs) and Formerly Monitored Variants
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(FMVs) classifications [5]. While VOIs, VUMs, and, FMVs have unclear impacts on human
health [6], the VOCs are associated with immune escape and have the potential for higher
transmissibility and virulence [7,8]. So far, the WHO has designated five VOCs: Alpha
(B.1.1.7) [9]; Beta (B.1.351) [10]; Gamma (P.1) [11,12]; Delta (B.1.617.2) [13] and Omicron
(B.1.1.529) [14], identified in the United Kingdom, South Africa, Brazil, India, and South
Africa, respectively. The VOCs establishment has also been responsible for upsurges in
cases and deaths in Brazil [15], for example, the health system’s collapse observed in Ma-
naus in early 2021 by Gamma VOC [11,16], the increase in the number of severe cases due
to Delta VOC in mid-2021 [17], and finally, the rise in the number of cases due to Omicron
VOC that promoted the two last waves of COVID-19 in 2022 [18].

The Omicron VOG, first reported in November 2021 [19,20], contains at least 32 mu-
tations in the spike protein (10 especially in the receptor-binding domain), which repre-
sents twice as many as the Delta variant [21]. One of the main mutations is the 69-70 dele-
tion which prevents the oligonucleotide probe in some RT-qPCR kits from binding to its
target sequence, leading to what has been called S gene target failure (SGTF) and is there-
fore considered a marker for Omicron detection [22]. Nowadays, several Omicron sub
lineages were detected, including BA.1, BA.1.1, BA.2, BA.3, BA.2.12.1, BA4, and BA.5.
Indeed, several Omicron recombinants have been reported more recently. According to
previous studies, Omicron may be less severe than other VOCs. However, it displays
higher humoral immunity evasion and rapid dissemination ability [23,24]. Although cases
attributed to Omicron VOC are generally classified by health authorities as milder, it is
important to maintain continuous epidemiological surveillance, since more aggressive
variants may emerge and need to be identified as quickly as possible.

Thus, several scientific initiatives around the world have been contributing to the
generation of information about the COVID-19 pandemic situation. These data include
monitoring of prevalent variants, incidence, number of deaths, description of mutations,
the clinical relevance of variants, vaccination impact, and other aspects [25-28]. In this
context, our group created a SARS-CoV-2 variants-monitoring initiative in Brazil that re-
cently described the replacement of Gamma by Delta SARS-CoV-2 VOCs, between April
and October 2021 [25]. Hence, the present study aimed to evaluate the transition of Delta
to Omicron SARS-CoV-2 VOCs in Brazilian territory from August 2021 to March 2022,
symptomatology features, and viral load in a new scenario of increasing rates of transmis-
sion of COVID-19.

2. Materials and Methods
2.1. Study Design

This study was approved by the Research Ethics Committee (CAAE-
33202820.7.1001.5348) with the exemption of the individual participants' consent form to
investigate virus whole genome sequences. Data analysis included descriptive sample
profile, genomic surveillance of SARS-CoV-2 by reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) genotyping analysis and whole-genome sequencing, de-
termination of Omicron VOC viral load by measuring RT-qPCR cycle threshold (Ct) score
and, a meta-analysis of the symptomatology dynamics of Omicron VOC.

2.2. Genomic surveillance by RT-qPCR genotyping and whole-genome sequencing
2.2.1. Descriptive sample profile and SARS-CoV-2 variants genotyping by RT-qPCR

A total of 210,941 nasopharyngeal swab samples were evaluated by the SARS-CoV-2
diagnostic test by RT-qPCR performed in the Pardini Group laboratory. Total viral RNA
isolation were performed as previously described and RT-qPCR was performed by the
TagPath COVID-19 CE-IVD RT-PCR kit (Thermo Fisher, Waltham, MA, USA) according
to the manufacturer's instructions, for evaluation of three distinct viral targets: N, ORF1lab,
and S genes [25]. The samples were collected from 12 Brazilian capitals: Belém, Belo Hori-
zonte, Boa Vista, Brasilia, Fortaleza, Goiania, Macapd, Manaus, Palmas, Porto Velho, Rio
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de Janeiro, and Sao Paulo from August 29, 2021, to March 5, 2022, corresponding to
35/2021 to 09/2022 epidemiological weeks. The data were then categorized into positive
and negative results. The positive samples were grouped by sex (male and female) and
age cluster (0 to 9 years; 10 to 19 years; 20 to 29 years; 30 to 39 years; 40 to 49 years; 50 to
59 years and > 60 years). The SARS-CoV-2 variants genotyping in this study were per-
formed according to SGTF detection method [22]. SGTF were considered only in samples
with CT values <26 for any other viral gene (N and ORFlab) to exclude samples with
SGTF profile due lower viral input on primary samples. Therefore, SGTF samples were
named Omicron, and non-SGTF samples were named Delta, according to the expected
frequencies of variants in the evaluated time. The results were plotted on moving average
graphs using the ggplot2 [29] package of the R program (R version 4.1.1; R Foundation for
Statistical Computing, Vienna, Austria). The datasets and codes used are available in Sup-
plementary File S1.

2.2.2. SARS-CoV-2 Genome Sequencing

Viral genome sequencing was performed on 109 SARS-CoV-2 positive samples with
Ct value <26. Nucleic acids were extracted using MagMAX Viral/Pathogen Nucleic Acid
Isolation Kit (Thermo Fisher, Massachusett, USA). Sequencing libraries were prepared by
QIAseq FX DNA Library Prep kit (QIAGEN, Hilden, Germany) and ARTIC V4.0 multi-
plex primer set to Delta or ARTIC V4.1 multiplex primer set to Omicron. Genomes were
sequenced on the MiSeq platform (Illumina, California, USA) with v3 cartridges (600 cy-
cles) following the manufacturer’s instructions. For each sample processing steps (cDNA
synthesis, viral genome amplification, and library preparation) a negative control was in-
cluded.

2.2.3. Viral Genome Assembly

Raw sequence data files were processed using the pipeline ViralUnit, as described
previously [30]. Briefly, reads were filtered and trimmed using Trimmomatic (minimum
read quality score of 30) [31]. The remaining reads were mapped to the reference SARS-
CoV-2 genome (NCBI GenBank accession NC_045512) using Minimap2 [32], with un-
mapped reads discarded. Mapping files were then indexed and sorted with SAMtools
v1.12 [33]. To infer the consensus genome sequences, BCFtools v1.12 [34] was used. Fi-
nally, BEDtools v2.30.0 [35] was used to mask low-depth sites (< 10x coverage). To ensure
the accuracy of variant calls only genomes with >70% genome coverage were included.
All consensus genome sequences characterized in this study have been deposited on
GISAID and are publicly available (Supplementary Table S1).

2.2.4. Lineage classification and phylogenetic analysis

The consensus sequences were classified using the Pangolin tool v.4.1.3 [36] and the
NextClade web application v.2.3.0 [37]. A dataset (n = 1,640) containing public reference
genomes classified by Nextstrain [38] as Omicron lineages (n =1,531) (acknowledgments
is available in Supplementary Table S2) and genomes generated in this study (n = 109)
was aligned using Minimap2 [32]. A Maximum Likelihood phylogeny was inferred using
the IQ-tree program v2.0.3 [39] under the GTR+F+I+G4 model to corroborate the classifi-
cation generated by Pangolin and NextClade [40]. The support value of the branches was
evaluated using the Bootstrap test with 1000 pseudoreplicates. The dataset and script are
available on Supplementary File S2.

2.3. Ct value and viral load

The RT-qPCR test Ct values were used to assess the viral load differences in the upper
respiratory tract between SARS-CoV-2 Delta and Omicron variants. In this approach, the
Ct score is inversely proportional to the amount of viral load available in the biological
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samples, suggesting the transmission rates associated with the variants evaluated
[12,41,42].

Data from 77,262 SARS-CoV-2 positive patients collected between August 29, 2021,
and March 5, 2022, in 12 Brazilian capitals were evaluated. The Ct values for N and
ORF1ab viral targets were obtained as described previously [25]. To estimate differences
in the distribution of Ct values in periods dominated by different VOCs, the data were
anonymized and categorized into Delta or Omicron groups. Each group included only the
Ct value of the epidemiological weeks when a given lineage exhibited frequency above
90% at the time of collection. The dominance period was defined for each capital and pe-
riod intermediate frequency, those that do not reach the dominance cut-off, were not an-
alyzed (Supplementary Table S3).

The variant effect on the Ct score was estimated at the national level and for each
capital using a linear regression model and the median Ct difference between groups was
assessed using the Student’s T-test. The statistical analyses were conducted as imple-
mented in the R software and results were plotted using the ggplot2 packages (R version
4.2.2; R Foundation for Statistical Computing, Vienna, Austria). The dataset and code used
are available in Supplementary File S3 [29].

2.4. Symptomatology meta-analysis

The Severe Acute Respiratory Syndrome (SARS) database was used to obtain clinical
data of hospitalized patients with suspected COVID-19 in Brazil in the evaluated period
[43]. A total of 17,586 patients records with SARS-CoV-2 positive RT-qPCR results and
with complete registration information from 10 Brazilian capitals (Belém, Belo Horizonte,
Boa Vista, Fortaleza, Goiania, Macapa, Manaus, Porto Velho, Rio de Janeiro and, Sao
Paulo) were selected. The groups were clustered according to the periods in which Omi-
cron (case) and Delta (control) VOCs had a minimum prevalence of 90% in each capital.
The meta-analysis (random and common effects) and the heterogeneity among capitals
were calculated for the following clinical data: need for ventilatory support, intensive care
unit (ICU) admission, and death [25]. Then, the same analysis was performed separating
the data into two groups: vaccinated (at least one dose) and unvaccinated individuals, to
verify the contribution of the vaccination on the disease outcome. The statistical analysis
was performed using the R software (R version 4.1.3; R Foundation for Statistical Compu-
ting, Vienna, Austria). The dataset and code are available in Supplementary File S4.

3. Results
3.1. The Rapid Replacement and Establishment of Omicron VOC in Brazilian territory

After the evaluation of 291,571 nasopharyngeal swab samples from patients tested
for routine COVID-19 by RT-qPCR, 77,262 samples had a positive confirmed diagnosis.
Belo Horizonte was the capital with the highest number of samples (n = 49,149; positive
rate = 23.97%), followed by Rio de Janeiro (n = 6,590; positive rate = 31.16%), Sdo Paulo (n
=4,909; positive rate = 36.76%), Goiania (n = 3,248; positive rate = 25.32%), Brasilia (n =
3,149; positive rate = 27.68%), Belém (n = 3,112; positive rate = 39.17%), Porto Velho (n =
3,059; positive rate = 37.59%), Palmas (n=1,509; positive rate = 29.73%), Macapd (n=1,131;
positive rate = 44.79%), Manaus (n = 590; positive rate = 32.49%), Boa Vista (n = 468; posi-
tive rate = 36.42%), and Fortaleza (n = 348; positive rate = 34.18%) (Figure 1A). The Mid-
west and Southeast regions had the highest sampling rates (number of samples/popula-
tion size in each region) concerning the other studied areas (Figure 1B). The number of
women with positive results (57.6%) was higher than men (42.4%) in all capitals and age
clusters, with an exception for 0 to 9 years old group (Figure 2C). People ranging from 20
to 49 years old represented the group with the highest index of positivity (64.1%;
49,501/77,262). There were no large fluctuations between the proportion of male and fe-
male individuals by Brazilian capital (Figure 2D).
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Figure 1. Descriptive analysis of the study design. (A) Twelve capitals distributed along four macro-
regions of Brazil were included in this study. A total of 77,262 samples with positive confirmed
COVID-19 diagnosis were evaluated. The blue circle size represents the proportion of positive sam-
ples in each capital; (B) the Cartogram of sample representativeness according to the population of
each Brazilian region; (C) Sex and age profile of the study sample (data were grouped by sex and

age clusters); and (D) Sex profile by Brazilian capital of the study sample. The grey and magenta
bars correspond to men's and women's records, respectively.

We used SGTF profile to identify possible Omicron samples. For that, we only con-
sidered positive RT-qPCR samples with CT values <26 for any viral gene (N and ORFlab)
using the TaqPath COVID-19 CE-IVD RT-PCR kit. With this strategy we guarantee that
the SGTF profile was due mutations 69/70 position in the S gene ruling the influence of
lower viral input on primary samples in our analyses. This analysis comprised a final da-
taset of 35,735 positive samples.
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In the first week of study monitoring (epidemiological week 35), it was observed that
Delta VOC (non-SGTF) was already predominant (>90% frequency) in all evaluated capi-
tals, which remained until mid-December/21 (epidemiological week 50) (Figure 2A). Alt-
hough we detected a remnant of SGTF-positive samples since epidemiological week 36 in
Belo Horizonte, the exponential increase of SGTF-positive cases (Omicron VOC) only oc-
curred after epidemiological week 49. This increase in the number of cases of infected
individuals resulted in the rapid establishment and predominance of Omicron VOC to
detriment of Delta VOC decreasing (Figure 2B). The rise of Omicron cases occurred first
in the Southeast region (Sao Paulo, Rio de Janeiro, and Belo Horizonte), and Goiania (Mid-
west region) capitals, where Omicron became predominant in mid-December 2021. On
the other hand, in Fortaleza (Northeast region), Brasilia (Midwest region), Belém, Boa
Vista, Macapd, Manaus, Palmas, and Porto Velho (all in the North region), the rise of Omi-
cron cases occurred slowly, reaching the predominance in January 2022, between epide-
miological weeks 1-2 (Figure 2C).
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Figure 2. Monitoring of Delta and Omicron VOCs in Brazil. Delta and Omicron variants were rep-
resented by red and dark purple colors respectively. (A) Percentage of non-SGTF and SGTF samples
per epidemiological week in 35,735 samples across Brazil. (B) Absolute numbers of non-SGTF and
SGTF profiles in the positive RT-PCR samples per epidemiological week and positive rate; (C) Tran-
sition period between non-SGTF and SGTF samples by capital and epidemiological week. Blank
spaces indicate the absence of samples in a particular capital within the specified epidemiological
week.

3.2. Sequencing metrics, classification, and phylogeny

During the study monitoring, samples were randomly selected and directed to
whole-genome sequencing to confirm the variant detected by the SGTF method (0.31%;
109/35,735). The median genome coverage was 87.6% (63.2 to 98.5%) and the median se-
quencing depth of 2,749.97x (1,028.22 to 5,239.48x). The sequences were initially analyzed
by Pangolin and NextClade tools. Of these, 84 (77.1%) genomes were classified belonging
to BA.1 clade: BA.1 (53); BA.1.1 (11); BA.1.1.16 (1); BA.1.1.18 (1); BA.1.14 (1); BA.1.14.1 (7);
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BA.1.14.2 (1); BA.1.15 (1); BA.1.16 (3); BA.1.22 (4); BA.1.7 (1), while 25 (22.9%) genomes
were classified as BA.2 clade: BA.2 (24) and BA.2.3 (1). Sequencing metrics and Pango-
lin/Nextclade classification are available in Supplementary Table S4. To corroborate the
results found in Pangolin/Nextclade classification, we performed a maximum likelihood
analysis. Our phylogenic reconstruction confirmed the Pango/NextClade for all samples
analyzed (Figure 3).

Lineages .
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Figure 3. Phylogenetic reconstruction of SARS-CoV-2 during the fourth wave of SAR-CoV-2 in
Brazil (epidemiological weeks 35/2021 to 09/2022). The dataset was constructed based on the
genomes used by Nextclade as reference for Omicron classification (n =1531). Maximum likelihood
phylogenetic tree inferred from our dataset to confirm lineage classification. Purple tip shapes
indicate genomes generated in our study (n=109). Node values correspond to bootstrap values. The
clades corresponding to the variants BA.1, BA.2, BA.4, and BA.5 are highlighted in gray, lilac, pink,
and purple, respectively.

3.3. Omicron-infected individuals present lower viral load in the upper respiratory tract

To determine whether the spread of the Omicron VOC was related to the induction
of high viral load in the upper respiratory tract compared to the Delta VOC, we distrib-
uted positive RT-qPCR Ct values obtained from infected patients in two groups consider-
ing the dominant variant in the studied period. The final dataset consisted of 72,885 sam-
ples distributed in the Omicron group (n = 63,420) or Delta group (n = 9,465).

Comparative analysis by linear regression indicated that the Omicron VOC induces
an increase in Ct values in the studied viral targets (N: =1.114, 95% CI=+0.125, p <0.001;
ORFlab: $=1.304, 95% CI =+ 0.124; p <0.001). While the median Ct in the Omicron group
was 18.94 (N) and 19.07 (ORF1ab), the Delta group had lower values, 17.51 (N) and 17.40
(ORF1ab) (Figure 4A and 4C). A residual effect was also inferred for the MS2 exogenous
control target (Median Ct: Omicron = 25.58, Delta = 24.97; 3 = 0.267, 95% CI = + 0.064, p <
0.001); however, its effect is almost 5-fold smaller than that calculated for the viral targets
(N gene and ORF1ab) (Figure 4E). The Omicron VOC effect on viral load can be followed
in Ct values time series along epidemiological weeks (Figure 4B, 4D, and 4F). This trend
was observed in most of the Brazilian capitals suggesting lower viral loads of Omicron

249
250
251
252
253
254

54



Viruses 2022, 14, x FOR PEER REVIEW 8of 16

VOC assigned positive in the upper respiratory tract compared with Delta VOC (Supple-

mentary Table S5).
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Figure 4. Comparative analysis of RT-qPCR Ct values between Delta and Omicron SARS-CoV-2
VOCs dominance periods. Colors represent the dominant variant, with a frequency above 90% in
the analyzed period, being Delta (red) or Omicron (dark purple). Violin plots displaying the distri-
bution of Ct data according to the predominant lineage for the viral targets gene N (A) and ORFlab
(C), and the MS2 internal process control (E). Boxplots display Ct values variation along epidemio-
logical weeks comprised in the study period (29 August 2021 - 5 March 2022) for the viral targets
gene N (B), ORFlab (D), and MS2 internal control (F). Statistical comparison between periods de-
notes that Omicron VOC might be associated with lower viral loads in the upper respiratory tract
than Delta VOC infection. * p < 0.001.

3.4 Effect of SARS-CoV-2 variants on symptomatology and clinical data

To explore symptomatologic features from hospitalized patients with suspected
COVID-19, we evaluated data from the Brazilian SRAG database in periods dominated
by Delta or Omicron VOCs. Three clinical data were accessed: the need for ventilatory
support (16,316 patients), ICU admission (16,381 patients), and death (16,258 patients).
The meta-analysis results showed that the need for ventilatory support was less frequent
in the Omicron group (Odds Ratio—OR: 0.50; 95% CI: 0.43-0.59) than in the Delta group
(Figure 5A). There was no statistically significant difference between the Omicron and
Delta groups regarding the frequency of ICU admissions and death (Odds Ratio—OR:
0.83; 95% CI: 0.68-1.01 and OR: 1.23; 95% CI: 0.87- 1.73, respectively) (Figure 5B and 5C).
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Figure 5: Forest Plot of effect sizes measured between Omicron (case) and Delta (control) groups in
COVID-19 patients for: (A) Need for ventilatory support: 9,828 cases and 6,488 controls; (B) Inten-
sive care unit admission: 9,914 cases and 6,467 controls; and (C) Death: 9,815 cases and 6,443 con-
trols, in a meta-analysis of 10 different Brazilian capitals according to the periods in which Omicron
(case) and Delta (control) VOCs had a minimum prevalence of 90% in each capital.

4. Discussion

From the onset of the pandemic, epidemiologic surveillance programs have allowed
the monitoring of viral spread and VOCs emergence, being one of the forefronts of the
COVID-19 combat around the world [44]. Since the beginning of the pandemic, Brazil has
been affected by different COVID-19 infection waves, generally related to the introduction
and circulation of a new variant, capable of altering the speed of transmission of the dis-
ease [45]. As seen in early 2022, the exponential increase of SARS-CoV-2 positive cases in
Brazil [2] was due to the Omicron VOC introduction, first detected in Sao Paulo on No-
vember 30, 2022 [14,46].

Recently, our surveillance program described the introduction of Delta VOC in Brazil
on June 1, 2021, in Rio de Janeiro and its rapid expansion in Brazilian territory, which
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reached more than 90% of predominance sixteen weeks later [25]. According to these pre-
vious data, Delta VOC was already predominant in all the evaluated Brazilian capitals in
epidemiological week 35/2021 [25]. Our results presented here, corroborated with our previ-
ous results suggesting that Delta VOC was the most representative variant until epidemiolog-
ical week 50/2021 in most capitals in Brazil. The arrival of Omicron VOC caused another
important change in the epidemiological scenario, culminating in the replacement of the
Delta variant by Omicron in approximately 3,5 weeks (Figure 2A), faster than what was
observed during Gamma-Delta [6].

Considering the emergence period of the Omicron variant and its introduction in
Brazil, we identified in our data its arrival in epidemiological week 49 in Belo Horizonte,
on a sample collected on date 2021/12/10. In the following epidemiological week, we ob-
served a dispersion of Omicron VOC in other capitals, such as Brasilia, Goiania, Rio de
Janeiro, and Sao Paulo. Our results showed that the Southeast (Belo Horizonte, Rio de
Janeiro e Sao Paulo) and Midwest (Goiania) regions were the first affected by Omicron
VOC reaching a predominance plateau in mid-December 2021. These cities comprise the
main Brazil gateways for foreigners, which may explain the Omicron VOC arrived first in
these locations [47]. The other evaluated regions (North and Northeast) reached a plateau
shortly afterward, in January 2022.

The SGTF detection method used in this study allowed the identification of SGTF
samples from epidemiological week 36 onwards. The SGTF samples identified before ep-
idemiological week 49 possibly indicate the presence of the Alpha VOC, as previously
described [25]. The Omicron (sublineages BA.1, BA.4, and BA.5) and Alpha VOCs share
the 69-70 deletion in the Spike protein that prevents the oligonucleotide probe from bind-
ing to its target sequence, leading to what has been termed SGTF [22]. Due the highly
accuracy of SGTF method, this strategy was widely used for monitoring these variants
[5,22]. Although the Omicron and Alpha VOCs share this similarity, historically Alpha
has remained at a low proportion among the circulating variants in Brazil and without
overlapping dates or epidemiological weeks [6]. In contrast, the entry of the Omicron variant
in the country caused an expressive increase in the number of cases, coinciding with an
increase in the proportion of SGTF variants detected (Figures 2A and 2B). Although we
observed that the Omicron VOC viral load is smaller than Delta VOC, the significant in-
crease in the cases number can be explained by superspreading events such as Christmas
and New Year's celebration, in addition to the drop in the use of protective measures [48].

In early February 2022, the BA.2 sublineage, which lacks the 69-70 deletion, was in-
serted in Brazil [49]. In this period, we also identified a trace of this underlining that was
included in the non-SGTF group. The SARS-CoV-2 variants and sublineages were de-
tected in a subset by whole-genome sequencing. Our phylogenetic reconstruction indi-
cated that the most representative variant of the dataset was Omicron VOC BA.1, followed
by Omicron VOC BA .2 in the analyzed period. These data corroborate with the emergence
of variants reported in Brazil and worldwide, in the evaluated period [14,50]. Neverthe-
less, although the BA.2 sublineage was reported on February 8, 2022, in Sao Paulo [51], in
our study it was detected on February 7, 2022, in Belo Horizonte. Thus, we were able to
demonstrate the introduction of this sublineage, before it was primally reported [51]. This
finding reinforces the importance of genomic surveillance for monitoring emerging vari-
ants.

Enhanced transmissibility has been related to higher viral load in the upper respir-
atory tract, as described for the previous Alpha and Delta VOCs [52,53]. The Omicron
VOC is known to have higher infectivity than other variants [14,54], having quickly
spread and established in Brazil, replacing the Delta VOC in a shorter time than other
transitions previously. This phenomenon could be associated with a high viral load in
patients infected with the Omicron VOC. To test this hypothesis, we evaluated the dy-
namics of viral loads measured from RT-qPCR Ct values.

Linear regression modeling showed a higher Ct value for patients infected by Omi-
cron compared to patients infected by the Delta VOC, indicating a significant correlation
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between increased frequency of Omicron VOC and decreased viral load. Our analysis also
showed a slight increase in Ct value for the internal control (MS2), detecting the existence
of random variations during the RT-qPCR diagnostics tests, although its effect is approx-
imately 5-fold less than calculated for viral targets. However, we observed lower Ct values
associated with higher viral loads in RT-qPCR tests performed in early January 2022 co-
inciding with superspreading events, with no variance in the MS2 exogenous Cts values
in the same period. Those dates agree with the introduction of BA.1 Omicron sub-variant
explained the third wave of COVID-19 during this period, showing the highest number
of cases and transmission in Brazil [2,44]. Our findings are consistent with recent reports
suggesting that the increased transmissibility of Omicron VOC is not due to a high viral
load in the upper respiratory tract [55-57]. It is probably related to other mechanisms than
higher viral excretion, such as increased affinity to the receptor of human cells and de-
creased sensitivity to immunity due to the many mutations of the spike protein, [54,58,59].

It was also suggested that the Omicron VOC has a lower virulence when compared
with the Delta VOC [60]. To assess this tendency, we evaluated records from hospitalized
patients from the Brazilian SRAG database in periods dominated by Delta or Omicron
VOCs. The clinical data evaluated from COVID-19 patients showed that the Omicron
VOC had less or equal severity than the Delta VOC. This result agrees with data from
previous studies that also described severe cases decrease by Omicron VOC infection [61-
63].

5. Conclusion

Brazil was marked by different epidemiological scenarios, with four waves of
COVID-19 infection, reaching a large proportion in the number of infections and deaths.
These waves were always attached to the emergence of new VOCs that allowed the
maintenance and circulation of the virus in the country. In this way, the establishment of
monitoring activities and characterization of circulating variants is important for the de-
velopment of public health strategies that can be employed to contain the COVID-19 pan-
demic.

The results of this study represented the continuity of a SARS-CoV-2 national sur-
veillance program. Here we described the monitoring study between August 2021 and
March 2022 that detected the introduction and fast establishment of Omicron VOC in Bra-
zil in late 2021. The continental dimensions of the country and different public health pol-
icies represent challenges in tracking the evolution and dissemination of VOCs. Never-
theless, our program was able to generate data that could provide support to public au-
thorities, which would contribute to controlling strategies of the COVID-19 pandemic, re-
inforcing the importance of the creation and maintenance of nationwide surveillance pro-
grams, not only to SARS-CoV-2 but also to other infectious diseases.
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6. CAPITULOIII - Divulgagao de resultados aos 6rgdos de satide publica e sociedade

Neste capitulo apresentamos a divulgagdo aos 6rgaos de saude publica e sociedade
em geral dos resultados encontrados através do OvigenMG e BR para a tomada de decisdes
com relagao ao controle da transmissao de COVID-19, locais a serem monitorados e possivel

aumento de casos graves e internagdes em hospitais referéncias.

o OViGen — Observatério de Vigilancia Gendmica

FUNED A %, Laboratério
/ NLA,PMDD ( de Biologia gk CTVacinas | AT ..LINBIO
—_———UFMG ¥ Integrativa o UFHIG

5 ohure & PREFEITURA i
’ 4 4 ICbUme *** PARDINI A CORONAVIRUS

BELO HORIZONTE SECRETARIA DE ESTADO DE SAUDEDE MINAS GERAIS
uto de Ciencias Biolo ogicas

Acoes de enfrentamento a COVID-19

QViGen — Observatorio de Vigilancia Gendmica

Retornar

O surgimento de variantes & a dispersdo do coronavirus da sindrome respiratéria aguda grave 2 (SARS- Miﬁas Gel‘ais

CoV-2) permanecem como grandes dﬂsaﬂus as politicas de saldde puiblica para o enfrentamente da . i -
pandemia de COVID-19 no Estado de Minas Gerais. Tais variantes j3 foram associadas a mudancas clinico- + Comunicado 0020 (04 de Abril de 2023

3 de fevereiro de 2023)
ezembro de 2022)
outubro de 2022)
ulho de 2022)
junho de 2022)

Em uma parceria entre o Laboratdrio de Biologia Integrativa (LBI) do ICB e Nicleo de Agdes e Pesguisa em + Comunicado 0014 (09 de maio de 2022)
Apoio Diaonéstico da Faculdade de Medicina (NUPAD) ambos da UFMG. Secretaria de Salde de Minas « Comunicado 0013 (25 de abril de 2022)

epidemicldgicas relevantes como: maiores cargas virais durante a infeccdo, maior gravidade da + Comunicado 0019 (1
manifestacdo da COVID-19 e mesmo, maior chance de 6bito. As variantes mais significativas na realidade s Comunicado 0018 |
brasileira até o momento sdo: alfa, originalmente identificada no Reino Unido; gama, originalmente s Comunicado 0017 (
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7. DISCUSSAO

A pandemia de COVID-19 causou danos catastréficos de ordem de saude publica,
epidemiolégica, socioeconémica e politica em escala global. A evolugao de SARS-CoV-2
acompanhada pela sua rapida disseminagao por todos os continentes assolou milhdes de
pessoas®®, O Brasil esta entre os paises mais afetados pela pandemia COVID-19. O
primeiro caso de infec¢ao por SARS-CoV-2 no Brasil foi registrado em 25 de fevereiro de 2020
e, por ser o maior pais da América Latina, o numero de casos e mortes teve um aumento
rapido e continuo®. Assim, iniciativas de vigilancia epidemioldgica que buscam o
rastreamento do virus, bem como o entendimento sobre sua dinamica, evolugao e dispersao
viral sdo papeis fundamentais para adogdo de estratégias de contengdo da pandemia®®.
Desse modo, este projeto visou avaliar dindmica de variantes de SARS-CoV-2 no Brasil e seu
impacto nas taxas de transmissao e severidade dos casos de COVID-19.

Diversas abordagens para o rastreamento de SARS-CoV-2 foram empregadas por toda
a comunidade cientifica ao longo da pandemia de COVID-19. O sequenciamento do genoma
completo por NGS permitiu a rapida identificacdo de SARS-CoV-2, o estabelecimento das
mutacbes definidoras, além de contribuir para estudos robustos de filogenia e
filogeografia®®’. O conhecimento acerca das mutagdes definidoras de cada variante, permitiu
o rapido desenvolvimento de testes de RT-qPCR que possui inumeras vantagens como alta
sensibilidade e especificidade, técnica menos laboriosa e baixo custo comparado a outras
metodologias®*®®. Neste presente projeto, um conjunto de mutagbes definidoras foram
selecionadas pela tecnologia de sondas TagMan para a identificagéo das variantes circulantes
no Brasil no periodo avaliado (abril/2021 a margo/2023), o que permitiu o rastreio de possiveis
variantes ainda nao descritas, confirmadas por NGS.

Segundo nossos dados, foi possivel a identificagdo de duas ondas de infecgao por
COVID-19, que de acordo com os dados epidemiolégicos, coincidiram com a segunda e
terceira onda no primeiro trimestre de 2021 e dezembro/2022, respectivamente®'. A variante
Gama, foi reportada pela primeira vez no estado do Amazonas em final de novembro de 2020
e se espalhou por todo o Brasil em um curto intervalo de tempo, trazendo grandes impactos
a saude publica e caracterizando a segunda onda de infecgbes®. Sua rapida disseminagao
pode se explicar pelo fato de que esta variante apresenta um conjunto de 17 mutag¢des sendo
que, trés delas presentes na proteina S (K417T, E484K e N501Y) estdo associadas ao
aumento da ligagdo ao receptor humano ACE27°. Verificamos em nosso estudo que essa
variante foi prevalente no Brasil até meados de julho de 2021. Em paralelo, identificamos a
introducdo da variante Delta no Brasil, que foi primeiramente detectada na india em outubro

de 2020, anteriormente a primeira descri¢ao da variante Gama. Esta, por ser uma variante de
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origem brasileira, se disseminou em territério nacional mais rapidamente. Alguns estudos
indicaram que a transmissdo comunitaria da VOC Delta ocorreu no Rio de Janeiro e
possivelmente tenha comegado em junho, corroborando com os resultados encontrados em
nosso estudo onde mostramos a importancia da regido sudeste nos casos de importacéo nos
demais estados brasileiros’"’?2. Observamos também que a VOC Delta atingiu uma
predominancia acima de 90% em setembro de 2021 em diversas capitais do Brasil como Rio
de Janeiro, Sao Paulo, Belo Horizonte, Belém e Porto Alegre.

Nossos resultados mostraram a ocorréncia das variantes Alfa (B.1.1.7) e Zeta (P.2) em
menor frequéncia no periodo de abril a julho de 2021. A variante Alfa foi identificada
primeiramente no Reino Unido em dezembro de 2020. Essa variante possui um conjunto de
17 mutacdes, das quais oito encontram-se na proteina S, que medeia a ligagao e a entrada
do SARS-CoV-2 nas células humanas’ 4. Ainda assim, essa variante teve sua introdugédo no
Brasil, mas nao se fixou em territério nacional, com taxas de infecao inferiores a 10% entre os
pacientes positivos para COVID-197°. A introducéo e disseminagdo da VOC Gama no Brasil
ocorreu logo em seguida a introdugédo da VOC Alfa. A competicao entre variantes pelo nicho
de individuos propensos € esperada, sugerindo uma desvantagem de aptiddo viral. Caso
similar ocorreu na india, onde a VOC Alfa foi dominante até o surgimento da variante Kappa’®.
Outros fatores podem explicar o ndo estabelecimento da VOC Alfa no Brasil como o
background genético brasileiro e sua suscetibilidade a infecgdo pelo SARS-CoV-2. Grande
parte dos casos de Alfa evidenciados neste trabalho foram encontrados em regides com alta
taxa de migragéo entre brasileiros oriundos dos Estados Unidos. A linhagem Zeta foi
identificada pela primeira vez no Rio de Janeiro, em outubro de 202077, embora Lamarca e
colaboradores, 2021 estimaram que sua origem tenha sido em fevereiro de 202078. Nossas
analises filogenéticas, realizadas em um grupo de amostras, confirmaram as classificagdes
realizadas por genotipagem por RT-gPCR, além da identificagdo da nova linhagem P.4
oriunda do estado de Sao Paulo e identificada agora na cidade de Aracaju (Sergipe)
mostrando a sua disseminagao. Apesar disso, ela nao se espalhou no Brasil ficando restrita
nos estados de Minas Gerais, Rio de Janeiro e Sdo Paulo®*.

No cenario da pandemia, o numero de casos de infecgcdes por COVID-19 reduziu
significativamente a medida em que interveng¢des nao farmacoldgicas e farmacoldgicas tais
como o distanciamento social, o uso de mascaras e a implementacgao de vacinas foram melhor
estabelecidas’®®. Entretanto, no final de 2021, eventos de campanhas, como passeatas e
carreatas, festas de final de ano e a reducao/desleixo no uso de NPIs favoreceram a
manuteng&o do crescimento exponencial de casos positivos em 2020/20215'. Em novembro
deste ano, o mundo se deparou com a emergéncia de mais uma variante, a variante Omicron.
Esta variante foi primeiramente reportada na Africa do Sul, mas também em diversos outros

paises, e causou grande preocupacgdo as autoridades publicas diante do conjunto de
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mutagdes que ela carrega consigo®'®2. Os eventos de superdispersdo viral como os citados
acima ocorreram na mesma época de emergéncia da VOC Omicron e contribuiu para sua
disseminacdo em todo o mundo. Estes eventos estao associados a emergéncia de novas
variantes e aumento das taxas de transmissa08%8.

Dentre as mais de 50 mutacdes presentes na variante Omicron, 36 delas encontram-se
na proteina S, sendo a delegao do aminoacido 69/70 responsavel pela falha de detecgao do
gene S (SGTF) no kit de diagndstico utilizado neste trabalho®. A 69del ocorre na regido exata
da proteina S avaliada pelo kit TagPath COVID-19 CE-IVD RT-PCR (Thermo Fisher).
Salienta-se que a falha de amplificagao causada pela dele¢ao nao inviabiliza o diagndstico de
COVID-19 visto que o kit detecta mais duas outras regides genémicas do SARS-CoV-2 (N e
ORF1ab). Utilizando este critério, amostras com SGTF puderam ser, portanto, utilizadas como
marcador da variante Omicron®. Essa e outras mutagbes também presentes estdo
relacionadas com uma maior infectividade, maior capacidade de evadir o sistema imune e
outros?®2,

De acordo com os resultados deste estudo, enquanto que a VOC Delta se tornou
predominante em dezesseis semanas, nossos resultados indicaram que com apenas trés
semanas a VOC Omicron, descrita no Brasil no final de novembro de 2021%7, se tornou
predominante em todas as capitais avaliadas, sugerindo uma maior transmissibilidade. Esses
dados corroboraram com os resultados encontrados em outros estudos®’:%8, A emergéncia da
VOC Omicron no Brasil foi acompanhada por uma nova mudanca no cenario epidemioldgico,
caracterizado pela terceira onda de infecgdes por COVID-19%", e essa ampla transmissdo em
todo o0 mundo causou o subsequente aumento esperado da diversidade viral de SARS-CoV-
28, Esses dados foram demonstrados também em nosso trabalho, pelas nossas analises
filogenéticas que demonstraram a presenca das sublinhagens Omicron BA.1 em maior
proporgéo, seguido da Omicron BA.2. Esses dados corroboram com o surgimento de
variantes notificadas no Brasil € no mundo, no periodo avaliado®’.

As evidéncias de que a variante Delta € mais transmissivel que a variante Gama, assim
como a variante Omicron possui uma maior infectividade comparado a todas as outras
variantes esta bem documentado®. A transmissibilidade viral aumentada foi relacionada a
carga viral mais alta no trato respiratorio superior, conforme descrito anteriormente para as
VOCs Alfa e Delta®"2. Diante do aumento exponencial no nimero de casos causados pela
VOC Omicron e sua substituicdo & VOC Delta em um tempo menor do que outras transigdes
anteriores, houve indicios de que esta variante seria também mais transmissivel?®%. Esse
fendmeno pode estar associado a uma alta carga viral em pacientes infectados com a VOC
Omicron. Assim, para avaliar estas hipéteses e verificar as diferencas no potencial de
transmissibilidade entre as variantes Gama, Delta e Omicron, avaliamos a dinadmica das

cargas virais medidas a partir dos valores de Ct obtidos por RT-qPCR.
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A partir dos dados de carga viral obtidos pelos valores de Ct de 61.815 pacientes com
resultados positivos de RT-gPCR para SARS-CoV-2, nossos resultados confirmam a hipétese
de que a VOC Delta é mais transmissivel do que a VOC Gama e sugere que essa vantagem
provavelmente se deve a um aumento da carga viral no trato respiratorio superior, conforme
descrito em outros estudos. Este fato pode ser observado através da comparacao dos dados
encontrados neste estudo por regressao linear nos periodos dominados pelas diferentes
VOCs em nivel nacional, o que indicou uma associag¢ao entre aumento da frequéncia de VOC
Delta e quedas nos valores de Ct (valores médios de Ct para o periodo de dominancia Gama:
17,12 (N), 16,96 (ORF1ab) e 17,23 (S); valores médios de Ct para o periodo de dominancia
Delta: 16,80 (N), 16,61 (ORF1ab) e 16,53 (S)). A vista que a VOC Delta era mais transmissivel,
esperava-se que ela se tornasse predominante em um curto intervalo de tempo®. No entanto,
isso nao foi o observado. Uma hipotese poderia estar relacionada ao avango da campanha
de vacinagao®. No Brasil, quando surgiu a VOC Gama, a campanha de vacinagdo ainda nao
havia iniciado. Em setembro de 2021, quando VOC Delta se tornou prevalente,
aproximadamente 71% da populagao foi vacinada com pelo menos a primeira dose, enquanto
apenas 43% foram totalmente vacinados®. Estudos indicam que a vacinagdo em larga escala
diminui efetivamente a circulag&o do virus e, consequentemente, diminui o niimero de casos®’.
Assim, embora houvesse uma variante mais transmissivel em circulagdo no més de setembro,
o0 aumento de casos néo foi observado, refor¢gando o efeito protetor das vacinas na populagao.

Em contraste, a modelagem de regressao linear realizado em 77.262 pacientes com
resultados positivos de RT-gPCR para SARS-CoV-2, mostrou um valor de Ct mais alto para
pacientes infectados por Omicron em comparacdo com pacientes infectados pela variante
Delta (valores médios de Ct para o periodo de dominancia Omicron: 18,94 (N) e 19,07
(ORF1ab); valores médios de Ct para o periodo de dominéncia Delta: 17,51 (N) e 17,40
(ORF1ab)), indicando uma correlagéo significativa entre aumento da frequéncia de VOC
Omicron e diminuigao da carga viral. Esses resultados s&o consistentes com estudos recentes
sugerindo que o aumento da transmissibilidade da VOC Omicron no se deve a uma alta
carga viral no trato respiratério superior®®'%°. Provavelmente esta relacionado a outros
mecanismos além da maior excrec¢ao viral, como aumento da afinidade ao receptor de células
humanas e consequentemente sua maior afinidade pelo parénquima pulmonar ao invés do
trato respiratério superior, e diminuicdo da sensibilidade a imunidade devido as muitas
mutagdes da proteina S'°1%2, As taxas de transmiss&o sdo também calculadas pelos valores
de RO (numero basico de reprodugao) e Rt (numero de reprodugao especifico). No entanto,
nosso conjunto de dados suportam os resultados encontrados por valores de Ct. Ainda assim,
estas analises podem ser influenciadas pelo dia de coleta em relagdo a viremia e pela

qualidade de coleta.
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A patogénese de SARS-CoV-2 oferece insights sobre sintomatologia, transmissao e
suscetibilidade individual'®. Clinicamente, a infecgdo por COVID-19 possui gravidade clinica
variada, sendo dividida em doenca leve, moderada, grave e critica. Essas divisdes variam de
acordo com a presenga do comprometimento pulmonar, o grau deste comprometimento e a
necessidade de ventilagdo mecénica ou sinais de choque séptico'®%. Alguns trabalhos
relataram uma maior viruléncia da VOC Delta comparado a VOC Gama®°. Por outro lado,
estudos relataram que a VOC Omicron tem uma menor viruléncia quando comparado com a
VOC Delta'® %7 Para avaliar essa hipdtese, em nossa meta-analise da sintomatologia,
avaliamos os registros de pacientes hospitalizados obtidos do banco de dados SRAG em
periodos dominados por VOCs Gama ou Delta (9.814 registros) e também em periodos
dominados pelas VOCs Delta ou Omicron (17.586 registros).

Os resultados encontrados indicaram redugao de sintomas como fadiga e saturacao de
oxigénio em pacientes possivelmente infectados com a variante Delta e menos exames
alterados na tomografia computadorizada (TC) e no raio-X. Resultados semelhantes foram
encontrados em um estudo que considerou as alteragdes na TC de térax de criangas mais
leves em pacientes infectados com a VOC Delta do que com a cepa original'®. No entanto,
nossos dados sugeriram também um aumento na internacdo em UTI no grupo Delta em
comparagdo ao grupo Gama. A COVID-19 pode ser classificada como um disturbio
multissistémico e ndo apenas uma doenga respiratoria, portanto o aumento de internagbes
em UTI pode ser justificado por outras complicacdes sistémicas que ndo sido avaliadas em
nosso banco de dados. Confirmando nossa hipétese, os dados mostraram que a VOC
Omicron tinha gravidade menor ou igual a VOC Delta. Este resultado esta em concordancia
com os dados de estudos anteriores que também descreveram diminuigdo de casos graves
por infeccdo da VOC Omicron'®®'° A campanha de vacinagdo no Brasil teve grande
contribuicdo na reducdo dos casos graves e severos. Portanto, mesmo com o grande aumento
no nimero de casos pela Omicron néo foi observado o aumento no nimero de casos graves.
Destaca-se que uma das maiores limitacbes do banco de dados utilizado foi a
indisponibilidade de dados de pacientes internados, no periodo de predominancia da variante
Delta, a medida que o programa de vacinagao avangava, mas principalmente no periodo de
predominancia da variante Omicron.

Um grande desafio deste trabalho foi a dificuldade de coletar amostras de todas as
capitais brasileiras dentro dos critérios de elegibilidade. Essas barreiras sdo comumente
enfrentadas por iniciativas que se propdem a realizar vigilancia epidemiolégica em um pais
de proporgdes continentais. Os valores de positividade encontrados entre as regides foram
maiores no Sudeste. Diante da localizagdo de nosso grupo de pesquisa (Minas Gerais), temos
um viés do tamanho amostral por estar mais concentrado nesta regido. Estes valores foram

maiores que a média nacional pois esse ndo € um estudo de base populacional, mas sim de
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pessoas sintomaticas visto que as amostras sdo provenientes de um laboratério de
diagnéstico. Destaca-se que estudos populacionais envolvendo individuos sintomaticos e
assintomaticos devem ser estimulados para o calculo das taxas de incidéncia reais. Ainda
assim, nosso estudo tentou englobar as cinco macrorregides brasileiras, para uma visio
nacional abrangente do cenario epidemioldgico. Programas de vigilancia genémica devem ser
continuamente realizados principalmente em épocas de diminui¢do de casos para avaliar as
variantes que porventura possam emergir com possiveis mutacdes de resisténcia. Esses
trabalhos sdo de extrema importancia e guiaram, por exemplo, o estabelecimento de novas

geragbes de vacinas.
8. CONCLUSAO

No presente estudo, demonstramos a dindmica das variantes de SARS-CoV-2
circulantes no Brasil e seu periodo de transi¢ao. A variante Gama, responsavel pela segunda
onda de infecgdes, foi prevalente no Brasil até meados de julho de 2021 até ser substituida
pela variante Delta. Por sua vez, a variante Delta no qual evidenciou ser mais transmissivel e
virulenta, levou aproximadamente dezesseis semanas para se tornar prevalente no territério
nacional. Com a emergéncia da variante Omicron, impulsionada pela incorporagéo de novas
mutacdes e acompanhada pelo aumento exponencial no nimero de casos, o Brasil enfrentou
a terceira onda de infecgbes por COVID-19. Demonstramos ainda padrdes relacionados a
transmissibilidade e sintomatologia das principais variantes circulantes no Brasil, no periodo
avaliado. Desse modo, nosso estudo destaca a importancia do monitoramento continuo das
variantes de SARS-CoV-2, bem como seus processos de evolugdo dinamica que podem
favorecer o surgimento de novas variantes e a sua disseminagao na populagao. Esses dados
sdo papeis fundamentais para impulsionar respostas de saude publica, rastrear variantes
emergentes e assim auxiliar no combate a pandemia. Este trabalho, realizado em colaboragao
com o Laboratério de Biologia Integrativa da UFMG e Grupo Pardini, reforga a importancia
das colaboragbes entre o setor publico e privado na geragao de conhecimento para a adogao
de estratégias de enfrentamento da COVID-19 em nosso pais e programas de vigilancia
gendmica viral. Os resultados foram compilados em um artigo publicado e um segundo
submetido narevista Viruses: “Delta Variant of SARS-CoV-2 Replacement in Brazil: A National
Epidemiologic Surveillance Program” e “Epidemiological surveillance reveals the rise and

establishment of the Omicron SARS-CoV-2 variant in Brazil’, respectivamente.
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Evolution and epidemic spread of SARS-CoV-2 in Brazil

Darlan S. Candido'?", Ingra M. Claro™**, Jaqueline G. de Jesus®>*, William M. Souza®",

Filipe R. R. Moreira®, Simon Dellicour®*, Thomas A. Mellan®*, Louis du Plessis’,

Rafael H. M. Pereira®, Flavia C. S. Sales®*, Erika R. Manuli®, Julien Thézé&'®, Luiz Almeida®,
Mariane T. Menezes®, Carolina M. Voloch®, Marcilio J. Fumagalli*, Thais M. Coletti®®,

Camila A. M. da Silva®®, Mariana S. Ramundo®®, Mariene R. Amorim®, Henrique H. Hoeltgebaum®,
Swapnil Mishra®, Mandev S. Gill’, Luiz M. Carvalho'*, Lewis F. Buss?, Carlos A. Prete Jr.1®,

Jordan Ashworth'®, Helder I. Nakaya™, Pedro S. Peixoto™®, Oliver J. Brady'®2°, Samuel M. Nicholls™,
Amilcar Tanuri®, Atila D. Rossi®, Carlos K.V. Braga®, Alexandra L. Gerber", Ana Paula de C. Guimardes",
Nelson Gaburo Jr.%Z, Cecila Salete Alencar’®, Alessandro C. S. Ferreira®, Cristiano X. Lima?°,

José Eduardo LeviZ’, Celso Granato®®, Giulia M. Ferreira?’, Ronalda S. Francisco Jrl,

Fabiana Granja'>*°, Marcia T. Garcia™, Maria Luiza Moretti*, Mauricio W. Perroud Jr.32,

Terezinha M. P. P. Castifieiras™, Carolina S. Lazari*®, Sarah C. Hill*®, Andreza Aruska de Souza Santos™,
Camila L. Simeoni'2, Julia Forato™, Andrei C. Sposito™, Angelica Z. Schreiber®®, Magnun N. N. Santos™,
Camila Zolini de S4%°, Renan P. Souza®, Luciana C. Resende-Moreira®’, Mauro M. Teixeira®, Josy Hubner*2,
Patricia A. F. Leme™, Rennan G. Moreira®, Mauricio L. Nogueira®, Brazi-UK Centre for Arbovirus Discovery,
Diagnosis, Genomics and Epidemiology (CADDE) Genomic Network, Neil M. Ferguson®,

Silvia F. Costa®?, José Luiz Proenca-Modena'?, Ana Tereza R. Vasconcelos™, Samir Bhatt?,

Philippe Lemey’, Chieh-Hsi Wu®®, Andrew Rambaut®’, Nick J. Loman?, Renato S. Aguiar®®,

Oliver G. Pybus’, Ester C. Sabino®*+, Nuno Rodrigues Faria>®+

Brazil currently has one of the fastest-growing severe acute respiratory syndrome coronavirus 2
{SARS-CoV-2) epidemics in the world. Because of limited available data, assessments of the
impact of nonpharmaceutical interventions (NPIs) on this virus spread remain challenging. Using a
mobility-driven transmission model, we show that NPIs reduced the reproduction number from >3 to
1to 1.6 in Sdo Paulo and Rio de Janeiro. Sequencing of 427 new genomes and analysis of a
geographically representative genomic dataset identified =100 international virus introductions in
Brazil. We estimate that most (76%) of the Brazilian strains fell in three clades that were introduced
from Europe between 22 February and 11 March 2020. During the early epidemic phase, we found
that SARS-CoV-2 spread mostly locally and within state borders. After this period, despite sharp
decreases in air travel, we estimated multiple exportations from large urban centers that coincided
with a 25% increase in average traveled distances in national flights. This study sheds new light on

the epidemic transmission and evolutionary trajectories of SARS-CoV-2 lineages in Brazil and
provides evidence that current interventions remain insufficient to keep virus transmission under

control in this country.

evere acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) is a novel beta-

coronavirus with a 30-kb genome that

was first reported in December 2019

in Wuhan, China (I, 2). SARS-CoV-2
was declared a public health emergency of
international coneern on 30 January 2020.
As of 12 July 2020, there were =12.5 million
cases of coronavirus disease 2019 (COVID-
19) and 561,000 deaths globally (3). The virus
can be classified into two main phyloge-
netic lineages, A and B, which spread from
Wuhan before strict travel restrictions were
enacted (#, 5) and now cocirculate around
the world (). The case fatality ratio of SARS-
CoV-2 infection has been estimated at be-
tween 1.2 and 1.6% (7-9), with substantially
higher ratios in those =60 years of age (8).
Some estimates suggest that 18 to 56% of
SARS-CoV-2 transmission is from asymp-
tomatic or presymptomatic individuals
(I0-13), complicating epidemiological assess-
ments and public health efforts to curb the
pandemic.

Candido et al, Science 369, 1255-1260 (2020)

Challenges of real-time assessment

of transmission

Although the SARS-CoV-2 epidemics in several
countries, including China, Italy, and Spain,
have been brought under control through non-
pharmaceutical interventions (NPIs) (3), the
number of SARS-CoV-2 cases and deaths in
Brazil continues to increase (14) (Fig. 14). As of
12 July 2020, Brazil had reported 1,800,827
SARS-CoV-2 cases, the second-largest num-
ber in the world, and 70,398 deaths. More
than one-third of the cases (34%) in Brazil
are concentrated in the southeast region,
which includes Sao Paulo city (Fig. 1B), the
world's fourth-largest conurbation, where the
first case in Latin America was reported on
25 February 2020 (15). Diagnostic assays for
SARS-CoV-2 molecular detection were widely
distributed across the regional reference cen-
ters of the national public health laboratory
network from 21 February 2020 on (16, 17).
However, several factors, including delays in
reporting, changes in notification, and heter-
ogeneous access to testing across populations,

4 September 2020

obfuscate the real-time assessment of virus
transmission using SARS-CoV-2 case counts
(15). Consequently, a more accurate measure
of SARS-CoV-2 transmission in Brazil is the
number of reported deaths caused by severe
acute respiratory infections (SARIs), which
is provided by the Sistema Unico de Satde
(SUS) (I8). Changes in the opportunity for
SARS-CoV-2 transmission are strongly asso-
ciated with changes in average mobility (18—-20)
and can typically be measured by calculating
the effective reproduction number, K, defined
as the average number of secondary infections
caused by an infected person. R > 1indicates a
growing epidemic, whereas R < 1is needed to
achieve a decrease in transmission.

We used a Bayesian semimechanistic model
(21, 22) to analyze SARI mortality statistics
and human mobility data to estimate daily
changes in & in Sao Paulo city (12.2 million
inhabitants) and Rio de Janeiro city (6.7 mil-
lion inhabitants), the largest urban metro-
poles in Brazil (Fig. 1, C and D). NPIs in Brazil
consisted of school closures implemented be-
tween 12 and 23 March 2020 across the
country’s 27 federal units/states and store
closures implemented between 13 and 23 March
2020. In S50 Paulo city, schools started closing
on 16 March 2020 and stores closed 4 days later.
At the start of the epidemics, we found R > 3in
Sao Paulo and Rio de Janeiro and, concurrent
with the timing of state-mandated NPIs, R
values fell close to 1.

Mobility-driven changes in R

Analysis of R values after NPI implementation
highlights several notable mobility-driven fea-
tures. There was a period immediately after
NPIs, between 21 and 31 March 2020, when
R was consistently <1 in Sao Paulo city (Fig.
1C). However, after this initial decrease, the R
value for Sdo Paulo rose to >1 and increased
through time, a trend associated with increased
population mobility. This can be seen in the
Google transit stations index, which rose from
-60 to -52%, and by a decrease in the social
isolation index from 54 to 47%. By 4 May 2020,
we estimate R = 13 [95% Bayesian credible
interval (BCI): 1.0 to L&] in both Sao Paulo and
Rio de Janeiro cities (table $1). However, we
note that there were instances in the previous
7 days when the 95% credible intervals for R
included values <1, drawing attention to the
fluctuations and uncertainty in the estimated
R for both cities.

Early sharing of genomic sequences, includ-
ing the first SARS-CoV-2 genome, Wuhan-
Hu-1, released on 10 January (23), has enabled
unprecedented global levels of molecular test-
ing for an emerging virus (24, 25). However,
despite the thousands of virus genomes de-
posited on public access databases, there is a
lack of consistent sampling structure and there
are limited data from Brazil (26-28), which
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1. Introduction

The emergence of diverse lineages harboring mutations with functional significance
and potentially enhanced transmissibility imposes an increased difficulty on the contain-
ment of the SARS-CoV-2 pandemic [1-6]. In Brazil, six such lineages cocirculate, one
originally from the UK (B.1.1.7) [1], one original from South Africa (B.1.351) [2], and
four that emerged within different regions of the country, P.1 (Manaus) [3], P.2 (Rio de
Janeiro) [4], N.9 (Sao Paulo) [5], and N.10 (Maranhao) [6]. While reports on the spread
of some of these lineages to other Brazilian regions exist, e.g., [7], a single report on two
cases of lineage B.1.1.7 in Sdo Paulo has been published [8], and the extent of its geographic
spread is currently unknown. Therefore, we conducted a genomic epidemiology study
focused on characterizing the dissemination of this lineage in a national context.

2. Materials and Methods

Samples were obtained from the Hermes Pardini Institute (HP), a large Brazilian
diagnostic company that performs on average 240,000 COVID-19 tests per month across all
Brazilian states. Among other mutations, B.1.1.7 carries the Spike 69,/70 deletion leading to
the S gene target failure (SGTF) [9] reported in the Thermo Fisher’s COVID-19 assay, used
by HP since May 2020. Thus, we retrospectively filtered our dataset for positive samples
presenting N gene amplification (Cycle threshold < 30) and SGTE. Among 294,560 samples
screened between October 2020 and January 2021, we obtained 25 that met our criteria,
collected between 4 January and 24 January 2021 in 8 out of 27 states scattered across
four out of the five Brazilian geopolitical regions: northeast (Bahia, Sergipe), central-west
(Mato Grosso), southeast (Espirito Santo, Minas Gerais, Rio de Janeiro, and Sao Paulo)
and south (Parand). Amplified fragments spanning the whole genome of SARS-CoV-2

Viruses 2021, 13, 984. https:/ /doi.org/10.3390/v13060984
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Cases of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in Manaus, Brazil,
resurged in late 2020 despite previously high levels of infection. Genome sequencing of viruses sampled
in Manaus between November 2020 and January 2021 revealed the emergence and circulation of a
novel SARS-CoV-2 variant of concern. Lineage P.1 acquired 17 mutations, including a trio in the

spike protein (K417T, E484K, and N501Y) associated with increased binding to the human ACE2
(angiotensin-converting enzyme 2) receptor. Molecular clock analysis shows that P.1 emergence
occurred around mid-November 2020 and was preceded by a period of faster molecular evolution. Using
a two-category dynamical model that integrates genomic and mortality data, we estimate that P.1
may be 17- to 2.4-fold more transmissible and that previous (non-P.1) infection provides 54 to 79% of
the protection against infection with P.1 that it provides against non-P.1 lineages. Enhanced global
genomic surveillance of variants of concern, which may exhibit increased transmissibility and/or immune
evasion, is critical to accelerate pandemic responsiveness.

razil has experienced high mortality | surveillance of blood donors in Manaus, the
during the COVID-19 pandemie, record- | capital city of Amazonas and the largest city
ing 300,000 deaths and =13 million | in the Amazon region, has suggested >67%
reported cases, as of March 2021. Severe | cumulative attack rates by October 2020 (2).

acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection and disease burden
have been highly variable across the country,
with the state of Amazonas in north Brazil
being the worst-affected region (I). Serological

Similar but slightly lower seroprevalences have
also been reported for cities in neighboring
regions (3, 4). However, the level of previous
infection in Manaus was clearly not sufficient
to prevent a rapid resurgence in SARS-CoV-2

transmission and mortality there during late
2020 and early 2021 (5), which has placed sub-
stantial pressure on the city’s health care system.

Here, we show that the second wave of in-
fection in Manaus was associated with the
emergence and rapid spread of a new SARS-
CoV-2 lineage of concern, named lineage P.1.
The lineage carries a distinctive constellation
of mutations (table S1), including several that
have been previously determined to be of vi-
rological importance (6-10) and that are lo-
cated in the spike protein receptor binding
domain (RBD), the region of the virus involved
in recognition of the angiotensin-converting
enzyme-2 (ACE2) cell surface receptor (11). Using
genomic data, structure-based mapping of mu-
tations of interest onto the spike protein, and
dynamical epidemiology modeling of genomic
and mortality data, we investigated the emer-
gence of the P lineage and explored epi-
demiological explanations for the resurgence
of COVID-19 in Manaus.

Identification and nomenclature of the P1
lineage in Manaus

In late 2020, two SARS-CoV-2 lineages of con-
cern were discovered through genomic sur-
veillance, both characterized by sets of notable
mutations: lineage B.1.351, first reported in
South Africa (12), and lineage B.1.1.7, detected
in the UK (13). Both variants have transmitted
rapidly in the countries where they were dis-
covered and spread to other regions (14, I5).
Analyszes indicate that B.1.1.7 has higher
transmissibility and causes more severe illness
as compared with those of previously circu-
lating lineages in the UK (1, 16, 17).

After a rapid increase in hospitalizations
in Manaus caused by severe acute respiratory
infection (SARI) in December 2020 (Fig. 14),
we focused ongoing SARS-CoV-2 genomic
surveillance (2, 18-22) on recently collected
samples from the city (supplementary mate-
rials, materials and methods, and table 52).
Before this, only seven SARS-CoV-2 genome
sequences from Amazonas were publicly avail-
able (SARS-CoV-2 was first detected in Manaus

'MRC Centre for Global Infectious Disease Analysis, School of Public Health, Imperial Callege London, London, UK. “The Abdul Latif Jamee! Institute for Disease and Emergency Analytics (JHDEA),
School of Public Heath, Imperial College London, London, UK. Ainstituto de Medicina Tropical, Faculdade de Medicina da Universidade de S&0 Paulo, S4o Paulo, Brazil. “Department of Zoology, University
of Oidord, Oxford, UK. :'Departamentn de Moléstias Infecciosas e Parasitinias, Faculdade de Medicing da Universidade de S4o Paulo, Sso\Paqu, Brazil. L'FL.Mag:an Hospitalar de Hematologia &
Hemoterapia, Manaus, Brazil. ‘Diretoria de Ensing e Pesquisa. Fundagio Hospitalar de Hematologia e Hemoterapia, Manaus, Brazil, SInstitute of Evolutionary Biology, University of Edinburgh,
Edinburgh, UK. “Division of Structural Biology, Wellcome Centre for Human Genetics, University of Oxford, Oxford, UK. “Departamento de Epidemiologia, Faculdade de Satide Piblica da
Universidade de S0 Paulo, Sao Paulo, Brazil. ““Laboratdrio de Virologia, Institute de Ciéncias Biomédicas, Universidade Federal de Uberldndia, Uberléndia. Brazil. “Institute for Applied Economic
Research—-Ipea. Brasilia, Brazil. nstitute of Mathematics and Statistics, University of S4o Paulo, S4o Paulo, Brazil. D8 Diagnésticos do Brasil, S40 Paulo, Brazil. “Department of Mathematics,
Imperial College London, London, UK. *Virology Research Centre, Ribeir&o Preto Medical School, University of S40 Paulo, Ribeirio Preto, SP, Brazil. YLaboratory of Quantitative Pathalogy,
Center of Pathology, Adoffo Lutz Institute, S0 Paule, Brazil. “Intituto Hermes Pardini, Belo Horizonte, Brazil. ““Nuffield Department of Clinical Neuresciences, University of Oxford, Oxford, UK.
2001 Laboratiric Santos & Vidal, Manaus, Brazil. Departamento de Genética, Ecologia e Evolugao, Instituto de Ciéncias Biologicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil.
“| ahoratory of Emerging Viruses, Department of Genetics, Evolution. Microbiclogy, and Immunalogy, Institute of Biology, University of Campinas (UNICAMP), S0 Paulo, Brazil. Pinstituto
Macional de Pesquisas da Amazénia, Manaus, Brazil. ““Department of Epidemiclogy, Harvard T. H. Chan School of Public Health, Boston, MA, USA, “*Center for Communicable Disease Dynamics,
Harvard T. H. Chan School of Public Health, Boston, M#, USA. ““Departamento de Engenharia de Sistemas Eletrnicos. Escola Politécnica da Universidade de S40 Paulo, S0 Paulo, Brazil.
“Department of Biomathematics, Department of Biostatistics, and Department of Human Genetics, University of Califomia, Los Angeles, CA, USA. *Institute for Genomics and Evolutionary
Medicine, Temple University, Philadelphia, PA. USA. ““Mathematical Sciences, University of Southampton. Southampton, UK. nstitute for Microbiclogy and Infection, University of Birmingham,
Birmingham, UK. JlDer:aartrmant of Micrabiology, Immunology and Transplantation, Rega Institute, KU Leuven, Lewven, Belgium. “Diretoria Clinica, Fundagio Hespitalar de Hematologia & Hemoterapia do
Amazonas, Manaus. Brazil. **Diretoria da Presidéncia, Fundagio Hospitalar de Hematologia & Hemoterapia do Amazenas, Manaus, Brazil. “*Department of Pathobiclogy and Population Sciences, The
Royal Veterinary College, London, UK. *“Section of Epidemiology, Department of Fublic Health, University of Copenhagen, Copenhagen, Denmark.

1These authars contributed equally to this work. $Thasa authors contributed equally to this work.

*Corresponding author. Email: n.faria@imperial.ac.uk (N.R.F.); samirbhatt@sund.ku.dk (5.8.); sabinoec@usp.br (E.5.C.)

Faria et al, Science 372, B15-821 (2021) 21 May 2021 1of 7

86



viruses

Article

Monitoring the Establishment of VOC Gamma in Minas Gerais,
Brazil: A Retrospective Epidemiological and Genomic
Surveillance Study

Hugo José Alves 1't, Joao Locke Ferreira de Araijo 1-¥(", Paula Luize Camargos Fonseca 11

Filipe Romero Rebello Moreira 2, Diego Menezes Bonfim 1, Daniel Costa Queiroz 1", Lucyene Miguita 3,
Rafael Marques de Souza ¥, Victor Emmanuel Viana Geddes !, Walyson Coelho Costa 11,

Jaqueline Silva de Oliveira %, Eva Lidia Arcoverde Medeiros *, Carolina Senra Alves de Souza °,
Juliana Wilke Saliba 3, André Luiz Menezes 507, Eneida Santos de Oliveira 8, Talita Emile Ribeiro Adelino 7,
Natalia Rocha Guimaraes 7, Adriana Aparecida Ribeiro 7, Rennan Garcias Moreira %, Danielle Alves Gomes Zauli ?,
Joice do Prado Silva *", Frederico Scott Varella Malta *", Alessandro Clayton de Souza Ferreira !,

Ana Valesca Fernandes Gilson Silva 1°, Poliane Alfenas-Zerbini !, Flavia Oliveira de Souza 1107,

Adriano de Paula Sabino 120", Laura do Amaral Xavier 12, Natilia Virtude Carobin 12, Alex Fiorini de Carvalho 13,
Karine Lima Lourengo 131, Santuza Maria Ribeiro Teixeira 3, Ana Paula Salles Moura Fernandes 13,

Flavio Guimaraes da Fonseca 1*', Jonatas Santos Abrahao *{°, Felipe Campos de Melo Iani 77,

Rodrigo Aratijo Lima Rodrigues *(", Renan Pedra de Souza !*{" and Renato Santana Aguiar +15*

Laboratério de Biologia Integrativa, Departamento de Genética, Ecologia e Evolugio,

ﬁ’;fﬂ‘{g; Instituto de Ciéncias Biolégicas, Universidade Federal de Minas Gerais, Belo Horizonte 31270-901, Brazil
2 Laboratério de Virologia Molecular, Departamento de Genética, Instituto de Biologia,
Citation: Alves, FL].; de Aratjo, J.L.E; Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-901, Brazil
Fonseca, PL.C.; Moreira, ERR; 3 Departamento de Patologia, Instituto de Ciéncias Biologicas, Universidade Federal de Minas Gerais,
Bonfim, DM.; Queiroz, D.C.; Miguita, Belo Horizonte 31270-901, Brazil
L.; de Souza, RM,; Geddes, VEV; 1 Subsecretaria de Vigilincia em Satide, Secretaria de Estado de Satide de Minas Gerais,
Costa, W.C.; et al. Monitoring the Belo Horizonte 31585-200, Brazil
Establishment of VOC Gamma in z Pan Amfarican I.-h.!a]th Orga!'lization—l'-l’AHO, Brasilia 70:312-9?0, Brazil . .
Minas Gerais, Brazil: A Retrospective Secretaria Municipal de Saide, Prefeitura de Belo Horizonte, Belo Horizonte 30130-040, Brazil
Epidemiological and Genomic 7 Fundacdo Ezequiel Dias, Belo Horizonte 30510-010, Brazil
) ) & Centro de Laboratdrios Multiusudrios, Instituto de Ciéncias Binlogicas,
Surveillance Study. Viruses 2021, 14, Universidade Federal de Minas Gerais, Belo Horizonte 31270-901, Brazil
2747. https./ /doi.org/10.3390/ %  Instituto Hermes Pardini, Belo Horizonte 30140-070, Brazil
V14122747 10 Escola de Saiide Piiblica de Betim, Secretaria Municipal de Satide, Prefeitura de Betim, Betim 32600-412, Brazil
. , . . 1 Laboratério de Virus, Departamento de Microbiologia, Instituto de Biotecnologia Aplicada i Agropecudria,
Academic Editors: Marta Giovanetti Universidade Federal de f.fi,;asa, Vigosa 36570-900, i B 5P
and Luiz Carlos Funior Alcantara 12 Laboratério de Institucional de Pesquisa em Biomarcadores, LINBIO,
Received: 27 October 2022 Departamento de Analises Clinicas e Toxicoldgicas, Faculdade de Farmacia,

Accepted: 28 November 2022 Universidade Federal de Minas Gerais, Belo Horizonte 31270-901, Brazil
; 13 Centro de Tecnologia de Vacinas, Universidade Federal de Minas Gerais, Belo Horizonte 31310-260, Brazil
Published: 9 December 2022 14 1 aboratério de Virus, Departamento de Microbiologia, Instituto de Ciéncias Biolagicas,
Publisher's Note: MDPI stays neutral Universidade Federal de Minas Gerais, Belo Horizonte 31279-901, Brazil
15 Instituto D'Or de Pesquisa e Ensino (IDOR), Rio de Janeiro 22281-100, Brazil
*  Correspondence: renanpedra@gmail.com (R.P.d.S.); santanarnt@gmail .com (R.5.A.)
t These authors contributed equally to this work.

with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Abstract: Since its first identification in Brazil, the variant of concern (VOC) Gamma has been

associated with increased infection and transmission rates, hospitalizations, and deaths. Minas
Copyright: © 2022 by the authars.  Gerais (MG), the second-largest populated Brazilian state with more than 20 million inhabitants,
Licensee MDPI, Basel, Switzerland.  observed a peak of cases and deaths in March—April 2021. We conducted a surveillance study in
This article is an open access article 1240 COVID-19-positive samples from 305 municipalities distributed across MG's 28 Regional Health
distributed under the terms and  [Jnits (RHU) between 1 March to 27 April 2021. The most common variant was the VOC Gamma
conditions of the Creative Commons (71 304y followed by the variant of interest (VOI) zeta (12.4%) and VOC alpha (9.6%). Although

Attribution (CC BY) license (hitps:// -y, o predominance of Gamma was found in most of the RHUs, clusters of Zeta and Alpha variants
creativecommeons.org licenses /by /

100} were observed. One Alpha-clustered RHU has a history of high human mobility from countries with

Viruses 2022, 14, 2747. https:/ /doi.org,/10.3390/v14122747 https:/ /www.mdpi.com//journal / wiruses



Virus Evolution, 2022, 8(2), 1-16

V I RU S DOI: https://doi.org/10.1093/ve/veac064
Advance access publication date; 27 July 2022
EVO LUTI O N ’ Research A};‘ticle

Tracking the turnover of SARS-CoV-2 VOCs Gamma to
Delta in a Brazilian state (Minas Gerais) with a
high-vaccination status

Paula L. C. Fonseca,'* Filipe R. R. Moreira,?*+ Rafael M. de Souza,"* Natalia R. Guimardes,* Nara O. Carvalho,” Talita E. R. Adelino,*
Hugo J. Alves,! Luige B. Alvim,® Darlan S. Candido,”* Helena P. Coelho,” Alana V. B. Costa,* Walyson C. Costa,’ Alex F. de Carvalho,’
Bruna W. E. de Faria,'” Aline B. de Lima,’ Eneida S. de Oliveira,'® Carolina S. A. de Souza,'! Fernanda G. de Souza,' Rillery C. Dias,*
Victor E. V. Geddes,* Igor P. Godinho,” Alessandro L. Gongalves,! Karine L. Lourenco,” Rubens D. M. Magalhies,’ Frederico S.V. Malta,®
Eva L. A. Medeiros,'? Fernanda S. Mendes,” Pedro H. B. de P. Mendes,* Cristiane P. T. B. Mendonca,® Andre L. Menezes,!?

Diego Menezes,' Mariane T. Menezes,” Lucyene Miguita,’* Rennan G. Moreira,'* Renata B. Peixoto,’* Daniel C. Queiroz,*

Adriana A. Ribeiro,* Ana Paula de B. Ribeiro,* Juliana W. Saliba,'* Hugo L. Sato™S Joice do P. Silva® Natiely P. Silva,” Nuno R. Faria,>"#
Santuza M. R. Teixeira,? Flavio G. da Fonseca,” Ana Paula S. M. Fernandes,? Danielle A. G. Zauli,® José Nélio Januario,®

Jaqueline S. de Oliveira,*? Felipe C. de M. lani,*" Renato S. de Aguiar,"**~" and Renan P. de Souza®"'

!Departamento de Genética, Ecologia e Evolugao, Instituto de Ciéncias Biolgicas, Universidade Federal de Minas Gerais, Av. Anténio Carlos, 6627, Pampulha, Belo
Horizonte 31270901, Minas Gerais, Brazil, ?MRC Centre for Global Infectious Disease Analysis, J-IDEA, Imperial College London, Exhibition Rd, South Kensington,
London SW7 2BX, UK, *Departamento de Genética, Instituto de Biologia, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Av. Carlos Chagas Filho 373, Cidade
Universitaria, Rio de Janeiro 21941-502, Rio de Janeiro, Brazil, *Fundacao Ezequiel Dias, Rua Conde Pereira Carneiro 80, Gameleira, Belo Horizonte 30510-010, Minas
Gerais, Brazil, *Nicleo de Agies e Pesquisa em Apoio Diagnastico-Nupad/Faculdade de Medicina/Universidade Federal de Minas Gerais, Belo Horizonte, Minas
Gerais, Av. Prof. Alfredo Balena 189, Centro, Belo Horizonte 30130-100, Minas Gerais, Brazil, *Instituto Hermes Pardini, Av. das Nagbes 2448, Distrito Industrial,
Vespasiano 33201003, Minas Gerais, Erazil, "Department of Zoology, University of Oxford, 11a Mansfield Rd, Oxford OX13SZ, UK, ®*Instituto de Medicina Tropical,
Faculdade de Medicina da Universidade de Sdo Paulo, Av. Dr. Enéas Carvalho de Aguiar 470, Jardim América, Sio Paulo 05403000, Sio Paulo, Brazil, *Centro de
Tecnologia de Vacinas, Universidade Federal de Minas Gerais, Rua Professor José Vieira de Mendonga 770, Engenho Nogueira, Belo Horizonte 31310260, Minas
Gerais, Brazil, **Secretaria Municipal de Satide de Belo Horizonte, Av. Afonso Pena 2336, Funciondrios, Belo Horizonte 30130-040, Minas Gerais, Brazil, *Pan
American Health Organization—PAHO, Av. Das Nagdes SEN, Asa Norte, Brasilia 70312970, Brazil, 1*Subsecretaria de Vigilincia em Saide, Secretaria de Estado de
Saide de Minas Gerais, Rodovia Papa Jodo Paulo 1 4143. Edificio Minas Gerais, Cidade Administrativa, Serra verde, Belo Horizonte 31630900, Minas Gerais, Brazil,
13Depalrtalmem.o de Patologia, Instituto de Ciéncias Biolégicas, Universidade Federal de Minas Gerais, Av. Anténio Carlos, 6627, Pampulha, Belo Horizonte 31270901,
Minas Gerais, Brazil, *Centro de Laboratérios Multiusudrios, Instituto de Ciéncias Biolagicas, Universidade Federal de Minas Gerais, Av. Antdnio Carlos, 6627,
Pampulha, Belo Horizonte 31270901, Minas Gerais, Brazil, *Departamento de Bioquimica e Imunclogia, Instituto de Ciéncias Biologicas, Universidade Federal de
Minas Gerais, Av. Antdnio Carlos, 6627, Pampulha, Belo Horizonte 31270901, Minas Gerais, Brazil and “nstituto D'OR de Pesquisa e Ensino, Rio de Janeiro
22281100, Rio de Janeiro, Brazil

TThese authors share the senior authorship.

#These first authors contributed equally to this article.

Shttps://orcid.org/0000-0001-5180-9983

“https://orcid org/0000-0002-3629-8529

“Corresponding authors: E-mail: santanarnt@grmail com; renanpedra@gmail com

Abstract

The emergence and global dissemination of Severe Acute Respiratory Syndrome virus 2 (SARS-CoV-2) variants of concern (VOCs) have
been described as the main factor driving the Coronavirus Disease 2019 pandemic. In Brazil, the Gamma variant dominated the epi-
demiological scenario during the first period of 2021. Many Brazilian regions detected the Delta variant after its first description and
documented its spread. To monitor the introduction and spread of VOC Delta, we performed Polymerase Chain Reaction (PCR) genotyp-
ing and genome sequencing in ten regional sentinel units from June to October 2021 in the State of Minas Gerais (MG). We documented
the introduction and spread of Delta, comprising 70 per cent of the cases 8 weeks later. Comparing the viral loads of the Gamma and
Delta dominance periods, we provide additional evidence that the latter is more transmissible. The spread and dominance of Delta did
not culminate in the increase in cases and deaths, suggesting that the vaccination may have restrained the epidemic growth. Analysis
of 224 novel Delta genomes revealed that Rio de Janeiro state was the primary source for disseminating this variant in the state of MG.
We present the establishment of Delta, providing evidence of its enhanced transmissibility and showing that this variant shift did not
aggravate the epidemiological scenario in a high immunity setting.

Key words: Genomic surveillance; phylogeny; phylogeography; viral lineages; vaccines.
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W om o m

Abstract: Brazil is one of the nations most affected by Coronavirus disease 2019 (COVID-19). The
introduction and establishment of new virus variants can be related to an increase in cases and
fatalities. The emergence of Omicron, the most modified SARS-CoV-2 variant, caused alarm for
the public health of Brazil. In this study, we examined the effects of the Omicron introduction
in Minas Gerais (MG), the second-most populous state of Brazil. A total of 430 Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) samples from November 2021 to June 2022 from
Belo Horizonte (BH) city were sequenced. These newly sequenced genomes comprise 72% of all
previously available SARS-CoV-2 genomes for the city. Evolutionary analysis of novel viral genomes
reveals that a great diversity of Omicron sublineages have circulated in BH, a pattern in-keeping with
observations across Brazil more generally. Bayesian phylogeographic reconstructions indicate that
this diversity is a product of a large number of international and national importations. As observed
previously, Sdo Paulo state is shown as a significant hub for viral spread throughout the country,
contributing to around 70% of all viral Omicron introductions detected in MG.

Keywords: Omicron; SARS-CoV-2; genomic surveillance; variants of concern; viral evolution

1. Introduction

The emergence and global spread of Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) was the driver of one of the largest global health crises of the century,
accounting for more than 6 million deaths worldwide (https://covid19.who.int/,
accessed on 11 January 2023). Brazil was one of the countries impacted most by the
Coronavirus disease 2019 (COVID-19), with disproportionately high numbers of cases and
deaths (9.5% and 10.4% of the total, respectively, while the country harbors 2.7% of the
global population) [1]. The first case of COVID-19 in the country occurred in late Febru-
ary 2020 in Sao Paulo state [2], later spreading to all other regions of the nation through
multiple virus international introductions [3]. To date, SARS-CoV-2 has caused more than
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