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RESUMO

A tuberculose (TB) é uma das dez principais causas de morte no mundo e até 2020 tem
sido a principal entre aquelas causadas por um Unico agente infeccioso. Apesar de todos 0s
esforcos realizados, a TB permanece como um dos mais importantes desafios de salde
publica em nivel mundial. Estima-se que 10 milhdes de novos casos ocorram anualmente
em todo mundo e aproximadamente 1,4 milh&o de mortes pela doenga causada pelo agente
etiologico Mycobaterium tuberculosis (M. tuberculosis). O sequenciamento do genoma
completo (WGS) se tornou nos altimos anos uma importante ferramenta para estimar a
relagdo genética e clonalidade de diferentes isolados clinicos de M. tuberculosis,
possibilitando a reconstrugdo das cadeias de transmissdo e sua direcionalidade com um
poder de resolucdo ndo atingivel pelos métodos de tipagem classicos, como spoligotyping e
MIRU-VNTR. Simultaneamente, 0 WGS também permite a caracterizacdo completa dos
genes associados a resisténcia as drogas anti-TB. O presente estudo de doutorado avaliou a
diversidade gendmica dos isolados de M. tuberculosis circulantes na Regido Sul do Brasil,
para: (i) identificar os principais genotipos associados a resisténcia as drogas anti-TB; (ii)
estimar a distancia genémica entre isolados para identificar cadeias de transmissdo da
doenga; (iii) elucidar a dindmica de transmissdo de M. tuberculosis e evolugdo da
resisténcia no Sul do Brasil. Na andlise dos resultados em isolados clinicos de M.
tuberculosis provenientes do Rio Grande do Sul e de Santa Catarina, observamos eventos
de transmissdo continua de M. tuberculosis, principalmente entre cepas resistentes a
maltiplas drogas em estabelecimentos prisionais e na comunidade. Tais resultados
sinalizam a necessidade da inclusdo da vigilancia gendmica da TB como estratégia
permanente dos programas de controle da TB na esfera nacional para interromper a

transmissdo de M. tuberculosis na regido.



ABSTRACT

Tuberculosis (TB) is one of the ten leading causes of death in the world and until
2020 it has been the main among those caused by a single infectious agent. Despite all
efforts, TB remains as one of the most important public health challenges worldwide. It is
estimated that 10 million new TB cases are reported annually worldwide and
approximately 1.4 million deaths occur every year from the disease caused by the
etiological agent Mycobaterium tuberculosis (M. tuberculosis). Whole genome sequencing
(WGS) has become in recent years an important tool to estimate the genomic relationship
between M. tuberculosis isolates, allowing the reconstruction of transmission chains and
their directionality between clusters that would otherwise be impossible to discriminate by
classical typing methods such as spoligotyping and MIRU-VNTR. Simultaneously, the
WGS also allows the complete characterization of genes associated with resistance and the
detection of resistance-determining variants. In this work, we evaluated the genomic
diversity of M. tuberculosis isolates circulating in Southern Brazil, to: (i) identify the main
genotypes associated with resistance to anti-TB drugs; (ii) estimate the genomic distance
between isolates to identify disease transmission chains; (iii) to elucidate the dynamics of
M. tuberculosis transmission and evolution of resistance in different regions. The analysis
results from M. tuberculosis strains circulating in Rio Grande do Sul and Santa Catarina in
Southern Brazil, showed several events of resistant M. tuberculosis strains ongoing
transmission, mainly among multidrug resistant strains in prison establishments and
community. These results demonstrate the need to include TB genomic surveillance as a
permanent strategy for TB control programs at the national level and to interrupt the M.

tuberculosis transmission in the region.



1 INTRODUCAO
1.1 Tuberculose

N&o obstante o fato de se tratar de uma doenca curdvel e da existéncia de regimes
terapéuticos eficazes, a tuberculose (TB) persiste como um dos principais desafios de
salde publica mundial, principalmente em paises de baixo e médio desenvolvimento.
Tratando-se de uma doenca transmissivel, figura como uma das principais causas de morte
em todo 0 mundo e até o surgimento do SARS-CoV-2 e respectiva doenca (COVID-19), a
TB era a principal causa de morte de um Unico agente infeccioso, desde 2015, superando o
virus da imunodeficiéncia humana (HIV) (WHO, 2021). A TB é uma doenga cujas
evidéncias de infeccBes estavam presentes em registos arqueoldgicos, designadamente em
ossadas humanas datadas em milhares de anos (HERSHKOVITZ et al., 2015) e seu agente
causador permaneceu desconhecido até o ano de 1882, quando Robert Koch anunciou a
descoberta do bacilo responsavel pela doenca, mais tarde denominado Mycobacterium
tuberculosis (M. tuberculosis) (SAKULA, 1982). A TB é transmitida por via aérea, quando
as pessoas com a doenca ativa expelem o bacilo para o ar, principalmente ao tossir e esses
bacilos sdo inalados por outro individuo. M. tuberculosis pode infectar os pulmdes e causar
TB pulmonar, mas também outros locais (TB extrapulmonar) como pleura, nddulos

linfaticos, abdome, sistema geniturinario, pele e ossos (WHO, 2021).

As particulas aerossois contendo os bacilos ao serem inaladas pelo individuo
chegam até os alvéolos pulmonares. Nos alvéolos, M. tuberculosis que é uma bactéria
intracelular com maior afinidade pelos macrofagos alveolares se aloja. A identificacdo
pelos macrdéfagos ativa uma resposta imune inata inicial que leva ao recrutamento de
células inflamatdrias nos pulmdes, e nesse caso a evolucado clinica da TB pode ocorrer de
formas diferentes: o recrutamento de células T, células B, macrdfagos e outros leucécitos
levando a formacdo de granulomas, que conseguem conter M. tuberculosis, permanecendo
assim em um estado latente de infeccdo, no qual ndo ha sintomas clinicos, ou ocorrer a
liberacdo de M. tuberculosis dos granulomas nas vias aéreas e esse se dispersar e replicar
levando a TB pulmonar ativa, quando ocorre a infeccdo e o individuo desenvolve os
sintomas caracteristicos da doenca (NUNES-ALVES et al., 2014). Como na TB latente 0s
bacilos nédo sdo eliminados, a ativacdo da TB pode ocorrer em outro momento, geralmente

no contexto de imunossupressdo, desnutricdo ou infec¢do por outros patdgenos. No
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entanto, durante a infeccdo latente, ndo ha transmissdo da bactéria, alteracBes patoldgicas
nos pulmdes ou sintomas da doenca (Figura 1) (GETAHUN et al., 2015).

Mycobacterium tuberculosis
A transmissio entre hospedeiros RS

Reativagio e disseminagdo em | |
10% dos individuos infectados | |

4
Neutréfilo —¢

Linfécito inato

Imunidade de células T?
Fatores Inatos?

Fase de imunidade adaptativa
Controle da InfecgSo em 90% dos individuos

Controle do Mycobocterium tuberculosis?

Figura 1. Patogénese da TB. A infec¢do € iniciada pela inalagdo de goticulas de aerossol contendo bactérias.
Os estégios iniciais da infecgdo sdo caracterizados por respostas imunes inatas envolvendo o recrutamento de
células inflamatérias para o pulmdo. Apo6s a disseminagdo bacteriana para o linfonodo de drenagem, a
apresentagdo de antigenos bacterianos pelas células dendriticas leva ao priming das células T e desencadeia
uma expansdo das células T antigeno-especificas, que sdo recrutadas para o pulmdo. O recrutamento de
células T imunes, células B, macrdfagos ativados e outros leucdcitos leva ao estabelecimento de granulomas,
gue podem conter o M. tuberculosis. A maioria dos individuos infectados permanecerd em um estado de
infeccdo latente, no qual ndo ha sintomas clinicos. Uma pequena porcentagem dessas pessoas eventualmente
progredira e desenvolvera doenca ativa, o que pode levar a liberacdo de M. tuberculosis de granulomas
rompidos nas vias aéreas. Quando individuos com TB ativa tossem, podem gerar goticulas infecciosas que
propagam a infeccdo. Figura traduzida de (NUNES-ALVES et al., 2014).
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Em regiGes onde os Programas de Controle de TB tém elevada qualidade, pacientes
com TB droga sensivel submetidos ao tratamento anti-TB de 6 meses, aproximadamente
85% deles, evoluem para cura ou tratamento completo. Os tratamentos anti-TB utilizados
atualmente comecaram a ser desenvolvidos na década de 1940. O tratamento recomendado
para pessoas com TB suscetivel a drogas consiste em um regime que utiliza quatro drogas
de primeira linha: isoniazida, rifampicina, etambutol e pirazinamida. O Global TB Drug
Facility fornece um regime completo de seis meses de tratamento por cerca de US$ 40 por
pessoa. O Global TB Drug Facility é um programa desenvolvido pela Parceria das Na¢oes
Unidas para o Fim da TB (Stop TB) - que foi criada em 2001 visando a eliminacdo da TB
como um problema de salde publica. Suas 1.500 organizagdes parceiras incluem
organizagOes internacionais, ndo governamentais e governamentais e grupos de pacientes -
para expandir o acesso e a disponibilidade de medicamentos para TB para tratar até dez
milhdes de pacientes e ajudar os paises a atingir as metas globais de controle da TB
propostas pela Organizacdo Mundial da Satude (OMS) (WHO, 2021).

Quando uma pessoa € diagnosticada com TB resistente a rifampicina (TB-RR) ou
TB multidroga-resistente (TB-MDR, definida como resisténcia & isoniazida e rifampicina,
as duas drogas anti-TB mais potentes) o tratamento é mais longo (12 a 18 meses) e pode
requerer a utilizagdo de medicamentos de segunda linha, por sua vez de maior custo (>US$
1000 por pessoa) e que causam mais efeitos colaterais (WHO, 2021). Tais fatos, tornam a
resisténcia as drogas anti-TB um dos maiores desafios globais para o controle da doenca,
demandando novas alternativas de diagndstico rapido da resisténcia e novas drogas para o

tratamento.

1.2 Epidemiologia

A TB é uma doenca tdo antiga quanto a populacdo humana, e diferentes evidéncias
cientificas como alteracbes morfoldgicas em esqueletos, presenca de DNA e informacdes
filogenéticas de isolados com milhares de anos mostram que a TB co-evoluiu com os
humanos por milhares de anos (DONOGHUE et al., 2011).

Apesar dos inimeros avancos em relacdo ao diagndstico e tratamento da TB, ela
continua como um dos principais problemas de saude puablica, em nivel global. A TB

acomete individuos de todas as classes sociais e em todo 0 mundo e, apesar dos avangos
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cientificos e de gestdo obtidos nas Ultimas décadas, nenhum pais ainda foi capaz de
erradicar a doenga. No entanto, mesmo com a presenca da doenca em todos 0s continentes,
a TB é considerada uma doenca associada a pobreza, visto que a grande maioria dos casos
acomete pessoas vivendo em paises de baixa ou média renda. Os paises do BRICs (Brasil,
Federacdo Russa, India, China e Africa do Sul), por exemplo, contabilizam 47% do
namero total de casos de TB registrados mundialmente (Figura 2) (WHO, 2021).

Figura 2. Taxas de incidéncia de TB por pais em 2020, conforme estimado pela OMS. Figura
adaptada de (WHO, 2021).

Em 2020, estima-se que 10 milhdes de pessoas adoeceram por TB em todo o
mundo e os 30 paises com maior incidéncia (incluindo o Brasil) foram responsaveis por
86% dos novos casos da doenca. Um total de 1,5 milhdo de pessoas morreram de TB em
2020 (incluindo 214.000 pessoas com HIV). Em todo o mundo, a TB é a 13? principal
causa de morte e a segunda principal causa de morte infecciosa ap6s o COVID-19 (WHO,
2021).

Anualmente, cerca de 70.000 novos casos de TB e 4.500 dbitos pela doenca sédo
notificados em todo o Brasil, resultando em uma taxa de incidéncia de 37,1 casos/100.000
habitantes registrados em 2019. Em 2021 essa taxa diminuiu para 32 casos/100.000
habitantes, no entanto, sabe-se que mundialmente houve uma grande queda nas

notificagbes do numero de pessoas recém-diagnosticadas com TB em 2020, em
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comparacao com 2019, reflexo do direcionamento dos servigos de salde para atendimento
da pandemia da COVID-19 (BRASIL, 2022).

Além disso, em nivel mundial, atualmente, cerca de meio milhdo de pessoas sdo
diagnosticadas com TB resistente & rifampicina ou multidroga-resistente a cada ano,
tornando um desafio para os esforgos de diagnostico, prevencdo, tratamento e controle da
doenca de muitos paises, principalmente aqueles com alta carga de TB (WHO, 2021). No
Brasil, entre 2015 e 2021, foram diagnosticados 6.698 novos casos de TB resistente no
pais, sendo 848 desses diagnosticados em 2021 (BRASIL, 2022).

Em relacdo a regido sul do Brasil composta por trés estados, 0 Rio Grande do Sul
apresenta as maiores incidéncias de TB e Obitos pela doenca. Em 2021, o Rio
Grande do Sul teve uma taxa de incidéncia de 36,5 novos casos por 100 mil habitantes,
Santa Catarina uma taxa de 20,6, enquanto o Parana apresenta uma menor incidéncia em
relacdo aos dois primeiros (16 casos/100 mil). Quanto a mortalidade por TB, o Rio Grande
do Sul também tem a maior taxa dentre os trés estados da regido sul, registrando
coeficiente de mortalidade por TB de 2,4 ébitos por 100 mil habitantes, seguido do Parana
(1,2 6bitos/100 mil) e Santa Catarina (1,1 6bitos/100 mil) (BRASIL, 2022).

1.3 Diagnostico

O diagndstico da TB pode ser realizado por meio de diferentes métodos, dentre
eles: exames bacterioldgicos como baciloscopia e cultura de escarro, exame radioldgico de

torax, testes imunoldgicos e técnicas de identificacdo molecular.

A baciloscopia é o exame microscépico de escarro, um método de deteccdo
simples, de baixo custo e sua realizacdo é viavel na maioria dos laboratorios e unidades de
salde. Este exame foi concebido por Robert Koch em 1882, e consiste na coleta do escarro
do paciente e na coloracdo do mesmo com carbolfucsina ou fluorocromos. Uma vez que M.
tuberculosis possui propriedade bacilo alcool-acido resistente (BAAR), ao entrar em
contato com um dos corantes empregados na técnica, sua coloracdo permanece résea ou
avermelhada, ndo apresentando descoloracdo sob a acdo de alcool e &cidos. A interpretacdo
dos resultados da baciloscopia se da pela contagem de bacilos por campo visualizado
(WHO, 2015).
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A cultura de escarro consiste em oferecer um meio propicio para o0
desenvolvimento da micobactéria, oferecendo a nutricdo adequada para o crescimento e a
multiplicacdo dos microorganismos. Léwenstein-Jensen (LJ) e Ogawa-Kudoh séo os meios
solidos mais utilizados para este fim. Este método de diagnostico demanda de uma semana
(quando realizada em meio liquido) a seis semanas (quando realizada em meio sélido) para
obtencdo de um resultado, ainda assim, a cultura é a técnica de diagnostico considerada
padrdo ouro para a deteccdo da TB. Por meio da cultura em meio liquido, tornou-se
possivel também os sistemas de cultura automatizados como o0 MGIT96 — Mycobacteria
Growth Indicator Tube (Becton & Dickinson, Sparks, MD, USA) — que passou a ser
amplamente utilizado para o isolamento, deteccdo de resisténcia as drogas de primeira
linha e, atualmente, também as drogas de segunda linha. A cultura automatizada
proporcionou uma importante evolucdo no diagnéstico da TB, uma vez que é capaz de
fornecer um resultado em tempo significativamente menor em relacdo a cultura em meio
s6lido (BRASIL, 2019).

Em alternativa a cultura, visando um resultado em tempo mais rapido, a partir de
2010, adotou-se mundialmente os testes rapidos moleculares. Estes testes sdo baseados na
amplificacdo de &cidos nucleicos para deteccdo de DNA de M. tuberculosis e ainda
possibilitam concomitantemente a identificacdo de cepas resistentes a determinadas drogas
pela técnica de reacdo em cadeia da polimerase (PCR) em tempo real. Esses testes sdo
capazes de fornecer o resultado em aproximadamente duas horas em ambiente laboratorial,
e sdo realizados diretamente de uma amostra clinica. Um desses testes é o Xpert®
MTB/RIF (Cepheid, Sunnyvale, CA, USA) que ¢é implementado no Brasil para o
diagnostico da TB, substituindo a baciloscopia, e simultaneamente, detectando a
resisténcia a rifampicina. (BRASIL, 2019).

Para deteccdo da resisténcia as drogas, a cultura e teste de sensibilidade as drogas é
considerada o padrdo ouro, no entanto, como a resisténcia as drogas em M. tuberculosis é
adquirida, quase exclusivamente por mutagdes em genes associados aos mecanismos de
acao especificos das drogas, a identificacdo dessas mutacGes por métodos moleculares
constitui uma abordagem eficaz para a deteccdo rdpida da maioria dos casos de TB
resistente a medicamentos. Além disso, as técnicas moleculares podem ser realizadas em

questdo de horas ou dias e, ao contrario dos ensaios fenotipicos baseados em cultura e teste
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de sensibilidade, ndo dependem de crescimento bacteriano que pode levar vérias semanas
(PANKHURST et al., 2016).

1.4 Mycobacterium tuberculosis

M. tuberculosis, agente causador da TB, ¢ um bacilo de crescimento lento, que
possui um envelope celular complexo, contribuindo para o caracter cronico da doenca, e
demanda regimes de tratamento mais longos e com mdltiplas drogas. O envelope celular de
M. tuberculosis, uma bactéria Gram-positiva com genoma rico em guanina e citosina,
contém uma camada adicional além do peptidoglicano que é rica em lipidios, glicolipidios
e polissacarideos incomuns. Novas vias biossintéticas geram componentes da parede
celular, como &cidos micolicos, acido micocerdsico, fenoltiocerol, lipoarabinomanan e
arabinogalactano, e varios deles podem contribuir para a longevidade micobacteriana,
desencadear reacOes inflamatdrias no hospedeiro e atuar na patogénese da TB (COLE et
al., 1998; KOLATTUKUDY et al., 1997).

O genoma completo da cepa de referéncia de M. tuberculosis (H37Rv -
NC000962.3) foi completamente sequenciado em 1998 e sua andlise revelou que o0 genoma
contém 4.411.529 pares de base, incluindo cerca de 4.000 genes, um conteudo de guanina-
citosina médio de 65,4% e a presenca de numerosos elementos polimorficos de DNA
repetitivo que podem ser usados para tipagem molecular de M. tuberculosis. Por exemplo,
0 elemento de insercdo 1S6110, amplamente utilizado como marcador genotipico em
epidemiologia molecular, é o mais abundante e o mais bem caracterizado e seu nimero de
copias em cada genoma varia entre as diferentes linhagens (BOTTAI et al., 2014; CAMUS
etal., 2002; COLE et al., 1998).

M. tuberculosis foi por muitos anos considerado um patdgeno geneticamente
monomorfico. Somente apds os primeiros métodos de genotipagem, incluindo a detecgédo
do elemento de inser¢do 1S6110 por Polimorfismo no Comprimento de Fragmentos de
Restricdo (RFLP) e a técnica de spoligotyping (KAMERBEEK et al., 1997) foi possivel
revelar a existéncia de grandes familias de M. tuberculosis (BRUDEY et al., 2006;
DEMAY et al.,, 2012; VAN EMBDEN et al., 1993). No entanto, esses métodos de
genotipagem baseados em sequéncias de DNA repetitivas ou elementos moveis (ao invés

de dados de sequenciamento de DNA) tinham limitagcGes para inferéncia em nivel de
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linhagens e sublinhagens, e no inicio da década de 2000, tornou-se possivel utilizar
técnicas baseadas em tipagem de sequéncia multiloco (MLST) e sequenciamento (COMAS
et al., 2009; MAIDEN et al., 1998).

O RFLP foi a primeira técnica utilizada como método padrdo-ouro para
genotipagem de M. tuberculosis (SUPPLY et al., 2006). Esta técnica emprega uma enzima
de restricdo Pvull associada a hibridizacdo usando uma sequéncia parcial do elemento de
inser¢do 1S6110 como sonda (VAN EMBDEN et al., 1993). As sequéncias de insercao
encontram-se dispersas por todo o genoma de M. tuberculosis em um ndmero variavel de
copias e podem ser usadas como marcador para comparar 0 nimero em que podem ser
encontradas em cada familia (THIERRY et al., 1990). No entanto, RFLP é um método
trabalhoso, cujos resultados em nivel laboratorial sdo de longa duracédo, exigindo semanas
de incubacdo para o crescimento apenas de organismos que podem fornecer a grande
quantidade de DNA necessaria para sua realizacdo (KREMER et al., 1999). Além disso,
apresentava baixo poder discriminatorio em cepas com menos de seis sequéncias de
insercdo 1S6110 no DNA gendmico, exibindo possiveis padrdes idénticos mesmo em cepas
ndo relacionadas epidemiologicamente (COWAN et al., 2005). Portanto, havia a
necessidade de utilizar métodos complementares de genotipagem, como spoligotyping e/ou
Variable Number of Tandem Repeats of Mycobacterial Intersperced Repetitive Units
(MIRU-VNTR), que surgiram anos depois e eram baseados em PCR e apresentavam uma
execucao menos dificil (JONSSON et al., 2014; MATHEMA et al., 2006).

O método de spoligotyping é baseada na amplificacdo das sequéncias espacadoras
encontradas entre as regides de repeticdo em tandem de 36pb e ocorrendo em nimero
variavel dentro do locus de repeticdo direta (DR) de M. tuberculosis. A detecgdo é feita por
hibridizacdo reversa com sondas especificas para as 43 sequéncias espagadoras colocadas
em uma membrana seguida de detec¢do por ensaio quimioluminescente (KAMERBEEK et
al., 1997). O padrdo de presenca ou auséncia dessas sequéncias espacadoras gera um
codigo binario de 43 elementos que permite a comparacgéo interlaboratorial dos resultados
(MATHEMA et al., 2006). Os variados padrdoes de spoligotyping apresentam
caracteristicas filogenéticas satisfatorias para diferenciacdo de isolados entre as diferentes
familias de M. tuberculosis (BRUDEY et al., 2006; COLL et al., 2014; KAMERBEEK et
al., 1997).
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Outra técnica de genotipagem cléassica que tem sido utilizada nos ultimos anos,
baseia-se na deteccdo de sequéncias repetitivas que variam de 40 a 100 pares de base,
encontradas em repeticbes em tandem, em diferentes loci distribuidos no genoma de M.
tuberculosis, denominadas Mycobacterial Interspersed Repetitive Units (MIRU). Por meio
desta técnica, observa-se que as diferentes linhagens apresentam, em diferentes loci,
polimorfismo no ndmero de repeti¢des desses elementos Variable Number of Tandem
Repeats (VNTR) (SUPPLY et al., 2006). Este método baseia-se na amplificacdo por PCR
de mdltiplos loci utilizando primers especificos para as regides flanqueadoras de cada
locus de repeticdo e na identificacdo dos tamanhos dos fragmentos amplificados, por
algum método de separacdo, como migracdo em gel ou eletrocapilar, e atribuindo a cada
tamanho de fragmento um ndmero de repeti¢ces correspondente (MAZARS et al., 2001).
A cada cepa tipada é atribuido um numero correspondente ao nimero de repeticdes do
locus MIRU, formando a base de um sistema de codificagdo. O método tem um poder
discriminatorio, proporcional ao nimero de loci analisados, em geral, ao utilizar apenas 12
loci € menos discriminatorio que o RFLP-1S6110, porém, o conjunto de 15 loci tem sido
proposto como equivalente ao RFLP-1S6110 e o 24 loci definido como uma ferramenta de

melhor resolucéo adequada para estudos filogenéticos (SUPPLY et al., 2006).

No entanto, o uso de spoligotyping e MIRU é limitado para filogenética e
classificacdo de cepas devido a propensao de eventos de evolucdo convergente envolvendo
esses marcadores moleculares, causando a rapida mudanca desses padrdes de marcadores e
ainda possibilitando a existéncia de mesmos padrdes ou padrdes semelhantes em isolados
de M. tuberculosis que nao sdo filogeneticamente relacionadas. Este problema é
especialmente relevante para a técnica de spoligotyping dada a unidirecionalidade dos
eventos genéticos inerentes ao processo de diversificacdo dos marcadores empregues. Para
contornar este problema, delecBes gendmicas, também denominadas como Regides de
Diferenca (RDs) tém sido usadas como marcadores para classificar cepas de M.
tuberculosis entre as principais linhagens filogenéticas existentes (COSCOLLA &
GAGNEUX, 2014).

Quanto a diversidade gen6mica, M. tuberculosis (também denominado M.
tuberculosis sensu stricto) pertence ao Complexo Mycobacterium tuberculosis (CMTB),

que compreende diversas especies e subespécies bacterianas intimamente relacionadas,
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incluindo M. tuberculosis e M. africanum que sdo adaptados a humanos, bem como vérias
formas adaptadas aos animais, i.e. M. bovis, M. caprae, M. microti, M. pinnipedii, M.
origis, M. mungi, M. suricattae, o bacilo dassie e o bacilo do chimpanzé (COSCOLLA &
GAGNEUX, 2014).

O CMTB ¢ dividido em nove linhagens adaptadas aos humanos (linhagens 1, 2, 3,
4,7 e 8) e M. tuberculosis var. africanum (linhagens 5, 6 e 9; M. africanum), que causam
doencas humanas. Linhagens 2, 3 e 4, sdo conhecidas como linhagens modernas, pois essas
linhagens se diversificaram mais recentemente do que as demais linhagens do CMTB. Esta
diferenciagdo se faz pela auséncia da regido ThD1 nas linhagens modernas, que tem um
papel importante na fisiopatologia da doenca e contribuiu para a disseminacao global e
sucesso evolutivo dessas linhagens. As linhagens CMTB variam em sua distribuicdo
geogréfica e dispersdo, sendo endémicas em diferentes locais ao redor do globo, levando a
hipotese de que os tipos de cepas sdo especificamente adaptados a diferentes populagdes
humanas (BOTTAI et al., 2020; BRITES et al., 2018; BRITES & GAGNEUX, 2015;
NGABONZIZA et al., 2020).

Algumas linhagens, sdo globalmente mais distribuidas do que outras. Entre estas
linhagens mais bem espalhadas mundialmente, estdo as linhagens 2 e 4. A linhagem 2
(também conhecida como linhagem do Leste Asiatico, inclui a familia de cepas Beijing)
predomina no leste da Asia, mas também esté presente na Asia Central, Russia e Africa do
Sul. A linhagem 4 (também conhecida como linhagem Euro-americana) circula
principalmente em populacdes da Asia, Europa, Africa e Américas. As linhagens 1 e 3 tem
uma distribuicdo geografica mais restrita limitada a Africa Oriental, Asia Central, Sul e
Sudeste Asiatico. As linhagens mais restritas geograficamente sdo as linhagens 5, 6 e 7,
todas associadas a regides especificas da Africa. As linhagens 5 e 6 também conhecidas
como M. africanum, West Africa 1 e West Africa 2, respectivamente, ocorrem gquase
exclusivamente na Africa Ocidental ou em imigrantes recentes dessas regides. A linhagem
6 ocorre principalmente na parte ocidental da Africa Ocidental, enquanto a linhagem 5
domina mais ao leste nas regides que fazem fronteira com o Golfo da Guiné (Figura 3)
(BLOUIN et al., 2012; COSCOLLA & GAGNEUX, 2014; DE JONG et al., 2010;
GEHRE et al., 2013).
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Figura 3. (A) Filogenia de méxima verossimilhan¢ca modificada de (BOS et al., 2014). O suporte dos ramos
com 1.000 replicages de bootstrap é mostrado nos ramos e a arvore é enraizada pelo grupo externo M.
canettii. Polimorfismos de Grande Sequéncia (LSPs) descritos em (BROSCH et al., 2002) séo indicados ao
longo dos ramos. A barra de escala indica o nimero de substitui¢fes de nucleotideos por sitio. As imagens de
B a D representam as linhagens do CMTB dominantes por pais. Cada ponto corresponde a 1 dos 80 paises
representados nas 875 cepas do CMTB da colegdo global de cepas analisada por (GAGNEUX et al., 2006). O
ponto amarelo e laranja representam a linhagem 7 na ETIOPIA (FIRDESSA et al., 2013) e as cepas CMTB
extintas do Peru, respectivamente (BOS et al., 2014). Em (B) mostra as linhagens geograficamente mais
difundidas, em (C) as linhagens intermediarias e em (D) as linhagens mais restritas geograficamente. Figura
traduzida de (COSCOLLA & GAGNEUX, 2014).

Em varios estudos foi descrito que as diferencas fenotipicas entre as linhagens do
CMTB exercem influéncia nas caracteristicas de transmissdo, diagnéstico e desfecho
clinico da TB pulmonar e extrapulmonar. As variacfes entre essas diferentes linhagens
podem ser observadas consequentemente na manifestacdo de distintos fendtipos com
diferencas no perfil resisténcia as drogas, transmissibilidade, viruléncia, resposta imune do
individuo infectado, local da doenca e gravidade. Esses fenotipos conferem vantagens para
essas linhagens CMTB, podendo facilitar a disseminacdo da doenca e aumentar as chances
de um pior progndstico para os pacientes (FORD et al., 2013; REILING et al., 2013).
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Atualmente, a tipagem de linhagens de M. tuberculosis pode ser realizada baseada em
um conjunto de SNPs espalhados por todo genoma, seja in silico a partir dos dados de
sequenciamento do genoma completo (WGS do inglés Whole Genome Sequencing) ou por
ensaios laboratoriais para identificacdo desses SNPs. Recentemente, um conjunto de 90
SNPs tem sido utilizado para tipagem de M. tuberculosis, principalmente a partir de dados
de WGS, possibilitando a identificacdo de mais de 85 sublinhagens do CMTB. Isto
possibilita uma maior resolutividade na filogenia do CMTB e permite uma melhor
compreensdo de seus padrdes de transmissdo, disseminacdo e evolucdo (Figura 4)
(NAPIER et al., 2020).
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Figura 4. Arvore filogenética de isolados do complexo Mycobacterium tuberculosis representativos das
diferentes sub-linhagens identificadas por tipagem baseada em SNPs. As Regides de Diferenga (RDs)

importantes também sdo destacadas na &rvore. Figura obtida de (NAPIER et al., 2020).

Tais metodos de tipagem do CMTB permitem o rastreamento da disseminagéo das
suas diferentes linhagens e sublinhagens e é de extrema importancia para o controle da TB.
A répida identificacdo da linhagem do CMTB permite: a) analisar as associagdes
fenotipicas com os perfis de resisténcia as drogas, b) identificar a provavel fonte de
transmissdo e c) auxiliar na prevengdo e interrupcdo de cadeias de transmissdo da

micobactéria (MEEHAN et al., 2019). Assim, a tipagem molecular atua como uma
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importante ferramenta para o controle da doenca e melhor direcionamento das medidas de
salde publica a ela relacionadas.

1.5 Tratamento e resisténcia as drogas

Na década de 1940 surgiram a estreptomicina e o acido para-aminossalicilico, as
primeiras drogas capazes de tratar a TB. Nas décadas seguintes diversas outras drogas
foram se tornando disponiveis para o tratamento da doenca e hoje diferentes esquemas de
tratamento estdo disponiveis a depender do perfil de resisténcia do bacilo infectante e das
condic@es do individuo sendo tratado (LEHMANN, 1946; SCHATZ et al., 2005).

Atualmente, o regime de tratamento padrao para casos novos de TB droga sensivel,
em adultos e adolescentes, consiste em 2 meses de isoniazida, rifampicina, pirazinamida e
etambutol (fase intensiva), seguido de 4 meses de isoniazida e rifampicina (fase de
manutencdo). Quando identificada a resisténcia a alguma das drogas utilizadas no regime
padrdo, o esquema deve ser revisado, com a substituicdo de drogas além de serem
adicionadas outras drogas ao regime dependendo da resisténcia identificada. De acordo
com a OMS, os casos em que ocorre a resisténcia a rifampicina séo definidos como TB
resistente a rifampicina (TB-RR), enquanto aqueles em que a resisténcia adicional a
isoniazida é identificada denomina-se TB multirresistente (TB-MDR). Os casos de TB-
MDR e TB-RR sdo frequentemente agrupados como TB-MDR/RR e ambos sdo elegiveis
para tratamento com regimes de TB-MDR (WHO, 2022).

As drogas a serem incluidas no tratamento da TB MDR/RR sdo agrupadas em trés
diferentes grupos: Grupo A (levofloxacina/moxifloxacina, bedaquilina, linezolida), Grupo
B (clofazimina, cicloserina/terizidona) e Grupo C (etambutol, delamanida, pirazinamida,
imipenem—cilastatina, meropenem, amicacina, estreptomicina, etionamida/protionamida,
acido p-aminosalicilico), todas essas denominadas drogas de segunda linha. Quando ocorre
ainda a resisténcia a algumas dessas drogas, 0s casos podem ser também classificados
como TB pré extensivamente resistente (TB pre-XDR), causada por cepas de M.
tuberculosis que preenchem a definicdo de MDR/RR-TB e que também sdo resistentes a
qualquer fluoroquinolona (levofloxacina e moxifloxacina); e TB extensivamente resistente
(TB-XDR) causada por cepas de M. tuberculosis que atendem a definicdo de MDR/RR-TB

e que também sdo resistentes a qualquer fluoroquinolona e pelo menos uma das drogas do
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grupo A (levofloxacina ou moxifloxacina, bedaquilina e linezolida). Recentemente,
diferentes casos de TB totalmente resistente aos medicamentos (TB-TDR) tém sido
descrito e sdo caracterizados por apresentarem resisténcia a todos os antimocrobianos
testados, além de alguns dos que estdo atualmente em processo de descoberta (WHO,
2022).

O mecanismo molecular mais comum e frequente de aquisicdo de resisténcia em
cepas de M. tuberculosis € por meio da aquisicdo de mutacdes gendémicas como SNPs,
delegBes ou insercdes nos genes que codificam os alvos das drogas, diminuindo ou
inibindo a eficicia destas drogas (DOOKIE et al., 2018). Essas alteracfes gendmicas
ocorrem de forma espontanea e cepas mutantes geralmente apresentam alguma vantagem
sobre cepas ndo mutadas, aumentando sua sobrevivéncia na presenca de drogas anti-TB. A
vantagem de cepas carregando essas mutacdes frente a exposicdo as drogas colaboram para
que esse tipo de cepa venha a se disseminar na populacdo. Além disso, a exposicdo de M.
tuberculosis a doses inferiores de droga, pode levar a aquisicdo de mutacdes (NGUYEN,
2016). Na tabela 1, séo descritos os principais alvos moleculares das principais drogas anti-

TB e 0s mecanismos de aquisi¢do de resisténcia comumente encontrados mundialmente.

Além da resisténcia causada por aquisicdo de mutagdes, varios mecanismos
distintos de resisténcia inata também sdo descritos, entre eles: diminuicdo da
permeabilidade do envelope do bacilo, modificacdo de drogas por enzimas de M.
tuberculosis, existéncia de bombas de efluxo removendo drogas que foram capazes de
atravessar o envelope celular, e tolerancia fenotipica a droga por diminuicdo da taxa de
crescimento e parada metabodlica. Todavia esses mecanismos ocorrem em frequéncia muito
inferior aos previamente citados, além de ndo produzirem resisténcia estavel ou de alto
nivel (SINGH et al., 2020).
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Tabela 1.

Mecanismo de acdo das principais drogas anti-TB, alvos, genes envolvidos e principais mutacGes associadas a resisténcia.

Farmaco Modo de agéo Alvo Gene Fung&o do gene Mutag6es mais frequentes
katG Catalase-peroxidase Ser-315-Thr
o ; inhA Enoil-ACP redutase C-15-T
Isoniazida Inlbllc_;_ao da_smt_ese do Acido micélico ndh NADH desidrogenase 11 Arg-13-Cys, Val-18-Ala
acido micélico o )
ahpC Alquil-hidroperoxidase C-39-T, G-9-A,
B-Cetoacil-ACP sintase Gly-269-Ser
Rifampicina Inibicéo da transcricéo RNA polimerase rpoB Subunidade  da RNA polimerase Ser-450-Leu
o ) . ) 5 pncA Pirazinamidase Asp-12-Ala/Asn,Leu-85-Pro
Pirazinamida [z .da prOdUQ"ilO e graxo slntgse al SIS rpsA Proteina Ribosomal S1 Deletion Ala438, Thr-5-Ala
energia e tradugéo ribossémica S1 )
panD Aspartato descarboxilase Ala-128-Ser, Val-138-Aal
Inibicdo da sintese de L embCAB N
Etambutol arabinogalactano Arabinosil transferases ubiA/Rv3806¢ Avrabinosil transferases Met-306-Val/lle/Leu

Estreptomicina

Amicacina/
Canamicina

Capreomicina

Etionamida

Inibicéo da sintese de
proteinas

Inibicéo da sintese de
proteinas

Inibicdo da sintese de
proteinas

Inibicdo da sintese do
acido micolico

Subunidade ribossdmica 30S

Subunidade ribossdmica 30S

Subunidades ribossdémicas 30S e
50S

Acido micoélico

rpsL rrs gidB

rrs
eis
rrs

tylA

ethA
inhA
ndh

mshA

Proteina ribossdmica S12, RNAr 16S,

metiltransferase RNAr 16S
RNAr 16S

Aminoglicosideo acetiltransferase
RNAr 16S
Metiltransferase RNAr
Aminoglicosideo acetiltransferase

Monooxigenase
Enoil-ACP redutase
NADH desidrogenase
Glicosiltransferase

Lis-43-Arg A-1401-G SNP Leu-16-Arg

A-1401-G SNP

G-37-T, G-10-A, G-14-T SNPs
A-1401-G SNP
G-223-T SNP
G-37-T, C-12-T SNPs

Leu-397-Arg, Leu-328-Met
lle-21-Thr/Val, Ser-94-Ala
Arg-13-Cys, Val-18-Ala
Val-171-Gly, Ala-187-Val
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Inibicdo da replicacéo,

Fluoroguinolonas o DNA girase
transcricdo e reparo
Acido Inibicdo da sintese de Timidilato sintase, diidrofolato
p-aminosalicilico folato sintase, diidrofolato redutases

Alanina racemase, D-alanina-D-
alanina ligase, D-serina /L e D-
alanina/glicina/D-cicloserina
simportador de protons, L-
alanina desidrogenase

Inibicéo da sintese de

Cicloserina . .
peptidoglicano

gyrA
gyrB

thyA
folC
ribD

alr

ddl

cycA Ald

Subunidade A da DNA girase
Subunidade B da DNA girase

Timidilato sintase

Diidrofolato sintase
Diidrofolato redutases

Alanina racemase

D-alanina-D-alanina ligase

D-serina /L e D-alanina / glicina / D-
cicloserina simportador de prétons, L-
alanina desidrogenase

Ala-90-Val, Asp-94-Gly/Tyr
Asn-533-Thr
RGM (4)

Thr-202-Ala, Val-261-Gly

Glu-153-Aal, Asn-73-Ser
G-11-A SNP

G-10-T SNP

Gly-122-Ser

Adaptado de Nasiri et al. (2017).
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1.6 Epidemiologia genémica

A melhor compreensdo da diversidade das linhagens de M. tuberculosis, em um
nivel de resolucdo proporcionado pela analise de SNPs ao longo do genoma, é capaz de
definir se tal diversidade tem impacto na epidemiologia da doenca em uma populacdo e se
tem relevancia para o controle da TB em uma determinada regido (COMAS &
GAGNEUX, 2009; GAGNEUX & SMALL, 2007).

Tal processo foi facilitado com o surgimento do Sequenciamento de Nova Geragéo
(NGS do inglés Next Generation Sequencing) que proporciona a geragao de sequéncias do
genoma completo de M. tuberculosis em pouco tempo e com custo cada dia menor. Esse
processo pode ser observado no numero crescente de sequéncias de genomas que Sao
depositados em bancos de dados de acesso publico como o NCBI (National Center for
Biotechnology Information) e auxiliam a elucidar aspectos da diversidade gendmica do
CMTB. O termo “NGS” ¢ comumente utilizado para descrever plataformas de
sequenciamento baseadas em métodos mais recentes do que o sequenciamento original
baseado na quimica de terminacdo da cadeia de Sanger ou 0 método quimico de Maxam e
Gilbert (MAXAM & GILBERT, 1977; SANGER et al., 1977). Enquanto o método de
sequenciamento de Sanger original exigia um primer especifico para iniciar a leitura por
meio de uma sequéncia modelo, a estratégia de NGS deriva da abordagem de

sequenciamento shotgun empregada no Projeto Genoma Humano (ZHANG et al., 2011).

As tecnologias de NGS sdo baseadas na fragmentacdo gendmica, ligacdo de
adaptadores e producdo de leituras comecando em locais aleatorios por todo o genoma. Os
moldes de DNA sdo, portanto, sequenciados em paralelo em um processo em tempo real,
no qual cada molde clonal ou molécula Unica é sequenciado e analisado individualmente
(ZHANG et al., 2011). Todas as plataformas de NGS acabam produzindo grandes
quantidades de dados em um periodo relativamente curto e, portanto, o motivo pelo qual
NGS também esté associado ao termo sequenciamento de alto rendimento. Dependendo da
tecnologia, o comprimento de leitura pode variar, pois as primeiras tecnologias NGS
comecaram produzindo comprimentos de leitura menores aos que eram obtidos pelo
sequenciamento de Sanger, no entanto em tecnologias mais recentes € possivel produzir

longas leituras. Outro aspecto importante a ser considerado no NGS ¢ a profundidade, ou
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seja, 0 nimero de leituras que se sobrepdem a uma determinada posi¢do de nucleotideo;
essa profundidade permite a realizacdo de analises mais apuradas de eventos de infeccdo

mista ou heteroresisténcia por exemplo (PAREEK et al., 2011).

O uso dessas tecnologias de NGS que hoje possibilitam o sequenciamento do
genoma completo auxiliam na melhor compreensdo sobre a diversidade genémica de M.
tuberculosis, produzindo importantes conhecimentos sobre a diversidade, modo de
evolucdo e adaptacdo ao hospedeiro desse patdgeno, e isto em diferentes regifes do
mundo. Por meio do WGS também é possivel realizar a caracterizacdo completa dos genes
associados a resisténcia a medicamentos e a deteccdo de variantes determinantes de
resisténcia. Nos ultimos anos, principalmente os paises de alta renda, estdo deixando de
utilizar os testes de suscetibilidade fenotipicos e estdo migrando para predicdo de
resisténcia baseada na identificacdo de mutagOes associadas a resisténcia por WGS
(MEEHAN et al., 2019).

Dada a necessidade de uma melhor compreensdo da diversidade genémica dos
isolados de M. tuberculosis circulando em diferentes regides do Brasil e a relevancia dessa
informagao para orientar os gestdes sobre as melhores medidas de controle da doenga em
nivel local; a geracdo de sequéncias genémicas de M. tuberculosis e a analise desses dados
para suprir as principais demandas de saude publica mostra-se como uma ferramenta na
busca da eliminacdo da TB proposta pela Organizacdo Mundial da Saide em 2015 e foi 0
objetivo desta presente tese.
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2 OBJETIVO

O principal objetivo deste trabalho foi caracterizar a diversidade gendmica dos
isolados de M. tuberculosis circulando na regido sul do Brasil, e como objetivos

especificos se propos a:

Q) Identificar os principais gendtipos e mecanismos associados a resisténcia as
drogas anti-TB bem como a sua prevaléncia.

(i) Posicionar num contexto filogenético global as principais familias ou cepas
circulantes na regido sul do Brasil.

(ili)  Caracterizar a trajetoria evolutiva de cepas multirresistentes e dinamica de
aquisicao de resisténcia.

(iv)  Elucidar a dindmica de transmissdo de M. tuberculosis, identificagéo de
clusters gendmicos e dispersdo geotemporal.
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3 MANUSCRITOS PUBLICADOS

3.1 CAPITULO I

O manuscrito que constitui este capitulo, intitulado “Molecular epidemiology of
Mycobacterium tuberculosis in Brazil before the whole genome sequencing era: a
literature review” consistiu uma revisdo sistematica da literatura sobre o uso do RFLP-
1S6110 e MIRU-VNTR no Brasil.

O trabalho foi publicado na revista Memodrias do Instituto Oswaldo Cruz
(https://memorias.ioc.fiocruz.br/), com fator de impacto JCR 2021 = 2,747.

O manuscrito esta disponivel em: https://doi.org/10.1590/0074-02760200517.
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Despite being an ancient disease, tuberculosis (TB)  tainable Development Goals (SDGs) aimed at trying to
is still the leading cause of death among infectious dis-  bring TB incidence and mortality on a global level to
eases worldwide. From 2016 to 2020, Brazil has been  those observed in high-income countries.*-4*9
on the World Health Organization (WHO) list of high The three pillars of the End TB Strategy are: (i) in-
burden countries for TB and TB/HIV co-infection.”’ In  tegrated, patient-centered TB care and prevention, bold
2014, WHO proposed the End TB Strategy that targets  policies, and supportive systems (including universal
TB prevention, care, control, and together with the Sus-  health coverage, social protection, and action on deter-

minants), (ii) intensificd rescarch and (iii) innovation. To
face this scenario, the main strategy includes milestones
(for 2020 and 2025) and quantitative targets (for 2030
and 2035) for three high-level indicators: incidence and
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Plan. One of the strategies to address the gap regarding
general recommendations was to “create a coordination
research group on fundamental and translational re-
scarch that pursues increased collaboration among vari-
ous laboratories to better utilise the available knowledge
of different groups™” One of the key endorsed research
arcas was regarding the investigation on host-pathogen
interaction targeting new genetic, molecular, immuno-
logical, or metabolic markers, including the use of ge-
notyping and the “omics” supporting epidemiology, new
diagnostics methods, studies about new vaccines and
more recently new drugs.”®
The association between specific M. tuberculosis
strains and the increase of anti-TB drug resistance is one
of the major drivers for mortality rate increase. The inves-
tigation of transmission sources and monitoring TB strains
by molecular epidemiology studies complemented by mo-
lecular typing tools is therefore essential to control TB.”
Spacer-oligonucleotide-typing (spoligotyping), my-
cobacterial interspersed repetitive units - variable number
tandem repeat (MIRU-VNTR) typing and the insertion
sequence 6110 - restriction fragment length polymor-
phism (RFLP-IS6//0) are among the most used geno-
typing methods for M. tuberculosis complex (MTBC)
strains. However, due to their different resolving power,
only the latter two are used to evaluate TB transmission
and perform detailed molecular epidemiology.
MIRU-VNTR is the current reference technique due
its higher discriminatory power and reproducibility. Ex-
cept for RFLP-IS6/10, because of those characteristics
and case of interpretation and storage, both spoligotypes
and MIRU-VNTR based genotypes are stored in large in-
ternational databases that allow inter-laboratory compari-
son of patterns while RFLP-1S6170, although considerable
in number, are mostly composing local databases."*'"
Through this systematic literature review on the use
of RFLP-IS6//0 and MIRU-VNTR, we aimed to (i) de-
scribe the Brazilian TB network laboratories structure,
(ii) characterise molecular epidemiology studies in Bra-
zil applied to TB: (iii) to study the genetic diversity of
M. tuberculosis in the country, and (iv) to correlate these
data to the national epidemiological scenario of TB.

MATERIALS AND METHODS

Data collection of the Brazilian tuberculosis poli-
cies - We have collected the information mainly from
the Brazilian National Program of TB Control (NPTC),
recently named as General Coordination for the Moni-
toring of Chronic Conditions Respiratory Transmission
Diseases (Coordenagdo Geral de Vigilancia das Doen-
¢as de Transmissdo Respiratoria de Condigdes Cronicas
- CGDR)," which is responsible for establishing guide-
lines for disease control, and reports. The na-
tional recommendations are updated and disclosed in the
technical notes of the NPTC and in the publication of
the Brazilian Guidelines for Tuberculosis Control (BGT-
BC), first edited in 2011, and last published in 2019.1%

Data collection on M. tuberculosis genotyping - Data
were collected using PubMed (http://www.ncbi.nlm.nih.
gov/pubmed), as well as the Brazilian virtual library
BVS (Biblioteca Virtual em Saide) database. For this,

we used the keywords “MIRU-VNTR AND tuberculo-
sis AND Brazil” and “RFLP AND tuberculosis AND
Brazil™. All papers were downloaded and information
such as data, place and date of samples collections, study
period, samples characteristics, genotyping techniques
used, the year of publication and principal results ob-
tained) were introduced into a Microsoft Office Excel
spreadsheet (Albuquerque, United States).

Data analysis - We analysed all papers published un-
til January 28th, 2020 summarised our approach, using
the PRISMA flow diagram."¥

For the present review, for comparison of RFPL-
IS6110-DNA fingerprints generated in different labo-
ratories and publications, ideally, having access do the
DNA patterns together with their respective internal
(cach lane) or external (cach gel) enable us to perform
normalisation of the RFLP-IS670 patterns appropriate
software."* However, we only had access to the figures,
cither in the format of banding patterns or as digitalised
patterns; so, we were restricted to perform a qualitative
analysis based on the mean results and on conclusions
presented in most of the studies.

For reviewing of MIRU-VNTR patterns on the other
hand, for ecach paper we were able to introduce numeric
data into a single Excel file simply by reorganising the or-
der of the published 12, 15 and 24 loci presented. The first
12 MIRU loci positions were composed by: MIRU2 (154),
MIRU4 (580), MIRU10 (960), MIRU16 (1644), MIRU20
(2059), MIRU23 (2531), MIRU24 (2687), MTRU26 (2996),
MIRU27 (3007), MIRU31 (3192), MIRU39 (4348) and
MIRU40 (802) was adopted. For the next 12 VNTRs of
the 24-MIRU-VNTR patterns, we organised according to
the ETR, MTUB and QUB scheme, being ETR-A (2165),
ETR-B (2461), ETR-C (577), MTUB 04 (424), MTUB 21
(1955), MTUB 29 (2347), MTUB 30 (2401), MTUB 34
(3171), MTUB 39 (3690), QUB 11 (2163b), QUB 26 (4052)
and QUB 4156 (4156). For 15 MIRU-VNTR typing, the
same order was adopted but removing nine loci: MIRU2
(154), MIRU20 (2059), MIRU23 (2531), MIRU24 (2687),
MIRU27 (3007), MIRU39 (4348), ETR-B (2461), MTUB
04 (424) and MTUB 29 (2347).

Recent transmission was estimated by the N-1 meth-
od, using the mathematical model: number of clustered
isolates minus (-) number of clusters divided (/) by the
total number of isolates.® The allelic diversity () at
MIRU-VNTR loci was calculated according to Hunter-
Gaston index""” using Bionumerics (Applied Maths,
Sint-Martens-Latem, Belgium) for each set of 12, 15 and
24 loci and defined as “highly discriminant™ (h > 0.6),
“moderately discriminant™ (0.3 </ < 0.6) or “poorly dis-
criminant™ (4 < 0.3).

In addition, we have used TBminer (https:/info-de-
mo.lirmm.fr/tbminer/)"® to predict the MTBC lineages
from MIRU-VNTR profile.

Disease distribution based on geographic mapping
- The boundaries of the regional divisions of Brazil
(States and Regions) applied presently were obtained on
the website of the Brazilian Institute of Geography and
Statistics (IBGE) (https:/www.ibge.gov.br/)."” The co-
ordinates of the institutions were obtained from Google
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Maps (https:/www.google.com.br/maps). Data process-
ing, interpretation, visualisation, and spatial analysis
were performed via ArcGIS software (http://www.arc-
gis.com/). TB incidence was classified into five levels
according to the WHO and being cither absence of: no
cases (white colour), low (1-10 - green), medium (11-50 -
yellow), high (51-100 cases - orange) and very high num-
ber (> 100 - red) cases per 100,000 hab.

RESULTS

The Brazilian organisational structure for TB poli-
cies - The NPTC is linked to three governmental spheres
and coordinated by the so-called Unified Health System
(UHS) (Sistema Unico de Saide - SUS) that legally cs-
tablishes administrative competence at the federal, state,
and municipal level. These spheres are composed of the
Ministry of Health, the State Health Sccretariats (one for
cach of the 26 states and the Federal District) and the
Municipal Health Secretariats, each having their respec-
tive technical and administrative sectors.*

The National System of Public Health Laboratories
(Sistema Nacional de Laboratorios de Saude Publica -
SISLAB) consists of a national network of laboratories,
organised in sub-networks in a hierarchical way and
with different degrees of complexities of activities re-
lated to health surveillance. There are seven laboratory
categories™ as represented in Fig. 1.

The Brazilian Guidelines focus basically on clinical
recommendations regarding the standardisation of case
finding and treatment actions with little, or no information
related to genotyping data generated in Brazilian studies.

For routine TB diagnosis in clinical specimens, be-
sides chest X-ray, collection of sputum samples for acid-
fast bacilli staining (Ziehl-Neelsen and/or auramine-ro-
damine stain) are culture in solid (Lowenstein-Jensen or
Ogawa-Kudoh) (AFB) or liquid media (BACTEC MGIT

Brazilian national laboratory network
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Fig. I: the Brazilian National System of Public Health Laboratories
network classified by degree of complexity highlighting the two lev-
cls capable to claborate a national genetic database for tuberculosi
(TB) surveillance.
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960) are performed. However, between 2014 and 2015, the
Brazilian NPTBC implemented the molecular diagnos-
tics technology Xpert® MTB/RIF (rifampicin) in 92 mu-
nicipalities with high disease burden.*® More recently, the
identification of MTBC isolates by the rapid immunochro-
matographic test SD-Bioline TB Ag MPT 64 (Standard
Diagnostics, Scoul, South Korea) was implement in Brazil.

The phenotypic drug-susceptibility tests (DST) for
first line drugs are performed in all State Reference
Laboratories named Laboratorio Central (LACEN) and
are based on the MGIT-960 SIRE kit (MGIT-960; Bec-
ton Dickinson Diagnostic Systems, Sparks, MD). At
municipality level, the molecular drug-susceptibility
test Xpert-Ultra® MTB/RIF (Cepheid, Sunnyvale, EUA)
@1 s performed for detection of RIF-R while at the re-
gional reference laboratories, GenoType*MTBDRplus
and GenoType*MTBDRs/ (Hain Lifescience GmbH,
Nehren, Germany) are used, detecting respectively mu-
tations associated with rifampicin and isoniazid resis-
tance, and mutations associated with fluoroquinolones
and second-line injectable drugs.

Currently, the DST for second-line drugs is carried
out only in three laboratories in Brazil: at the National
Reference Centre (Centro de Referéncia Professor Hélio
Fraga - CRPHF) and at the Laboratério de Bacteriolo-
gia e Bioensaios both belonging to the Oswaldo Cruz
Foundation (Fundagdo Oswaldo Cruz - Fiocruz) in Rio
de Janeiro, and at the LACEN in Sao Paulo.

Focusing more on epidemiological surveillance, the
Notifiable Diseases Information System for Tuberculo-
sis (SINAN-TB) is the main source for professionals of
health surveillance services for data analysis and for plan-
ning and monitoring actions towards TB control at the
three government levels: federal, state and municipality.
A recent study demonstrated the current algorithm used
by SINAN-TB, which has a unique identifier per person,
integrated with other information systems and built on
new technologies, so that TB data transfer and analysis is
more streamlined in Brazil. Interestingly, the only results
from a molecular diagnostic test that are included in the
SINAN-TB are those of the Xpert MTB/RIF assay.**

Data analysed - Among a total of 240 manuscripts pub-
lished between 1996 and 2019, 169 on RFLP-1S6710 and
71 on MIRU-VNTR, we considered 56 eligible for our
study. The BVS database constitutes mostly of PubMed
publications along with some duplicated articles within
the rest of its own databases. Fig. 2 demonstrates details
about the screening process and finally: 17 manuscripts
on MIRU-VNTR 17%** and 42 on RFLP-IS6//0 were
considered; 264324079 three manuscripts considered
both methodologies.

In the case of MIRU-VNTR data, some articles
were excluded because they only contained informa-
tion on M. tuberculosis var. bovis (n = 5);7577787930 no
data on genotyping were available (n = 6);#668182.8358)
incomplete information on genetic diversity (n = 3)
(853657 or genotyping data is mixed with samples from
other countries (n = 3),(84.58.89)

Regarding manuscripts on RELP-1S6110, we excluded
those with data on M. bovis only (n = 4),**""*2%% without
visible on genotyping (n = 8)**%4%% did not present data
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low rate of clustering in the M. tuberculosis population
(0.13 and 0.28, respectively). Additionally, two stud-
ies"* investigated isolates from the same patient with
up to three different loci and upon further characterisa-
tion, such closely related MIRU-VNTR types, demon-
strated to belong to the same strain.

The clustering rate according to cach MIRU-VNTR
set of 12, 15 and 24 loci was 73%, 33% and 28%, re-
spectively (Table IT). Among the 24 and 15 loci evalu-
ated, 4052 QUB26, 2163b_QUBIIb. 424 Mtub04,
802 _MIRU40, 1955 Mtub2l, 2696 _MIRU26, were
considered highly discriminant. Regarding the 24 and
15 loci evaluated, 802_MIRU40, 2696 _MIRU26, 2531
MIRU23, were considered highly discriminant and
present in 12 and 24 loci analysis, while 802_MIRU40,
2696_MIRU26 and 960 _MIRU10 were highly discrimi-
nant and commonly present in 12 and 15 loci analysis.

The 802_MIRU40 and 2696_MIRU26 were the
highly discriminant among the three dataset and 960
MIRU10 were highly discriminant in 12 and 15 loci
and moderately discriminant in 24 loci analysis (Sup-
plementary data II).

The assignation (lineage and/or sublineage) of the
strains using TBminer is pr d in Suppl ary
data TTT. All assignations in green are reliable (at least
2 classifications providing the same result). Lincage 4,
mainly Latin-American Mediterranean (LAM) is pre-
dominant in all states, but Lineage 1 is mainly isolating
from patients in the Para State, and Lineage 3 is pre-
dominantly from Rio Grande do Sul State. Although the
observation of the potential concentration M. bovis in
Goias, and Lincage 5 (M. africanum) in Rio de Janeiro
states, there is not a consensus between the two classifi-
cations available.

DISCUSSION

This study presents the data on the genetic diversity
of M. tuberculosis and TB transmission within the new
era of global TB monitoring, discussing aspects of TB
molecular epidemiology in Brazil previously pointed out
in a translational research perspective - “from bench to
bedside™."2

In the light of the Genomic Era, a recent study con-
ducted in England described benefits of TB molecular
strain-based cluster investigations (Cls) into a trans-
lational approach by identifying new epidemiological
links between cases and taking public health action,
as well as refuting transmission and saving resources.
(120 According to these results, molecular typing is ef-
ficient for decreasing transmission and adds value for
improving public health in low disease prevalence and
high resource setting.

Even though Xpert® MTB/RIF has been imple-
mented in Brazil since 2014, this test does not provide
information about MTBC lineages or transmission that
could be useful for epidemiological studies and clinical
decision-making. Current trends in this direction, point
to the use of a new technologies that are able to pro-
vide both molecular DST and epidemiological informa-
tion based on next generation sequencing (NGS) using
whole-genome sequencing (WGS).2

A recent review'® showed that between 2009 and
2016, a total of $4.6 billion was invested into TB re-
search, mostly for the development of new diagnostics
tools, drugs, and vaccines (61%). Studics on genetic vari-
ability are welcome but should go a step further towards
translational sciences. Therefore, genotyping tools are
important not only to achieve a faster diagnostic and

TABLE I

Summary of restriction fragment length polymorphism-1S6110
(RFLP-1S6/10) genotyping publications

% s
g £ 3 5
g g g2 3
% < > © =
£ 7 S ®
7 3 % S Z o
SP 11 282 21021 221056
Southeast  ES 5 125 _ . NR 401048
RI 11 282 21022 1910 84"
MG 2 5l 1018 61025
PR 0 0 = 2
South scC 0 0 103 - 5
RS 4 103 1018 361069
GO 2 51 1o 14 0
Central West i al e 10.3 = =
Ms 2 5l 41017 641069
DF 0 0 - -
TO 0 0 = .
PA 0O 0 - -
AP 0 0 5 2
North RR | 26 26 NR 30
AM 0 0 8 2
RO 0 0 2 -
AC 0 0 . .
MA 0 0 . .
PL 0 0 - =
CE 0 0 - -
RN 0 0 = )
Northeast PB 0 0 26 = =
PE 0 0 s 5
AL 0 0 S z
SE 0 0 2 =
BA 1 26 21016 27
TOTAL 39100 100 11022 0to84

a: for these calculations, articles that analysed samples from
more than one state in the same study were disregarded; b: study
with inmate population; ¢: tuberculosis multidrug resistant
(TB-MDR) population study; d: study with indigenous popula-
tion; NR: not reported.
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regarding genetic diversity (n = 9);23979%9%.100.10L,102.103)
were related to nontuberculous mycobacteria (NTM)
(n = 4);104105.10607) were performed in other countries
(n = 58108109000 did not target 1S6110 for RFLP
(n = 7)""*!"% or were data presented as part of a thesis
manuscript and had not been peer reviewed (n = 4).

We observed that RFLP-1S6770 analysis was the first
technique to evaluate genetic diversity of M. tuberculo-
sis in Brazil over two decades ago, and data using this
technique are still being published. This technique has
nowadays been substituted almost completely by MIRU-
VNTR typing (Supplementary data I).

The geographical map of Brazil with TB incidence,
study distribution based on sampling and manuscript
authorship is presented by Fig. 3. Fig. 3A demonstrates
the spatial location of the country divided in five regions
and 27 states demonstrating a considerable difference of
incidence per state, with the states of Amazonas (AM -
North) and Rio de Janciro (RJ - Southeast) presenting the
highest values (72.9 and 66.3 per 100.000 inhabitants).

Studies using MIRU-VNTR or RFLP-IS6/10 were
performed in all regions of Brazil and in 16 (59%) of the
states (including the Federal District) but most (n = 40/56)
were performed in the Southeast region, including 17
in Rio de Janeiro and 15 in Sdo Paulo states; and in the
South, represented by 12 studies from Rio Grande do Sul
and three from Parana states. In the North, three studies

were represented from Para State while the Central West
region harbored five studies, all from Goias State (Fig. 3).

RLFP data-analysis - Among the Brazilian regions,
the largest number of studies, using RFLP-1S6170, was
observed in the Southeast region, with more than 70% of
all publications, followed by the South and Central West
regions that, together, do not reach 25%. The description
of clustering rate and number of 1S6110 copies can be
found in Table I, and the Southeast region includes stud-
ies comprising all the constituent states with a cluster-
ing in the general population ranging from 6 to 56.2%.
Among the vulnerable populations studied, transmission
rate was observed of 53% among HIV patients (71) and
84% among prisoners.”

For Sao Paulo, the state with the biggest popula-
tion and economic growth, some specific populations
showed high clustering rate, such as patients with resis-
tant TB (52.3%),“9 extensively resistant (52.8%)* and
prisoners (55.9%).“” Rio de Janeiro and Sao Paulo were
the municipalities with the highest number of publica-
tions using RFLP-IS6//0 (11 each) and demonstrated an
increase in the rate of grouping/transmission over time.
Among the studies analysed, one study conducted in the
central region of Sao Paulo reported the highest cluster-
ing rate (56.2%) and in this study, they sought to verify
the impact of migration on the recent transmission of

o

Records ientified through PubMed
database (n = 31) and through BVS.
database (n = 40} n=T71

4 Fubtent acies exchuded (3¢ 17), W reasons:

o Onty AL Bowts e 5)
* Duta not avadatie (n= §)

+ Omer countes (e 3)

RFLP
(n=39)

(1-C) Techniques comparison

(1-8) RFLP AND tuberculosis AND Brazil

Records identfied through PubMed |
database (n = 79) and through BVS |
database (n = 92): n = 169

===t

Records after duplicates removed on BVS
(66 alroady present on PubMed and 19
duplicated on BVS itself): n = 85

=

mmn-“}—b © D nct wvadacte (o= 8)

ﬂ

JFutent aricies wxchuded (1 = 42), W reascns.

« Other countrien (o= 5)
« Not S110 RFLP tne 8)
+ Thess dasertaton (ve 4)

Fig. 2: the PRISMA flow diagram for cach genotyping technique demonstrating the total of studies selected for this literature review: 1-A) myco-
bacterial interspersed repetitive unit-variable variable number tandem repeat (MIRU-VNTR) and 1-B) restriction fragment length polymorphism
(RFLP-1S6710). 1-C) The 57 studies of Mycobacterium tuberculosis genotyping in Brazil and their distribution according to each method.
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Fig. 3: studies distribution based on genotyping by restriction fragment length polymorphism (RFLP-IS6//0) and mycobacterial interspersed
repetitive unit-variable variable number tandem repeat (MIRU-VNTR) in Brazil. (A) Spatial localisation; (B) number of studics by states.

TB. Despite the high percentage found in that study,
there seems to be limited contribution of migration in
the transmission of TB to Brazilians and vice versa.“”

For Espirito Santo State, the clustering rate ranged
from 40 to 48%; however, as most studics comprised pe-
riods of time and/or were overlapping, it was not possible
to infer a tendency for increase or decrease in this par-
ticular state. However, the incidence of TB in Espirito
Santo state scems to be highly influenced by a small set
of strains that circulate actively.**%”

Data from Minas Gerais State shows that its rate of
clustering was the lowest in the Southeast region, rang-
ing between 6.4% and 25.4%, suggesting a low recent
rate of TB transmission in this state, including patients
with MDR-TB; this might have been influenced however
by the low sampling.“®

Five publications were from the South region, all
from the state of Rio Grande do Sul; strains with one
to 18 copies of 1S6//0 have been reported and the per-
centage of grouping ranged from 36 to 42.9% for the
general population and from 38% to 68.6% for the popu-
lation with MDR-TB. Despite the small number of pub-
lications, studies with MDR-TB patients suggesting an
increase of MDR-TB transmission during the studied
period, a particular problem of this Southern state and
probably associated with HIV infection.

In Mid-West Brazil, more specifically in the Goias
State, polymorphism is observed in TB resistant and
TB-MDR strains, suggesting a high rate of primary re-
sistance. Two studies in Mato Grosso State, carried out
exclusively upon the indigenous population, demonstrat-
ed a high clustering rate of 63.5%“* and 69%"“" typical
for high transmission rates among such populations.

In the Northeast region of the country, the only
study we found was that of Silva et al.""” (evaluating
isolates from Bahia State that had been collected be-
tween March and June 2008, reporting M. tuberculosis
with a number of 1S6//0 copies ranging between 2 and
16, with a cluster rate of 26.7%.

Similarly, the North region was also represented by
a single study conducted in the State of Roraima which
borders with Venezuela and Guyana and has an impor-
tant portion of their TB cases associated with indigenous
population, constituting 70% of TB cases (2015-2016)
and presenting a clustering rate of 30%.“" This cluster-
ing rate is low when compared to other regions of the
country what might be related to a large flow of people,
being a border region.

MIRU-VNTR data-analysis - We obtained MIRU-
VNTR genotypes from 1,613 MTBC isolates and con-
ducted the analysis using 12, 15 or 24 MIRU-VNTR
alleles for constructing genetic patterns. Patterns of
24-MIRU-VNTR were available for 1,041 (64.5%) iso-
lates from all states except from Goias and Parand. The
data demonstrated that genotypes are not exclusively of
a specific state (Fig. 4). Because 24-MIRU-VNTR typ-
ing is also considered adequate for phylogenetic analy-
sis, we are puzzled by the bimodal and mostly region-
independent grouping within the MST tree with strains
from Rio de Janeiro State at the central node (Fig. 4C).

Upon analysis of the number of studies on MIRU-VN-
TR typing in the country, we observed that the Southeast
and South regions present the highest number (82.4%:
14/17) and in general, these studies demonstrated that
the MIRU-VNTR present a high discriminatory power.
Two of these with the largest sampling****** showed a
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treatment scheme, but also to be implemented at least at
the level of regional reference laboratories as a measure
of monitoring and controlling TB.

The Brazilian TB surveillance actions include home
visit for new case and summoning of possible cases of
TB infection in hospitals and other institutions, as well
as follow-up and closure of cases."*** Currently, strain
typing (that would be preferably by 24-loci MIRU-VN-
TR typing) is not part of routine surveillance in any in-
stitution in Brazil, only for basic research.

The present study demonstrates that over the last two
decades, MIRU-VNTR has been used less for genotyp-
ing than the previous gold standard technique (RFLP-
1S6110), not only because of earlier implementation of
the latter (1993 versus 2008), but also due to its higher
cost. This is of particular importance for a country with
a considerable TB incidence such as Brazil (rate of 33.5
per 100,000 inhabitants). However, implementation of
such technology to screen only MDR-TB cases would be
alrcady a great step ahead.

The use of international databases not only allows
local or national genotyping studies, but evaluation of
genetic composition of M. tuberculosis strains on a larg-
er and even on a global level. In particular for MIRU-
VNTR, besides SITIVIT2, there is another international
database that allows comparison and classification to
the lincage level of local genotypes (MIRU-VNTRplus
- http:/www.miru-vntrplus.org), which has a collection
of 186 strains representing the major MTBC lincages.
For each strain species, lineage and epidemiologic in-
formation is stored together with information regard-
ing the copy numbers of 24 MIRU loci, spoligotyping
patterns, regions of difference (RD) profiles, single nu-
cleotide polymorphisms (SNPs), susceptibility data and
RFLP-1S6110 fingerprint images for all isolates.*'*9
However, because this database is limited to the input of
genotypes from 500 isolates per analysis and our sam-
pling was composed of 1,613 entries for MIRU-VNTR,
we used the Bionumerics v.7.6 software (Applied Maths,
Sint-Martens-Latem, Belgium) for analysis.

g to state origin: Goias (GO). Minas Gerais (MG). Rio de Janciro

The limitations of RFLP-IS6//0 are due to the re-
quirement of large amounts of purified DNA in a more
complicated methodology with extensive and laborious
steps during data analysis for comparison of data gen-
erated in different laboratories by considering internal
and external molecular weight markers. Comparison of
such data requires the use of specialised programs such
as Bionumerics and considerable experience on part of
the user, for pattern analysis.

Although a considerable number of studies in Bra-
zil performed genotyping by RFLP-IS6//0 have been
published, they mostly report on regional patients
where a single laboratory analysed the samples without
inter-laboratory comparison because of the afore men-
tioned characteristics of the technique. In addition, no
robust international database of RFLP-1S6//0 profiles
is accessible. There is one centralised database at the
National Institute for Public Health and the Environ-
ment (RIVM, Bilthoven, the Netherlands) but only ac-
cessible for collaborators. %

Although this technique has been used to date, MI-
RU-VNTR analysis has already proved its robustness and
equivalence to the results obtained by RFLP- 1S6//0.1*%
Moreover, it still has the advantage of allowing the analy-
sis of isolates with fewer copies of 1S6//0 which is not
considered a good RFLP-1S61/0 method for these cascs.

The higher discriminatory power of MIRU-VNTR
compared to other genotyping techniques is already
widely known,"*® also showing a range of polymor-
phism, such that loci 10, 23, 26, 31 and 40 have greater
discriminatory power than the others. Additionally, its
value has been demonstrated for detecting relapse cases,
reinfection, and mixed infections.?”

Comparing the MIRU-VNTR discriminatory power,
this study corroborates a recent review cvaluating 56
studies (39 from Asia, seven from America, six from Af-
rica, three from Europe and one from a different coun-
try),"*® demonstrated that MIRU10, MIRU26, QUB26,
MIRU40, QUBIIb and Mtub2l was reported to be the
loci with the highest discriminatory powers (1 > 0.6),
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TABLE 11
Clustering analysis of mycobacterial interspersed repetitive units - variable number tandem repeat (MIRU-VNTR)
No. of different  No.of  No. of clusters  No. o unique Size of
Typing methods n patterns clusters isolates isolates % in cluster  clusters
MIRU-VNTR 12 loct 1,613 26 11 40 15 73% 27
MIRU-VNTR 15 loci 1,065 821 106 350 715 33% 2-23
MIRU-VNTR 24 loci 1,041 845 91 287 754 28% 2-11

in Brazilian population, we also present MIRU 23 and
Mtub04 with high discriminatory power. These eight
loci can be considered in studies that need to be faster
and less costly. Studies supported by the Brazilian gov-
crnment exploring and describing the MTBC genetic
diversity into the five main regions have correlated the
emergence of drug resistant-TB to RD™ (LAM sublin-
eage) strains in South and Southeast regions**'*” and to
the T lineage in the North."*%

Concerning the phylogenctic network, the central
position is not meaningful in the context of many diverse
isolates. The ancestor that gave rise to all these strains
has no good representative today, in this way the cen-
tre is highly dependent on the frequency of the samples,
and the strains that have by chance quite average values
for the genotyped loci. There is little spatial structure in
Brazil. This can also be seen in the assignation to lin-
eages as described above. Regarding the lineages, the
Brazilian profile observed in this demonstrate the higher
frequency of Lincage 4, mainly LAM genotype and the
higher frequency of Lincage 1 in Para State. (30131132439
The presence of M. tuberculosis var. bovis among hu-
man strains was not reported so far, and M. tuberculosis
var. africanum was recently reported as a single isolate
from a patient from Para State.**

This study has some limitations, and they are most-
ly related to data correlation since some articles do not
show genotype data (the number of each MIRU-VNTR
loci, or RFLP-IS6/10 profile), so they were excluded
from the analysis. Some publications repeat data from
previous studies without allowing sample identification,
s0 it was not possible to evaluate the real frequency of
genotypes isolates per Brazilian state or region.

On December 23rd of 2019, the Brazilian Secretary
of Health Surveillance has published the list of approved
National and Regional Reference Laboratories for TB
and atypical mycobacteria (NTM), aiming at the estab-
lishment of the National Network of Public Health Labo-
ratories for the next 5 years. Institutes on the national
level are the National Reference Laboratory Professor
Hélio Fraga (CRPHF) of the Fundagdao Oswaldo Cruz.
At the regional level are the Regional Reference Labo-
ratories: The Laboratory of Bacteriology and Bioassays
of the National Institute of Infectious Diseases Evandro
Chagas (INI, FIOCRUZ), the Central Public Health
Laboratory of Amazonas (LACEN, AM), the Central
Laboratory of Public Health of Espirito Santo (LACEN,
ES); and the Central Public Health Laboratory of the
Federal District (LACEN, DF).

Regarding the advances on technology evolution,
studies have demonstrated that WGS has the greater
discriminatory power for epidemiological compared to
genotyping methods. For example, to track TB transmis-
sion, it was already established that, based on WGS data,
a genetic distance from zero to five SNPs separating pa-
tient isolates, are present in linked cases such as house-
hold contacts: a genetic distance from five to 12 SNPs is
for related cases and more than 12 SNPs was defined to
classify epidemiologically unrelated cases. % Besides
that, compared to the commercial genotyping methods
or Sanger sequencing, analysis based on WGS display a
greater panel of mutations associated to drug resistance.

Taking out 23 M. hovis genomes, there are few stud-
ies in Brazil related to WGS applied to M. tuberculosis
so far (around 765 genomes): five related to drug resis-
tance characterisation!!?1713%.139140) and four related to
epidemiological approach®#142149 we did not include
them in this current analysis. Such national studies con-
firm the potential of WGS for molecular epidemiology
approach compared to genotyping. In Supplementary
data IV there is a list of all published MTBC genomes
isolated in Brazil so far, which is the first version of
what should become an interactive database of Myco-
bacterium genomes from patients from Brazil, including
MTBC, M. leprae and NTM presently under construc-
tion at http:/www.ioc.fiocruz.br/gemibra/. Part of these
MTBC genomes are also available at a website http:/
cplp-tb.ffulisboa.pt, a TB Molecular Epidemiology
Database for the Community of Portuguese Speaking
Countries (CPLP).®”

Even through the natural progression towards WGS
is going on, applying MIRU-VNTR and creating a na-
tional genotyping database for TB surveillance is more
feasible, at least for a while, than WGS at the regional
and national reference laboratories. However, in paral-
lel, we could give rise to an interactive national database
for WGS, focusing on the genetic structure of MTBC in
Brazil, for research and for TB surveillance.

Thus, a similar long-term analysis performed in
this study could address a better understanding of the
TB dynamics in all of Brazil and refocus the attention
towards the gold standard of surveillance. This is the
same direction that Singapore has taken by demonstrat-
ing that there is a large and heterogeneous distribution
of MTBC strains. A universal MTBC typing program
coupled with enhanced contact investigations may be
uscful in further understanding the transmission dy-
namics of TB locally."*¥
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In conclusion

Tracing TB cases and their contacts is of vital impor-
tance for the control of TB in high burden countries like
Brazil. Research on TB genetic diversity and molecular
epidemiology in Brazilian territory was more frequent
in South and Southeast and it is imperative to reinforce
the need of molecular epidemiology surveillance in the
central and northern states. This could be achieved by
the intensive training of more laboratory profession-
als and supply of the materials needed to perform the
technique. A high but heterogeneous rate of TB trans-
mission was observed in Brazilian regions. This study
highlights the importance of including genotypic analy-
sis by MIRU-VNTR in TB surveillance, at least of drug-
resistant cases, and of maintaining a hierarchical flow of
data between laboratories in the NPCT network. Thus,
we propose an implementation of molecular typing tech-
niques for TB transmission detection based initially on
MIRU-VNTR towards WGS, as well as the creation of a
national databasc would improve our efforts to decrease
the incidence of this challenging discase.
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population-based study on drug-resistant (DR)-TB in Rio Grande do Sul, the largest state in Southern
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1. Introduction

Resistance to anti-tuberculosis (TB) drugs is one of the main
reasons why TB is still one of the leading infectious diseases. In
2019, TB accounted for 1.4 million deaths and 10 million new cases
worldwide. Drug resistance increases the standard anti-TB treat-
ment length to at least 1 year, and requires the use of different
classes of drugs which are more expensive, less effective and have
a lower cure rate: 26% for extensively drug-resistant (XDR) cases
1]

Annually, approximately 73,000 new cases of TB and 4500
deaths due to TB are notified in Brazil, resulting in an inci-
dence rate of 35 cases/100,000 population (2019). From these
cases, an important fraction is classified as multi-drug resistant
(MDR)/rifampicin (RIF)-resistant: 1119 laboratory-confirmed MDR-
TB/RIF-resistant cases were notified in 2017. Nevertheless, the dis-
tribution of the disease is heterogeneous across the country, and
Rio Grande do Sul, the southernmost Brazilian state and the largest
of the three states that compose the south region of Brazil, ac-
counts for 54% of the cases of TB occurring in this region with an
incidence rate of 40 cases/100,000 population [2]. Furthermore, Rio
Grande do Sul has a high number of cases of MDR/RIF-resistant TB
(109 cases in 2017) according to the data from the State Central
Laboratory (not shown).

Previous studies on circulating Mycobacterium tuberculosis in
the south region of Brazil have shown predominance of Lineage
4 strains, but with important diversity at the sublineage level with
predominance of 4.3.3 [Latin American and Mediterranean (LAM)],
4342 (LAM) and 4.1.2.1 (Haarlem) sublineages [3,4]. Moreover,
strains rarely found in other regions, such as SIT863 |5, have been
observed in recent studies, coupled with ongoing transmission of
highly resistant strains [4,6]. However, previous studies in the re-
gion only undertook limited sampling, mainly from MDR strains. To
obtain a broader understanding of the DR-TB scenario and aiming
to inform DR-TB control efforts in the region, a representative sam-
ple of DR M. tuberculosis strains circulating in Rio Grande do Sul
state between 2011 and 2014 was characterized in terms of their
diversity and genomic similarity to estimate ongoing transmission
of M. tuberculosis.

2. Materials and methods
2.1. Study population

A retrospective population-based study on DR-TB was con-
ducted in Rio Grande do Sul state, Southern Brazil, between 2011
and 2014. Available M. tuberculosis clinical strains were collected at
the State Central Laboratory (LACEN-RS). LACEN-RS is the reference
laboratory in charge of drug susceptibility testing (DST) from TB
cases notified state-wide. The study included 305 clinical strains
of M. tuberculosis that presented resistance to at least one of the
following first-line anti-TB drugs: isoniazid (INH), RIF, ethambutol
(EMB) and streptomycin (STR).

Rio Grande do Sul, the largest state in Southern Brazil, has an
estimated population of 11.3 million people |7}, and ranks among
the high-burden TB states in Brazil with a high rate of MDR-TB.
In 2017, 5031 new TB cases [2] (40 cases/100,000 population) and
90 cases of diagnosed MDR (data from LACEN-RS) were notified
from Rio Grande do Sul. Over the 4-year study period, 403 DR-TB
samples were identified at LACEN-RS. The study sample includes
305 of these 403 notified DR-TB samples (75.7%). Clinical and epi-
demiological data from enrolled individuals were obtained from
the Brazilian National System for Notifiable Diseases (SINAN) and
the Brazilian Special Tuberculosis Treatment Information System
(SITE-TB). A confirmed epidemiological link (epi-link) was consid-

International Journal of Antimicrobial Agents 58 (2021) 106401

ered when two individuals lived in the same neighbourhood or
spent time at the same prison for any time in the same year.

2.2. Drug susceptibility testing

DST results were obtained for clinical samples from LACEN-RS,
where testing was performed using a liquid BACTEC MGIT 960
SIRE Kit for the BACTEC Mycobacteria Growth Indicator Tube 960
(MGIT 960) system (Becton Dickinson Diagnostic Systems, Sparks,
MD, USA). Susceptibility evaluation was conducted for the follow-
ing first-line anti-TB drugs: RIF (breakpoint 1.0 mg/L), INH (break-
point 0.1 mg/L), EMB (breakpoint 5.0 mg/L) and STR (breakpoint
1.0 mg/L) in accordance with the manufacturer’s instructions.

2.3. DNA extraction and whole-genome sequencing

M. twberculosis genomic DNA was extracted using the
cetyltrimethylammonium bromide method, as described by
van Embden et al. [8] in a Biosafety Level (BSL) 2 laboratory with
BSL-3 safety equipment and work practices. The genomic DNA
from the 305 studied M. tuberculosis strains was subjected to
next-generation sequencing to access its whole-genome sequence.
Paired-end sequencing (2 x 150 bp) was performed on an lllumina
NextSeq machine using either a 300 cycle v2 mid-output or high-
output kit (Illumina, Code FC-404-2003 or Code FC-404-2004),
using the standard Illumina procedure as described previously [4].

24. Bioinformatic analysis of whole-genome sequencing data

Raw FASTQ files were trimmed to remove adapter sequences
and low-quality reads using Trimmomatic [9]. The read data qual-
ity was assessed in fastQC (www.bioinformatics.babraham.ac.uk/
projects/fastqc/), and then mapped against the reference genome
of M. tuberculosis H37Rv (GenBank Accession NC000962.3) using
the BWA-MEM algorithm [10]. The quality of the resulting mapped
BAM files was checked using Qualimap [11]. SAMtools/BCFtools
and GATK tools were used for variant calling of single nucleotide
polymorphisms (SNPs) and small indels, as described previously
[12,13]. Both variant sets called by each tool were combined, and
only the concordant set between both callers was retained for
downstream analysis. SNP sites with an excess of 10% missing
calls were removed from the analysis [14], as well as SNP posi-
tions within PE/PPE genes. Variants occurring in drug-resistance-
associated genes were retained for increased resolution at the
micro-evolutionary level. Retained variants were converted to a
FASTA format file and then used to generate an alignment com-
posed of 28974 high-quality SNP sites.

The final [whole-genome SNP (wgSNP)] alignment was submit-
ted to the JmodelTest tool [15] for best-fit nucleotide substitu-
tion model selection under Akaike Information Criterion. General-
ized Time-Reversible model with estimated proportion of invari-
able sites was selected to reconstruct a maximume-likelihood phy-
logenetic tree using the RAXML tool [16], applying the bootstrap
branch support metric, and the resulting tree was annotated in the
Interactive Tree of Life online tool [17]. A cut-off of five SNPs was
used to delineate genomic clusters [18] among the wgSNP align-
ment using the ape package and hclust function implemented in R.
Recent transmission among M. tuberculosis genomes was estimated
from the ratio between the number of clustered strains and the to-
tal number of included strains. To analyse the geographical distri-
bution of DR-TB cases, patient addresses were plotted in a map us-
ing the online tool Microreact [19]. Pairwise geographical distances
between patients were determined using the Imap package imple-
mented in R, and the Mann-Whitney U-test was applied.

The fbpC103 polymorphism (G->A at codon 103) used to dif-
ferentiate LAM strains from non-LAM strains and genomic variants
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underlying drug resistance were identified from VCF files cited pre-
viously. The command-line version of TB-Profiler (v2.8.13) [20] was
used to determine the M. tuberculosis SNP-based type, and SpoTyp-
ing (v2.0) [21] was used for prediction of in-silico spoligotypes. The
clade and shared international type (SIT) of each spoligotyping pat-
tern were assigned using the SITVIT2 online database [22].

2.5. Resolving discordant phenotypic and whole-genome sequencing
results

Discordant results were resolved by repeating the DST on the
MGIT 960 system and performing minimum inhibitory concentra-
tion (MIC) analyses with the resazurin microtitre assay method, as
described previously [23,24], using the breakpoint concentrations
of <0.25mg/L and =0.5 mg/L for INH and RIF. respectively.

3. Results
3.1. Study population and clinical characteristics

From 2011 to 2014, 403 cases of DR-TB were detected state-
wide and further classified as MDR (n=240), resistant to INH alone
(n=122), resistant to RIF alone (n=6), resistant to EMB alone (n=3),
resistant to STR alone (n=3), and polyresistant (n=32). Of these
403 DR-TB notified cases, 305 M. tuberculosis resistant strains from
unique patients were available (75.7% of total from study period)
with the following DR profiles: 169 MDR, 111 resistant to INH
alone, 19 polyresistant, five resistant to RIF alone, and one resis-
tant to STR alone.

Among the 305 included patients, 76.1% were male and the me-
dian age was 40 years (range 13-84 years). For 34.4% of the pa-
tients, it was their first TB diagnosis (primary resistance), 29.8%
were starting a new treatment period for a TB relapse, 25.3%
were starting treatment following loss to follow-up, and 9.2% were
starting treatment after failure of a previous treatment. Informa-
tion was not available for four individuals (1.3%) (according to
data obtained from SINAN and SITE-TB). Regarding the main co-
morbidities and risk factors, 28.5% were infected with human im-
munodeficiency virus; 8.9% had diabetes mellitus; and 33.1%, 19.7%
and 18.4% were alcohol, tobacco and illicit drug users, respectively.
In addition, 37 (12.13%) individuals were prison inmates at the
time of sample collection. Information related to treatment out-
come was obtainable for 254 (83.3%) cases. A favourable outcome
(cure or treatment completion) was reported for 49.9% (104/254)
of those cases; 35.8% (91/254) of the individuals were lost to
follow-up, the current treatment failed for 6.7% (17/254) of the in-
dividuals, and 16.5% (42/254) of the individuals died during treat-
ment (see online supplementary material for detailed characteris-
tics of individuals included).

3.2. Drug resistance and associated mutations

From the 111 INH-monoresistant clinical strains, 95 (85.6%) car-
ried a well-described mutation related to resistance. Among the
169 phenotypically MDR strains, only one did not have any known
mutations underlying INH and RIF resistance. For 43 samples that
presented discordant results for INH and RIF resistance between
MGIT testing and the whole-genome sequencing (WGS) prediction,
MGIT- and MIC-based DST were performed for the two drugs. This
revealed that 15 INH-monoresistant strains on MGIT-SIRE did not
have associated resistance mutations, and were, in fact, suscepti-
ble. Therefore, for the purposes of evaluation of WGS-based drug-
resistance prediction, the susceptibility profile was changed. For
the remaining strains, the phenotypic resistance profile remained
the same.
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Additionally, well-described disputed mutations in the rpoB
gene causing RIF resistance, generally missed by automated phe-
notypic DST methods [25], were identified in 22 (22.9%) of the 96
remaining INH-monoresistant strains: D435Y (8/22), L452P (5/22),
H445Y (4/22), 1430P (2/22), H445G (1/22). H445N (1/22) and
D435Y+S431T (1/22). Thus, for the purpose of evaluation of WGS-
based drug-resistance prediction, those strains were considered to
be RIF resistant based on previous reports of the phenotypic re-
sistance caused by these mutations, and the inability of MGIT
to detect it [25). Concerning clinical evolution for these 22 pa-
tients, 17 of them received MDR-TB regimens after a review of
their clinical status (non-response or treatment failure to first-
line drugs, including RIF). For the remaining five patients, the
treatment information was not available, but two of them died
from TB. Finally, the overall concordance on WGS-based resistance
prediction was 99.3% for INH, 98.7% for RIF, 82.3% for EMB and
86.9% for STR, considering MGIT-based testing as the gold standard
(Table 1).

The most common variants sustaining INH resistance were
found in the katG gene, with the distinct occurrence of some mu-
tations among different resistance profiles (Ser315Thr mainly in
MDR and Ser315Asn mainly in INH-monoresistant). In total, 84.5%
(240/284) of INH-resistant strains had some related resistance mu-
tation at katG, and among these, 53 (18.7%) had additional -15 C>T
or T>C -8 changes at the inhA promoter. Thirty of 284 (10.6%)
INH-resistant strains only carried the inhA-promoter -15 C>T mu-
tation, 11/284 (3.9%) only had mutations in the oxyR-ahpC regula-
tory region, and one had the Ser94Ala codon change in inhA gene
(Figure 1). Regarding RIF resistance, 173 (99.4%) of the 174 RIF-
resistant isolates carried mutations in the rpoB gene. Amino acid
changes in codon 450 were the most frequent, occurring in 73.6%
of the resistant isolates. An uncommon insertion (rpoB 435 QNNP
> QNNPQNNP) [6] was identified in 16/174 isolates (9.2%), and two
isolates (1.1%) had deletion of two amino acids (rpoB 435 FMD=F)
(Figure 1). Disputed mutations occurring in the rpoB gene were
found in 22 RIF-susceptible (according to MGIT) strains: 14 of them
were INH-monoresistant strains, seven were resistant to INH and
STR, and one was susceptible to first-line drugs.

Mutations associated with EMB resistance were found in 91.7%
(11/12) of the resistant isolates, all carried on the Met306Val amino
acid change in the embB gene. However, 18.1% (53/293) of the
EMB-susceptible strains also had resistance-associated mutations.
Among 47 STR-resistant strains, 28 (59.6%) had related resistance
mutations identified on the rrs (11/47), gidB (11/47) and rpsL (7]47)
genes (Figure 1). Second-line drug-resistance-associated variants
were found in nine strains, all of which carried amino acid sub-
stitutions at codon 94 on the gyrA gene (Asp94His, Asp94Gly,
Asp94Asn, Asp94Tyr and Asp94Ala), related to fluoroquinolone re-
sistance. One of these nine strains also had a mutation on the
rrs gene (1401 A>G), which is a known marker of aminoglyco-
side resistance (see online supplementary material for complete
resistance-associated variant profiles). For one of these nine pa-
tients with pre/XDR-TB, the outcome was cure following a change
in the anti-TB regimen. In the other eight individuals, an un-
favourable outcome was seen: four had treatment failure, three
were lost to follow-up (including the one case of XDR-TB). and one
died.

3.3. Cenetic diversity of M. tuberculosis

The two typing methods implemented - in-silico spoligotyping
and SNP-based typing - assigned 303 (99.3%) clinical strains to M.
tuberculosis Lineage 4, one strain to Lineage 1 (EAI5) and one strain
to M. bovis (BOV1) species. SNP-based classification showed pre-
dominance of the 4.3.4.2 (LAM) sublineage in 63 (20.7%) strains,
433 (LAM) in 61 (20%) strains, and 4.1.2.1 (Haarlem) in 54 (17.7%)
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Table 1
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Figure 1. Mutation patterns underlying first-line drug resistance

strains. All 188 strains (61.6%) assigned to the 4.3 (LAM) sublin-
eage carried the fbpC'®* polymorphism, a known LAM SNP marker;
RD174 was found in 64 (34%) of these LAM strains and RD115
was found in 55 (29.3%). In-silico spoligotyping revealed 62 dis-
tinct patterns and 48 different SITs among the 305 clinical strains.
The most common SITs were: 53/T1 in 40 (13.1%) strains, 93/LAM5
in 26 (8.5%) strains, 65/T1 in 24 (7.9%) strains and 42/LAM9 in
22 (7.2%) strains. The SITVIT2 database did not assign any SITs
to 24 (7.9%) strains (Figure 2). SNP barcode-based typing was
able to assign a sublineage to 12 strains that were previously
unclassified or ill defined by spoligotyping. Disagreements be-
tween spoligotyping and SNP-based typing methods were related
to the T spoligotype. The complete typing profile for each strain
is presented in the online supplementary material (molecular
sheet).
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among the 305 drug-resistant Mycobacterium tuberculosis strains.

3.4. Whole-genome-sequencing-based M. tuberculosis transmission
analysis

The final wgSNP alignment of the 305 M. tuberculosis strains in-
cluded in this study resulted in 28,974 positions and evidenced an
average distance of 498.68 SNPs between strains. Five SNPs was
used as the threshold for genomic relatedness detection in M. tu-
berculosis genomes, which could reveal recent or ongoing trans-
mission as proposed by Walker et al. [18]. From 305 strains, 168
(55.1%) were grouped into 28 genomic clusters. Among those, 22
epi-links were identified, involving 77/168 (45.8%) patients: 47 at
community level, 30 in prison and two household contacts (see on-
line supplementary material). Among the 169 patients with MDR-
TB, 124 (73.4%) were grouped into genomic clusters. The three
largest clusters identified (GC1, GC2 and GC3) harboured strains
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likelihood approach from genome-wide alignment of the 305 Mycobacterium tuberculosis strains with 28,974

high-quality positions. The resulting tree was rooted on Mycobacterium cannettii and annotated in Itol [17]. The tips were coloured according to genomic clustering (see
legend). The phenotypic drug susceptibility profile for first-line drugs is represented in the red squares (resistant, filled squares; susceptible, empty squares). Spoligotyping

clade/shared international type and singl poly: ph b,
(presence, filled triangle; absence, empty triangle).

d typing are

from the 4.3.42 (LAM), 4.1.2.1 (Haarlem) and 4.3.3 (LAM) sub-
lineages, respectively. GC1 comprised 25 strains, 19 of which be-
longed to SIT 93/LAMS5. GC2 had 21 strains in total, 20 of which
belonged to SIT 53/T1. Of the 17 strains in GC3, 15 had a spolig-
otyping pattern assigned to SIT 863/PINI2 and 16 had a 12nt in-
sertion at codon 435 of the rpoB gene (435QNNP > QNNPQNNP).
Furthermore, 14 of the 22 strains harbouring disputed mutations,
and susceptible according to the MGIT assay, were grouped into
five different clusters, mainly GC4 (9/22).

The largest genomic clusters were mainly composed of MDR
strains. However, in nine genomic clusters, the strains presented
distinct intracluster drug-resistance patterns. For example, GCl
was composed of 19 MDR strains and five INH-monoresistant
strains, and GC4 had a heterogeneous composition (five polyresis-
tant, four INH-monoresistant and four MDR strains). In addition, 13
GCs had intracluster acquisition of additional mutations conferring
resistance to first- and second-line drugs (see online supplemen-
tary material). The distribution of clustered strains was also anal-
ysed in terms of the different cities in Rio Grande do Sul state,
and the highest occurrence was found in cities with the highest
incidence of TB (mainly the metropolitan area of Porto Alegre and
the state capital) [26]. Figure 3 shows the geographical distribu-
tion of studied strains, revealing a higher concentration of stud-
ied cases and clustered strains (77.4%) in the metropolitan area of
Porto Alegre (incidence rate 84.4 cases/100,000 population) [2]. In
Porto Alegre, clustered cases were mainly observed in four districts
(Santa Tereza, Rubem Berta, Mdrio Quintana and Sarandi) - dis-
regarding the cases from the city's prison - accounting for 40.3%

d. and the triangle indicates the presence or absence of fopC103 polymorphism

of clustered cases in the city. The pairwise geographical distance
between patient residences within the five larger genomic clus-
ters was statistically lower than observed in non-clustered cases
(P<0.05).

4. Discussion

Rio Grande do Sul has the fourth highest TB mortality rate
among Brazilian states, and recent studies in the region have
shown important chains of transmission of DR-M. tuberculosis
strains that impair disease control [2,4,27,28]. Data are lacking re-
garding the real incidence of DR-TB in Rio Grande do Sul, as in
other Brazilian states, as these data are poorly covered in national
reports, In this retrospective study, DR-TB cases identified at Rio
Grande do Sul State Central Laboratory were reviewed to obtain
the epidemiological scenario of resistance in the state.

Overall, the predicted genome-based resistance showed good
concordance with phenotypic resistance testing, ranging from
99.3% and 98.7% resistance to INH and RIF, respectively, to 82.3%
and 86.9% resistance to EMB and STR, respectively, in accordance
with global data [29,30]. Interestingly, 88.7% of EMB-susceptible
strains harbouring resistance-associated mutations were MDR, sim-
ilar to the results of a previous study in Russia [31]. Lower sensi-
tivity to the detection of STR resistance was found; this has been
reported in previous studies with global strain sets, and could
be associated with poor genomic predictive performance for STR
resistance within Lineage 4 [32,33]. A relevant finding observed
from molecular versus phenotypic comparison was the presence

49



RS. Salvato, AJ. Reis, SH. Schiefelbein et al.

International Journal of Antimicrobial Agents 58 (2021) 106401

: :
: i
i
;
H
A . - 4
B

Figure 3. (A) Geographical distribution of the 305 drug-resistant tuberculosis cases in Rio Grande do Sul state. The colours of each marker represent the genomic cluster of
each strain (see legend). (B) Zoomed image representing the Porto Alegre metropolitan region. The data were plotted in the map using Microreact [19]. An interactive ver-
sion is available online at https://microreact.org/project/cZ1SD6nx9Lgim JHhNoToGS. (C) Pairwise geographical distances of all patients, and non-clustered and intraclustered

groups.

of well-characterized disputed mutations in the rpoB gene [25] in
22 strains that were susceptible to RIF on MGIT. In these strains,
disputed mutations were found in 21.9% (21/96) of phenotypically
INH-monoresistant strains, suggesting potential underestimation of
the proportion of MDR cases, and may result in incorrect anti-TB
treatment. The fact that 17 patients infected with these strains re-
ceived an MDR-TB regimen shows the failure of the first-line reg-
imen despite being considered simple INH-monoresistant strains,
and two deaths during treatment shows the clinical relevance of
these mutations. In addition, the potential for dissemination of
these strains is further stressed by the detection of isolates bearing
these variants in genomic transmission clusters, particularly GC4.
These novel findings in Brazil reveal the importance of tracking
strains harbouring disputed mutations for accurate TB surveillance
and control in the region.

As revealed by previous studies carried out in the region
[4,27,28], the main genotypes associated with first-line drug resis-
tance include high confidence mutations: katG S315T (in 50% of re-
sistant strains), katG S315T + inhA -15 C=T (in 17.6% of resistant
strains) and inhA -15 C>T (in 10.2% of resistant strains) causing
resistance to INH. However, 3.9% (11/284) of INH-resistant strains
only carried resistance-conferring mutations on the ahpC promoter
(-48 G=A, -52 C>T, -54 C>T and -57 C>T), eight of which were
resistant to INH alone. Despite limited evidence about the role of
mutations in the ahpC-oxyR intergenic region conferring resistance
to INH, several studies have found a potential association between
these variants and INH resistance [29,34], but usually as a com-
pensatory mechanism to mutations at katG, mainly non-315 mu-
tations. Overexpression of the ahpC gene, producing an alkyl per-

oxidase that also protects the bacillus against the toxic effects of
organic peroxides, may occur due to reduced activity of catalase
peroxidase. In addition, this study found mutations in the ahpC
gene in six strains, which also carried variants in the katG gene,
all of which were non-315 mutations. Regarding the 11 strains that
carried ahpC gene variants alone, no other molecular markers that
could elucidate the mechanisms causing resistance were identified.
In order to further understand the occurrence of resistance in these
strains, there is a need to analyse other molecular mechanisms,
such as the expression of efflux pumps.

RIF resistance was mainly caused by variants carrying the rpoB
S450L (in 54.6%) and rpoB S450L + A286V (in 10.9%) mutations,
and by the 12-nucleotide insertion at codon 435 of the rpoB gene
(in 9.2%), stressing the significant spread of these highly RIF-
resistant strains (MIC =32 mg/L) in the population [6]. In the same
way, most common resistance-associated mutations were found
among clinical strains that were phenotypically resistant to EMB
(embB M306V in 83.3% of resistant strains) and STR (rrs 492 C>T
in 14.9% and rpsL K43R in 14.9% of resistant strains), similar to re-
sults in global collections |14].

Mutations conferring resistance to second-line drugs were
found in nine strains: six MDR strains had mutations conferring
fluoroquinolone resistance in the gyrA gene, one polyresistant and
two INH-monoresistant strains had associated resistance mutations
in the gyrA gene, and one of the latter also had a nucleotide
change (1401a>g) in the rrs gene that was related to resistance
to injectable second-line drugs, characterizing an XDR-TB case (see
online supplementary material). According to clinical data, only
one of these nine pre/XDR-TB individuals had a favourable out-
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come, and three of them were lost to follow-up, which may have
contributed to the spread of this resistance. In this study, DST
to second-line anti-TB drugs was not performed, precluding com-
parison with WGS-based predictions. However, a previous work
showed good concordance among resistance-conferring mutations
and phenotypic resistance to fluoroquinolones amid a subset of
clinical strains from the same region [4].

As characterized previously by recent studies in the region, the
population structure of M. tuberculosis is mainly composed of LAM
and Haarlem strains [4,27). The same predominance of LAM strains
occurs in the bordering state of Santa Catarina [35], despite pre-
dominance of the 4.3.3 sublineage in the neighbouring state com-
pared with predominance of the 4.3.4.2 sublineage observed in the
present study. As well as being able to determine the sublineage
of strains not classified by spoligotyping, SNP typing was also able
to reclassify a large set of strains previously defined as T sublin-
eage into more plausible sublineages based on their spoligotype
pattern. From 93 strains that were assigned as T clade by SITVIT2,
only 16 were classified as T clade by SNP-based typing; the re-
mainder were mainly assigned to the 4.1.2.1/Haarlem sublineage
(39.8%). This fact was evidenced by 12 strains carrying the fbpC103
variant, a known LAM marker, and by the position in the phyloge-
netic tree. Moreover, the ill-defined family T assigned by spolig-
otyping, especially the spoligotype SIT53, has been demonstrated
previously as a common pattern for different sublineages in Lin-
eage 4 [36].

Overall, the estimated recent transmission rate of 55.1% among
the 305 studied samples, which is higher than that registered
in the bordering state of Santa Catarina [35] (mainly susceptible
strains) and other regions with a high burden of TB [37] and MDR-
TB [38], shows that important transmission chains are feeding the
ongoing transmission in the region. However, the most worrying
fact revealed in this study concerns MDR strains, 73.4% of which
were grouped in genomic clusters. The three larger genomic clus-
ters found in the present analysis consisted, almost exclusively,
of MDR strains. GC1 was mainly constituted (24/25) by strains
from individuals without a history of imprisonment, with 15 in-
dividuals involved in identified community epi-links, representing
a large ongoing chain of transmission in the community. In GC2,
10/21 strains were isolated from prison inmates, and in GC3, 8/17
of the clustered strains came from prison inmates or individuals
with a recent history of incarceration, along with a prison worker.
Thus, GC3 represents an important active transmission chain in-
volving the inmate population and the community [6], similar to
that found in other regions in Brazil [39] and worldwide [40].

The larger ongoing transmission chains were found in Porto
Alegre (capital and metropolitan area). In Porto Alegre, the four
districts accounting for 40.3% of clustered cases in the city pre-
sented the lowest Human Development Index [7], reinforcing the
need for more robust TB control measures in this region. The pres-
ence of MDR strains in genomic clusters composed principally of
mono-/polyresistant profiles, along with intracluster acquisition of
resistance-related mutations seen in multiple (mainly larger) clus-
ters, indicates the de-novo emergence of MDR-TB in those clusters,
leading to the amplification of resistance; this is an additional im-
portant area of concern for TB control.

5. Conclusions

These findings reveal important aspects of the molecular ba-
sis of drug resistance in M. tuberculosis strains circulating in Rio
Grande do Sul, Brazil, showing the ability of molecular assays to
detect drug resistance, and their importance to detect RIF resis-
tance caused by disputed mutations, thus avoiding missing MDR
cases. Multiple ongoing transmission events of DR M. tuberculo-
sis strains were identified, mainly MDR strains, stressing the need
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for measures to interrupt M. tuberculosis transmission in the region
and the need to improve TB control in prisons.
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3.3 CAPITULO 11l

No manuscrito que constitui este capitulo, intitulado “A highly rifampicin
resistant Mycobacterium tuberculosis strain emerging in Southern Brazil”,
descrevemos as caracteristicas fenotipicas, moleculares e epidemioldgicas de uma cepa de

Mycobacterium tuberculosis altamente resistente a rifampicina emergente no sul do Brasil.

@) trabalho foi publicado na revista Tuberculosis
(https://www.sciencedirect.com/journal/tuberculosis), com fator de impacto JCR 2021 =
2.973.

O manuscrito esta disponivel em: https://doi.org/10.1016/j.tube.2020.102015.
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ARTICLE INFO ABSTRACT

Keywords: Here we described ph ypical, lecular and epidemiological fe of a highly rifampicin-resistant
My‘f’”“""’" tubereulosis Mycob: ium tuberculosis strain in Southern Brazil, that camries an uncommon insertion of 12 nu-
Resistance cleotides at the codon 435 in the rpoB gene. Employing a whole-genome sequencing-based study on drug-
w_"’h Snome sequencing resistant Mycobacterium tuberculosis strains, we identified this emergent strain in 16 (9.19%) from 174
Tr “'(:on rifampicin-resistant chmcal strains, all of them belonglng to LAM RD115 sublineage. Nine of these 16 strains
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1. Introduction

Tuberculosis (TB) remains a major public health emergency world-
wide and current efforts to control the disease have been threatened by
the high rates of drug-resistant TB (DR-TB) cases [1]. The overall success
rate for TB treatment is 82%, but multidrug resistance (MDR-TB) -
resi; eto i id (INH) and rif in (RIF), the two main anti-TB
drugs - is associated with worse treatment outcome, dropping the cure

ia
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rates to 60% [1]. RIF is one of the most important drugs used in the
anti-TB treatment, due to its high bactericidal effects. RIF mechanism
action consists of binding at RNA p ase (RNAp) beta-subunit,
encoded by rpoB gene, resulting in the inhibition of the bacterial
mRNA transcription [2,3]. The occurrence of RIF-resistance in Myco-
bacterium tuberculosis (M. tuberculosis) is generally associated to single
nucleotide substitutions at rpoB gene, mainly at rifampicin resistance
determining region (RRDR), an 81-base pair region comprising from
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codon 426 to 452 [4].

Previous studies conducted in Rio Grande do Sul, a high TB burden
setting and largest state in Southern Brazil, described an uncommon
insertion of 12 nucleotides (12 nt) at the codon 435 (codon 516 in
Escherichia coli based rpoB numbering system) in the rpoB gene among
MDR M. tuberculosis strains. The 12 nt insertion results in a dupli

Tubereulosis 125 (2020) 102015

identification. First, sequence reads were examined using FastQC
(v0.11.7) (http://www.bioinformatics.babraham.ac.uk/projects/fastqe
) and tri d using Tri (v0.33) (parameters: LEADING:3
TRAILING:3 SLIDINGWINDOW:4:20 M[NLEN:36) [11]. Reads were
mnpped against M. tuberculosis H37Rv ref (GenBan}
acc ber: NC_000962.3) under BWA - mM(vO 7.16) algorithm.

of four amino acids (QNNP) and was firstly described by Perizzolo et al.
(2012) [5]. Following studies analyzing MDR strains from Rio Grande do
Sul [6] [-] [9] also reported strains carrying on the 12 nt insertion, and
to our knowledge, this insertion was not described in any other region
worldwide.

Hence, for an enhanced TB control management in Southemn Brazil,
is need the elucidation concerning molecular and phenotypic conse-
quences of that 12 nt insertion, as well as, comprehension on this strain
spreading into population. For this propose, we screened RIF-resistant
M. tuberculosis strains from Rio Grande do Sul State using a WGS-
based population study approach, in order to identify strains carrying
on the 12 nt insertion. Afterward, we examine the phylogenetic rela-
tionship among these strains, the phenotypic consequences of the
insertion into level and biological cost, and also the in silico
prediction to RIF binding effect.

2. Methods
2.1. Sample collection and drug susceptibility testing (DST)

In total 16 M. tuberculosis strains carrying on the 12 nt insertion at
rpoB gene were identified on a WGS-based state-wide study that is being
currently conducted in Rio Grande do Sul, Southern Brazil. The study
included 174 RIF-resistant strains collected from 2011 to 2014, and 169
of them presented multidrug resistance. The M. tuberculosis clinical
strains were from the State Central Laboratory (LACEN - Rio Grande do
Sul), the reference laboratory in charge of performing drug suscepti-
bility testing (DST) from TB cases notified statewide. In the studied
period around 246 RIF-resistant cases were notified in Rio Grande do Sul
according to the SITE-TB website (national database for DR-TB cases
reported in Brazil). Thus, our analysis covered 70.73% (174/246) from
RIF-resistant cases registered in the period.

The DST was performed at LACEN using the liquid BACTEC™
MGIT™ 960 SIRE Kit for the BACTEC Mycob ia Growth Indi
Tube 960 (MGIT 960) system (Becton Dickinson Diagnostic Systems,
Sparks, MD). The test was conducted for the following first-line anti-TB
drugs: RIF (1.0 mg/L), INH (0.1 mg/L), ethambutol (EMB) (5.0 mg/L)
and streptomycin (STR) (1.0 mg/L).

2.2. DNA extraction

M. tuberculosis genomic DNA was extracted from sputum culture in
1 in-Jensen solid medium using Cetyltrimethyl ium Bro-
mide (CTAB) method, as described by Van Embden et al. (1993) [10].

2.3. Whole genome sequencing

The 174 RIF-resi linical strains belonging to our state-wid
study were subjected to WGS. Paired-end sequencing (2 x 150 bp)
was performed on an [llumina NextSeq machine using either a 300 cycle
v2 mid output or high output kit (lllumim, Code FC-404-2003 or Code
FC-404-2004) under dard Illumina® proced iously
described [9]. The rpoB RRDR was also accessed for a subset of stmms
carrying on the 12 nt insertion by Sanger sequencing performed ac-
cording previously described [5], the AB1 files are available in supple-
mentary material.

2.4. Bioinformatics analysis

Raw reads were submitted to a routine pipeline to genomic variants

The quality of the resulting BAM file was checked using Qualimap [12]
and sambamba (v0.6.8) was used to mark read duplicates [ 3]. Samtools
(v1.9) [14] and GATK (v3.8) [15] were used to variant calling from
sorted mapped sequences. Variants were filtered based on the following
criteria: mapping quality >50, base alignment quality >23 and mini-
mum read depth of 10. Variant functional annotation was performed
with smpEff (v4.3) [16].

SNP-based M. tuberculosis lineages were determined using TB-Profiler
[17,15] pipeline in command-line version (2.7.4). Phylogenetic analysis
was performed using snippy pipeline v4.3.6 (https://github.com/tseema
nn/snippy) for variant calling and al of all core-g Var-
iants positions within PE/PPE genes or other repetitive regions associ-
nted with low mappability scom were removed. A maximum-likelihood
phylogenetic tree was g d using the software RAXML (v8.10.12)
[19], applying the genemhmd time-reversible (GTR) model and 1000
bootstrap rephcms. The resulting tree was rooted using M. canettii
(Genbank ac: ber: NC_019950.1). A minimum spanning tree
was also generated using Phyloviz (http://online2 phyloviz.net/) being
implemented the goeBURST algorithm [20]. In silico spoligotyping
profiles were obtained using SpoTyping (v2.0) [21] and the spoligotyp-
ing patterns were assigned to lineage using the SITVIT2 web database
(http://www.pasteur-guadeloupe fi:8081/SITVIT2).

2.5. Minimum inhibitory concentration (MIC)

Due to the retrospective nature of this study, some strains were no
longer available for additional phenotypic testing. Among the 16 strains
carrying on the 12 nt insertion, nine of them were viable to perform
susceptibility tests. The mini inhibitory ¢ ation (MIC) to RIF
for these nine available strains was determined using the resazurin mi-
crotiter assay (REMA) as previously described [22,23].

2.6. Determination of growth curve by resazurin reduction method

The growth curve for two clinical strains with the 12 nt insertion,
three wild type clinical strains and one susceptible control strain
(H37Rv) was determined by resazurin reduction method as previously
reported by von Groll et al. (2010) [24]. Briefly, cultures were started in
96-well plate containing the bacterial inoculum in triplicate wells as
well as the 7H9 broth alone as the blank control. After 48 h incubated at
37 “C, resazurin (viability indicator) was added to all test and blank
control wells and re-incubated. The resazurin reduction (the blue indi-
cator color turn to pink) was assessed by measuring every 12 h the op-
tical density (OD) at 620 nm with a plate reader (TECAN Spectrum
Classic). Growth curves were constructed plotting the difference in OD
between test and control wells every 12 h.

The biological cost of each strain was estimated by the growth index
(GI) which was the time needed by each strain to reach an OD of 0.4
starting at an OD of 0.2. This time was calculated from the growth curve
considering that all strains were in the logarithmic phase of growth
between the two OD values. The biological cost was d ined by the
fitness relative (FR) which is the ratio of the GI of the insertion in each
rpoB strains in relation to the H37Rv and in relation to the wild-type. In
this case, a biol | cost was considered if the FR was >1, since the 12
nt insertion has a slow growth in relation to the susceptible ones.

2.7. Protein insertion modeling and effects on drug binding

I model was obtained from

The wild-type RNAp (RNAp_wt) st
ited in the RCSB Protein Data Bank

the crystallographic structure d
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[25,26] (PDB) (www.icsb.org) under accession code 5ZX3 (resolution
275 A) [27]. The 3D structural models of the two mutants forms of the
RNAp were obtained by homology modelling using the SWISS-MODEL
Workspace[253]. Only the structures of the beta subunits of each

Tuberaulosis 125 (2020) 102015

collected from 2011 to 2014, we identified 16 (9.19%) strains canying
on a 12 nt insertion at codon 435 of the rpoB gene, all of them MDR.
Amid those 16 MDR strains, one was additionally resistant to EMB and
olher to STR, according to DST results. Regarding the clinical and

mutant (rpoB INS1 and rpoB INS2) were modeled. The beta subunit of
the structure under accession code 5ZX3 of PDB was used as template.
The final structures for each RNAp mutant, here denominated RNA-
p_INSI (carrying rpoB INS1) and RNAp_INS2 (carrying rpoB INS2), were
obtained by fitting the i of the modeled subunits with the
coordinates of the beta subunit of the 5ZX3 crystallographic structure.
The coordinates of the betn subunit of the template structure were

b | d, k g the rest of the polymerase unchanged.
The stereochen'ucnl qunhty of the models was checked by the QMEAN-

iol | characteristics, 14 were male, 14 previously treated for
TB and seven HIV-infected. Besides that, unfavorable outcome was seen
for 13 patients, the most of them due to treatment abandonment (7/16),
failure to current treatment (5/16) and death in one case (Supplemen-
tary Table 1).

Nine individuals were prison inmates or spent some time in prison,
and two individuals were homeless. The inmate individuals were from
four different prison establishments, including the main state prisons:
Cndem Piblica de Porto Alegre, Penitenciaria Estadual do Jacui and

DisCo[29] and QMEAN[30] scoring functi d on the
SWISS-MODEL platform [31], and with the analysis tools implemented
on the MolProbity platform [32].

Docking simulations were carried out with two programs, AudoDock
Vina (Vina) [33], version 1.1.2, and AutoDock [34], version 4.2. These
programs use different algorithms and approaches to the searching
mechanism and to the scoring function [35]. Reliability of the in silico

thods i when it is possible to employ different tools in order
to apply a consensus for a given answer. By definition, in silico ap-
proaches are simulations of reality and therefore will never be
completely accurate. When more than one algorithm and approach are
combined, more accurate predictions are possible. If two programs that
use different data and approaches are consistent, the reliability of the
result is better. The errors of a given algorithm/approach must be
different from the other algorithm/approach, thus being comp las
the results converge.

All simulations were carried out in triplicate. Targets (RNAp_wt,
RNAp_INS1 and RNAp_INS2) and ligand (RIF) were prepared for dock-
ing simulations with the AutoDockTools (ADT) [36] interface, version
1.5.6. In all cases, the polymerase was treated as rigid and the ligand
(RIF) as flexible. The grid box was centered on the C5 of the GIn403
amino acid residue of the beta subunit of RNAp. Gasteiger [37] partial
charges were calculated after addition of all hydrogens. Nonpolar hy-
drogens of enzyme and ligand were subsequently merged.

For Vina, a protocol consisting of a cubic box of the 21 x 21 x 21 A
was established. An exh of 8 was chosen and the other pa-
rameters kept standard. The lowest docking-energy conformation of the
set of poses generated by each docking simulation was chosen for
analysis.

For AutoDock, a protocol consisting of a cubic box of 80 x 80 x 80
points with a spacing of 0.35 A between the grid points was used. Global
search Lamarckian genetic algorithm (LGA) [35] and local search (LS)
pseudo-Solis x\nd Wem [39] methods were applied in the docking search.
Each single docki lation isted of 100 independent runs. The
initial populnuonwus 150, the maximum number of generations was 27,
000 and the maximum number of energy evaluations was 2.5 x 106.
Default values were selected for other p The resulting docked
conformations were clustered into families according to the RMSD. The
lowest docking-energy ¢ ion of the cluster with the lowest en-
ergy was chosen for analysis. All molecular figures were generated using
Chimera software (Pettersen et al., 2004).

2.8. Ethics

Thxs study was approved by the Research Ethics Committee of the
Fi ao Estadual de Produgao e Pesquisa em Saiide (FEPPS/RS),

5

protocol number 1.587.621 CAAE: 18269313.0.0000.5320.

3. Results
3.1. Population and phenotypic drug resistance

Among the 174 RlIF-resistant strains from Rio Grande do Sul,

F iaria Modulada Estadual de Charqueadas.
3.2. Molecular characterization of the 12 nt insertion at rpoB gene

Analyzing the rpoB gene nucleotide sequence we identified a small
difference in the occurrence of the 12 nt insertion. Overall, the 12 nt
insertion occurred at the genomic position 761111 corresponding to
codon 435 of the rpoB gene. However, 12 of the 16 strains with the
insertion presented an additional change from adenine to guanine at the
position 761110, resulting in the amino acid substitution at codon 435
(GAC > GGC, Asp435Gly). To an easy comprehension, we named the 12
nt insertion with additional polymorphism at genomic position 761110
of “rpoB INS1", and that with only the 12 nt insertion of “rpoB INS2"
(Fig. 1). None of the strains with the 12 nt insertion had additional
variants inside RRDR. Additionally, we performed Sanger sequencing
for two strains carrying each of the both rpoB INS1 and rpoB INS2 and
observed no discrepancies with NGS-based sequencing. In order to know
the possible occurrence of this insertion in another settings worldwide,
we performed a review of available data in the web based tools
TBDreaMDB [40], MUBII-TB-DB [41], ReSeqTB [42] and studies that
covered a large global dataset [43,44], but we did not find another
described occurrence.

3.3. Genetic diversity and phylogenetic analysis

All strains presenting the 12 nt insertion were classified as belonging
to M. tuberculosis lineage 4, sublineage 4.3.3 and to Euro-American
family LAM by SNP-based typing. In the same way, all strains bear the
RD115 deletion. In silico spoligotyping revealed that 15 strains shared
the same spoligo pattem, belonging to Spoligo Internacional Type (SIT)
863, previously wrongly identified as Mycobacterium pinnipedii [6]. The
remaining strain had absence of the 43 spacers within direct repeat (DR)
locus and clnssxﬁed as ATYPIC (SIT 2669) on SITVIT2 database.

Besides that, phylogenetic 1g & from the
seven M. tuberculosis li Lineage 4 subli and other four SIT
863 strains with absence of the 12 nt insertion, showed the closeness of
strains with 12 nt insertion with other SIT 863 strains (Fig. 2). Another
important fact revealed by WGS-based phylogenomic is that applying a
five SNPs threshold, the 16 strains were grouped into a unique genomic
clusler. wnh a mean pairwise distance of 8.94 SNPs (Fig. 3).

lated mutations in other genes, all the 16

strains hnd !he Ser315Thr mutation at katG gene, three had variants

1to EMB r ce: one in the embA gene (—11C > A), one at

embB (Met306Val) and the remaining a double mutation at embB gene

(Gly406Asp and Met306lle). Besides, one strain showed mutation

related to ethionamide resistance (an insertion at codons 755/756 of the
ethA gene).

3.4. Insilico prediction of drug binding effect

We modeled the effect of both INS1 and INS2 on the RNAp structure
in order to predict the of these polymorp for inter-
action between RIF and the polymerase. At first, we performed the
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A Fig. 1. - 11} ion showing the of the
761111 761122 12 nt insertion. A) wild-type sequence, B) insertion
NC000%62.3 5" AATTCATGGACCAGAACAAGCCGCTGTCGGGG 3' o8 NS and C) nsertion rpal INSZ, The numbets
M D QN NP LS above the refer to the nucleotid
A s aM A7 A an M3 position. Bellow of the sequence is :mnola(ed the
c amino acid corresponding to each codon and the
VTN Tenm codon number on the rpoB gene. Colored in blue:
$ nucleotides from wild-type sequence; green: ammo
1poB 12ntINS 1 AA'I'I’C&'_,Q ng\GﬁA AA CCCCAG%C%QCGCTGTCGGGG acids from wild-type seq and sed: nudl
N Nl and amino acids resulting from 12 nt insertion.
B
761111 761122
ol A2t W52 AATTCATGGAC CAG(}ACQ!\CC&C AGAACAACCCGCTGTCGGGG
M D @ Nl [N [P j L S
@ A T am am e W e W e em
Colored ranges 2
[] strains carring on the 12nt insertion o :Sé 5
[ SIT 863 strains without 12nt insertion 2| 2- S'gl
QRO o @
8R%8 zLE8
OO O O OO T ey
B S et eeeerates
B st teteattottes
(2RSS RRsRasERaRERRERREREE SSRRSRSaceenseN
L S e SSRSSSSSR s N
[SSSEREEREtRRERERREEREREE  LeRSiRsiEeaRiaN
[ NSRRI ERIRR RN R NI R R
[SSesnssnssscsnsansantacs SiRssRsssssssan
OO O O XL LT
[sessnssssseanesnesnsnss  Sesssesssessess
LR S SRR s
O O OO COM T E LI ECCLEE LT
L s ot Ssnssssssss s
® R amoosssssssssen
. [SSesRssRstai R st SsNssecssenssss
. L s RS Ssssssssss
] B ot teete
[ 18 B T Eiaes s sisstesiuaint
RS-INS1308 @ ® HN R R RN sssessRsarssns  Sinsssssssnssen
Fig. 2. Core-genome phylogenetic tree of the 16 strains bearing the 12 nt insertion, four SIT863 strains without the i ion, and rep from
M. losis main 1 and Lineage 4 subli The tree was based on 16,566 SNPs and rooted on Mycobacterium cannettii. The colored ranges in purple are
the strains with the 12 nt insertion, and in green SIT863 strains without the i ion. The of ions related to INH and RIF resistance is annotated with

circles (presence: filled circle, absence: empty circle) and phenotypic drug susceptibility data for first-line drugs with the squares (resistant: filled square, susceptible:

empty square). Sp ping profile is p

h 1 deline foll Kamitial

1 by model using ster
quality nnnlys:s mols (completely st 1 in 1 ary Informa-
tion. With the homology models vahdnted we used docking programs to
predict RIF interaction in the modeled structures. In Table 1, it is
possible to observe that the docking into the RNAP_wt binding site in-
dicates greater affinity for the RNAP_wt-RIF interaction (average values
~8.6 + 0.0 for Vina and —9.1 + 0.0 for AutoDock) in comparison with

| on small squares, indicating the presence (filled square) or absence (empty square) of the 43 spacer sequences.

RNAP_INS1-RIF interaction (average values —6.9 + 0.0 for Vina and
—5.4 + 0.3 for AutoDock) and RNAP_INS2-RIF interaction (average
values —6.7 =+ 0.0 for Vina and —6.1 + 0.1 for AutoDock). Fig. 4 allows
evaluating the structural effect of insertions on the RIF binding site.
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=3 ® e

® woBINST @) moBINS2

@ 17863 without insertion

Fig. 3. - Minimum spanning tree for the 12 nt insertion and SIT863 without
insertion strains, based on goeBURST algorithm. The circles ing strains
from prison inmate individuals are identified with a square and with a circle are
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15). The insertion strains grow 1.95 and 2.5 slower than the wild type
and H37Rv, respectively, showing a fitness disad

15!

4. Discussion

Rio Grande do Sul is a high burden TB state in Southern Brazil with
elevated rates of MDR-TB. The state has an estimated population of 11,3
million people [45] and in 2018 were accounted for 4541 new TB cases
[46] and around 82 MDR diagnosed (data from LACEN-RS). Our group
has been exploring M. tuberculosis genetic diversity and its transmission
across Rio Grande do Sul State in the last two decades. In 2012, Perizzolo
et al. [5] first described the presence of a 12 nt insertion at rpoB gene
among multi-drugr strains collected b 2004 and 2006. In
2015, Dalla Costa et al. [6] described six strains presenting the same
insertion, all of them belonging to the SIT 863 and isolated in 2006 and
2010. Latest studies in the region have shown an increased frequency of
strains carrying on this insertion [7,9,47], flagging its spreading and
ongoing transmission. Currently, we are performing a population-based
study on drug-resistant M. tuberculosis strains from Rio Grande do Sul,

flagged the strains from homeless individuals. The color of each circle indi

the insertion type (blue: rpoB INS1; green: rpoB INS2; grey: SIT863 without
insertion). The number in the lines between the circles refers to the core-
genome distance amid the strains. The larger circle represents three strains
sharing the same core-genome,

lated b 2011 and 2014, and identified 16 MDR strains
harboring the 12 nt insertion.

WGS-based typing in concert to phylogenetic lysis corroborates
with previous data [6] that associated the occurrence of the 12 nt
insertion with strains belonging to SIT 863 that presents an important
and restricted distribution in Rio Grande do Sul State [9,47]. According
to Dalla Costa et al. [6], strains showing the SIT863 pattem, and pre-
viously wrongly identified as Mycobacterium pinnipedii, are in fact
M. tuberculosis the Lineage 4, more specifically LAM family (lineage 4.3).
Our results are in accordance with that: all strains were classified to

blineage 4.3.3 i.e. RD115 sublineage within the LAM subfamily. These

Table 1
- Binding scores of RIF interaction with wild-type, INS1 and INS2 RNAp.
Target Run Binding score Binding score
Vina Autodock
RNAP_wt 1 -86 -9.1
2 -86 -9.1
3 -86 -9.1
RNAP_INS1 1 -6.9 -52
2 -6.9 ~58
3 -6.9 ~53
RNAP_INS2 1 -6.7 ~6.0
2 -6.7 -6.2
3 -67 -6.0
3.5. Resistance level and biological cost

All the nine strains bearing the 12 nt insertion and available for
additional phenotypic tests presented a MIC value > to 32 mg/L. The
growth index age (GI) was d ined for two individual clinical
strains with the 12 nt insertion (Gl = 38.5 h), for three wild type clinical
strains (Gl = 20 h) and in one susceptible control strain (H37Rv) (Gl =

data are also confirmed by phylogenetic infe here conducted that

howed the g ic cl between 12 nt insertion and SIT 863
without the insertion strains, as well as, with 4.3.3 sublineage strains.
Although previous studies [5,47] related the presence of 12 nt insertion
strains classified as other sublineages, the genotyping techniques pre-
viously used, such as RFLP, MIRU-VNTR and spoligotyping, could pro-
duce some erroneous classification.

Aiming to identify the transmission scenario among those strains we
used a five SNP genome-wide cut-off to define recent transmission, and
infer that strains within that maximum genomic distance are likely
epidemiologically linked [45]. The 16 strains harbouring the 12 nt
insertion at rpoB comprised a unique genomic cluster, indicative of
recent and ongoing transmission of these strains in recent years. In
addition, two SIT 863 strains without the 12 nt insertion had a pairwise
distance of 12 SNPs or less from strains bearing the 12 nt insertion,

corroborating with the previously cited relationships among these

Fig. 4. - Schematic representation of the fitting of RNAP_wt (light blue), RNAP_INS1 (red) and RNAP_INS2 (navy blue) structures with emphasis on the RIF binding

site. RIF is shown in its native position.
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isolates.

The strains that presented the 12 nt insertion were mostly from
inmate individuals (56.25%) from different prison establishments,
including the three main state prisons that are widely overcrowded
structurally limited establishments. Along to these impri con-

Tuberaulosis 125 (2020) 102015

order to break up its tr For this prop it would be neces-
sary a rapid PCR-based test, for a fast, easy and low-cost identification of
this strain.

ditions, we observed among the individuals included in this study, the
passage of the same inmate individual through different prison estab-
lishments in a short period of time, and this fact can be played an
important role in the spreading of the 12 nt insertion strain. Besides that,

the high ber of individuals that abandoned the anti-TB treatment
(43.8%) and other risk factors as the homeless condition can be listed as
possible in charge for the sub ial ion of this strain.

However, the strains from individuals wnhout imprisonment history
within the same cluster those strains from inmate individuals point to-
ward a ission chain i 1g the inmate population and the
community. The fact that the inmate population may act as a reservoir
feeding the TB tr into the ity is well established [49],
and requires attention in the public health measures that aim to control
the TB transmission in different settings.

In order to obtain a better understanding regarding the 12 nt inser-
tion occurrence, we accessed rpoB gene nucleotide sequence and
observed that 12 nt insertion occurs with a discrete variance amidst
strains. Thus, we obtained RNAp structures canying on both rpoB INS1
and rpoB INS2 structures by homology and docked those
structures, as well as the RNAP wt structure with the RIF molecule. The
decreased affinity of RIF for the RNAp_INS1 and RNAp_INS2 mutant
forms may explain the resistance of the strains that carry the mutations.
It is also possible to observe that the insertions promote changes in the
binding site, which is probably linked to the lower affinity of RIF
interaction with the mutant forms.

We explored the phenotypic impact of the 12 nt insertion conceming
resistance level to RIF and to growth rate of the M. tuberculosis strains.
Using the resistance level classification defined in the classical study of
Huitric et al. [50], the nine clinical isol tested sh d a high level of
resistance (MIC> 32 pg/mlL) to RIF. As stated in silico analysis, the
insertion of the 12 nucleotides probably causes a low affinity of RIF to its
target in the fi-subunit of RNA pol coding by the rpoB gene and
reflects in the resistance level. Inrelation to the fitness, we observed that
the two isolated tested presented a slower growth index when compared
to wild type clinical isolates and the dard H37Rv. C ing that
rpoB encode the f-subunit of the RNA polymerase enzyme, that is

responsible for iption from DNA to RNA, which is an essential
process in the duplication of bacteria, a further change in its structure
may have infl d in this p and q growth time. Pre-

vious studies showed biological cost associated to rpoB mutations [51,
52], however it could be mitigated with compensatory mutations [53].
It is important to point out that spite of the 12 nt insertion may cause a
biological cost, is difficult to extrapolate this phenotypic characteristic
to an epidemiologic setting, since it is an interplay of environmental,
pathogen and host factors.

5. Conclusion

Here we described the key molecular and phenotypic aspects from a
M. tuberculosis strain emerging in Southern Brazil in recent years that
carries an uncommon 12 nt msernon at rpoB gene leadmg hlgh—level
RIF-resi: The phylog pp
transmission from the prison inmate population to community of the 12
nt insertion strain, demonstrating an need for enhanced surveillance on
TB transmission amid the inmate population and the anti-TB treatment
abandonment, especially for MDR, in this region. Due to the high level of
resistance to RIF - the most lmponnnt drug in anti-TB treatment - and its

blished ing tr ion, it is essential to monitor this strain
spreading nmong the populnnon Since this is a retrospective study and
included clini 1l 1until 2014, it is necessary to takeupa
more fast and, mther real-time surveillance for this described strain in
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3.4 CAPITULO IV

O manuscrito que constitui este capitulo, intitulado “Genomic epidemiology of
Mycobacterium tuberculosis in Santa Catarina, Southern Brazil” apresenta uma analise
baseada em WGS da diversidade genémica de M. tuberculosis circulando em Santa

Catarina.

@) trabalho foi publicado na revista Scientific Reports

(https://www.nature.com/srep/), com fator de impacto JCR 2021 = 4.996.

O manuscrito esta disponivel em: https://doi.org/10.1038/s41598-020-69755-9.
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Mycobacterium tuberculosis (M.tb), the pathogen responsible for tuberculosis (TB) poses as the major
cause of death among infectious di The knowledge about the molecular diversity of M.tb
enables the implementation of more effective surveillance and control measures and, nowadays,
Whole Genome Sequencing (WGS) holds the potential to produce high-resolution epidemiological
data in a high-throughput manner. Florianépolis, the state capital of Santa Catarina (SC) in south
Brazil, shows a high TB incidence (46.0/100,000). Here we carried out a WGS-based evaluation of the
M.tb strain diversity, drug-resistance and ongoing transmission in the capital metropolitan region.
Resistance to isoniazid, rifampicin, streptomycin was identified respectively in 4.0% (n=6), 2.0%
(n=3)and 1.3% (n=2) of the 151 studied strains by WGS. Besides, resistance to pyrazinamide and
ethambutol was detected in 0.7% (n=1) and reistance to ethionamide and fluoroquinolone (FQ) in
1.3% (n=2), while a single (0.7%) multidrug-resistant (MDR) strain was identified. SNP-based typing
classified all isolates into M.tb Lineage 4, with high proportion of sublineages LAM (60.3%), T (16.4%)
and Haarlem (7.9%).The average core-genome distance between isolates was 420.3 SNPs, with 43.7%
of all isolates grouped across 22 genomic clusters thereby showing the presence of important ongoing
TB transmission events. Most clusters were geographically distributed across the study setting which
highlights the need for an urgent interruption of these large transmission chains. The data conveyed
by this study shows the presence of important and uncontrolled TB transmission in the metropolitan
area and provides precise data to support TB control measures in this region.

Tuberculosis (TB) remains a major public health threat and is currently the tenth leading cause of death world-
wide and the leading cause of death by a single infectious microorganism. In 2018, 1.5 million people died from
TBand 10 million new cases are estimated to have occurred worldwide. Brazil, along with the Russian Federa-
tion, India, China and South Africa—the BRICS countries—account for more than 40% of the global TB disease
burden in incidence and deaths, and about 58% of the global burden of drug-resistant TB. In Brazil, 90,527 TB
cases were reported (45 per 100,000 population) in 2018'. While the state of Santa Catarina in Southern Brazil is
characterized by an intermediate TB incidence rate—23.7 per 100,000 population, the state capital Florianépolis
shows a higher incidence rate of 46.0 per 100,000 population along with high rates of TB-HIV co-infection’.
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Worldwide, the asymmetrical distribution of the disease is also linked with distinctive lineages and genotypes
of the Mycobacterium tuberculosis (M.tb) Complex spedies, the etiological agent of TB®. Early strain typing meth-
ods greatly boosted our understanding of TB transmission dynamics while simultaneously providing additional
tools and perspectives on the phylogeographic landscape of such strains at a global level’. These so-called classical
typing methods, i.e., those based on the characterization of genetic repetitive elements, have been successful in
informing public health interventions due to the inability of traditional contact tracing approaches to reconstruct
complex transmission chains*-®. In fact, population-based typing of M.tb clinical isolates has been important to
infer on the degree of recent infection and highly relevant in the identification of specific risk factors and geo-
spatial hotspots for intensified TB transmission. Two classical examples of such studies are those conducted in
San Francisco and New York in the late 1980s and early 1990s that enabled the correlation of specific ethnicities,
drug resistance and/or residence in specific areas with recent TB transmission as assessed by genetic clustering
based on profiles obtained with Restriction Fragment Length Polymorphisms with 1S6110*". In the next decades,
classical genotyping methods such as Spoligotyping and Mycobacterial Interspersed Repetitive Unit—Variable
Number of Tandem Repeat (MIRU-VNTR) have been widely used for molecular epidemiology studies®. While
these methods have been an integral part of several national TB control plans, most of the genomic diversity
and distinctiveness of each isolate is overlooked by typing methods that are only able to interrogate a minor
fraction of an isolate’s genome’-''. In contrast, Whole Genome Sequencing (WGS) has emerged as the leading
typing strategy to study the dissemination and transmission dynamics at a genome-wide SNP-based resolution
that clearly outperforms classical typing methods and, coupled with molecular evolutionary approaches, also
holds the potential to retrace the evolutionary history of locally circulating strains'*'*. This level of resolution
has enabled the reconstruction of the microevolutionary trajectory of circulating extensively drug resistant
strains in Portugal and South Africa along with the breakdown into genomic clusters that are proposed to reflect
epidemiological links between patients'*-'¢,

In Santa Catarina state, in Brazl, it is known that the M.tb population structure is mostly dominated by Latin
American and Mediterranean (LAM) strains, followed by the “ill-defined” T strains as assessed by spoligotyping'”.
However, nothing is known regarding the genomic diversity associated with this region and reports using higher
resolution typing methods are limited to 12-loci MIRU-VNTR'. To address this gap, herein we report the
preliminary results from a genomic epidemiological study in the metropolitan area, aiming to unravel the M.tb
genotypes circulating in this region, infer on existing and active transmission clusters in the community, and
examine the distribution of drug resistance while exploring possible associations between unfavorable treatment
outcomes and SNP-based lineages.

Results

Study sample and epidemiology. The study encompasses 151 patients diagnosed with TB that started
on anti-TB treatment between May 2014 and May 2016 in the metropolitan area. Ninety-six (63.6%) patients
were male and 49% of all patients were aged between 26 and 45 years. Regarding the risk factors and comorbidi-
ties, 13 (8.6%) patients had diabetes mellitus, 47 (31.1%) had alcohol abuse history, 85 (56.3%) were tobacco
users and 47 (31.1%) illicit drug users. Twenty-seven (17.9%) patients were co-infected with human immuno-
deficiency virus (HIV) (Supplementary Table S1). In addition, nine (6.0%) individuals were homeless and four
(2.6%) spent time in a prison establishment.

Drug resistance and molecular basis. Among the 151 isolates obtained for the study, genotypic-based
prediction for drug resistance enabled the identification of six (4.0%) isoniazid resistant isolates, three (2.0%)
with rifampicin resistance, two (1.3%) streptomycin resistant isolates and, resistance to pyrazinamide and eth-
ambutol was detected in one isolate (0.7%). Besides, resistance to second-line drugs were detected for ethiona-
mide (n=2; 1.3%) and for the FQ (n=2; 1.3%). One MDR isolate was identified (Fig. 1).

The detected mutations underpinning these genotypic-based predictions are listed in Table 1 with the
Ser315Thr at the katG gene being the most frequent mutation associated with isoniazid resistance (n=4/6;
66.7%). Two additional inhA promoter mutations (inhA C-15T and T-8C) were putatively associated with isonia-
zid resistance and ethionamide resistance. Resistance to rifampicin was driven by two distinct rpoB mutations:
Ser450Leu (n=2; 1.3%) and Serd441Leu (n=1; 0.7%). Two putative compensatory mutations were detected in
the single MDR isolate found: ahpC - 48G>A and rpoC Phe452Ser'. The complete resistance-related mutation
profile of all isolates is shown in the Supplementary spreadsheet.

Genomic population structure and phylogeny.  All strains had been previously characterized by clas-
sical spoligotyping by membrane reverse-hybridization methods, revealing a population structure composed
mainly of LAM strains (n=91; 60.3%), followed by the ill-defined T strains (n =25; 16.4%) and Haarlem (n=12;
7.9%). In total, 38 different SITs were found; the SIT 216/LAMS5 (13.2%) was the most prevalent, followed by
SIT 42/LAM9 (7.3%), SIT 17/LAM2 (7.3%) and SIT 64/LAM6 (7.3%) (Fig. 1). As all clinical isolates were sub-
sequently subjected to WGS, and consistent with the spoligotyping-based classification, all 151 isolates were
classified as M.th Lineage 4 (Euro-American) across 13 of its sub-lineages with sub-lineages 4.3.3 (30.5%),4.3.4.1
(19.9%) and 4.3.4.2 (13.2%) being the most frequent. Moreover, screening for the fbpC'® SNP marker for LAM
confirmed the spoligotyping-based classification of all LAM strains while three isolates initially classified as
belonging to the T family were found to bare fbpC'™* and, from a phylogenetic standpoint, should therefore be
considered as LAM strains (SC61, SC115, SC134 [SIT823/T1]). Eleven additional isolates without clade assign-
ment or of unknown profile on SITVIT2 also carry this marker (ten Orphans and one SIT2752) (Fig. 1). A
genome-wide phylogeny based on 17,027 core SNPs displayed a topology congruent with the distribution of the
different sub-lineages found where the LAM strains herein assessed based on the fbpC'** polymorphism formed

SCIENTIFICREPORTS |

(2020) 10:12891 | https://doi.org/10.1038/s41598-020-69755-9

63



www.nature.com/scientificreports/

Tree scale: 0.01 ————

Y VY
¢““"' e 4 Po
Genomic Clusters §§% Pp
W cc 222 555555 Ty
a2 A N N
- ’ oAU TN T
a4 SONEASIRA AN h s, o0 "e s
acs S VS 'sf.;@“@& t‘\ ”i!ffigf%,%%&*ﬁw B
. ace : h;*?’ '::’;‘§§®f o \ ' Yédd/ "?1.%@;"3“% 44
S SRR s SR
Bor | EASSSNY =% -
acs ¢ Sl o:',$§.: Tz nn
o I R = R
e | EEEES ==t
P SE s = = Ry
Men  : ZEESESAN \ S :
[] ac12 v :\W“‘ “‘,‘.:,1 Egg g.'.;: : X =7 <
[ cc13 ". ;‘:’5 %%%.; 7 W \;‘@ S
Gel4 Y e e ‘g’ - N ‘% = .
| v T 4’}’ %% ! N sﬁi}f‘ = g
TR NN ;
Wece | NN
. —_ v, \o"‘:;. '-":’,sa"ajji.* ifiii ‘\X\\ A-“\t%ot 5
v ‘,:;; -.:;39;’5;5,‘;«i§§§§§§§§§§“~ %“%Esoo %%
[ ccis “ s’f»:; G2 T oo e
W et IR /PO T PP AR
“, H"‘jjj J333sceebes A ;{{i
[[] ac20 “q ~~~g’§ EETTTRTY ii‘g\i
DUNRLE Y v
W cc21 '-,“‘ RAAR ‘“,.b
.GC22 S N
B ~c

Resistance Mutations
@ oyrAAspAUTYr
@ gyrAAa90Val
@ pncA Val13gMet
@ st Lys4dag
@ embB Met306val
() poB Serd50Leu
@ o8 SerdaiLeu
@ ahoC -48G>A
@ fabG1-15C>T
@ fabG1-8T>C
@ KatG Ser315Thr

Figure 1. Maximum likelihood phylogenetic tree for the 151 M.tb isolates included in the study. This tree was
constructed based on 17,027 core SNPs and is shown annotated with (from the outside to the inside): presence
or absence of fbpC'** LAM marker; SIT and spoligotyping clade; SNP-based sub-lineage; drug resistance
associated mutations; and genotypic-based prediction for drug susceptibility. Tips are shown coloured according
to the genomic cluster (see legend). NC not clustered, GC genomic cluster.
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4 | katG Ser315Thr
y 1 [fabGl-15C>T
Isoniazid 6(4.0%)
1 |fabGl-8T>C
1 [ ahpC—48G>A
> . 1 | rpoB SertdiLeu
Rifampicin 3(2.0%)
2 | rpoB Serd50Leu
Pyrazinamide 1(0.7%) 1| prcA Vall 39Met
Bhambutol 1(0.7%) 1 | embB Met306Val
1 | fabGl -15CT
Ethionamide 2(1.3%) L
1 [ fabGl -8T>C
Streptomycin 2(L.3%) 2 | 1psL Lysd3Arg
1 A AspT
Fluoroquinolones | 2(1.3%) oA Aplye
1 | gyrA Ala90Val

Table 1. Mutations detected in genes associated with drug resistance across the 151 M.tb isolates included in
the study.

a deeply rooted monophyletic clade. All drug resistant isolates detected were scattered across the phylogenetic
tree suggesting independent emergence of drug resistance associated mutations.

SNP-based clustering and M.tb transmission. The average distance amid the core-genome of the
151 isolates was 420.3 SNPs. To delineate genomic clusters that might reflect recent transmission underpinned
by putative epidemiologically linked patients, isolates within a maximum distance of 5 SNPs were assigned to
genomic dusters (GC). Using this cutoff criterion, a total of 66 (43.7%) isolates were grouped into 22 clusters.
The largest cluster (GC1) involved 12 isolates including one isolate obtained from a patient that spent time
in a prison. The second largest cluster (GC3) involved six patients while the third largest clusters (GC14 and
GC4) included four isolates each; GC14 with one isolate from an individual with incarceration history and GC4
including two epidemiologically-linked patients that shared the same household (pairwise distance: 0 SNPs).
The remaining 18 genomic clusters included 42 isolates: one cluster included one isolate from an individual that
spent time in a prison establishment; another cluster included a homeless patient; and, one other cluster was
composed of two household contacts (pairwise distance: 0 SNPs; Supplementary Table S2). All clusters except
GC1, GC8 and GC22 formed monophyletic branches in the phylogenetic tree suggesting further circulation and
differentiation of strains within the same branch. The GC2 branch stemmed from within the GCI clade. GC5
(n=2) and GC22 (n=2) isolate appear to have emerged from a broader late-branching phylogenetic SIT73/T
(sub-lineage 4.1.2) clade that may represent a group of a mostly non-clustered strain that underwent extensive
circulation in the community. A minimum spanning tree (MST) obtained for all isolates confirmed the integrity
of all clusters highlighting a more extensive dissemination of GC1 isolates along with the observation of inde-
pendently generated drug resistance associated nodes in the tree (Fig. 2, Supplementary Figure S1).

In the present sampling, the geographical distribution of patients across metropolitan region by residence
location showed a higher concentration of cases among patients living at the central region of Florianépolis.
Nevertheless, genome clustered cases did not show any particular pattern of geographical clustering as patients
whose isolates were clustered showed a wide geographical dispersion in the studied region (Fig. 3). Comparing
the pairwise geographic distances between patients’ residence (Fig. 3, Supplementary Figure S2) no statistically
significant difference was observed between non-clustered patients (average pairwise distance: 13.7 kmy; range
0-45 km) and patients within the seven largest clusters (n >3 patients) except for: patients in GC2 (average
pairwise distance: 3.7 km; range 1-5 km) which showed a statistically lower pairwise distance (p=0.0302, Wil-
coxon Rank Sum Test); patients in GC4 (average pairwise distance: 2.2 km; range 0-5 km) which also showed a
statistically lower average pairwise geographic distance (p=0.0004, Wilcoxon Rank Sum Test); and, likewise for
patients in GC10 (average pairwise distance: 2.2 km; range 0-5 km; p =0.0004, Wilcoxon Rank Sum Test). The
geographical distribution of the analysed cases is similar to the 263 cases reported for Greater Florianopolis in
the same period (Supplementary Figure S3).

Treatment outcome and statistical association. According to the data collected, 107 (70.9%) patients
were declared cured, treatment failure occurred in four (2.6%) patients and six (4.0%) patients died. Addition-
ally, treatment dropout was observed for 33 (21.9%) patients and no information on the treatment outcome was
available for one (0.7%) patient (Table1).

We found a statistically significant association between TB outcome and HIV coinfection (p=0.022, Fisher’s
exact Test) since the coinfected patients had a statistically lower cure rate (75% vs 94.5%, respectively) and a
higher death rate (18.7% vs 2.2%, respectively). No statistical association between TB outcome and the others
risk factors (alcohol intake, illicit drugs usage and clustering) was found (p 2 0.05; Table 2).

Regarding treatment dropout and risk factors, we found that: higher treatment dropout rates were statis-
tically associated with excessive alcohol intake (p=0.009, Chi-square Test) and HIV coinfection (p=0.009,
Chi-square Test); HIV coinfection was associated with illicit drug usage (p<0.001, Chi-square Test), alcohol
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Figure 2. Minimum spanning tree (MST) of the 151 M.tb clinical isolates induded in the present study. This
MST is based on 17,027 core SNPs and nodes are shown coloured in function of the associated genomic cluster.

intake (p<0.001, Chi-square test) and lower rates of hemoptysis (p=0.011, Chi-square Test; Table 2). Illicit drug
usage and excessive alcohol intake were also found to be associated (p < 0.001, Chi-square Test). No statistically
significant association was found between clinical characteristics and SNP-based M.tb lineages. We tested also
the hypothesis of a possible association between the outcomes and/or clinical characteristics and clustering,
however, no association was found. Likewise, no significant association was found between risk factors and
clustering (data not showed).
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Figure 3. Geographic distribution of 142 out of the 151 TB cases (excluding 9 homeless) included in the

study for which address of residence was available. These cases were geographically mapped according to the
respective address of residence and are shown in the map colored according to the respective isolate’s genomic
cluster. The spatial distribution of these cases and correlation with the genomic cluster shows an extensive
geographical spread of the larger clusters (n > 3) except for GC2, GC4 and GC10. The map was created using the
online microreact tool, available at https://microreact.org/project/hrdK7G cztX8M2ZXEXjc579.

Discussion

This study evaluates the scenario of M.tb strain diversity between May-2014 and May-2016, analyzing individu-
als from the metropolitan region of Florianpolis diagnosed with pulmonary TB at Florianépolis and Sio José
(the two most E:pulous of the 22 cities that comprise the metropolitan region of Floriandpolis). Despite the
importance of knowing the molecular profile of circulating M.tb strains in a given setting, the existing data for
this particular region is limited to the classical genotypic characterization of circulating strains'”'*. The pre-
sent study comprises the first genome-wide study on M.tb in Santa Catarina state. Greater Florianopolis has a
higher TB incidence when compared to the overall incidence rate on the state level, an intermediate prevalence
setting”’. In this study sample we found a high rate of TB-HIV co-infection (19.71%) that is consistent with
the rate expected for this region (22.6%) and is well above the national rate (9.4%)*. Co-infected patients were
associated with a low cure rate and excessive consumption of alcohol and drugs. HIV-coinfection is a widely
known risk factor for TB development since the risk for TB development is 19 times higher in the population
living with HIV when compared with the rest of the population, leading to poorer outcomes and lower relapse-
free cure rates'. Nonetheless, alcohol abuse or unhealthy alcohol usage is an increasingly acknowledged risk
factor known to affect the outcome of TB treatment and a risk factor for TB treatment adherence?***, Recent data
obtained in Uganda and Kenya further demonstrate that alcohol use among HIV-infected individuals appears
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Alcohol intake

No 3(4.9%) 55(90.2%) |3 (4.9%) 61 61 (83.6%) | 12(16.4%) 73 44 (63.8%) |25(362%) | 69
Moderate 0(0.0%) 23(100.0%) |0 (0.0%) 23 0230 |23(852%) | 4(14.8%) 27 | 0.009 |17(63.0%) |10(37.0%) | 27 0813
Excessive 3(13.6%) | 18(81.8%) |1 (4.6%) 2 22 (59.5%) | 15(40.5%) 37 23(69.7%) | 10(30.3%) | 33

HIV coinfection

Pos 3(187%) | 12(75%) 1(6.3%) 16 0.022 | 16(59.3%) | 11(40.7%) 27 |0.009 |21(87.5%) | 3(125%) | 24 0.011
Neg 2(22%) 85(945%) |3 (33%) 9% 90 (82.6%) | 19(17.4%) | 109 63 (60.0%) | 42(40.0%) | 105

Hllicit drug usage

Yes 2(8.3%) 22(91.7%) |0 (0.0%) 24 0464 |24 (SL1%) | 23(48.9%) 47 | 0.000 |32(71.1%) |13(289%) | 45 0.2%0
No 3(3.7%) 73(91.3%) |4 (5.0%) 80 80 (90.9%) | 8(9.1%) 88 50(61.7%) |[31(38.3%) | 81
Clustering

Yes 2(39%) 46(902%) |3 (59%) 51 0391 | 51(785%) | 14(21.5%) 65 0905 |42 (66.7%) |21(333%) | 63 0.830
No 4(6.1%) 61(924%) | 1(1.5%) 66 66 (77.6%) | 19(22.4%) 85 50 (64.9%) |27(35.1%) | 77

Table 2. Risk factors associated with TB outcome, treatment dropout and hemoptysis. Statistically significant
associations are highlighted in bold.

to be associated with decreased viral suppressmn due to the lower diagnosis rate and lower likelihood of being
on an anti-retroviral treatment reg| HIV di d*. In this regard, an integrated approach to
reduce unhealthy alcohol ¢ iption or |Il|cn drug usage may lead to better outcomes?’.

WGS data enabled the screening of drug-resistance conferring mutations on a genome-wide scale which
allowed the identification of 10 (6.6%) isolates resistant to at least one anti-TB drug and one (0.7%) MDR-
TB isolate. Despite the low MDR-TB rate in this study, two clinical isolates from different patients are pre-
dicted to be mono-resistant to the FQs due to two distinct high-confidence gyrA mutations for FQs resistance
prediction'®?, FQ mono-resistance or among non-MDR isolates has been reported across multiple settings with
varying ranges. Recently Kim et al.* reported a 0.8% FQ resistance rate among non-MDR strains detected
across multiple hospitals in South Korea while revealing an increasing trend over the last two decades. TB patients
with prior FQ prescription to TB diagnosis, usually to treat community-acquired pneumonia, havea three-fold
higher risk of having FQ-resistant TB*'. Multiple FQ prescriptions, FQ prescription more than 60 days prior
for TB diagnosis and for more than 10 days are associated with FQ-resistant TB*"*. This study shows a 1.3%
FQ-resistance rate among non-MDR-TB patients for this setting driven by two independent mutational events.
One limitation to the interpretation of the data lies in the fact that no data regarding previous FQ exposure was
obtained for these two patients and, as such, we cannot exclude these from being primary FQ mono-resistant
TB cases™’. Nonetheless, the detection of these two FQ mono-resistant isolates warns against a possible exces-
sive usage of FQs in the community and calls upon additional antimicrobial stewardship measures since to our
knowledge these comprise the first two FQ mono-resistance cases to be reported in Brazil.

Regarding M.tb diversity, SNP-based typing classified all the 151 isolates as Euro- American lineage 4 strains.
The Euro-American lineage predominance in Santa Catarina State and in the Southern Brazil'7*, occurred due
to migratory processes from Europe to South America that increased in the seventeenth century®. Therefore,
LAM, T and Haarlem, the most common spoligotyping families identified in this study, were also found in
other studies in Southern Brazil'"******”, Our examination of the distribution of the fbpC'** SNP, considered
as a highly specific marker for the LAM family not only confirmed the identification of all spoligotyping-based
identified LAM, but increased the frequency of this lineage to 69.5% (105/151). The three SIT823/T1 isolates,
assigned to the “ill-defined” T family according to SITVIT2 are in fact phylogenetically positioned as LAM in
the phylogenetic tree.

In accordance with previous studies***’, using a conservative five-SNP threshold to define genomic transmis-
sion clusters enabled the clustering of 43.7% of the isolates included in the study thereby demonstrating that
approximately half of the TB cases in metropolitan region between 2014 and 2016 were due to recent transmis-
sion. One recent epid ical tr ion study conducted in the Para State, in North Brazil, across house-
hold contacts did find two cases in the same household whose isolates are described as being 9 SNPs apart*.
In this latter study, the route of transmission is unclear since the temporal distance between these isolates was
7 yearsand therefore questions if the transmission between these cases was direct and, if missing links are likely
to exist. Herein, we opted to use a 5 SNP distance cutoffas to obtain high-confidence genomic clusters that are
driven by recent transmission. Also, no association was found between clustering and risk factors, treatment
dropout and clinical characteristics when using 12 or 25 SNPs cutoff distances to define clusters (data not shown).

The recent transmission scenario herein obtained lends support to a continued TB transmission, most likely
still ongoing. A limitation to the study relies in the fact that only 151 (57.4%) cases were analyzed from a total
of 263 reported cases for the same period in Greater Florianopolis and missing links in transmission chains are
therefore likely to exist. However, the data conveyed has already enabled the detection of one large transmission
cluster (GC1) that is responsible for 7.9% of the cases analyzed. All the isolates grouped into GC1 belonged to
M.tb sublineage 4.3.3 and to SIT216/LAMS. Interestingly, SIT216/LAMS5 has been described in Santa Catarina
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state as the most prevalent SIT in prison establishments but only one isolate in GCI had spent time in prison'®.
These facts highlight the epidemiological importance of SIT216/LAMS5 clones, now at the community level,
and its association with recent transmission. LAM5 spoligotype is also the most reported in Rio Grande do
Sul, another state in Southern Brazil, however belonging to SIT93*. A parallel situation has been reported with
SIT863 MDR-TB strains in Rio Grande do Sul, that was initially identified in prison establishments but is now
responsible for the majority of MDR-TB cases in that state’™*". The presence of isolates from inmate individuals
in the TB transmission chains supports the dissemination of strains between the general population and prison
establishments and although the directionality is unclear at this point, the latter along with the entire prison
system may act as reservoir of specific strains and promote a wider dispersion of specific dones*. Herein, the
GCl cluster showed a widespread geographical distribution when patient residence is considered (Supplementary
Figure S2). Additionally, the low core-genome SNP distances among the isolates in these largest genomic clusters,
may indicate that transmission has occurred in a very recent timeframe and is likely ongoing, suggesting that
in order to prevent further spread of these strains, closer surveillance of these phylogenetically distinct clades
is highly important.

Here we conducted the first WGS-based M.tb diversity study in SC state. Our study has some limitation,
among them, for several samples phenotypic DST were not available, thus, we used WGS data to drug resistance
prediction. Besides that, the present study only included new TB cases that started a first-line anti-TB treatment.
Although the sampling in the present study occurred from 2014 to 2016, more recent data show an increase in the
incidence TB rate (43.5% in 2016-46.0% in 2018)** and it would be interesting to evaluate if this is due to strains
belonging to the main transmission chains herein identified. This fact reinforces the importance of molecular
epidemiology as an instrument for TB surveillance and supporting public health measures.

Conclusions
The present study stresses the importance of WGS-based approaches that enable high-resolution phylogenetic
analysis to investigate M.tb transmission in Brazil and when compared with classical genotyping techniques that

may lead to overestimated clustering rates*. In this study we undertook a WGS-based analysis of the genetic
diversity and recent M.tb transmission in a Southern Brazil region improving the knowledge about TB dynamics
in this setting and filling out the lack of genomic data on M.b strains circulating in the state of Santa Catarina.
The data shows that uncontrolled TB transmission in the metropolitan region of Florianépolis occurred and
provides precise data to support TB control measures in this region.

Materials and methods
Study design and population. A total of 151 M.tb complex strains obtained in the Central Laboratory of
the State of Santa Catarina (LACEN), the reference laboratory for TB diagnosis in Santa Catarina were included
in this study. The samples were from patients with bacteriological confirmation of pulmonary TB, diagnosed
in health units at Florianépolis and Sao José cities (Florianépolis metropolitan region) within a 2-year period
(May-2014-May-2016). The study included individuals that started the first-line anti-TB treatment and patients
that met the inclusion criteria and agreed to participate were invited to sign the informed consent. Patient enroll-
ment and medical record review were carried out in health units (Hospital Universitirio da Universidade Fed-
eral de Santa Catarina and primary health units from Florianépolis and a specialized outpatient clinic respon-
sible for TB care in Sdo José city), and an additional epidemiological questionnaire was applied in an interview.
Patients with previous anti-TB treatment history were excluded from the study.

The estimated population in the both cities is 700,000 inhabitants** and the TB incidence rate approximately
46 cases per 100,000 population®’. During the study period, a total of 263 new pulmonary TB cases with positive
culture were notified, of these, 218 were able to contact and accepted to participate in the study; 151 had DNA
available for sequencing, representing 57.4% of the total (Supplementary Table S3). Mycobacterium tuberculosis
was isolated from sputum samples obtained from patients before starting anti-TB treatment. The treatment
outcomes were assessed upon treatment completion and defined as cure, treatment failure (persistence of smear
microscopy and/or culture positives after the treatment), treatment dropout or death.

Smear microscopy and culture. The smear microscopy and Ziehl-Neelsen method were performed at
the Central Laboratory of the State of Santa Catarina (LACEN), the reference laboratory for TB diagnosis in
Santa Catarina according to the recommendations of the Recommendations Manual for TB control in Brazil*.
Isolation M.tb complex was performed in Ogawa-Kudoh solid media according to the same Manual®, The
identification to the M.tb complex level was carried by the presence of the cord factor and by MPT64 protein
detection-based immunochromatographic test (SD Bioline Kit, Standard Diagnostics, Inc., Korea).

DNA extraction. The M.tb nucleic acids were extracted from mycobacterial cultures grown on Ogawa-
Kudoh solid medium using the Cetyltrimethylammonium Bromide (CTAB) method, as described by van
Soolingen et al.*, at the Laboratory of Molecular Biology, Microbiology and Serology (LBMMS)-UFSC.

Spoligotyping. Spoligotyping was carried out as described by Kamerbeek et al.” using commercially pre-
pared membrane (Ocimum Biosolutions, Hyderabad, Telangana, India). Hybridizing fragments were detected
by chemiluminescence using peroxidase-labelled streptavidin and ECL detection kit (Amersham Biosciences,
Amersham, Buckinghamshire, England, UK). The spoligotypes were dassified according to the Spoligotyping
International Type (SIT) and families, based on SITVIT2 database (https://www.pasteur-guadeloupe.fr:8081/
SITVIT2/). The technique was performed by Scheffer during doctoral thesis*”.
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Whole genome sequencing (WGS). The M.tb genomic DNA of 151 dinical strains was submitted to
WGS. Approximately one microgram of DNA was fragmented using a Q800R2 sonicator (QSonica, Newtown,
CT, USA) with the following parameters: 3 min sonication with 15 s pulse on, 15 s pulse off and 20% amplitude.
The fragmented DNA was selected by size to target 600-700 bp by fragment separation using the Agencourt
AMPure XP beads (Beckman Coulter, Code A63882). DNA Library preparation was performed using the NEB-
Next Ultra I DNA Library Prep Kit for Illumina (New England BioLabs, Code E7645L). The adapters and 8 bp
index oligos based on Kozarewa and Turner*® were purchased from IDT (Integrated DNA Technologies, San
Diego, CA, USA) and used in place of those supplied in the NEB preparation kit in a dual-indexing approach®.
Paired-end sequencing (2x 150 bp) was performed on a NextSeq sequencer from Illumina using either a 300
cycle v2 mid output or high output kit (Illumina, Code FC-404-2003 or Code FC-404-2004) using standard
Hlumina procedure.

Bioinformatics analysis. Bioinformatic analysis of raw sequence reads was carried out initially using an
in-house pipeline for genome-wide variant calling. Raw reads were trimmed to remove adapter sequences and
low quality reads using Trimmomatic (v0.33) (parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20
MINLEN:36) and the read quality control was performed using FastQC (v0.11.7) (https://www.bioinforma
tics.babraham.ac.uk/projects/fastqc/). Trimmed reads were mapped to the M.th H37Rv reference genome (Gen-
Bank accession number: NC_000962.3) using BWA-MEM (v0.7.16). Samtools (v1.9)*' was used to convert from
SAM to BAM format and sorting of mapped sequences. The quality of the resulting BAM file was checked using
Qualimap** and Sambamba (v0.6.8) was used to mark read duplicates®. Variants (SNPs and small INDELs) were
called using Samtools. Variants were filtered based on the following criteria: mapping quality =50, base align-
ment quality >23 and < 2,000 reads covering each site. Variant functional annotation was performed with SnpEff
(v4.3)*". WGS-based resistance prediction was performed using the command-line version of TB-Profiler™
(v2.4), using the previously produced BAM files as input complementarily, VCF files were also screened for drug
resistance associated variants and, if required, visually inspected in the BAM files. The definition of M. b lineages
based in SNP-typing method was performed according to the 62 SNPs barcode proposed by Coll et al. 2014%
and implemented in TB-Profiler. The fbpC'* polymorphism (G->A at codon 103) was used to differentiate LAM
strains from non-LAM strains™,

Phylogenetic analysis was performed using Snippy pipeline v4.3.6 (https://github.com/tseemann/snippy) for
variant calling and alignment of all core SNP variants. SNP positions within PE/PPE genes or other repetitive
regions associated with low mappability scores were removed from the final core-genome alignment, which
was composed of 17,027 positions. A maximum-likelihood phylogenetic tree was generated using the PhyML,
applying the generalized time reversible (GTR) model and branch support assessed by the approximate Likeli-
hood Ratio Test (aLRT) as implemented in Seaview®*. The resulting tree was rooted using M. canettii (Genbank
accession number: NC_019950.1). A minimum spanning tree was generated using Phyloviz (v2.0) and the
therein implemented goeBURST algorithm™. We used a 5, 12 and 25 SNPs cut-off to delineate genomic clusters®
among the core SNP alignment using R along with the ape package and the hclust function. The patient address
was plotted in a map using the online tool Microreact (www.microreact.org). Pairwise geographical distances
between patients were assessed in R using the Imap package.

Statistical analysis. We tested the possible association between TB outcome (favorable: cure or treatment
completion versus unfavorable: treatment failure or death), treatment dropout and hemoptysis with the follow-
ing risk factors: alcohol intake, HIV coinfection, illicit drugs usage and clustering among the 151 individuals
with available M.tb DNA. Besides, we tested the association among the risk factors. For this purpose, we applied
the statistical tests Chi-square and Fisher’s exact Test performed in IBM SPSS Statistics v.26.

Ethical approval. This study was approved by the Human Health Research Ethics Committee of Federal
University of Santa Catarina (UFSC), protocol number: 2.054.560 CAAE: 66795917.1.0000.0121. Individuals
who agreed to participate in the study signed the Informed Consent Term. The study was performed in accord-
ance with relevant guidelines and regulations.

Bio-containment measures. Diagnosis activities including cultures of clinical specimens of the M. th
complex and DNA extraction were carried out under Biosafety Level 2 (BSL-2) containment with BSL-3 safety
equipment and work practices.

Data availability
Mycobacterium tuberculosis genome data were deposited in the NCBI BioProject ID PRINA599957 (see Sup-
plementary spreadsheet).
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3.5 CAPITULO V

O manuscrito que constitui este capitulo, intitulado “Genomic characterization of
variants on mycolic acid metabolism genes in Mycobacterium tuberculosis isolates
from Santa Catarina, Southern Brazil” apresenta uma analise das mutacGes em genes
relacionados ao metabolismo de &cidos micdlicos em isolados de M. Tuberculosis de Santa

Catarina.

O trabalho foi publicado na revista Infection, Genetics and Evolution
(https://www.sciencedirect.com/journal/infection-genetics-and-evolution), com fator de
impacto JCR 2021 = 3.342

O manuscrito esta disponivel em: https://doi.org/ 10.1016/j.meegid.2021.105107.
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Keywords: Mycabacrm'wn tuberculosis has a complex cell wall containing mycolic acids (MA), which play an important role

Mycolic acid . in pathogenesis, virulence, and suxvnva] by protecting the cell avams( harsh environments. Studies have shown

Mycobacterium tuberculosis . that genes 5 involved in MA hesis are 1 to h ial functionality. Here, we

Single nucleotide polymorphism used whole-g to Il in genes related lo MA metabolism in M. tuberculosis
isolates from pul berculosis patients of the Florianopolis M litan Area, Santa Catarina, Brazil, and

assessed associations wuh clinical, epidemiological, and venolypxc d:na The mutations Rv3057¢ Aspl12Ala
(104/151), Rv3720 His70Arg (104/151), and Rv3802¢ Val50Phe (105/151) were identified in about 69% of the
isolates and were related to the LAM lineage. SIT 216/LAMS (13.2%, 20/151) had the highest frequency and
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morphisms in genes related to MA metabolism in M. tuberculosis isolates. This study also described, for the first
time, the variability between different SITs/sublineages of Lineage 4 circulating in Florianépolis Metropolitan

Area.
1. Introduction occurred in Brazil (35.0/100,000 inhabitants) (Brazil, 2008; Brazil,
2020). Santa Catarina State has a low TB incidence rate (23.7/100,000
Tuberculosis (TB) is a ble di that c i a inhabi ), but some municipalities exceed the national rate, such as

serious and challenging global publ.lc health problem. It is one of the top the state capital, Floriandpolis, with 44.5 cases per 100,000 inhabitants
10 causes of death worldwide and one of the most world's deadliest (Brazil, 2020).

infectious diseases. In 2019, there were 10 million new cases and 1.4 M. tuberculosis, the major ¢ ive agent of the disease, has a com-
million deaths from the disease (WHO, 2020); 73,864 new cases plex cell wall, which contributes greatly to pathogenicity and cell
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integrity by protecting mycobacterial cells against environmental stress
(Druszezynska et al,, 2017; Fay et al., 2019). The wall is composed of a
peptidoglycan layer covalently bound to arabinogalactans esterified
with mycolic acids (MA) in the outer portion (Bartera, 2007; Guenin-
Mace et al, 2009). MA are long-chain a-alkyl-p-hydroxy fatty acids.
M. tuberculosis produces three major classes of MA by enzymatic modi-
fication of the meromycolate chain: «-, methoxy-, and keto-mycolic
acids (Barkan et al, 2010; Barry 3rd et al., 1998; Kowalski et al.,
2014; Pawelezyk and Kremer, 2014). Studies on genes encoding en-
zymes involved in MA synthesis have highlighted the imp e of
these molecules to mycobacterial functionality (Glickman et al., 2000).
M. tuberculosis is part of a group of highly virulent bacteria with
extremely low levels of genetic diversity (Achtman, 2008). This myco-
bacterium produces a wide variety of complex lipids, including several
classes of MA, as evidenced by the high number of genes involved in

Infection, Genetics and Evolution 96 (2021) 105107
2.5. WGS analysis

G ic DNA les were subjected to WGS. For this, about 1 pg of
DNA was fmgmemed on a Q800R2 sonicator (QSonica, Newtown, CT,
USA) at 20% amplitude for 3 min with a pulse on/off time of 15/15s.
Fragmented DNA was purified and size selected to 600-700 bp using
Agencourt AMPure XP beads (Beckman Coulter, catalog no. A63882).
The DNA library was prepared using the NEBNext® Ultra™ II DNA li-
brary preparation kit for Illumina® (New England BioLabs, catalog no.
E7645L). Adapters and 8 bp index oligos, based on Kozarewa and Turner
(2011) and purchased from IDT® (I d DNA Technologies, San
Diego, CA, USA), were used in place of those supplied with the NEB prep
kit. A dual indexing approach was adopted. Paired-end seq ing (2 x
150 bp) was performed on an Illumina NextSeq system using a mid- or
high-output v2 300-cycle kit (Illumina) and the standard Illumina®

1

their bolism. Genes d with M. tuberculosis physiology are
believed to undergo strong selection; thus, it is expected that essential
genes are conserved, such as those related to MA metabolism (Cole et al,
1998; Pepperell et al., 2013a, 2013b; Portevin et al., 2014). Given that
one of the main drugs used in TB treatment, isoniazid, targets MA
metabolism, it is possible that associated genes may be under diverse
selection pressures (Portevin et al., 2014).

In this study, whole-genome sequencing (WGS) was used to deter-
mine, for the first time, mutations in MA metabolism genes in
M. tuberculosis isolates from pulmonary TB patients in Florianopolis
Metropolitan Area, Brazil, and their p ial association with clinical
outcomes, epidemiological features, and spoligotype international type
(SIT) designation.

2. Materials and methods
2.1. Ethics statement

The research was approved by the Human Research Ethics Com-
mittee of the Federal University of Santa Catarina (UFSC) (protocol no.
2.054.560, CAAE no. 66795917.1.0000.0121). All individuals who
agreed to participate signed an informed consent form before
enrollment.

2.2. Patients and samples

This study analyzed 151 clinical isolates of M. tuberculosis obtained
from pati with pul y TB diagnosed in the lities of
Florianopolis and Sao José, Florianopolis Metropolitan Area, Santa
Catarina, Brazil, between May 2014 and May 2016. Patients with a
previous history of anti-TB treatment were excluded from the study. All
isolates were collected prior to initiation of anti-TB therapy. Patient
outcomes were evaluated after treatment completion and categorized as
cure, treatment failure (positive sputum smear and culture after the
fourth month of treatment), default, and death.

2.3. DNA extraction

DNA was extmcted from isolated M. tuberculosis col by the
bromide (CTAB) method, according to van

l.ciyluuuel
Soolingen et al. (1994).

2.4. spoligotyping

Spoligotyping was performed as described by Kamerbeek et al

pr
2.6. Bioinformatic analysis

The FastQC tool (http://www.bioinformatics.babraham.ac.uk/pro
jects/fastqe/) was used to perform an initial quality assessment of
reads. Adapter sequences were removed and low-quality reads were

luded using Tri ic version 0.33 with the following parame-
ters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:36
(Bolger et al, 2014). After trimming, quality control was performed
again using FastQC, and reads were mapped to the ref
(M. tuberculosis H37Rv, GenBank accession no. NC_.000962.3) using
BWA-MEM version 0.7.16. In the next step, SAMtools version 1.9 (Li
et al., 2009) was used to convert SAM files to the BAM format and sort
mapped sequences. The quality of the resulting BAM file was verified
using Qualimap (Garcia-Alcalde et al., 2012). Then, Sambamba version
0.6.8 was used to mark duplicate reads (Tarasov et al., 2015). Single-
nucleotide polymorphisms (SNPs) and small insertions/deletions were
identified using SAMtools. Variants were filtered based on the following
criteria: mapping quality >50, base alignment quality >23, and <2000
readings at each site, Finally, raw VCF files were filtered using the
following variant calling parameters: minimum read depth of 10 and
maximum read depth of 2000. Functional annotation of VCF files was
performed using SnpEff version 4.3 (Cingolani et al., 2012). This in-
house pipeline was implemented to identify the nonsynonymous vari-
ants that were next tabulated for statistical analysis. The analyzed genes
were as follows: accA2, accA3, accD2, accD3, accD4, accD5, accD6, acpM,
adhD, adhE1, amiD, bacA, cmaA1l, cmaA2, desAl, desA2, desA3, echA10,
echA11, fabD, fabD2, fabG1, fabG2, fabG4, fabH, fadD13, fadD32, fgd2,
faz, fopA, fopB, fopC, fbpD, feoT, fgd2, hadA, hadB, hadC, inhA, irtA, irtB,
kasA, kasB, lipR, mmaAl, mmaA2, mmaA3, mmaA4, mmpL11, mymA,
mymT, otsBl, otsB2, pcaA, pks13, rip, Rv0161, Rv0194, Rv0519c,
Rv0774c, Rv1272c, Rv1273c, Rv1686¢c, Rv1687c, Rv1747, Rv2509,
Rv3057¢c, Rv3087, Rv3400, Rv3720, Rv3802c, sadH, tgs4, ufaAl, umaA,
and virS (Takayama, Wang and Besra, 2005; Lew et al., 2011; Portevin
et al., 2014).

Phylogenetic analysis was performed using Snippy version 4.3.6
(https://github.com/tseemann/snippy) for variant calling and align-
ment of core SNPs based on the WGS of M. tuberculosis. Variants iden-
tified in pe and ppe genes or in other repetitive regions associated with
low mappability were removed from the final core-genome alignment,
resulting in 17,027 sites. A maxi likelihood phylogenetic tree was
constructed using the PhyML tool with the general time-reversible
nucleotide substitution model. Branch support was assessed by the
approximate likelihood ratio test (aLRT) in Seaview (Gouy, Guindon and
Gascuel, 2010). The resulting tree was rooted with the common ancestor
Mycobacterium canetti (GenBank accession no. NC.019950.1). We
upphed a5 SNPs cut-off to identify genomic clusters among the core SNP

(1997). Spoligotypes were classified according to SIT ber and
lineage using the SITVIT2 database (http://www.pasteur-guadeloupe,
fi:8081/SITVIT2/).

g using R with ape package and helust function. Finally, the
online tool iTOL (https://itol.embl.de) was used to visualize and anno-
tate the phylogenetic tree.
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2.7. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics version
26.

3. Results
3.1. Study sample and epidemiology

Of the 151 patients included in this study, 96 (63.6%) were male. The
age range was 15 to 83 years (M = 37.13 + 13.98 years). Twenty-seven
(17.9%) individuals had HIV/TB coinfection. Other health-impacting
factors were identified: 13 (8.6%) individuals had diabetes mellitus,
47 (31.1%) had a history of alcohol abuse, 85 (56.3%) were tobacco
users, and 47 (31.1%) were illicit drug users. The treatment regimen
used by all patients included i: id, rifampicin, pyrazinamide, and
ethambutol. The first sputum smear test was positive in 92.0% (139/
151) of the cases. A total of 89 (58.9%) individuals performed a sputum
smear test in the second month, and, of these, 34 (38.2%) had a positive
result. The fourth-month sputum smear, performed by 72 (47.7%) pa-
tients, was positive in 19.4% (14/72) of the cases. The outcome was cure
in 70.9% (107/151), treatment dropout in 21.9% (33/151), death in
4.0% (6/151), and tr failure (positive sp smear test after
four months) in 2.6% (4/151) of the cases. All strains included in this

Infection, Genetics and Evolution 96 (2021) 105107
3.2. Genomic population structure

Spoligotyping of the 151 isolates allowed identification of 53
different spoligotypes: 136 isolates belonged to 38 distinct SITs, 15
isolates belonged to 13 new (orphan) profiles, and 4 isolates belonged to
three unknown spoligotypes. Among the 53 spoligotypes, 5 families and
19 subfamilies were identified (H1, H2, H3, LAM, LAM], LAM11-ZWE,
LAM2, LAM3, LAM4, LAMS, LAM6, LAM9, S, T, T1, T4-CEU1, TS, X1,
X2). The Latin American-Mediterranean (LAM) family was the most
frequent, accounting for 60.3% (91/151) of all isolates, followed by T
(16.6%, 25/151), Haarlem (H) (7.9%, 12/151), X (3.3%, 5/151), and §
(1.3%, 2/151).

The most frequent subfamily was LAM9, representing 13.9% (21/
151) of all isolates, followed by LAMS (13.2%, 20/151), LAM2
(9.3%,14/151), T1 (8.6%, 13/151), LAM1 (7.9%, 12/151), LAM6
(7.3%, 11/151), H3 and T (6.6% each, 10/95), LAM (3.3%, 5/151),
LAM4 (2.6%, 4/151), and X2 (2.0%, 3/151). LAM11-ZWE, LAM3, S, and
X1 represented 1.3% (2/151) each, and H1, H2, T4-CEU1, and T5 rep-
resented 0.7% (1/151) each.

Verza et al. (2020) analyzed the polymorphism distribution of
fbpC103 (a highly specific marker for the LAM family); interestingly, the
marker confirmed the identity of all LAM isolates characterized by
spoligotyping but classified three SIT823/T1 isolates (assigned to theill-
defined T family by SITVIT2) as LAM. The frequency of LAM isolates

study were isoniazid-susceptible.
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absolute marker for LAM family.

All clinical isol were subjected to WGS. Consistent with spoli-
gotyping results, the 151 isolates were classified as M. tuberculosis
Lineage 4 (Euro-American).

SNP-based clustering was done from WGS data (Fig. 1). The average

di amid the co of the 151 isolates was 420.3 SNPs. To
deli g ic cl isol within a i di of 5
SNPs were assigned to ic cl (GC). Using this cut-off crite-

Infection, Genetics and Evolution 96 (2021) 105107

and GC4) included four isolates each; GC14 included one isolate from
SIT241/T1 subfamily and three isolates from SIT65 / T1 subfamily and
GC4 cluster included four isolates from SIT216 / LAMS subfamily.
Mutations in MA genes did not diversify in this clusters (GC4 and GC14).
The others 18 g ic cl P d 42 isol

The three isolates characterized as SIT823/T1 by spoligotyping but
identified as LAM upon considering the presence of fbpC'®® SNP as an
absolute marker for LAM family. These isolates were phylogenetically

rion, a total of 66 (43.7%) isolates were grouped into 22 cl The

positioned as LAM in the phylogenetic tree.

largest cluster (GC1) involved 12 isolates identified as the SIT216 /
LAMS subfamily, one of these isolates, unlike the others, had no muta-
tion in the tgs4 gene. The second largest cluster (GC3) involved six
isolates of the SIT3099 / LAM9 subfamily. In the GC3, one isolate had
one more mutation, in the aacD6 gene. The third largest cluster (GC14

Tree scale: 0.01 ————

il mfﬂm

3.3. Mutation in genes associated with mycolic acid metabolism

We identified mutations in 76 genes associated with mycolic acid
metabolism. Analysis of the 151 isolates revealed 163 variations non-

. : . . PR
.. .
:
: FE
. : =
N PR

Fig. 2. likelihood phyl ic tree for the 151 isolates of Mycob

core SNPs in genes related to mycolic acid metabolism and is shown annotated with (from the outside to the inside) SIT, subli

Legend: LAM, Latin American-Mediterranean family; H, Haarlem family.

luded in the study. This tree was constructed based on 17,027
and gene
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synonym, 134 of which were genic (Table S1, Supplementary Material)
and 29 intergenic (Table $2, Supplementary Material). Fifteen genes
were found to not carry mutations (adhD, desAl, fabG2, fcoT, hadA,
hadB, hadC, irtB, mmaA2, mymA, Rv1273c, Rv1686¢, Rv3400, sadH, and
ufaA1). Phylogenetic analysis was carried out for all isolates, and trees
were annotated with variants in genes associated with mycolic acid
metabolism as well as SIT/sublineage data obtained by spoligotyping, as
shown in Fig. 2.

The most frequent intergenic mutations were Rv2005c-otsB1
2251999A > G (147/151), and fbpB-Rv1887 2135870 T > C(142/151),
and the most frequent genic mutation were Rv0194 Met74Thr (147/
151), and accD2 Asn51Lys (143/151). These mutations were observed in
all spoligotype families.

The three mutations found in about 69% of isolates, Rv3057¢
Aspl12Ala (104/151), Rv3720 His70Arg (104/151), and Rv3802¢
Val50Phe (105/151). In 104 isolates, these mutations occurred

itantly, and in isolates excl ly on the family LAM.

When analyzing mutations in genes related to mycolic acid meta-
bolism in specific SITs some data stood out.

The most common SIT was 216/LAMS (13.2%, 20/151). All 20 iso-
lates showed the same mutation pattern—12 mutations in 10 genes—
beyond the mutations that to be observed in the most isolates accD2
Ans51Lys (20/143), fopB-Rv1887 2,135,870 T > C (20/142), Rv2005c¢-
otsB] 2251999A > G (20/147), and Rv0194 Met74Thr (20/147), as well
were found the mutations that occurred exclusively in the LAM family:
accD2 Lys23Glu (20/47), kasA Gly269Ser (20/47), mmaA4 Asn165Ser
(20/97), otsB1 Asp617Asn (20/27), Rv3057c Aspl12Ala (20/101),
Rv3720 His70Arg (20/104), Rv3802c¢ ValSOPhe (20/105), and tgs4
Ala216Glu (19/40). The mutations fgd2 Ala122Val (2/2), fgd2
Gly323Ser (4/4), pks13 Lys725Glu (4/4), and Rv0774¢ Pro6afs (2/2)
were observed exclusively in SIT 64/LAMS6 isolates, echA10 Asp79Gly
(3/3) in isolates of LAM4 subfamily, amiD Ala74Ser (2/2) only in LAM3
subfamily, and the mutations cmaA1 His173Arg (2/2), fopA Pro77Arg
(2/2), and Rv0519c GIn271Leu (3/3) exclusively in LAM1 subfamily.

Isolates belonging to SIT 73/T (6.6% - 10/151) showed 12 genic and
intergenic mutations, with amiD-Rv3376 3790075G > A (10/10), fbpA-
aftB 4266941G > A (10/10), echA1l1 Asn220fs (10/10), and otsB2
Ser110Arg (10/10) occurring exclusively in these 10 isolates. Further-
more, SIT 73/T isolates presented mutations as PE_PGRS33-bacA
2062805C > G (10/32) and Rv2242-fabD 2516567G > C (10/36), which
were also detected in Haarlem, X, unknown, and orphan/new profiles,
but not in LAM. Only one of the nine isolates classified as SIT 50/H3 did
not show any of these mutations.

In the SIT 50/H3 isolates were observed the i lipR
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When evaluating isolates from patients who had treatment failure
(2.6%, 4/151), the mutations echA11 Asn220fs (2/10), lipR Pro43Leu
(1/1), otsB1 Ala386Thr (2/7), otsB2 Ser1 10Arg (2/10), rip Arg351Trp
(1/1), Rv0194 Asp714Glu (1/1), Rv1687¢ Gly55Ser (1/1), PE_PGRS33-
bacA 2062805C > G (3/31), glyAl-desA2 1221912C > A (1/1), Rv2242-
fabD 2516567G > C (3/36), and fbpA-aftB 4266941G > A (2/10) were
found. These mutations do not seem to have a pattem related to this
outcome, the mutations that were found in more than one isolate may be
related to the family to which the isolates were classified: T, Haarlem
and S families.

The isolates SC37, SC60 and, SC80 showed a divergence of mutations
in mycolic acid genes with their closest relatives. A very small number of
mutations was observed in these isolates. Unfortunately, due to the lack
of epidemiological data related to these patients, it was not possible to
verify a possible relationship between mutations and this data.

No pattern of mutations or point mutations related to any epidemi-
ological or laboratory data was observed.

4. Discussion

Using a genomic approach, in this study we investigated the muta-
tion profile of genes involved with mycolic acid metabolism in circu-
lating isolates of M. tuberculosis in Florianépolis and Sao José, Santa
Catarina, Brazil. Together, the municipalities have about 700,000 in-
habitants (IBGE. 2019). Driven by the importance of monitoring the
molecular profile of M. tuberculosis circulating strains, this study sought
to complement previous reports of M. tubcn:ulosu genotypic character-
ization and, more recently, g i logy analysis in Santa
Catarina State (Verza et al., 2020). Tlus is the first study to investigate
mutations in MA metabolism genes among M. tuberculosis isolates from
Southern Brazil.

Although M. tuberculosis exhibits extremely low levels of genetic
diversity (Achtman, 2008), we found that genes that are essential for
mycobacterial physiology may be under diverse selection pressures. This
may be d, as MA bolism is the target of most drugs used in
TB treatment (Pepperell et al,, 2013a, 2013b; Portevin et al., 2014).
With WGS-based approaches, it is possible to detect microevolutions in
genomic regions other than those known to be highly variable and
commonly evaluated in traditional methods (Niemann and supply,
2014; Nikolayevskyy et al., 2019).

Portevin et al. (2014) perfomled a relative quantification of mycolic
acid subtypes and analyzed of clinical isolates of the
M. tuberculosis complex, mcludmg fom major phylogenetic lineages
(Li 1, 2, 4, and 6). Significant variations in mycolic acid patterns

Ala156Val (7/13) and Rv3057¢ Val275Ala (8/14); both occurred
exclusively in Haarlem and unknown lineages classified as Haarlem to
by WGS.

SIT 137/X2 (2.0%; 3/151) showed fabH Gln182His (3/3), fas
Ala2699Ser (3/6), mmpLl1l ArgadoGly (3/3), and Rv2242-fabD
2516567G > C (3/36). The mutation fabH Gln182His was found
exclusively in SIT 137/X2. fas Ala2699Ser was also associated with SIT
119/X1 isolates (2/6); this mutation was exclusive to the X lineage and
one isolate classified how SIT65/T1 by spoligotype method but classi-
fied by WGS how ‘X-type (coll lineage 4.1.1.3).

When analyzing the families in the general, evaluating mutations in
genes related to mycolic acid bolism, it was possible to observe
differences in the mutations pattern according to the family. The mu-
tations that occurred in the LAM family were different than those that
were observed in the T, Haarlem, and X families. The LAM family iso-
lates were related with mutations in the genes accD2, amiD, cmaAl,
echA 10, fbpA, fgd2, kasA, mmaA4, otsB1, pks13, tgs4, Rv0519c, Rv0774c,
Rv3057¢ (specifically Asp112Ala), Rv3720, and Rv3802c. While muta-
tions in isolates of the T, Haarlem, and X families are related to genes
echAll, fabH, fas, lipR, mmpL11, otsB2, and Rv3057c (specifically
Val275Ala); and intergenic region amiD-Rv3376, fopA-aftB, PE_PGRS33-
bacA, Rv2242-fabD.

ag!

were found between lineages. The authors found that the pattems of
ancient lineages contrasted with those of modern lineages and identified
relevant SNPs possibly associated with specific mycolic acid patterns. In
our study, the 151 isolates were classified as Euro-American (Lineage 4).
Of the major lineages, Lineage 4 is the most frequent worldwide (Demay
et al., 2012). Previous reports have shown that Lineage 4 shows genetic
and phenotypic diversity, which may determine the epidemiology of its
subtypes (Coscolla and Gagneux, 2014; Stucki et al., 2016). LAM, T, and
Haarlem were the most frequent families in the current study, in
agreement with the results of other studies conducted in southern Brazil
(Nogueira et al., 2016; Prim et al., 2015).
The eight mutations identified in Lineage 4 by Portevin et al. (2014)
led to amino uud changes, which were also detected in the clinical
luated in the p study. Six mutations—accD2 Lys23Glu
(46/151), fas Thr2595Asn (5/151), kasA Gly269Ser (46/151), mmaA4
Asn165Ser (97/151), Rv3057c Aspl12Ala (104/151), and Rv3802c
Val50Phe (105/151)—were found more frequently in LAM isolates but
were also observed in orphan isolates. In the current study, the mutation
fabH GIn182His occurred exclusively in SIT 137/X2, and Rv3057¢
Val275Ala was identified only in isolates of the Haarlem lmenge The
results observed in our study d ih

rate an intrali y as
well as Portevin et al. (2014) report in their study, a substantial
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intralinear diversity without in boli: 1, who detected a
high number of SNPs in two or more strains but not in all.

Our study highlighted trends in genomic profile related to mycolic
acid metabolism. Smnlm' proﬁls were shared by strains of the same SIT
and/or family. Phylog: lysis showed that the mutation profile of
LAM strains differed from those of T, Haarlem, and X strains. LAM iso-
lates were mainly associated with mutations in genes related to MA
structure. The gene mmaA4 is involved in the introduction of the methyl
branch and the hydroxyl group adjacent to the distal cis unsaturation;
deletion of A4 inhibits the synthesis of methoxy- and keto-mycolic
acids (Alahari et al., 2009; Coxon et al., 2013). In the present study,
mmaA4 was mutated in virtually all isolates of the LAM family. The gene
has been reported as a determinant of intrinsic antibiotic resistance
shared by the isoniazid, ethambutol and merop (Xu
et al, 2017), representing an evolutionary advantage for the LAM
family. The kasA gene encodes an enzyme involved in the initial elon-
gation of MA via condensation (Bhatt et al., 2007; Kremer et al., 2002;
Slayden and Barry 3rd., 2002). kasA Gly269Ser mutation resulted in loss
of conformational stability and altered dynamic behavior in KasA
(Jayaraman; Rajendra; Ramadas, 2019). Gande et al. (2004), demon-
strated that the accD2 gene is fund | for the biosynthesis of AM,
since it provides a carboxylated intermediate for the condensation re-
action that is catalyzed by the protein produced from the pks13 gene.
This condensation will produce a-alkyl f-keto acids, precursors of MA
(Gavalda et al., 2009). fbpA gene encodes a protein that catalyzes the
transfer of mycolic acids to produce trehalose dimycolate (Goins et al.,
2018) and acts as a fibronectin-binding protein, ble of binding to
human macrophages during the initial stages of infection (\\'xlluuson
etal, 2001; Romero et al., 2010). As well as mmaA4, it has also been
leponed as a determinant of i ic antibiotic shared by the

id, ethambutol and p (Xu et al., 2017). Mutations
related to the LAM subfamily have also been found in fgd2 gene that
encodes a dehydrogenase responsible for the oxidation of hydrox-
ymyecolic acid to keto-mycolic acid (Purwantini and Mukhopadhyay,
2013) and cmaAl that is d with cis-cyclop at the
distal site of a-mycolates (Choudhury et al., 2015).

We identified mutations occurring exclusively in the 10 i

Ls
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v yein and merop (Xuet al., 2017).

A hu'ge number of intergenic mutations were found in this study and
were shown to be related to specific SITs/sublineages. These
are little studied. In fact, intergenic SNPs are often called neutral SNPs,
because, in general, their effect on phenotype is small. Nevertheless,
SNPs in noncoding regions can have important functional consequences
(Coscolla and Gagneux, 2014).

The variable outcome of the infection has been attributed mainly to
the host and envi | factors b the genetic diversity of
M. tuberculosis is less pronounced than in other pathogens. However, it is
known that the diversity of the strain can play an important role during
an infection. It has been determined that there are widely different
metabolic phenotypes among strains of M. tuberculosis complex. Corre-
lation studies of the genetic variation of M. tuberculosis complex with the
phenotype have been successful in identifying clinically prevalent mu-
tations that confer strong phenotypes, such as drug resistance (Hicks
etal, 20186). Theimp eof relati ic variation to more subtle
phenotypes is highlighted, as in the study by @yis et al. (2020) who
managed to predict the effects of SNPs on genes that encode enzymes in
metabolic phenotypes and identified desired SNPs that are associated
with metabolic vulnerabilities. This increase the importance of studying
the profile of mutations related to AM metabolism, which are correlated
with more subtle phenotypes such as those related to adaptation to the
host, transmissibility and basal resistance, which can be used as a pos-
sibility for the identification of more selective treatment strategy.

5. Conclusion

WGS allowed us to identify a broad repertoire of SNPs in genes
related to mycolic acid metabolism in M. tuberculosis isolates and
describe, for the first time, the variability between different SITs/sub-
lineages of Lineage 4 circulating in Greater Florianopolis, Santa Catarina
State, Brazil. Although it has been suggested that genetic background
influences MA metabolism, further studies are needed to elucidate the
extent to which genomic differences affect the phenotypic properties of
M. tuberculosis, particularly with regard to antimicrobial resistance.

ppl y data to this article can be found online at https://doi.

classified as SIT 73/T. Most patients infected with SIT 73/T isolates had
treatment failure. One of the mutations occurred in otsB2, a gene
considered essential for M. tuberculosis growth, as it is involved in
trehalose formation, an important structural constituent of the cell wall
that acts as a mycolic acid carrier during cell wall synthesis (Murphy
et al,, 2005; Thanna and Suchecka, 2016). The lipR gene showed a
mutation unique to Haarlem isolates and was associated with SIT 53/
H3. This gene encodes M. tuberculosis lipase and is part of the mymA
operon (Rv3083-Rv3089). The operon encodes proteins that can modify
the cell envelope for intracellular survival (Cole et al., 1998; Kongetal,
2007). SIT 137/X2 isolates were associated with mutations in fabH
which encodes a protein that catalyzes the initial 1 ion
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4 DISCUSSAO

Capitulo | - Epidemiologia molecular de Mycobacterium tuberculosis no Brasil antes

da era do sequenciamento do genoma completo

O aumento da resisténcia as drogas anti-TB e o0 aumento da transmissao
descontrolada de cepas com resisténcia a multiplas drogas sdo os principais, e que esta na
origem dos casos de resisténcia primaria, constitui um dos fatores para manutencdo das
taxas de mortalidade por TB em diferentes regides do mundo. A investigacdo das fontes de
transmissdo e o monitoramento das cepas de M. tuberculosis por meio de estudos de
epidemiologia molecular complementados por ferramentas de tipagem molecular é,
portanto, essencial para o controle da doenca. As acdes de vigilancia da TB no Brasil
consistem basicamente na visita domiciliar de parte dos novos casos da doenga, na busca
por individuos que abandonam o tratamento, busca ativa por casos em hospitais e outras
instituicbes, bem como acompanhamento e encerramento de casos (BRASIL, 2011).
Atualmente ndo foi implementado em nivel nacional qualquer método de tipagem que
poderia ajudar na deteccdo de cadeias de transmissdo por meio da identificacdo de clusters
gendmicos bem como informar acerca da implementacdo de novas estratégias direcionadas

a contencao de cepas especificas porventura associados a fatores de risco.

Antes da ampla expansdo do NGS observada na Ultima década, as técnicas de
MIRU-VNTR, RFLP-IS6110 e spoligotyping eram as técnicas empregadas para tipagem e
inferéncias de cadeias de transmissdo de M. tuberculosis ou exclusdo de relacdo
epidemioldgica entre possiveis contatos ou casos potencialmente relacionados. Tanto o
spoligotyping quanto tipagens baseadas em MIRU-VNTR sdo armazenados em grandes
bancos de dados internacionais que permitem a comparacao interlaboratorial de padrdes,
enquanto RFLP-1S6110, estdo principalmente compondo bancos de dados locais
(COSCOLLA, 2017; COUVIN & RASTOGI, 2014). Assim, no capitulo | desta tese, nos
conduzimos uma revisdo sistematica da literatura sobre o uso do RFLP-1S6110 e MIRU-
VNTR no Brasil, com o objetivo de (i) descrever a estrutura dos laboratérios da rede
brasileira, (ii) caracterizar os estudos de epidemiologia molecular aplicados a TB no Brasil,
(iii) estudar a diversidade genética de M. tuberculosis no pais e (iv) relacionar esses dados

ao cenario epidemioldgico nacional da TB.
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No estudo observamos que, nas ultimas duas décadas, a técnica de MIRU-VNTR
tem sido menos usada para tipagem do que a técnica padrdo-ouro anterior (RFLP 1S6110),
ndo apenas devido a implementacdo anterior desta ultima (1993, enquanto MIRU-VNTR
foi implementada em 2008), mas também devido ao seu custo mais elevado. Isso é de
particular importancia para um pais com consideravel incidéncia de TB como o Brasil. No
entanto, a implementacdo da tipagem para rastrear apenas casos de TB-MDR ja teria um
impacto significativo no controle da TB, uma vez que os casos MDR sao aqueles que terdo
uma menor chance de cura, demandardo um periodo maior de tratamento, terdo uma maior

chance de um mau progndstico e de transmissdo na comunidade (WHO, 2021).

O rastreamento dos casos de TB e seus contatos é de vital importancia para o
controle da TB em paises de alta carga da doenca como o Brasil. Estudos sobre a
diversidade genética e epidemiologia molecular da TB, por meio destas técnicas, no
territorio brasileiro, foram mais frequentes nas regides Sul e Sudeste e € imperativo
reforcar a necessidade de vigilancia da epidemiologia molecular nos estados do centro,
nordeste e norte. Isso poderia ser alcancado pela capacitacdo intensiva de mais
profissionais de laboratério e fornecimento dos materiais necessarios para a execucdo da
técnica em nivel nacional, similar ao que tem sido empregado, desde 2020, para vigilancia
gendmica do coronavirus nos laboratorios centrais de satde publica do pais. Uma alta, mas
heterogénea proporcdo de transmissdao de TB foi observada nas regiGes brasileiras
analisadas no capitulo 1. Além disso, no estudo destaca-se a importancia de incluir a
analise genotipica na vigilancia da TB, pelo menos de casos droga resistentes, e de manter
um fluxo de dados entre os laboratorios da rede nacional. Assim, se propbe a
implementacado de técnicas de tipagem molecular para deteccao de transmissdo de TB, bem
como a cria¢do de um banco de dados nacional, visando um melhor controle da incidéncia
da doenca no pais. Adicionalmente se faz necessario a construcdo de bancos de dados
capazes de possibilitar alguma retrocompatibilidade entre os dados de tipagem por
metodologias clasicas (RFLP, spoligotyping e MIRU-VNTR) e dados de tipagem por
WGS, de modo que seja possivel relacionar cepas caracterizadas pelos diferentes métodos.
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Capitulo Il - Vigilancia genémica revela alta transmissao continua de Mycobacterium
tuberculosis multi drogaresistente no sul do Brasil

No Capitulo Il estdo descritos os resultados de uma anélise baseada em WGS da
diversidade gendmica de M. tuberculosis circulando no Rio Grande do Sul que incluiu
75,7% dos 403 casos de TB-DR identificados no Laboratorio Central de Saude Puablica do
Estado de 2011 a 2014. O Rio Grande Sul tem a quarta maior taxa de mortalidade por TB
entre os estados brasileiros e em estudos recentes conduzidos na regido, observou-se
importantes cadeias de transmissao de cepas resistentes de M. tuberculosis que dificultam
o controle da doenca (BRASIL, 2020; ESTEVES et al., 2018; SALVATO, et al., 2019;
SALVATO, et al., 2020).

De modo geral, na predicdo da resisténcia baseada na identificacdo de mutacdes
associadas a resisténcia observou-se uma boa concordancia com testes fenotipico, com
valores de concordancia que variaram de 99,3% para isoniazida e 98,7% para rifampicina a
82,3% para etambutol e 86,9% para estreptomicina. Um achado relevante observado a
partir da comparagdo entre a analise molecular e o teste fenotipico foi a presenca de
disputed mutations (MIOTTO et al., 2018), bem caracterizadas previamente, no gene rpoB
em 22 cepas suscetiveis a rifampicina nos testes de sensibilidade realizados em meio
liguido no BD BACTEC MGIT e em duas cepas resistentes. Entre as 96 amostras
caracterizadas inicialmente como mono-resistentes a isoniazida no ensaio fenotipico, foram
encontradas disputed mutations em 21,9% (N=21), evidenciando uma possivel
subestimacdo da proporcao de casos MDR e podendo levar a prescricdo de tratamentos
anti-TB incorretos para esses casos. Além disso, o fato de 17 pacientes infectados com
essas cepas terem sido submetidos a regimes de tratamento para TB-MDR apés falhas do
regime de 1' linha, e outros dois evoluirem para 6bito durante o tratamento, mostra a
relevancia clinica dessas mutacdes. Ademais, o potencial de disseminacdo e aparente
auséncia de perda de transmissibilidade ou fitness relativo dessas cepas € evidenciado pela
deteccdo dessas cepas em importantes clusters gendémicos de transmissdo, dos quais
destacamos o cluster genémico (GC) 4, predominantemente formado por essas cepas.
Esses novos achados no Brasil revelam a importancia do rastreamento de cepas que

abrigam disputed mutations para uma melhor vigilancia e controle da TB.
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A ocorréncia de disputed mutations tem se mostrado com uma ocorréncia
importante em diferentes regides do mundo, em estudos anteriores foi descrito a presenca
de disputed mutations no gene rpoB em propor¢des que variaram de pelo menos 4,6% na
Africa do Sul, 10% em Kinshasa, 13,1% em Bangladesh, 2,5% na China, 6,9% na Coréia
do Sul e 9,2% em Taiwan (JO et al., 2017; LIN et al., 2021; MVELASE et al., 2019; VAN
DEUN et al., 2013; WANG et al., 2013).

A boa concordancia observada entre a predicdo da resisténcia pelo WGS e a
deteccdo de resisténcia fenotipica, e a falta de capacidade do teste fenotipico automatizado
para identificar resisténcia causada por disputed mutations, ressalta a importancia da
implementacdo de testes moleculares, como por exemplo, MTBDRplus/MTBDRsI ou
Target-NGS, além dos ja amplamente implementados testes rapidos moleculares como
GeneXpert, que sdo capazes de detectar essas disputed mutations, e no caso do GeneXpert,
ja esta disponivel em alguns servicos de saude do Rio Grande do Sul, auxiliando na
deteccdo de algumas dessas mutacbes e fornecendo uma identificacdo de resisténcia
oportuna (TORREA et al., 2019).

Como ja descrito em estudos anteriores realizados no Rio Grande do Sul
(ESTEVES et al., 2018; SALVATO, et al., 2019; SALVATO, et al., 2020), os principais
gendtipos associados a resisténcia as drogas de primeira linha incluem mutac6es de alta
confianca, entre elas: katG S315T (em 50% de cepas resistentes), katG S315T + inhA -15
C>T (em 17,6%) e inhA -15 C>T (em 10,2%) causando resisténcia ao isoniazida. No
entanto, 3,9% (11/284) de cepas resistentes a isoniazida s6 carregavam mutacdes
relacionadas a resisténcia na regido promotora do gene ahpC (-48 G>A, -52 C>T, -54 C>T
e -57 C>T), sendo oito dessas cepas mono-resistentes a isoniazida. Apesar de evidéncias
limitadas sobre o papel das mutacGes na regido intergénica ahpC-oxyR conferindo
resisténcia a isoniazida, em varios estudos (ALLIX-BEGUEC et al., 2018; LIU et al.,
2018; SEIFERT et al.,, 2015; WALKER et al., 2015) tém-se descrito uma possivel
associacdo entre essas variantes e resisténcia fenotipica a isoniazida, mas geralmente como
um mecanismo compensatorio para mutagdes no gene katG, principalmente mutacGes
diferentes daquelas ocorrendo no codon 315. Em relagdo as onze cepas que carregam
apenas mutagdes em ahpC, ndo encontramos outros marcadores moleculares que pudessem

elucidar o mecanismo causando tal resisténcia. Visando uma melhor compreensdo da
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ocorréncia de resisténcia nessas cepas, outros mecanismos moleculares, como a expressao
das bombas de efluxo devem ser analisados (MACHADO et al., 2012, 2018).

Em nosso conjunto de amostras, encontramos a resisténcia a rifampicina sendo
causada principalmente por mutagdes no gene rpoB: S450L (em 54,6%), S450L + A286V
(em 10,9%) e também pela insercdo de 12 nucleotideos (12nt) no cdédon 435 do gene rpoB
(em 9,2%), que evidencia a disseminacao significativa dessas cepas altamente resistentes a
rifampicina (MIC > 32 mg/L) na populagdo (ROSSETTI et al., 2020). Da mesma forma, as
mutacdes mais comuns associadas a resisténcia foram encontradas entre as cepas clinicas
fenotipicamente resistentes a etambutol (embB M306V em 83,3% das cepas resistentes) e
estreptomicina (rrs 492 C>T em 14,9% e rpsL K43R em 14,9%), semelhante ao
encontrado em conjuntos de amostras em outros paises (COLL et al., 2018; PHELAN et
al., 2019).

Mutagbes que conferem resisténcia a drogas de segunda linha foram encontradas
em nove cepas: seis cepas MDR tinham mutacdes conferindo resisténcia a
fluoroquinolonas no gene gyrA, uma cepa poli-resistente e duas cepas mono-resistentes a
isoniazida também apresentaram mutacOes associadas a resisténcia no gene gyrA, e uma
delas também carregava uma mudanca de nucleotideo (1401a>g) no gene rrs, que esta
relacionada a resisténcia a drogas injetaveis de segunda linha , caracterizando um caso de
TB XDR. De acordo com dados clinicos, apenas um desses nove individuos pré-
XDR/XDR-TB teve um desfecho favoravel no tratamento, e trés deles abandonaram o
regime de tratamento, tal fato contribui para a disseminacdo dessa resisténcia. Neste estudo
do Capitulo 11, ndo foi realizado teste fenotipico para deteccdo as drogas de segunda linha,
impedindo a comparagdo com a predicdo baseada em WGS. No entanto, trata-se de
mutacdes classicas associadas a resisténcia a ambos 0s grupos de drogas aqui evidenciados
constituindo estas mutacfes variantes associadas a resisténcia de elevado grau de
confianca. Adicionalmente, um trabalho anterior revelou uma boa concordancia entre
mutacdes associadas a resisténcia e a resisténcia fenotipica as fluoroguinolonas em um

subconjunto de cepas clinicas da mesma regido (SALVATO et al., 2020).

Como anteriormente caracterizado por estudos recentes na regido sul do Brasil
(SALVATO, et al.,, 2019; SALVATO, et al., 2020), a estrutura populacional de M.
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tuberculosis tem sua composicao basicamente por cepas das familias LAM e Haarlem. A
mesma predominancia de LAM ocorre no estado fronteirico de Santa Catarina (VERZA et
al., 2020), apesar da predominancia de sublinhagens 4.3.3 no estado vizinho, ao contrario
da predominancia da sublinhagem 4.3.4.2, seguida da 4.3.3 observada no presente estudo.
Além da classificacdo baseada em SNPs ser capaz de determinar a sublinhagem de cepas
que ndo foram passiveis de classificagdo pela técnica de spoligotyping, a classificacdo por
SNPs também foi capaz de reclassificar em sublinhagens mais plausiveis um grande
conjunto de cepas previamente definidas como sublineagem T de acordo com o padrédo de
spoligotyping. Das 93 cepas atribuidas ao clado T pelo SITVIT2, apenas 16 (17,2%) foram
classificadas no clado T na tipagem baseada em SNPs e as demais foram atribuidas
principalmente a sublinhagem 4.1.2.1/Haarlem (39.8%). Este fato foi evidenciado por 12
cepas que carregavam a variante fopC103, um reconhecido marcador da familia LAM, e

pela posicao dessas cepas na arvore filogenética.

No Rio Grande do Sul, a proporcao de transmissdo recente estimada de TB-DR foi
de 55,1% entre 305 isolados de M. tuberculosis estudados, superior a registrada no estado
fronteirico Santa Catarina (VERZA et al., 2020) (conjunto de amostras majoritariamente
suscetiveis), e outras regies de alta carga de TB no mundo (MIYAHARA et al., 2020),
sinalizando que importantes cadeias de transmissdo estdo alimentando a transmissao
recente da TB na regido. No entanto, o fato mais preocupante revelado neste estudo diz
respeito as cepas MDR, as quais 73,4% foram agrupadas em clusters gendémicos. Os trés
maiores GCs encontrados em nossa analise incluiam quase que exclusivamente cepas
MDR. O GC1 foi constituido principalmente (24/25) por cepas provenientes de individuos
sem historico de encarceramento e destes, em 15 individuos observou-se links
epidemiol6gicos comunitarios identificados, representando uma grande cadeia de
transmissdo em curso na comunidade. Diferentemente, no GC2, das 21 cepas, 10 delas
foram isoladas de individuos encarcerados em instituicGes prisionais, semelhante ao
visualizado no GC3, onde 8/17 das cepas agrupadas eram de individuos presos ou com
historico recente de encarceramento, juntamente com a amostra de um profissional agente
penitenciario. Assim, 0 GC3 representa uma importante cadeia de transmissdao ativa
envolvendo a populagdo carceréria e a comunidade, semelhante ao notado em outras
regides do Brasil e do mundo (ROSSETTI et al., 2020; SACCHI et al.,, 2015;
UMPELEVA et al., 2020).
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Explorando a distribuicdo geografica dos casos, foi possivel observar que as
maiores cadeias de transmissdao em curso estdo ocorrendo em Porto Alegre, capital do
estado, bem como na sua regido metropolitana. Em Porto Alegre, os quatro bairros
responsaveis por 40,3% dos casos em clusters genémicos na cidade apresentam o menor
indice de Desenvolvimento Humano (IBGE, 2022), reforcando a necessidade de medidas
mais robustas de controle da TB e de protecdo social nessas regides. Além disso, a
presenca de cepas MDR em clusters gendémicos compostos principalmente por perfis
mono/poli-resistentes, juntamente com a aquisicao intra-cluster de mutacgdes relacionadas a
resisténcia observadas em multiplos, mas principalmente nos maiores clusters, indiciam a
emergéncia de TB-MDR adquirida/secundéria nesses clusters, levando a amplificacdo da

resisténcia e sendo um importante ponto de preocupacéo adicional para o controle da TB.

Assim, no capitulo 11, utilizando uma abordagem gendmica, elucidamos o cenério
da TB-DR no maior estado do sul do Brasil. Os achados apontaram para a necessidade
urgente de medidas de controle da TB que promovam a desaceleracdo da disseminacdo da
TB-MDR, a fim de controlar a TB nessa regido. A situacdo epidemioldgica aqui observada
pode refletir importantes indicadores operacionais dos programas de controle da TB, como
a baixa cobertura de teste de suscetibilidade as drogas e tratamento diretamente observado,
juntamente com as altas taxas de abandono de tratamento. Outro importante indicador
operacional que requer atencdo especial, essencialmente no controle da TB-MDR, é a
investigagdo de contatos dos casos. Em 2019, em nivel nacional, apenas 55,5% dos
contatos identificados de TB foram examinados, essa propor¢do foi ainda menor no Rio
Grande do Sul (37,8%) (BRASIL, 2020) e pode ser um aspecto crucial para sustentacdo da

transmisséo continua de M. tuberculosis encontrada em nossa analise.

Neste estudo houve algumas limitagdes importantes: (i) obtivemos informacdes
limitadas sobre vinculos epidemiolégicos entre pacientes em clusters genémicos. Devido a
natureza retrospectiva do estudo, s6 foram acessados bancos de dados secundarios, e
alguns possiveis links epidemioldgicos entre pacientes que compartilhavam o mesmo
ambiente no trabalho, escola, unidades de saiude ou a mesma rota utilizando transporte
publico podem ter sido perdidos; (ii) nds avaliamos a resisténcia fenotipica apenas aos
medicamentos de primeira linha e (iii) a amostragem do estudo ocorreu de 2010 a 2014.

Estudos prospectivos futuros com testes fenotipicos mais amplos e rastreamento de
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contatos podem superar essas limitagdes e melhorar a vigilancia genémica da TB-DR neste

cenario.

Por fim, por meio dos achados descritos no Capitulo 11 foi possivel revelar aspectos
importantes sobre as bases moleculares da resisténcia as drogas que ocorrem em cepas de
M. tuberculosis circulando no Rio Grande do Sul, mostrando a capacidade dos ensaios
moleculares para a deteccdo da resisténcia as drogas e sua importancia para detectar a
resisténcia a rifampicina causada por disputed mutations, evitando a subnotificacdo de
casos de TB-MDR. Além disso, foram identificados multiplos eventos de transmisséo
continua de cepas de M. tuberculosis droga resistente, principalmente entre as cepas MDR,
ressaltando a necessidade de medidas para interromper a transmissdo de TB na regido e
visando melhorar o controle da TB nas instituicGes prisionais. Os resultados aqui descritos
evidenciam que diferente do que ocorre na maior parte do mundo, a TB-MDR no Rio
Grande do Sul ocorre devido a dois fatores simultaneos: alta transmisséo e por emergéncia
de novo durante o tratamento. Importante que no Rio Grande do Sul ha a transmisséo de
diversas cepas MDR, o que requer maior aprofundamento para identificar eventuais fatores

de risco e medidas de contencéo direcionadas a essas diferentes cadeias de transmissao.

Capitulo 11l - Uma cepa de Mycobacterium tuberculosis altamente resistente a

rifampicina emergente no sul do Brasil

Em 2012, Perizzolo et al., (2012) descreveu pela primeira vez a presenca de uma
insercdo de 12 nucleotideos (12nt) no gene rpoB entre cepas MDR coletadas de pacientes
entre 2004 e 2006 no Rio Grande do Sul. Em 2015, Dalla Costa et al., (2015) descreveram
seis cepas apresentando a mesma insercao, todas pertencentes ao SIT 863 e identificadas
entre 2006 e 2010. Em estudos mais recentes realizados na regido observou-se um aumento
da presenca dessas cepas que carregam esta insercdo, sinalizando sua propagacdo e
transmissdo continua (ESTEVES et al., 2018; SALVATO, et al., 2019; SALVATO, et al.,
2020). No capitulo 11, onde realizamos um estudo das cepas de M. tuberculosis resistentes
a medicamentos do Rio Grande do Sul, no periodo de 2011 e 2014, identificamos 16 cepas

MDR carregando a inserg¢do de 12nt no gene rpoB.

Para uma melhor gestdo do controle da TB no Rio Grande do Sul, é necessaria a

elucidacédo das consequéncias moleculares e fenotipicas dessa insercdo de 12nt, bem como
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a compreensao sobre os padrdes de disseminacdo dessa cepa na populacdo. Para isso, no
capitulo 11, nés examinamos a relacdo filogenética entre essas cepas, as consequéncias
fenotipicas da insercdo em relacéo ao nivel de resisténcia e custo bioldgico, e a predi¢éo in

silico do efeito dessa insercdo para a interacao do gene rpoB com a rifampicina.

A tipagem baseada em WGS em conjunto a andlise filogenética corrobora com
dados anteriores a ocorréncia da insercdo de 12nt com cepas pertencentes ao SIT 863 que
apresenta uma distribuicdo importante e restrita no Rio Grande do Sul (DALLA COSTA et
al., 2015; SALVATO, et al., 2019; SALVATO, et al., 2020). De acordo com Dalla Costa
et al., (2015) as cepas que apresentam o padrdo SIT 863, e que foram previamente
identificadas como Mycobacterium pinnipedii, sdo na verdade pertencentes a linhagem 4
do CMTB e pertencem a subfamilia LAM. A errénea associacdo do SIT 863 a uma
linhagem PINI deve-se pela falta de caracterizagdo genOmica existente anteriormente, no
entanto, essa classificagdo permanece por corrigir na base SITVIT2. Nossos resultados
estdo de acordo com tal assertiva; pois todas as cepas foram classificadas como
sublinhagem 4.3.3, subfamilia LAM e apresentaram a presenca da RD115. Esses dados
também sdo confirmados pela inferéncia filogenética realizada que mostrou a proximidade
gendmica entre as cepas com a insercdo de 12nt e outras cepas do SIT 863 sem a presenca
da insercdo, bem como, com cepas da sublineagem 4.3.3. Embora em estudos anteriores
terem relatado a presenca da insercdo de 12nt em cepas classificadas como outras
sublinhagens, as técnicas de genotipagem anteriormente utilizadas, como RFLP, MIRU-
VNTR e spoligotyping, poderiam produzir alguma classificagdo errdnea (PERIZZOLO et
al., 2012; SALVATO, et al., 2019).

Com o objetivo de identificar o padrdo de transmissdo dessas cepas carregando a
insercdo de 12nt, utilizamos um limite de cinco SNPs entre genomas para definir como um
episddio de transmissdo recente, e inferir que as cepas dentro dessa distancia genémica
maxima estdo provavelmente ligadas epidemioldégicamente (WALKER et al., 2013). As 16
cepas que apresentaram a insercdo de 12nt no gene rpoB constituiram um cluster gendmico
unico, indicativo da transmissdo recente e continua dessas cepas nos ultimos anos. Além
disso, as cepas pertencentes ao SIT 863 que ndo tinham a inser¢do de 12nt tiveram uma
distancia gendmica de 12 SNPs ou menos de cepas com a inser¢do de 12nt, corroborando

com as relacOes anteriormente citadas entre esses isolados.
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As cepas que apresentaram a insercdo de 12nt foram provenientes principalmente
de individuos privados de liberdade (56,25%) de diferentes estabelecimentos prisionais,
incluindo os trés principais presidios estaduais que sabiamente apresentam superlotacéo e
uma estrutura fisica limitada. Observou-se ainda entre os individuos privados de liberdade
incluidos no estudo do capitulo Ill, a passagem do mesmo individuo por diferentes
estabelecimentos prisionais em um curto periodo, podendo esse fato ter desempenhado um
papel importante na disseminacéo da cepa com a insercdo de 12nt. Além disso, o elevado
numero de individuos que abandonaram o tratamento anti-TB (43,8%) e outros fatores de
risco ou vulnerabilidade social, como individuos em situacdo de rua, podem ser listados
como possiveis responsaveis pela substancial transmissdo continua dessa cepa. No entanto,
as cepas de individuos sem historico de encarceramento dentro deste mesmo cluster
gendmico observado em cepas de individuos privados de liberdade, apontam para uma
cadeia de transmissdo envolvendo a populagdo carceréria e a comunidade. Junto ao fato
dessa cepa ter sido descrita inicialmente em individuos privados de liberdade, trata-se
possivelmente de uma cepa cuja disseminacdo foi inicialmente amplificada em ambiente
prisional, entre reclusos, tendo posteriormente ocorrido disseminado na comunidade. O
fato de a populagdo reclusa poder atuar como reservatorio que alimenta a transmisséo da
TB para a comunidade é bem estabelecido (SACCHI et al., 2015), e estudo recente no
Brasil demonstrou diferentes cepas sendo transmitidas da populagcdo carceraria para
comunidade (WALTER et al., 2022) revelando que institui¢bes prisionais também podem
amplificar e propagar a TB em comunidades vizinhas. Tal fato requer atencdo nas medidas

de saude publica que visam controlar a transmissao da TB em diferentes ambientes.

Para obter uma melhor compreensdo quanto a ocorréncia de inser¢do de 12nt,
analisamos a sequéncia de nucleotideos do gene rpoB e observamos que a inser¢do de 12nt
ocorre com uma variacao discreta entre as cepas. No geral, a insercdo de 12nt ocorreu na
posicdo gendmica 761111 correspondente ao cddon 435 do gene rpoB. No entanto, 12 das
16 cepas com a insercdo apresentaram uma mudanca adicional de adenina para guanina na
posicdo 761110, resultando na substituicdo de aminoacidos no cédon 435 (GAC > GGC,
Asp435Gly). Para facilitar a compreensdo, denominamos a insercdo de 12nt com
polimorfismo adicional na posi¢do gendmica 761110 de “rpoB INS1”, ¢ aquela com
apenas a inser¢do de 12nt de “rpoB INS2”. Em seguida, nés modelamos por homologia as

estruturas da RNA polimerase (RNAp) com as mutagOes rpoB INS1 e rpoB INS2, bem
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como a estrutura da RNAp wt e ancoramos essas estruturas com a molécula de rifampicina.
Nas analises observamos que a insercdo de 12nt diminuiu a afinidade da rifampicina com
as formas da RNAp_INS1 e RNAp_INS2 mutantes, o que pode explicar a resisténcia das
cepas que carregam essas mutacdes. Também € possivel observar que as insercdes
promovem mudancas no sitio de ligacdo com a rifampicina, que provavelmente esté ligado

a menor afinidade da interacdo da rifampicina com as formas mutantes.

No capitulo Il nds exploramos ainda o impacto fenotipico da insercdo de 12nt no
que diz respeito ao nivel de resisténcia a rifampicina e a proporg¢do de crescimento dessas
cepas. Utilizando a classificacdo do nivel de resisténcia definida no estudo classico de
Huitric et al (HUITRIC et al., 2006), os nove isolados clinicos testados mostraram um alto
nivel de resisténcia (MIC> 32 pg/mL) a rifampicina. Como observado na analise in silico,
a insercdo dos 12 nucleotideos provavelmente causa uma diminui¢do da afinidade na
ligagdo da rifampicina ao seu alvo na B-subunidade da RNA polimerase codificada pelo
gene rpoB e reflete no seu nivel de resisténcia. Em relacdo ao custo bioldgico, observou-se
gue tanto as cepas com a rpoB INS1 como as com a rpoB INS2 apresentaram uma
proporcdo de crescimento mais lento quando comparados aos isolados clinicos do tipo
selvagem e ao padrdo H37Rv. Considerando entdo que o gene rpoB codifica uma
subunidade da enzima RNA polimerase responsavel pela transcricdo do DNA, que é um
processo essencial na replicacdo de bactérias, essa mudanca em sua estrutura pode ter
influenciado nesse processo e consequentemente no seu tempo de crescimento. Em estudos
anteriores foi descrito também um custo bioldgico associado a mutagfes no gene rpoB, no
entanto, poderia ser mitigado com mutagdes compensatorias (GAGNEUX, LONG, et al.,
2006; MARIAM et al., 2004). E importante ressaltar que, apesar da insercdo de 12nt
causar um custo bioldgico, é dificil extrapolar essa caracteristica fenotipica para um
cenario epidemiolégico, uma vez que se trata de uma interacdo de fatores ambientais,

intrinsecos e do hospedeiro.

Em resumo, no capitulo Il descrevemos os principais aspectos moleculares e
fenotipicos de uma cepa de M. tuberculosis emergindo no sul do Brasil nos ultimos anos
que carrega uma insercdo incomum de 12nt no gene rpoB conferindo resisténcia de alto
nivel a rifampicina, ainda ndo descrita em nenhuma outra regido do Brasil ou do mundo. A

abordagem filogenética demonstrou uma possivel transmissdo dessa cepa da populacéo
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carcerdria para a comunidade, demonstrando uma necessidade urgente de maior vigilancia
na transmissdo da TB em meio a populagdo privada de liberdade e ao abandono do
tratamento anti-TB, especialmente para os casos MDR nesta regido. Devido ao alto nivel
de resisténcia a rifampicina - a droga mais importante no tratamento anti-TB - e sua
transmissdo continua estabelecida, é essencial monitorar essa cepa que se transmite entre a

populagéo.

Capitulo IV - Epidemiologia genémica de Mycobacterium tuberculosis em Santa
Catarina

No estado de Santa Catarina, sabe-se que a estrutura populacional de M.
tuberculosis € predominantemente formada por cepas da sublinhagem LAM, seguidas pela
sublinhagem T segundo a classificacdo por spoligotyping (NOGUEIRA et al., 2016). No
entanto, ndo havia informagdes sobre a diversidade gendmica associada a essa regido e 0s
estudos usando métodos de tipagem de maior resolucdo empregados eram limitados a
técnica de MIRU-VNTR 12 loci (MEDEIROS et al., 2018). Para preencher essa lacuna, no
capitulo 1V relatamos os resultados de um estudo genémico e epidemioldgico na regido
metropolitana de Florian6polis, com o objetivo de identificar os gendétipos de M.
tuberculosis circulantes nesta regido, inferir sobre os clusters de transmissdo existentes e
ativos na comunidade, examinar a distribuicdo de resisténcia a drogas e ainda exploramos
possiveis associacdes entre resultados de tratamento desfavoraveis e linhagens baseadas
em SNPs.

Neste estudo avaliou-se o cendrio da diversidade gendmica de cepas de M.
tuberculosis isoladas entre maio de 2014 e maio de 2016, analisando amostras de
individuos diagnosticados com TB pulmonar em Floriandpolis e Sdo José (as duas mais
populosas das 22 cidades que compBdem a regido metropolitana de Florianopolis). Apesar
da importancia de se conhecer o perfil molecular das cepas de M. tuberculosis circulantes
em um determinado cenario, os dados existentes para essa regido especifica limitavam-se a
caracterizacdo genotipica classica das cepas circulantes (MEDEIROS et al.,, 2018;
NOGUEIRA et al., 2016; PRIM et al., 2015). O estudo do capitulo IV compreendeu o
primeiro estudo genémico de M. tuberculosis no estado de Santa Catarina. Na amostra

deste estudo encontramos uma alta proporcdo de co-infeccdo TB-HIV (19,71%)
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compativel com a esperada para esta regido (22,6%) e bem acima da nacional (9,4%)
(BRASIL, 2017). Pacientes coinfectados foram associados a uma baixa proporc¢éo de cura
e consumo excessivo de alcool e drogas. A coinfeccdo por HIV é um fator de risco
amplamente conhecido para o desenvolvimento de TB, uma vez que 0 risco de
desenvolvimento de TB é 19 vezes maior na populacdo vivendo com HIV quando
comparado ao restante da populacdo, levando a piores desfechos e menores taxas de cura
(MAGIS-ESCURRA et al., 2017; WHO, 2021). No entanto, o abuso de alcool ou o uso
ndo saudavel de alcool é um fator de risco cada vez mais reconhecido por afetar o resultado
do tratamento da TB e um fator de risco para a adeséo ao tratamento da TB (CHAVES
TORRES et al., 2019; FLEMING et al., 2006), além de ter efeito negativo no sistema
imune e alterar a farmacocinética e absorcdo de diferentes drogas (MYERS et al., 2018).
Em estudos recentes realizados em Uganda e Quénia, observou-se ainda que o uso de
alcool entre individuos infectados por HIV parece estar associado a diminui¢do da
supressao viral devido a menor proporcao de diagndstico e menor probabilidade de estar
em regime de tratamento anti-retroviral se ja diagnosticado com HIV (PURYEAR et al.,
2020). Nesse sentido, uma abordagem integrada para reduzir o consumo ndo saudavel de
alcool ou o uso de drogas ilicitas pode levar a melhores resultados quanto ao desfecho dos
tratamentos anti-TB (SANDGREN et al., 2013).

Em Santa Catarina, na analise dos dados de WGS foram identificadas mutacdes que
conferem resisténcia as drogas ao longo de todo genoma, o que permitiu a identificacdo de
10 (6,6%) isolados resistentes a pelo menos uma droga anti-TB e um (0,7%) isolado MDR-
TB. Apesar da baixa proporcdo de TB-MDR neste estudo, prevé-se que dois isolados
clinicos de pacientes diferentes sejam monorresistentes as fluoroquinolonas pela presenca
de duas mutaces de alta confianca para predicdo de resisténcia a fluoroquinolonas no gene
gyrA (MIOTTO et al, 2017; PERDIGAO et al., 2020). A monorresisténcia a
fluoroquinolonas ou entre isolados ndo MDR foi relatada em varias regides do mundo, com
frequéncias variadas (ZIGNOL et al., 2016). Recentemente, Kim et al., (2019), relataram
uma proporcéo de resisténcia a fluoroguinolonas de 0,8% entre cepas ndo MDR detectadas
em varios hospitais na Coréia do Sul, revelando uma tendéncia crescente nas ultimas duas
décadas. Pacientes com TB com prescri¢do de fluoroquinolonas anterior ao diagnostico de
TB, geralmente para tratar pneumonia adquirida na comunidade, tém risco trés vezes maior

de ter TB resistente a fluoroquinolonas (DEVASIA et al., 2009). Mdltiplas prescri¢bes de
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fluoroquinolonas, e o tratamento com fluoroquinolonas por mais de 10 dias,
principalmente ha mais de 60 dias antes do diagndstico de TB, estdo associados a TB
resistente a fluoroquinolonas (DEVASIA et al., 2009; LONG et al., 2009). Em nosso
estudo observamos uma proporcdo de resisténcia as fluoroquinolonas de 1,3% entre
pacientes com TB ndo MDR para esse cenario, impulsionado por dois eventos mutacionais
independentes. Uma limitacdo para a interpretacdo dos dados refere-se no fato de que ndo
foram obtidos dados referentes a exposicdo prévia a fluoroquinolonas para esses dois
pacientes e, como tal, ndo podemos exclui-los de serem casos primarios de TB
monorresistente as fluoroquinolonas (WANG et al., 2018). No entanto, a detecgdo desses
dois isolados monorresistentes a fluoroquinolonas alerta para um possivel uso excessivo de
fluoroquinolonas na comunidade e exige medidas adicionais de manejo antimicrobiano,
pois, até onde sabemos, esses sdo 0s dois primeiros casos de monorresisténcia a

fluoroquinolonas a serem relatados no Brasil.

Em relacdo a diversidade genética de M. tuberculosis, a tipagem baseada em SNP
classificou todos os 151 isolados de M. tuberculosis como linhagem 4 (Euro-americana). A
predominancia da linhagem Euro-Americana no Estado de Santa Catarina e no sul do
Brasil (NOGUEIRA et al., 2016; SALVATO et al., 2020) ocorreu devido a processos
migratorios da Europa para a América do Sul que se intensificaram no século XVII
(BRYNILDSRUD et al., 2018). Portanto, LAM, T e Haarlem, as familias baseadas em
spoligotyping mais comuns identificadas neste estudo, também foram encontradas em
outros estudos no sul do Brasil (NOGUEIRA et al., 2016; PERDIGAO et al., 2018; PRIM
et al., 2015; SALVATO et al., 2019; SALVATO, et al., 2020). Nossa anélise da presenca
do SNP fbpC103, considerado um marcador altamente especifico para a familia LAM, ndo
apenas confirmou a identificacdo de todos as cepas classificadas como LAM por
spoligotyping, mas identificou ainda trés cepas SIT823/T1, atribuidos erroneamente a
familia T de acordo com SITVIT2, que apresentaram o marcador fopC103 e estdo de fato

posicionados filogeneticamente como LAM na arvore filogenética.

De acordo com estudos anteriores (BJORN-MORTENSEN et al., 2016; WALKER
et al., 2014), o uso de um limite conservador de cinco SNPs para definir clusters
gendmicos para inferéncia de episodios de transmissdo recente, permitiu o agrupamento de

43,7% dos isolados incluidos no estudo, demonstrando que aproximadamente metade dos
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casos de TB na regido metropolitana de Floriandpolis entre 2014 e 2016 foram associados
a cadeias de transmissdo recentes. Além disso, ndo foi encontrada associagdo entre
agrupamento genémico (considerando os limites de 5, 12 ou 25 SNPs para definir os
clusters gendmicos) e fatores de risco, abandono ou faléncia do tratamento ou

caracteristicas clinicas.

O cenario de transmissdo recente observado no capitulo IV evidencia a ocorréncia
de uma transmissdo continua da TB, provavelmente ainda em andamento. Uma limitagéo
do estudo consiste no fato de que apenas 151 (57,4%) casos foram analisados de um total
de 263 casos notificados para 0 mesmo periodo na Grande Floriandpolis e, portanto, é
provavel que existam ligacGes perdidas nas cadeias de transmissdo. No entanto, os dados
reportados ja permitiram a deteccdo de uma grande cadeia de transmissdao (GC1)
responsavel por 7,9% dos casos analisados. Todos os isolados agrupados no GC1
pertenciam a sublinhagem 4.3.3 e eram classificados como SIT216/LAM5. Curiosamente,
0 SIT216/LAM5 foi descrito em Santa Catarina como o SIT mais prevalente em
estabelecimentos prisionais, mas apenas um isolado no GC1 era proveniente de paciente
que passou algum tempo em uma instituicdo prisional (MEDEIROS et al., 2018). Esses
fatos destacam a importancia epidemioldgica das cepas SIT216/LAM5, agora em nivel
comunitario, e sua associacdo com a transmissdo recente. O padrdo de spoligotyping
LAMS5 também € o mais relatado no Rio Grande do Sul, porém pertencente ao SIT9334.
Situagdo semelhante tem sido relatada com a cepa MDR SIT863 no Rio Grande do Sul,
inicialmente identificada em estabelecimentos prisionais, mas hoje responsavel pela
maioria dos casos de TB-MDR no estado (DALLA COSTA et al., 2015; PERDIGAO et
al., 2018). A presenca de isolados de M. tuberculosis de individuos reclusos nas cadeias de
transmissdo da TB favorece a disseminacdo de cepas entre a populacdo em geral e os
estabelecimentos prisionais e, embora a direcionalidade ndo seja clara neste momento, este
ultimo pode atuar como reservatorio de cepas especificas e promover uma maior dispersao
de clusters especificos (SACCHI et al., 2015). Aqui, o cluster GC1 apresentou uma ampla
distribuicdo geografica quando considerada a residéncia do paciente. Além disso, as baixas
distancias em SNPs entre os isolados nesses maiores clusters gendmicos podem indicar que
a transmissdao ocorreu em um periodo muito recente e provavelmente estd em andamento,
sugerindo que, para evitar uma maior disseminagdo dessas cepas, uma vigilancia mais

préxima dessas clados filogeneticamente distintos é altamente importante.
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Em resumo, no capitulo 1V é enfatizada a importancia das abordagens baseadas em
WGS que permitem analises filogenéticas de alta resolucdo para investigar a transmissao
de M. tuberculosis no Brasil. Os resultados foram importantes para elucidar a dinamica da
TB nesse cenario e diminuiu a falta de dados gendmicos sobre cepas de M. tuberculosis
circulantes no estado de Santa Catarina. Os dados mostraram que ocorreu uma transmisséo
descontrolada da TB na regido metropolitana de Floriandpolis e forneceu dados precisos

para subsidiar as medidas de controle da TB nessa regiao.

Capitulo V - Caracterizacdo genémica de variantes em genes do metabolismo do
acido micélico em isolados de Mycobacterium tuberculosis de Santa Catarina

M. tuberculosis possui uma parede celular complexa contendo acidos micolicos,
que desempenham um papel importante na patogénese, viruléncia e sobrevivéncia,
protegendo a célula contra ambientes hostis (DRUSZCZYNSKA et al., 2017; GUENIN-
MACE et al., 2009). Em estudos foi mostrado que genes codificadores de enzimas
envolvidas na sintese de acidos micolicos sdo essenciais para a funcionalidade
micobacteriana (GLICKMAN et al., 2000). No capitulo V dessa tese nés usamos os dados
gendmicos de WGS para avaliar mutagcdes em genes relacionados ao metabolismo de
acidos micolicos em isolados de M. tuberculosis de pacientes com TB pulmonar da Regido
Metropolitana de Floriandpolis, Santa Catarina, e sua potencial associacdo com desfechos
clinicos, caracteristicas epidemiol6gicas e gendtipos especificos. Estimulado pela
importancia do monitoramento do perfil molecular de cepas de M. tuberculosis circulantes,
neste estudo buscamos complementar os relatos anteriores de caracteriza¢do genotipica de
M. tuberculosis na regido, e mais recentemente, a analise epidemioldgica e gendmica

apresentada no capitulo IV desta tese.

Embora M. tuberculosis exiba niveis relativamente baixos de diversidade genética,
sabe-se também que genes essenciais para a fisiologia micobacteriana podem estar sob
diversas pressbes de selecdo. Isso pode ser esperado, pois 0 metabolismo dos acidos
micdlicos é o alvo da maioria dos medicamentos usados no tratamento da TB
(PEPPERELL et al., 2013; PORTEVIN et al., 2014). Com abordagens baseadas em WGS,

é possivel detectar microevolugbes em regiGes gendmicas diferentes daquelas conhecidas
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por serem altamente varidveis e comumente avaliadas em analises tradicionais
(NIEMANN & SUPPLY, 2014; NIKOLAYEVSKYY et al., 2019).

Portevin et al., (2014) realizaram uma quantificagdo relativa dos subtipos de acidos
micdlicos e analisaram sequéncias gendmicas de isolados clinicos do CMTB, incluindo
quatro linhagens filogenéticas principais (linhagens 1, 2, 4 e 6). Variacgdes significativas
nos padrbes de é&cido micdlico foram encontradas entre as linhagens. Os autores
descobriram que os padrdes de linhagens ancestrais contrastavam com os de linhagens
modernas e identificaram importantes SNPs possivelmente associados a padrbes
especificos de acido micolico. Em nosso estudo, os 151 isolados foram classificados como
Euro-Americanos (linhagem 4). Das principais linhagens, a linhagem 4 é a mais frequente
em todo o mundo (STUCKI et al.,, 2016). Em estudos anteriores observou-se que a
linhagem 4 apresenta uma importante diversidade genética e fenotipica, 0 que pode
determinar a epidemiologia das suas sublinhagens (COSCOLLA & GAGNEUX, 2014;
STUCKI et al., 2016).

As oito mutacOes identificadas na linhagem 4 por Portevin et al., (2014) como
responsaveis por alteragdes de aminoacidos, que também foram detectadas nos isolados
clinicos avaliados no presente estudo. Seis mutacdes - accD2 Lys23Glu (46/151), fas
Thr2595Asn (5/151), kasA Gly269Ser (46/151), mmaA4 Asnl65Ser (97/151), Rv3057c
Aspll12Ala (104/151) e Rv3802c Val50Phe (105/151), foram encontrados com maior
frequéncia em cepas LAM, mas também foram observados em cepas Orfas (padrbes de
spoligotyping que sdo exclusivos da cepa analisada e ndo sdo encontrados no banco de
dados do SITVIT). No presente estudo, a mutacdo fabH GIn182His ocorreu
exclusivamente em cepas SIT 137/X2, e Rv3057c Val275Ala foi identificada apenas em
cepas da linhagem Haarlem. Os resultados observados em nosso estudo mostram uma
diversidade intralinhagem assim como reportado por Portevin et al., (2014), sugerindo que
a variabilidade nos padrdes de acidos micolicos podem contribuir para a interacdo entre
diferentes cepas de CMTB e diferentes hospedeiros humanos. Embora néo seja possivel
concluir que alteragcbes em genes envolvidos nas vias biossintéticas dos acidos micdlicos
estejam necessariamente relacionados com alteracGes nos proprios acidos micdlicos, séo
necessarios estudos focados em analisar essas alteracGes e relacionar com as diferencas na

composicao quimica e abundéncia relativa desses acidos micélicos.
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O desfecho desfavoravel no tratamento da TB pode ser devido a fatores associados
ao hospedeiro e efetividade do programa de controle de TB (COSTA-VEIGA et al., 2018),
bem como a fatores relacionados a micobactéria. Sambandan et al., (2013) assinalaram que
as alteracbes na composicdo dos acidos micolicos da parede celular sdo de particular
importancia no contexto do tratamento da TB. Por exemplo, mudancgas na proporcao de
acido metoxi-/ceto-micélico podem alterar a suscetibilidade basal a drogas
antimicobacterianas na auséncia de mecanismos de resisténcia a drogas. Mutacbes em
genes relacionados ao metabolismo do &cido micdlico ja foram descritas e, embora
nenhuma estivesse diretamente relacionada a falha do tratamento, ocorreu uma mutacéo
em um gene considerado essencial, o gene rip. O gene rip regula a composi¢do do
envelope celular, o crescimento e a persisténcia in vivo (MAKINOSHIMA &
GLICKMAN, 2005) e tem sido relatado como um determinante da resisténcia intrinseca a
antibidticos compartilhada pela rifampicina, vancomicina e meropenem (XU et al., 2017).
No estudo do capitulo V, observamos mutacdes intergénicas relacionadas a
SITs/sublinhagens especificas. Essas mutacdes sdo pouco estudadas. De fato, os SNPs
intergénicos sdo frequentemente chamados de SNPs neutros, porque, em geral, seu efeito
no fendtipo € minimo. No entanto, SNPs em regibes ndo codificantes podem ter
importantes consequéncias funcionais (COSCOLLA & GAGNEUX, 2014).

Em geral, o desfecho variavel da infec¢do tem sido atribuido principalmente ao
hospedeiro e a fatores ambientais, pois a diversidade genética de M. tuberculosis &€ menos
pronunciada do que em outros patégenos. No entanto, sabe-se que a diversidade da cepa
pode desempenhar um papel importante durante uma infeccdo. Foi estabelecido que
existem fendtipos metabdlicos amplamente diferentes entre as cepas do CMTB. Estudos de
correlacdo da variacdo genética do CMTB com o fenétipo tém identificado mutagdes
clinicamente relevantes que conferem feno6tipos com caracteristicas importantes, como a
resisténcia as drogas (HICKS et al., 2018). Ressalta-se a importancia de relacionar a
variacdo genética a fendtipos mais sutis, como no estudo de @yas et al., (2020) que
conseguiram prever os efeitos dos SNPs em genes que codificam enzimas em fendtipos
metabolicos e identificaram SNPs que estdo associados a vulnerabilidades metabolicas.
Isso aumenta a importancia de estudar o perfil de mutacGes relacionadas ao metabolismo
do acidos micolicos, que estdo correlacionadas com fendtipos mais sutis, como aqueles

relacionados a adaptacdo ao hospedeiro, transmissibilidade e resisténcia basal, que podem
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ser utilizadas como uma possibilidade para a identificacdo de uma estratégia de tratamento

mais seletiva.

Em sintese, no capitulo V foi possivel identificar um amplo repertério de SNPs em
genes relacionados ao metabolismo do &cido micolico em isolados de M. tuberculosis e
descrever, pela primeira vez, a variabilidade entre diferentes SITs/sublinhagens da
Linhagem 4 circulantes na Grande Floriandpolis, Santa Catarina, Brasil. Embora tenha sido
sugerido que o background genético influencia o metabolismo do &cidos micolicos, mais
estudos sdo necessarios para elucidar até que ponto as diferencas gendmicas afetam as
propriedades fenotipicas de M. tuberculosis, particularmente no que diz respeito a

resisténcia antimicrobiana.

5 CONCLUSAO

Os importantes achados quanto aos padrdes de transmissdo de M. tuberculosis,
aquisicdo de resisténcia e demandas identificadas para 0 melhor manejo do controle da TB
resistente, sinalizam a necessidade da inclusdo da vigilancia gendmica da TB como
estratégia permanente dos programas de controle da TB na esfera nacional e nas unidades
federadas. Tal estratégia deve ser orientada por um fluxo estabelecido no sentido de
orientar os laboratorios de saude publica sobre como deve ser a selecdo de amostras
elegiveis e de interesse para 0 sequenciamento, quando submeter as amostras

ao sequenciamento, e principalmente definir uma estratégia de analise dos dados gerados.

Neste trabalho, os resultados obtidos pelo sequenciamento e analise bioinformatica
dos dados geraram informacdes suficientes para auxiliar o direcionamento das medidas de
controle da TB em diferentes contextos no sul do Brasil. Nos diferentes capitulos desta tese
nos identificamos os principais genétipos causando resisténcia as drogas anti-TB e
elucidamos as bases moleculares da resisténcia ocorrendo em Santa Catarina e Rio Grande
do Sul. Os achados apontaram para a necessidade de ampliar o diagndstico da resisténcia
por testes moleculares para deteccdo oportuna daqueles genotipos que podem ndo ser
identificados pelos testes fenotipicos, como no caso de disputed mutations, evitando a
subnotificacdo de casos de TB-MDR. Em relacdo ao contexto filogenético das principais
cepas circulando no sul do Brasil, as analises baseadas em NGS foram capazes de melhor

classificar essas cepas entre as linhagens e sublinhagens do CMTB e proporcionaram uma
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melhor caracterizacdo das sublinhagens que estdo originando os principais eventos de

transmissao continua ocorrendo na regido e 0s gendtipos mais associados a resisténcia.

Os resultados aqui apresentados também elucidaram o0s principais eventos de
aquisicao de resisténcia ocorrendo em cepas multirresistentes, e revelou a amplificacdo da
resisténcia em diferentes cadeias de transmissdo pela aquisicdo de mutacdes provavelmente
ocorrendo durante o tratamento ou apds o abandono de tratamento. Esse fato evidéncia a
necessidade de uma analise minuciosa de quais fatores podem estar contribuindo para esses
eventos de aquisicdo de mutacbes e consequente amplificacdo da resisténcia, para assim,
tornar possivel direcionar as medidas de controle da TB-MDR na regido. Da mesma forma,
ao elucidarmos a dinamica de transmissdo de M. tuberculosis através da identificacdo de
clusters genémicos e dispersdo geotemporal, evidenciamos que se faz necessaria a ado¢do
de medidas visando a interrupcdo das importantes cadeias de transmissdo aqui relatadas,
incluindo cepas sensiveis as drogas como em Santa Catarina e multirresistentes no Rio
Grande do Sul.
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Grande do Sul.

v" Integra a Rede Genémica FIOCRUZ.

6. EXPERIENCIA PROFISSIONAL OU DIDATICA ANTERIOR

06/2020 — Atual: Centro Estadual de Vigilancia em Saude/ Secretaria Estadual da
Saude do Rio Grande do Sul

Cargo: Especialista em Salde, principais atividades:

Coordenacéo da Vigilancia Genémica no Governo do Estado;

Diagnostico molecular de doengas causadas por virus respiratorios e arboviroses;
Sequenciamento de nova geracgéo e andlises bioinformaticas;

Projetos de pesquisa relacionados aos aspectos moleculares e epidemioldgicos de doencas
infecciosas.
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07/2017 — Atual: Centro de Desenvolvimento Cientifico e Tecnologico/CEVS/SES-RS
Cargo: Pesquisador colaborador, principais atividades:

Anélise bioinformética dos dados de sequenciamento de nova geracdo (NGS) de genomas
de Mycobacterium tuberculosis;

Conducao de projetos de pesquisa onde objetivam a caracterizagdo molecular de isolados
de Mycobacterium tuberculosis;

Analise da situacao epidemioldgica da tuberculose no estado;

12/2019 - Universidade Federal de Santa Catarina (UFSC), Programa de Pos-
graduacdo em Farmécia.

Disciplina “Topicos em analise bioinformatica de dados do sequenciamento do genoma
completo de bactérias”, Créditos: 2.

11/2019 — Universidade de Santa Cruz do Sul (UNISC).
Curso “Sequenciamento de Nova Geragdo (NGS) aplicado a epidemiologia molecular da
tuberculose”, CH: 15 horas.

10/2019 - Universidade Federal de Minas Gerais (UFMG), Faculdade de
Medicina.
Curso “Whole Genome Sequencing (WGS) da Tuberculose”, CH: 54 horas.

07/2022 — Rede Genbmica FIOCRUZ.
Curso “Curso do ViralFlow”, CH: 8 horas.

7. ARTIGOS COMPLETOS PUBLICADQOS

17 SALVATO, R. S.; RODRIGUES IKEDA, M. L.; BARCELLOS, R. B.; et al. Possible
Occupational Infection of Healthcare Workers with Monkeypox Virus, Brazil. Emerging
infectious diseases, v. 28, n. 12, 2022.

16 SILVA, T. DE S.; SALVATO, R. S.; GREGIANINI, T. S.; et al. Molecular
characterization of a new SARS-CoV-2 recombinant cluster XAG identified in Brazil.
Frontiers of medicine, v. 0, 2022. Frontiers.

15 ARANTES, I.; GOMES, N. F.; GRAF, T.; et al. Emergence and Spread of the SARS-
CoV-2 Variant of Concern Delta across Different Brazilian Regions. Microbiology
spectrum, 2022. Microbiol Spectr.

14 ARANTES, I. G.; SALVATO, R. S.; GREGIANINI, T. S.; et al. Multiple Introductions

of SARS-CoV-2 C.37 Lambda lineage in the Southern Brazilian region. Journal of Travel
Medicine, 2021.

117



13 GRAF, T.; BELLO, G.; NAVECA, F. G.; et al. Phylogenetic-based inference reveals
distinct transmission dynamics of SARS-CoV-2 lineages Gamma and P.2 in Brazil.
iIScience, v. 25, n. 4, p. 104156, 2022.

12 DEZORDI, F. Z.; RESENDE, P. C.; NAVECA, F. G.; et al. Unusual SARS-CoV-2
intrahost diversity reveals lineage superinfection. Microbial genomics, v. 8, n. 3, 2022.

11 GRAF, T.; BELLO, G.; VENAS, T. M. M.; et al. Identification of a novel SARS-CoV-
2 P.1 sub-lineage in Brazil provides new insights about the mechanisms of emergence of
variants of concern. Virus evolution, v. 7, n. 2, p. veab091, 2021.

10 VARELA, A. P. M.; PRICHULA, J.; MAYER, F. Q.; et al. SARS-CoV-2 introduction
and lineage dynamics across three epidemic peaks in Southern Brazil: massive spread of
P.1. Infection, genetics and evolution: journal of molecular epidemiology and evolutionary
genetics in infectious diseases, v. 96, p. 105144, 2021.

9 SALVATO, R. S.; REIS, A. J.; SCHIEFELBEIN, S. H.; et al. Genomic-based
surveillance reveals high ongoing transmission of multi-drug-resistant Mycobacterium
tuberculosis in Southern Brazil. International journal of antimicrobial agents, v. 58, n. 4, p.
106401, 2021.

8 SALVATO, R. S.; GREGIANINI, T. S.; CAMPOS, A. A. S.; et al. Epidemiological
investigation reveals local transmission of SARS-CoV-2 lineage P.1 in Southern Brazil.

7 CONCEICAO, E. C.; SALVATO, R. S.; GOMES, K. M.; et al. Molecular epidemiology
of Mycobacterium tuberculosis in Brazil before the whole genome sequencing era: a
literature review. Memorias do Instituto Oswaldo Cruz, v. 116, p. 200517, 2021.

6 MEDEIROS, T. F.; SCHEFFER, M. C.; VERZA, M.; et al. Genomic characterization of
variants on mycolic acid metabolism genes in Mycobacterium tuberculosis isolates from
Santa Catarina, Southern Brazil. Infection, Genetics and Evolution, 2021.

5 VERZA, M.; SCHEFFER, M. C.; SALVATO, R. S.; et al. Genomic epidemiology of
Mycobacterium tuberculosis in Santa Catarina, Southern Brazil. Scientific reports, v. 10, n.
1, p. 12891, 2020.

4 ROSSETTI, M. L.; DA SILVA PE, A.; SALVATO, R. S;; et al. A highly rifampicin
resistant Mycobacterium tuberculosis strain emerging in Southern Brazil. Tuberculosis , v.

125, 2020. Tuberculosis (Edinb).

3 SALVATO, R. S.; COSTA, E. R. D.; REIS, A. J.; et al. First insights into circulating
XDR and pre-XDR Mycobacterium tuberculosis in Southern Brazil. Infection, genetics and
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evolution: journal of molecular epidemiology and evolutionary genetics in infectious
diseases, v. 78, 2020.

2 SALVATO, R. S.; SCHIEFELBEIN, S.; BARCELLOS, R. B.; et al. Molecular
characterisation of multidrug-resistant Mycobacterium tuberculosis isolates from a high-
burden tuberculosis state in Brazil. Epidemiology and infection, v. 147, p. €216, 2019.
Cambridge University Press.

1 DE CAMARGO SILVA, J.; SALVATO, R. S.; DA SILVA, D. M. Cuidados da equipe
de enfermagem ao paciente com insuficiéncia renal cronica durante a sesséo de
hemodidlise: revisdo integrativa. Revista Ampliar, v. 3, n. 3, 2017.

PREPRINTS DE ARTIGOS SUBMETIDOS RECENTEMENTE

GREGIANINI, T. S.; SALVATO, R. S.; BARCELLOS, R. B.; et al. Chikungunya virus
transmission in the Southernmost state of Brazil was characterized by self-limited cases
(2017-2019) and a larger 2021 outbreak. BioRxiv 2022. doi:10.1101/2022.09.30.510389.
Under review na revista Emerging Infectious Diseases.

SANT’ANNA F.H.; ANDREIS T.F.; SALVATO R.S.; et al. Incipient parallel evolution of
SARS-CoV-2 Deltacron variant in South Brazil. BioRxiv 2022.
doi:10.1101/2022.10.06.511203. Under review na revista Emerging Infectious Diseases.

CHEN N.F.G, CHAGUZA C., GAGNE L.; et al. Multi-site validation of an amplicon-
based sequencing approach for human monkeypox virus. Preprint. medRxiv. 2022.
doi:10.1101/2022.10.14.22280783. Under review na revista Nature Microbiology.

8. RESUMOS E TRABALHOS APRESENTADOS EM CONGRESSOS

SALVATO, R. S.; SCHIEFELBEIN, S. ; PRAETZEL, B. M. ; ANUSCA, I. S. ;
ESTEVES, L. S. ; DALLA COSTA, E. R. ; RIBEIRO, M. O. ; ROSSETTI, M. L. .
DIVERSIDADE GENETICA DA TUBERCULOSE MULTIRRESISTENTE NO RIO
GRANDE DO SUL. In: Congresso da Sociedade Brasileira de Medicina Tropical, 2018,
Recife. Anais MEDTROP 2018, 2018.

SALVATO, R. S.; SCHIEFELBEIN, S. ; PRAETZEL, B. M. ; BELLO, G. ; DALLA
COSTA, E. R. ; RIBEIRO, M. O. ; UNIS, G. ; DIAS, C. ; ROSSETTI, M. L. . PERFIL
CLINICO-EPIDEMIOLOGICO E DISTRIBUICAO ESPACIAL DA TUBERCULOSE
RESISTENTE NO RIO GRANDE DO SUL. In: Congresso da Sociedade Brasileira de
Medicina Tropical, 2018, Recife. Anais MEDTROP 2018, 2018.

9. ORIENTACOES

119


http://lattes.cnpq.br/9400052647227097
http://lattes.cnpq.br/9400052647227097

Monografia de conclusao de curso de aperfeicoamento/especializa¢éo
1. Nicole Reis. O PERFIL DE RESISTENCIA DO MYCOBACTERIUM
TUBERCULOSIS NO HOSPITAL NOSSA SENHORA DA CONCEIC}AO: UM
ESTUDO TRANSVERSAL RETROSPECTIVO. 2021. Monografia. (Residéncia
Médica em Infectologia) - Hospital Nossa Senhora da Conceicdo. Co-orientador:
Richard Steiner Salvato.

Trabalho de concluséo de curso de graduacao
1. Dandara Costa Fanfa. Analise das estirpes resistentes de Mycobacterium
tuberculosis na Populacdo Privada de Liberdade do Rio Grande do Sul. 2021.
Trabalho de Conclusdo de Curso. (Graduagdo em Farmécia) - Universidade de
Santa Cruz do Sul. Co-orientador: Richard Steiner Salvato.

2. Stephanie  Steiner Salvato. EPIDEMIOLOGIA DA TUBERCULOSE
RESISTENTE NO RIO GRANDE DO SUL. 2021. Trabalho de Conclusdo de
Curso. (Graduacdo em Farmécia) - Centro Universitario Metodista. Co-orientador:
Richard Steiner Salvato.

3. Bruno Marques Praetzel. Avaliacdo da relacéo entre a frequéncia de mutacOes de
resisténcia no gene gyrA e a MIC de isolados multirresistentes de Mycobacterium
tuberculosis na populacdo galcha. 2019. Trabalho de Conclusdo de Curso.
(Graduacdo em Biomedicina) - Fundacdo Universidade Federal de Ciéncias da
Salde de Porto Alegre. Co-orientador: Richard Steiner Salvato.

Iniciacao cientifica

1. Stephanie Steiner Salvato. Epidemiologia molecular da Tuberculose no Rio Grande
do Sul. 2019. Iniciagdo Cientifica. (Graduacdo em Farmacia) - CENTRO DE
DESENVOLVIMENTO CIENTIFICO E TECNOLOGICO DO RS. Orientador:
Richard Steiner Salvato.

2. Larisa Vitoria da Silva. Epidemiologia molecular da tuberculose no Rio Grande do
Sul. 2019. Iniciacdo Cientifica - CENTRO DE DESENVOLVIMENTO
CIENTIFICO E TECNOLOGICO DO RS. Orientador: Richard Steiner Salvato.

3. Bruno Marques Praetzel. Avaliacdo da relacéo entre a frequéncia de mutagdes de
resisténcia no gene gyrA e a MIC de isolados multirresistentes de Mycobacterium
tuberculosis na populagdo gaucha. 2018. Iniciacdo Cientifica - CENTRO DE
DESENVOLVIMENTO CIENTIFICO E TECNOLOGICO DO RS. Orientador:
Richard Steiner Salvato.
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10. REVISOR PERIODICOS
2019 - Atual
Periddico: INFECTION GENETICS AND EVOLUTION
2019 - Atual
Periddico: Journal of Global Antimicrobial Resistance
2019 - Atual
Periodico: Revista do Instituto de Medicina Tropical de So Paulo
2020 - Atual
Periddico: Epidemiology and Infection
2019 - Atual

Periodico: Annals of Clinical Microbiology and Antimicrobials
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