UNIVERSIDADE FEDERAL DE MINAS GERAIS INSTITUTO DE
CIENCIAS BIOLOGICAS, DEPARTAMENTO DE GENETICA, E‘
Pés-Graduacio

ECOLOGIA E EVOLUCAO, PROGRAMA DE POS - GRADUACAO CGenéts
enetica

UEMG

EM GENETICA

DISSERTACAO

Pan gendmica e analises de resisténcia e viruléncia sob selecdo positiva darwiniana de
Gardnerella vaginalis

ORIENTADO: EDUARDA GUIMARAES SOUSA

ORIENTADOR: PROF. DR. VASCO AZEVEDO
COORIENTADOR: PROF. DR. SIOMAR DE CASTRO SOARES

BELO HORIZONTE
2024



EDUARDA GUIMARAES SOUSA

Pan gendmica e andlises de resisténcia e viruléncia sob sele¢do positiva darwiniana de
Gardnerella vaginalis

Dissertagdo apresentada ao Programa de Pos-
gradua¢do em Genética, do Instituto de

Ciéncias Biologicas da Universidade Federal
de Minas Gerais, como parte dos
requerimentos para obtenc¢do do titulo de

mestre.

ORIENTADOR: PROF. DR. VASCO
AZEVEDO

COORIENTADOR: PROF. DR. SIOMAR
DE CASTRO SOARES

BELO HORIZONTE
2024



043 Sousa, Eduarda Guimaraes.
Pan gendmica e analises de resisténcia e viruléncia sob selecdo positiva darwiniana
de Gardnerella vaginalis [manuscrito] / Eduarda Guimaraes Sousa. — 2024.
115 f. : il. ; 29,5 cm.

Orientador: Vasco Ariston de Carvalho Azevedo. Coorientador: Siomar de Castro Soares.
Dissertagdo (mestrado) — Universidade Federal de Minas Gerais, Instituto de
Ciéncias Biologicas. Programa de P6s-Graduagao em Genética.

1. Genética. 2. Bioinformatica. 3. Gardnerella vaginalis. 4. Vaginose Bacteriana. 5.
Genomica Comparativa. 6. Selegdo Genética. . Azevedo, Vasco Ariston de Carvalho. II.
Universidade Federal de Minas Gerais. Instituto de Ciéncias Bioldgicas. III. Titulo.

CDU: 575.1

Ficha Catalografica elaborada pelo bibliotecario Rafael Gongalves Dias (CRB: 6 - 3277)




e, o
"',,, &% +'+u\“’ o

' L +.‘-+ R
lTETRD e

e gpant”

UNIVERSIDADE FEDERAL DE MINAS GERAIS

ATA DE DEFESA DE DISSERTACAO | TESE

Instituto de Ciéncias Bioldgicas
Programa de P6s-Graduacao em Genética

355/2024
entrada
2°/2022

CPF: 092.161.846-80

ATA DA DEFESA DE DISSERTACAO

Eduarda Guimaraes Sousa

As quatorze horas do dia 23 de abril de 2024, reuniu-se, no Instituto de Ciéncias Bioldgicas da
UFMG, a Comissédo Examinadora de Dissertagao, indicada pelo Colegiado do Programa, para
julgar, em exame final, o trabalho intitulado: "Pan genémica e andlises de resisténcia e
viruléncia sob selecao positiva Darwiana de Gardnerella vaginalis", requisito para obtencéo
do grau de Mestre em Genética. Abrindo a sesséo, o Presidente da Comissao, Vasco Ariston
de Carvalho Azevedo, ap0s dar a conhecer aos presentes o teor das Normas Regulamentares
do Trabalho Final, passou a palavra a candidata, para apresentacao de seu trabalho. Seguiu-se
a arguicdo pelos Examinadores, com a respectiva defesa da candidata. Logo apds, a Comisséo
se reuniu, sem a presenca da candidata e do publico, para julgamento e expedi¢do de resultado
final. Foram atribuidas as seguintes indicacdes:

Prof./Pesq. Instituicao CPF Indicacao
Vasco Ariston de Carvalho UFMG 283.171.225-49 APROVADA
Azevedo
Siomar de Castro Soares UFTM 056.951.826-11 APROVADA
Pedro Milet Meirelles UFBA 012.449.595-88 APROVADA
Anderson Miyoshi UFMG 034.357.036-01 APROVADA

Pelas indica¢des, a candidata foi considerada: APROVADA

O resultado final foi comunicado publicamente a candidata pelo Presidente da Comissdo. Nada
mais havendo a tratar, o Presidente encerrou a reunidao e lavrou a presente ATA, que sera
assinada por todos os membros participantes da Comissdo Examinadora.

Belo Horizonte, 23 de abril de 2024.




Vasco Ariston de Carvalho Azevedo - Orientador (UFMG)
Siomar de Castro Soares (UFTM)

Pedro Milet Meirelles (UFBA)

Anderson Miyoshi (UFMG)

Assinaturas dos membros da banca:

Documento assinado eletronicamente por Siomar de Castro Soares, Usuario Externo, em
24/04/2024, as 09:25, conforme horario oficial de Brasilia, com fundamento no art. 5° do
Decreto n° 10.543, de 13 de novembro de 2020.

1
el
e )
assinatura

eletronica

Documento assinado eletronicamente por Anderson Miyoshi, Membro, em 24/04/2024, as
10:42, conforme horéario oficial de Brasilia, com fundamento no art. 5° do Decreto n°® 10.543,
de 13 de novembro de 2020.

il
Sel o
assinatura
eletrbnica

Documento assinado eletronicamente por Vasco Ariston de Carvalho Azevedo, Professor
do Magistério Superior, em 26/04/2024, as 10:45, conforme horério oficial de Brasilia, com
fundamento no art. 5° do Decreto n® 10.543, de 13 de novembro de 2020.

il
Sel o
ass II"I:]I I_Jl a

eletrénica

1.
Sel o
assinatura
eletronica

Documento assinado eletronicamente por Pedro Milet Meirelles, Usuario Externo, em
11/06/2024, as 13:29, conforme horario oficial de Brasilia, com fundamento no art. 5° do
Decreto n° 10.543, de 13 de novembro de 2020.

~ A autenticidade deste documento pode ser conferida no site
;% https://sei.ufmg.br/sei/controlador_externo.php?

et acao=documento_conferir&id_orgao_acesso_externo=0, informando o cédigo verificador
LB 3195045 e o codigo CRC B87B1975.

u
=

Referéncia: Processo n° 23072.222944/2024-73 SEI n° 3195945


http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
https://sei.ufmg.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0

st o How
LS RS
57 alDA W
. e 'l han L
f ] ][ | e
=1 | L] tms
FE ™.
] Fial
&+ L INCIPITVITA NOVA & + 8
- P ]
'o.c?‘:'l.. +'iu:;t.

e T o
e TEURRD Dt

e gpant”

UNIVERSIDADE FEDERAL DE MINAS GERAIS
Instituto de Ciéncias Biolbgicas
Programa de Pds-Graduacdo em Genética

"Pan gendmica e analises de resisténcia e viruléncia sob selecdo positiva
Darwiana de Gardnerella vaginalis™

Eduarda Guimaraes Sousa

Dissertacao aprovada pela banca examinadora constituida pelos Professores:

Vasco Ariston de Carvalho Azevedo - Orientador
UFMG

Siomar de Castro Soares
UFTM

Pedro Milet Meirelles
UFBA

Anderson Miyoshi
UFMG

Belo Horizonte, 23 de abril de 2024.

. ei' Documento assinado eletronicamente por Siomar de Castro Soares, Usuario Externo, em
.;gin.uu:l fily 24/04/2024, as 09:26, conforme horario oficial de Brasilia, com fundamento no art. 5° do
Decreto n° 10.543, de 13 de novembro de 2020.

eletrbnica



http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm

1.
Sel: o
assinatura L
eletrénica

Documento assinado eletronicamente por Anderson Miyoshi, Membro, em 24/04/2024, as
10:42, conforme horario oficial de Brasilia, com fundamento no art. 5° do Decreto n°® 10.543
de 13 de novembro de 2020.

il
Sel’ o
assinatura L
eletronica

Documento assinado eletronicamente por Vasco Ariston de Carvalho Azevedo, Professor
do Magistério Superior, em 26/04/2024, as 10:45, conforme horério oficial de Brasilia, com
fundamento no art. 5° do Decreto n°® 10.543, de 13 de novembro de 2020.

1.
Sel o
assinatura i
eletrbnica

Documento assinado eletronicamente por Pedro Milet Meirelles, Usuario Externo, em
11/06/2024, as 13:29, conforme horario oficial de Brasilia, com fundamento no art. 5° do
Decreto n° 10.543, de 13 de novembro de 2020.

~ A autenticidade deste documento pode ser conferida no site

a.m = https://sei.ufmg.br/sei/controlador_externo.php?
¥ acao=documento_conferir&id_orgao_acesso_externo=0, informando o codigo verificador

] 'I-il‘;_grl. 3195978 e o codigo CRC 638FF6AF.

Referéncia: Processo n° 23072.222944/2024-73 SEI n° 3195978


http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/Decreto/D10543.htm
https://sei.ufmg.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0

Aos meus pais, que sao meu alicerce.



AGRADECIMENTOS

Agradeco primeiramente aos meus orientadores Professor Vasco e Professor Siomar
que sempre foram solicitos e me permitiram crescer no meio académico, sempre com bastante

confianga e ensinamento. Sem os dois nada seria possivel.

Agradeco também a cada um do Laboratorio de Bioinformatica da Universidade Federal
do Triangulo Mineiro e do Laboratério de Genética Celular ¢ Molecular da Universidade
Federal de Minas Gerais. Os amigos que eu fiz durante esse processo foram essenciais no meu
crescimento e amadurecimento, com muita disposicao e sugestdes sempre construtivas sobre
meu trabalho. Em especial ao Dr. Marcus Canario e Professora Flavia Aburjaile por todo o

ensinamento das metodologias e teorias para a confec¢ao do projeto.

Agradeco muito a minha familia que desde sempre estiveram presentes na minha vida,
mesmo quando tudo estava sendo perdido eles conseguiram sempre me apoiar € me ajudar em
todas minhas dificuldades e em todas minhas davidas sobre minha capacidade de exercer esse
trabalho. Tenho muito carinho por cada um de vocés, Jos¢ Mércio, Cintia, Gabriela, Giovanna,
Viki, Ana Elisa, Bruna, Marina, Sonia, Alcir, Jandira e Antonio. E a0 meu namorado Gustavo,
meu parceiro de vida, que sempre me apoiou emocionalmente e profissionalmente, sem vocé

nada seria possivel, obrigada por tornar meus dias mais faceis.

E por fim, gostaria de agradecer meus apoios emocionais que sempre me escutam € me
ajudam a conviver numa paz na rotina corrida de um curso de pos-graduacdo, obrigada
Fernanda, Talita, Larissa, Diego, Juan, Gabriela e Julia. Em especial gostaria de agradecer a
Ana Luiza que sempre esteve ao meu lado desde a graduacdo e na constru¢do do meu
conhecimento. Nao menos importante gostaria de agradecer aos meus amigos de coracdao que
sempre torceram por mim, Victor Melazo, Victor Barbosa e Matheus Figueredo, ¢ minha

familia de cora¢do Dias, muito obrigada.



“Nada na vida deve ser temido, somente compreendido.

Agora ¢é hora de compreender mais para temer menos."

Marie Curie (* 07 de novembro de 1867 04 de julho de
1934)



RESUMO
O género Gardnerella inclui bacilos Gram-varidveis, anaerébios, hemoliticos e imoveis. A

principal espécie deste género ¢ a G. vaginalis, responsavel pela vaginose bacteriana (VB).
Apesar da sua importancia, especialmente para as mulheres, e da disponibilidade de genomas
de vérias estirpes em bases de dados publicas, a analise gendmica e os estudos sobre tratamentos
eficazes ainda carecem de detalhes. Neste estudo, propusemo-nos a realizar analises
bioinformaticas utilizando 97 genomas da espécie, focando principalmente na pan-gendmica
para investigar o conjunto completo de genes e a sele¢ao positiva darwiniana para analisar quais
os genes que foram selecionados positivamente durante a evolugdo e que tém atividades
relacionadas com fatores antimicrobianos e de viruléncia. A filogendmica, combinada com a
epidemiologia molecular, proporcionou uma maior resolucdo do que o wgMLST na
identificagdo de micro eventos de evolucdo e complexos clonais da espécie; a analise da
plasticidade gendmica visou identificar eventos de aquisi¢ao e exclusdo através da transferéncia
horizontal de genes. Os resultados revelaram uma variabilidade significativa do genoma,
indicando um pangenoma aberto altamente diversificado. O baixo numero de genes no genoma
central e a andlise de similaridade do mapa de calor confirmaram esta variabilidade. Foram
identificadas trés ilhas de patogenicidade, duas ilhas de resisténcia e nove ilhas gendmicas, o
que revela eventos de transferéncia horizontal de genes. Além disso, as analises de gendmica
comparativa identificaram genes de resisténcia, como o Mef(A), relacionado com a resisténcia
aos macrolideos, e outros genes, como o tet(M) e o tet(L), relacionados com a resisténcia as
tetraciclinas. Estes genes foram associados a selecdo positiva darwiniana, indicando a sua
importancia na adaptagdo e sobrevivéncia da espécie. Duas proteinas também foram
selecionadas como alvos terapéuticos por meio de Docking molecular, como WP _004132099.1
(sigA), que ¢ um fator sigma da RNA polimerase necessario para o processo de transcri¢ao
bacteriana; e WP_004131683.1 (murB) relacionada a formacao de peptideoglicano na parede
celular procariotica. Estes resultados sublinham a necessidade de sequenciar novos genomas de
G. vaginalis a uma escala global para compreender melhor esta variabilidade e os padrdes de
adaptacdao desta espécie no seu ambiente para desenvolver tratamentos eficazes contra a

vaginose bacteriana.

Palavras-chave: Bioinformatica; Gardnerella vaginalis; Vaginose bacteriana; Gendmica

comparativa; Sele¢ao Positiva Darwiniana.



ABSTRACT

The Gardnerella genus comprises Gram-variable, anaerobic, hemolytic, and non motile
bacilli. The main species of this genus is G. vaginalis, responsible for bacterial vaginosis (BV).
Despite its importance, especially for women, and the availability of several strain genomes in
public databases, genomic analysis and studies on effective treatments still lack detail. In this
study, we set out to carry out bioinformatic analyses using 97 genomes of the species, mainly
focusing on pan-genomics to investigate the complete set of genes and Darwinian positive
selection to analyze which genes have been positively selected during evolution and have
activities related to antimicrobial and virulence factors. Phylogenomics, combined with
molecular epidemiology, provided greater resolution than wgMLST in identifying micro-events
of evolution and clonal complexes of the species, genomic plasticity analysis aimed to identify
events of acquisition and exclusion through horizontal gene transfer. The results revealed
significant genome variability, indicating a highly diverse open pangenome. The low number
of genes in the core genome and the heatmap similarity analysis confirmed this variability.
Three pathogenicity islands, two resistance islands, and nine genomic islands were identified,
showing horizontal gene transfer events. In addition, comparative genomic analyses identified
resistance genes, such as Mef(A), related to macrolide resistance, and other genes, such as
tet(M) and tet(L), related to tetracycline resistance. These genes were associated with
Darwinian positive selection, indicating their importance in the adaptation and survival of the
species. Two proteins were also selected as therapeutic targets through molecular modeling,
such as WP _004132099.1 (sig4), which is a sigma factor of RNA polymerase necessary for the
bacterial transcription process; and WP _004131683.1 (murB) is related to peptide-glycan
formation in the prokaryotic cell wall. These findings emphasize the need to sequence new G.
vaginalis genomes on a global scale to better understand this variability and the adaptation
patterns of this species in its environment for developing effective treatments against bacterial

vaginosis.

Keywords: Bioinformatics; Gardnerella vaginalis; Bacterial vaginosis; Comparative

genomics; Darwinian positive selection.
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PREFACIO

O delineamento da dissertacao estd organizado nas seguintes se¢des:

I - INTRODUCAO: Busca trazer informagdes relevantes sobre o trabalho, introduzindo o
género Gardnerella e a espécie Gardnerella vaginalis, que € o principal microrganismos desse
género responsavel pela vaginose bacteriana, a qual foi descrita de acordo com sua
epidemiologia, diagnéstico, manifestacdo clinica e tratamento. Ademais, também traz
informagdes sobre as metodologias que foram utilizadas na confec¢do desse projeto para
elucidar melhor a importancia de cada analise realizada.

II - JUSTIFICATIVA: Atualmente, hd 117 genomas distintos de véarias linhagens de G.
vaginalis arquivados em repositorios online, o que sublinha a relevancia dessa espécie. No
entanto, apesar de sua importancia médica significativa, especialmente para as mulheres, ha
uma escassez de estudos abordando o perfil gendmico dessa espécie, particularmente no ambito
da bioinformatica voltada para a gendmica comparativa. Essas pesquisas tém o potencial de
revelar padrdes de distribuicdo da espécie através de modernas técnicas de epidemiologia
molecular de genoma completo, e também de identificar possiveis fatores de viruléncia e
resisténcia associados a condigdes patoldgicas e sujeitos a selegdo positiva darwiniana.

III — OBJETIVO DA TESE: Realizar analises de Bioinformatica, como gendmica
comparativa, pan-gendmica, plasticidade gendmica, sintenia génica e genomica subtrativa, em
linhagens de Gardnerella vaginalis para identificar alvos de drogas contra esse microrganismo,
incluindo a investigagao de genes de resisténcia e viruléncia sob selecdo positiva Darwiniana.
IV — CAPITULO I: Este artigo de pesquisa descreve a diversidade génica de linhagens de
Gardnerella vaginalis utilizando uma abordagem de pan-gendmica; intitulado: Pangenome
Analysis Reveals a High Degree of Genetic Diversity in Gardnerella vaginalis: An In Silico

Approach. Publicado em: Venereology (MDPI).



V — CAPITULO II: Este artigo de pesquisa descreve sobre genes de resisténcia e viruléncia
relacionados com a selecdo positiva Darwiniana e a selecao de proteinas que sejam potenciais
alvos de drogas visto a resisténcia presente, intitulado: Unveiling Resistance and Virulence
Mechanisms Under Darwinian Positive Selection for Novel Drug Discovery for Gardnerella
vaginalis. Submetido no Journal of Biomedical Science.

VI - CONCLUSAO GERAL: Sumariza os principais achados da Tese.

VII - PERSPECTIVAS: Traz as principais ideias a serem exploradas para a continuidade
deste trabalho.

VIII - REFERENCIA BIBLIOGRAFICAS: Lista as referéncias que foram utilizadas no
desenvolvimento deste trabalho.

IX — MATERIAL SUPLEMENTAR: Lista todos os materiais suplementares, como tabelas e
figuras que foram feitas para a confeccio de cada artigo de pesquisa.

X — APENDICE: Lista os trabalhos realizados durante esse periodo de mestrado.
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1. INTRODUCAO
1.1 GENERO GARDNERELLA

Por volta de 1953, Leopold (LEOPOLD, 1953) descreveu um microrganismo com
caracteristicas Gram-negativas, hemolitico em agar sangue, microaerofilico e que podia ser
i1solado tanto de homens na urina quanto no colo do ttero feminino (Vaneechoutte et al., 2019).
Cerca de um ano depois, entre 1954 ¢ 1955, Gardner e Dukes (Gardner & Dukes, 1954, 1955)
consideraram que essas caracteristicas eram semelhantes com Haemophilus, descrevendo e
classificando tal espécie como Haemophilus vaginalis. Anos mais tarde, em 1980, apds andlises
adansonianas, métodos de hibridizagdo DNA-DNA, microscopia eletronica e analises
bioquimicas contra organismos conhecidos de outros géneros, como Haemophilus, Pasteurella
e Streptococcus, Greenwood e Pickett (Greenwood & Pickett, 1980) acreditaram que nao
haviam rela¢des entre H. vaginalis com espécies desses géneros, € entdo na auséncia de géneros
existentes com tais caracteristicas, propuseram a criacdo de um novo género chamado
Gardnerella: G. vaginalis (Gardner e Dukes).

Nesse novo género, G. vaginalis, passou a ser altamente estudado por estar relacionado
a mais de 50% dos casos de vaginose bacteriana (VB) encontrados em mulheres. Com o tempo,
estudos comegaram a avaliar a diversidade das espécies isoladas de G. vaginalis, através da
amplificacdo do gene 16S do rRNA. Esses estudos (Ingianni et al., 1997; Lopes Dos Santos
Santiago et al., 2011; Pleckaityte et al., 2012; Schellenberg et al., 2016) comecaram a identificar
gendtipos distintos, até que Ahmed et al (Ahmed et al., 2012), mostrou através de analises de
agrupamentos vizinhos, com dados de genes distribuidos e centrais, que os clados ndo-
recombinantes tinham pools de genes distintos, o que garantiu a descri¢ao de pelo menos quatro
espécies, G vaginalis € mais trés novas. Essas espécies foram melhor caracterizadas mais tarde
por Vaneechoutte et al, em 2019 (Vaneechoutte et al., 2019), e separadas e denominadas como
Gardnerella vaginalis, Gardnerella leopoldii sp. nov. Gardnerella piotii sp. nov., e Gardnerella
swidsinskii sp. nov..

Todas essas espécies descritas apresentam relagdo com sintomas do quadro clinico
tipico de VB, porém algumas tem maior relagdo com alguns critérios de Nugent/Amsel (Plourd,
1997) que outras. G. leopoldii tem associacdo com esses critérios e abundancias relativas
menores que as outras espécies. Os sintomas de odor anormal e corrimento vaginal estdo mais
ligados a G. vaginalis e G. swidsinskii, do que com outras espécies, por exemplo (Hill & Albert,

2019).



18

1.2 GARDNERELLA VAGINALIS

Dessas 4 espécies classificadas recentemente dentro do género Gardnerella, essa
dissertacdo terd enfoque na principal espécie descrita, a Gardnerella vaginalis, o mais
importante patégeno causador da vaginose bacteriana. Essas bactérias fastidiosas possuem
caracteristicas de um bacilo imovel, com cerca de 0,5 a 1,5 pum, sendo ndo encapsulado, e que
pode ou ndo apresentar fimbrias. Além dessas caracteristicas, ele possui uma fina camada de
peptidoglicano em sua parede, que o caracterizaria como um Gram-positivo. Contudo, essa fina
camada pode deixa-lo descorar e se apresentar microscopicamente como se fosse um Gram-
negativo, sendo por muitas vezes considerado como um Gram-variavel. Macroscopicamente,
bactérias dessa espécie crescem bem em 4agar chocolate, incubados como anaerobios e
enriquecido com CO2, entre 2 e 5 dias, e podem apresentar colOnias lisas e
esbranquicadas/acinzentadas com B-galactosidase positiva (Herndndez, 1998; Piot, 1991).

Sao bactérias hemoliticas, as quais apresentam essa atividade apenas em agar sangue
com globulos vermelhos de origem humana ou de coelho. Sao catalase e oxidase negativa. Com
essas caracteristicas morfologicas sua identificagdo ¢ possivel juntamente com a coloracao
cocobacilares Gram variaveis (Vaneechoutte et al., 2019). Outras bactérias oriundas de
secrecOoes vaginais como Actinomyces pyogenes ¢ A. Turicensis sao bastante similares
morfologicamente com Gardenerella vaginalis e sao classificadas como agentes similares a

Gardnerella (Van Esbroeck et al., 1996).

1.3 FATORES DE VIRULENCIA RELACIONADOS A GARDENERELLA VAGINALIS

Alguns estudos ja identificaram bem o potencial patogénico dessa espécie, muitas vezes
subestimado. Esse potencial pode ser explicado pela sua capacidade de formagao de biofilmes,
importante para aumentar sua chance de sobrevivéncia dentro do organismo humano (Patterson
et al., 2010). Essa bactéria também possui atividades de prolidase e sialidase, que sd3o enzimas
que vao funcionar como toxinas para aumentar a capacidade de adesao e destruicao do tecido
humano, e que por vezes ja foram associadas a nascimento prematuro ou abortos (Briselden et
al., 1992; Gelber et al., 2008; Lopes Dos Santos Santiago et al., 2011). Ha ainda a vaginolisina
(gene VLY), fator de viruléncia importante que atua causando lise de eritrocitos e disturbios no
sistema imune do hospedeiro (Cauci et al., 1993; Gelber et al., 2008; Pleckaityte et al., 2012).

A toxina citolitica também ja foi descrita, em que Rottini, 1990, demonstra uma
atividade sob os polimorfonucleares e células epiteliais, também sendo capaz de promover a

lise das hemdcias humanas (Rottini et al., 1990). Essas bactérias também podem ter a presenga
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de pili e uma camada de exopolissacarideo, o que ajudam a aumentar o seu poder de adesdo a

células epiteliais humanas (Catlin, 1992; De Oliveira Silveira et al., 2010).

1.4 VAGINOSE BACTERIANA

A microbiota vaginal ¢ composta majoritariamente por lactobacilos de Ddderlein
(Boletim Epidemiologico Aids - 2003 | Departamento de Doengas de Condi¢oes Cronicas e
Infeccoes Sexualmente Transmissiveis, n.d.). Esses lactobacilos protegem a vagina contra
patdgenos com a producdo de perdxido de hidrogénio (H202), o que mantém seu pH écido.
Estudos mostram que o decréscimo desses lactobacilos deixa a vagina mais propensa a
infestacdo de G. vaginalis, uma das causadoras da vaginose bacteriana (Leite et al., 2010;
Schwebke, 2003; Wilson, 2004). A Vaginose Bacteriana (VB) ¢ um disturbio na microbiota
vaginal, em que héd predominio de microrganismos anaerobios e que, apesar de ndo causarem
reacoes inflamatodrias, causam um quadro clinico de corrimento vaginal de coloragdo branca,
cinza ou amarelada, odor fétido e que pode aumentar com o coito ou menstruagdo. Se nao
tratada, pode causar problemas mais sérios como salpingites e endometrites nas mulheres; ja
nos homens, pode causar coceiras na regido peniana e desconforto ao urinar (Fethers & Morris,
2001; Paulo et al., n.d.).

A VB pode ser classificada em tipo I, quando ¢ causada predominantemente por G.
vaginalis, ou tipo II, quando ¢ causada por outras bactérias anaerdbias, como Mobilluncus sp,
Peptostreptococcus, Prevotella sp e Porphyromonas sp (Nakamura et al., 2009). Com a
ascensao dessas bactérias, principalmente no tipo II, pode surgir outras complicagdes
decorrentes da VB, como endometrites, infeccdes pds cirurgicas (pds-cesareas), doenca
inflamatoria pélvica aguda (DIPA), aminiorrexe, parto prematuro, entre outros (Gravett et al.,

1986; Hay, 2000).
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Figural. Representacio do microbioma vaginal na satide e na vaginose bacteriana. Um microbioma vaginal

em boa forma ¢ caracterizado pela prevaléncia de tipos de bactérias do género Lactobacillus, os quais produzem
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acido latico e perdxido de hidrogénio, criando um ambiente acido. Na condi¢do de vaginose bacteriana, o
microbioma vaginal ¢ amplamente ocupado por variedades de bactérias anaerdbias, que interagem e formam um
biofilme polimicrobiano no revestimento vaginal. Os sintomas tipicos dessa infeccdo incluem a presenga de
secrecdo vaginal, odor forte, e um aumento no pH vaginal.

Fonte: Dados obtidos de Sousa et al., 2023.

1.4.1 Epidemiologia da vaginose bacteriana

Kenyon e colaboradores em 2013 fizeram uma revisdo de literatura dos dados
encontrados em artigos de vaginose ao redor do mundo, entre os anos de 1990 ¢ 2009. As idades
avaliadas nos estudos encontrados por eles variaram de 15 a 72 anos, e pode se perceber que a
presenga de VB foi maior em paises que tinham uma populacio estudada na cor preta, e com
média de 30 anos na faixa etaria. A Africa subsaariana foi o pais com a maior porcentagem de
presenga (50%) do grupo estudado com os indicadores para VB (Kenyon et al., 2013).

Outro estudo, norte-americano, ocorrido entre 2001 e 2004, realizou testes com 4646
mulheres de idades entre 14 e 49 anos, e identificou que 29,2% do grupo estudado apresentava
vaginose bacteriana, porém apenas ~16% do grupo relatava sintomas. A prevaléncia foi maior
em negros nao-hispanicos e proporcional ao aumento de parceiros sexuais ao longo da vida.
Todo o processo de triagem das participantes desse estudo seguiu os critérios de Nugent
(Koumans et al., 2007).

No Brasil um estudo com 277 participantes mulheres residentes do estado do Recife, os
quadros clinicos de corrimento vaginal em 74,4% das participantes e odor de peixe na secrecao
vaginal em 68,6%, foram os mais frequentes. O quadro ocorreu principalmente em mulheres
com faixa etaria de 25 a 34 anos, sendo este grupo cerca de 50% do total de participantes
estudados. Apos as citologias e coloragao de Gram, Gardnerella vaginalis foi encontrada em
96,8% das participantes, sendo seguida por Mobiluncus, com presenca em 53,1% dos casos

(Leite et al., 2010).

1.4.2 Resposta imune a vaginose bacteriana

Alguns estudos encontraram um tipo de resposta formado por IgA especifico para G.
vaginalis e altos niveis de IL-la, normalmente responsavel pela formag¢ao da inflamagao,
causando febre e sepse (Di Paolo & Shayakhmetov, 2016), na secre¢do vaginal de mulheres
portadoras (Cauci et al., 1993; Platz-Christensen et al., 1993). Outros estudos encontraram
niveis de IL-1pB, também responsavel pelo inicio da inflamacao, aumentado em até 20 vezes.

Além da estimulacao da producao de citocinas como IL-1a e IL-1p, citocinas pro- inflamatorias,
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alguns estudos demonstram que a VB também foi associada a um aumento nas células-alvo do
HIV-1 na mucosa genital. Algumas células de mulheres quenianas, como T CD4 +, CCRS +,
CD69 +, foram encontradas diminuidas no colo do utero (Rebbapragada et al., 2008). Ja em
mulheres brasileiras, células T CD4 + estavam diminuidas quando em compara¢do com
mulheres sem infec¢des vaginais (Giraldo et al., 2012; Mitchell & Marrazzo, 2014).

Um estudo sobre mulheres com gendtipos suscetiveis (genes recessivos) a nascimento
prematuro mostrou que alguns genes tiveram aumento de expressao, como por exemplo de IL-
6, e que as razdes de probabilidade variaram de 1,9 a 4 para mulheres que tinham pesquisa de
VB positiva (Gémez et al., 2010). Outra citocina, a interleucina 8 (IL-8), principal mediador da
resposta imune inata e fator ativador dos leucocitos polimorfonucleares (LPN), normalmente
ndo estd aumentada na vaginose bacteriana, e junto com a acao da vaginolisina, pode explicar

auséncia dos LPN no combate a esta doenga (Cauci et al., 1993; Sobel, 2005).
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Figura 2. Principais componentes importantes na resposta imune contra a vaginose bacteriana . A imagem
retrata o complexo de proteinas e citocinas pro-inflamatorias encontrados no processo inflamatdrio de vaginose
bacteriana causada por Gardenerella vaginalis.

Fonte: Do autor, 2024.
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1.4.3 Diagnostico e tratamento

Segundo os critérios de Amsel/Nugent, o diagndstico de VB ¢ confirmado quando hé a
presenga de pelo menos trés dos quatros sinais: I) teste de amina positivo; II) ) presenga de
“clue-cells”; II) secre¢ao acinzentada ou amarelada e, IV) pH vaginal superior a 4,7 (Fethers &
Morris, 2001; Hawes et al., 1996; Paulo et al., n.d.). Também pode ser usado para confirmatério
do diagndstico os exames de Papanicolau e a cultura qualitativa, porém sé esses exames nao
confirmam diagnostico (Plourd, 1997).

O tratamento da VB tem o intuito de reestabelecer a microbiota normal da vagina,
diminuindo microrganismos anaerobios e, consequentemente, aumento dos lactobacilos.
Alguns nitroimidazoélicos costumam ser usados no combate da vaginose, sendo o principal
representante o metronidazol, que ¢ um antibidtico e antiparasitario usado em dose de 400 mg
de 12 em 12 horas, via oral, e tem grande atuag¢do contra Gram positivos e negativos, inclusive
G. vaginalis. Outros nitroimidazolicos, como o tinidazol e o secnidazol, podem ser usados em
dose tnica de 2g/via oral e tém indices de cura semelhantes ao metronizadol. Estes costumam
ser usados em VB ndo complicada (Paavonen et al., 2000). A clindamicina pode também ser
usada em vulvovaginites intensas e/ou recorrentes com dose oral de 300mg a cada 12 horas,
com eficacia semelhante aos antibioticos anteriores quando estes estdo em tratamento
prolongado (Verstraelen et al., 2012).

Por ser uma sindrome que pode ser causada por varios microrganismos, hd uma gama
de opgdes terapéuticas para seu tratamento. Alguns estudos buscam o controle fisioldgico dessa
vaginose por meio de ingestdo de perdxido de hidrogénio por duchas vaginais, com dose Unica
(Molteni et al., 2004; Reid, 2002).

Estudos vém mostrando uma resisténcia aos principais medicamentos utilizados para o
tratamento de vaginose bacteriana causado por G. vaginalis, ¢ encontrado principalmente uma
resisténcia a principal linha de tratamento contra a patogénese, o metronizadol (K. Zhang et al.,
2022). Um estudo classificou diferentes linhagens de G. vaginalis em relagdo a sua
susceptibilidade ou ndo a metranizadol, eles perceberam que haviam ainda algumas linhagens
susceptiveis ao medicamento, o que poderia estar relacionado com a ancestralidade genética
compartilhada de linhagens provindas de um mesmo local de isolamento (Rigo & Tasca, 2020).
Todavia, hd muitos relatos mostrando a forte resisténcia contra esse medicamento por este
patdgeno, G. vaginalis tem uma grande capacidade de persistir apds o tratamento contra a VB,
com taxas de recorréncia de 76% que ocorrem nos 06 meses seguintes ao tratamento, tanto pela

resisténcia ao antibiotico quanto pela formacao de biofilmes (Javed et al., 2019).
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Ademais, outros medicamentos que podem ajudar no tratamento contra a VB foram
observada resisténcia também como estudos in silico € in vitro que demostraram resiténcia aos
macroélidos eritromicina na identificacdo dos genes ermX e IsaC, e os genes de resisténcia a

tetraciclina tetL e tetM também (K. Zhang et al., 2022).
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Figura 3. Representacio esquematica da cura e da recorréncia da vaginose bacteriana apés tratamento com
antibioticos. Uma recorréncia pode acontecer tanto pela reinfec¢do com patdégenos anaerdbios apods o tratamento
com antibioticos, quanto devido a resisténcia antimicrobiana das bactérias e a incapacidade dos antibidticos em
eliminar o biofilme, que recupera sua capacidade de crescer e causar a infecgao.

Fonte: Dados obtidos de Sousa et al., 2023.

1.5 BIOINFORMATICA

A bioinformatica em seus primordios, comegou a se desenvolver numa época em que a
estrutura do DNA e seu armazenamento de informagao, ndo eram completamente esclarecidos,
assim, nos anos 1950, muitas discussdes eram geradas a partir desa incerteza. As analises de
aminoacidos, por sua vez, representaram um ponto de partida para a bioinformadtica, com a
publicagdo da primeira sequéncia de uma proteina, a insulina (Avery et al., 1944). Onde surgiu
o método de degradacdo de Edman, o qual permitiu o sequenciamento dessas e dai foram
surgindo softwares para automatizar esse processo € poder identificar diversas proteinas no

inicio da década de 1960 (Jaskolski et al., 2014).
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Margaret Dayhoff (1925-1983), foi uma fisico-quimica pioneira no campo da
bioinformatica, onde aplicou diversos métodos computacionais para sua tese de doutorado em
eletoquimica, e dai ficou conhecida como “a mae da bioinformatica” (Moody, 2004). Um dos
programas foi o COMPROTEIN, juntamente com Robert S. Ledley para determinar estrutura
primaria de proteina usando dados de sequenciamento de peptideos de Edman (November,
2011; Oakley & Kimball, 1949). Mais tarde, em 1970, os biologos Paulien Hogeweg ¢ Ben
Hesper cunharam o termo Bioinformatica, para representar estudos de sistemas bioldgicos,
utilizando a matematica, a biologia molecular e os algoritmos computacionais (Tapprich et al.,
2021).

Com isso foram surgindo diversos pesquisadores como Needleman e Wunsch, que
desenvolveram o primeiro algoritmo de programacdao dinamica para alinhamentos de
sequéncias de proteinas em pares (Needleman & Wunsch, 1970) , e Dayhoft, Schwartz e Orcutt
(Atlas of Protein Sequence and Structure. Vol. 5, Supplement 3 ; [Edited by] Margaret O.
Dayhoff. - University of Edinburgh, n.d.) ao desenvolver o primeiro modelo probabilistico de
substitui¢oes de aminoacidos.

Em 1976 foi adotado o primeiro método de sequenciamento de DNA por Maxam-
Gilbert (Maxam & Gilbert, 1977), e posteriormente por Frederick Sanger em 1977 (SANGER
& THOMPSON, 1953), onde até hoje os principios das técnicas sdo utilizados com
modificacdes nas tecnologias de Sequenciamento de Nova Geracdo. Atualmente, muitas
ferramentas para analisar genomas, transcriptomas e proteomas sdo empregadas a fim de
compreender e elucidas melhor os pardmetros genéticos e moleculares de cada uma das
moléculas (Hert et al., 2008).

Além disso, tecnologias de sequenciamento de Nova Geracdo permitem analisar com
precisdao, uma maior quantidade de dados do que em tecnologias anteriores. Assim, com alta
reprodutibilidade de resultados computacionais e profundo poder preditivo, ferramentas de
bioinformatica associadas as novas tecnologias de sequenciamento sdo fundamentais para
analisar de forma precisa e automatizada, o “BigData” biologico. Com implica¢des profundas
no poder preditivo e na reprodutibilidade dos resultados da bioinformética e mineragao e gestao
de dados, exigindo mais conhecimentos especializados da ciéncia da computacao, para uma

melhor analise bioldgica (Gauthier et al., 2019).

1.5.1 Gendmica comparativa

Segundo Sivashankari & Shanmughavel, em 2007, a genOmica comparativa ¢é

classificada como uma comparacao direta entre o contetido genético de dois ou mais organismos
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afim de entender a biologia da espécie estudada (Sivashankari & Shanmughavel, 2007). Através
dessa metodologia ¢ possivel identificar regides codificantes do genoma estudado, além
também de conseguir identificar relagdes filogenéticas e eventos evolutivos (Ogier et al., 2010;
Rust et al., 2002).

A gendmica comparativa pode e ja foi usada de diferentes formas ja descritas na
literatura, como por exemplo, comparacao entre genes de Drosophila melanogaster e de seres
humanos, em que cerca de 548 genes mostraram ter algum tipo de homologia com genes que
podem estar relacionados a doengas em humanos, como doengas cardiovasculares (Reiter et al.,
2001). Tal metodologia também pode ser utilizada em estudos comparativos entre bactérias,
como no caso de Bacillus licheniformis, que foi comparado com outras duas espécies do género
para completar a montagem do seu genoma, e identificar eventos de rearranjo, que tiveram
transferéncia horizontal de genes (Rey et al., 2004). Outra forma que a gendmica comparativa
pode ser usada, € para identificar padrdes evolutivos, estilos de vida e de tamanho de genoma,
como no caso de um estudo que percebeu que patdogenos intracelulares tém maior propensao a
perda génica via evolugdo reducionista (Merhej et al., 2009). Essa abordagem também vem
sendo utilizada em conjunto com outras metodologias da Bioinformatica, como filogenomica,
pan-gendmica e vacinologia reversa, salientando sua importancia (Benevides et al., 2017;

Figueiredo et al., 2015; Merhej et al., 2009; Muzzi et al., 2007; Tettelin et al., 2005).

1.5.2 Filogenomica

A filogendmica foi aperfeicoada com o uso de marcadores nucleotidicos através de
técnicas moleculares, para evitar os antigos problemas que eram causados pelas andlises
baseadas somente nos pontos de divergéncias entre as espécies, as quais geravam dados
complicados devido as diferentes evolugdes nessas regides convergentes e divergentes (Delsuc
et al., 2005). Essa metodologia pode ser definida como a jungdo da filogenética e gendmica
para reconstruir arvores de espécies confidveis, analisar a distribuicdo e espalhamento
bacteriano e predizer genes ortdlogos e paralogos (Chan & Ragan, 2013; Ocafia & Davila,
2011).

Essa nova era da filogendmica trouxe muitas mudancas nessas inferéncias devido a
melhora dos dados encontrados, como contetudo e ordem génica; ortologia; e, estrutura da fita
de DNA ou assinatura do DNA (Delsuc et al., 2005; Kumar et al., 2012). O software Gegenees
(Agren et al., 2012) é um dos programas que fazem inferéncias das divergéncias entre as

espécies e também ¢ usado para reconstrucdo de arvores filogendmicas. Este programa quebra
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os genomas em sequéncias de tamanhos pré-definidos e através do algoritmo BLAST identifica
os genes compartilhados e monta a matriz baseada tanto na similaridade de genes quanto nos
conteudos variaveis de cada linhagem. A abordagem gene a gene ou wgMLST, também ¢ uma
estratégia interessante, ja que identifica sitios polimorficos em uma tipagem da sequéncia
multilocus do genoma inteiro (Cody et al., 2014; Sheppard et al., 2012). O servi¢o online
PGAAdb- builder realiza essa analise, que também pode criar uma arvore filogénomica baseada
na similaridade e diferenca dessas espécies, gerando um dendograma com maior resolucao que

os métodos tradicionais (Benevides et al., 2017).

1.5.3 Pan genomica

A ideia introduzida por Tettelin e colaboradores em 2005 (Tettelin et al., 2005) era criar
uma metodologia que pudesse dar uma visdo mais ampla, tanto do género quanto da espécie.
Outros trabalhos ja utilizam essa metodologia desde entdo e com diferentes espécies, como por
exemplo Streptococcus pneumoniae (Tettelin et al., 2005), Methanobrevibacter smithi (Hansen
et al., 2011), Corynebacterium diphtheriae (Soares et al., 2013), Corynebacterium
pseudotuberculosis (Soares et al., 2013), Pantoea ananatis (De Maayer et al., 2014), Bartonella
henselae (The Pan-Genome of the Zoonotic Neglected Pathogen Bartonella Henselae Reveals
Two Groups with Different Patterns of Adaptation to Hosts, n.d.), o género Faecalibacterium
(Benevides et al., 2017), entre outros.

Neste contexto, o objetivo principal da pan-gendmica ¢ a comparacdo genOmica de
diferentes linhagens de uma dada espécie ou até mesmo género (Alcaraz et al., 2010; Snipen et
al., 2009). O pan-genoma ¢ definido como o repertorio completo e ndo-redundante de genes de
uma dada espécie ou género e ¢ composto de trés subgrupos: o core genoma, que agrupa todos
os genes compartilhados do conjunto de dados estudado, normalmente envolvidos em processos
celulares essenciais; o genoma acessorio (também chamado de core estendido ou genoma
dispensavel), que consiste de genes que sao compartilhados por duas ou mais linhagens, mas
ndo estdo presentes em todas linhagens; e, os singletons, que sdo genes especificos para cada
linhagem, ou seja, estdo presentes em somente uma linhagem do conjunto estudado (Tettelin et
al., 2005, 2008). Alguns estudos sugerem que normalmente os genes presentes no core
estendido e/ou no singletons estdo relacionados com processos de adaptagao, tanto ao ambiente

quanto ao hospedeiro (Medini et al., 2005).
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1.5.4 Plasticidade gendomica

Através da plasticidade gendomica pode se observar o quanto organismos como
procariotos possuem maior facilidade que eucariotos para realizar incorporagdes de DNA
recebido de organismos via transferéncia horizontal de genes (Horizontal Gene Transfer ou
HGT) (Boto, 2010).

Existem diversos mecanismos diferentes envolvidos em eventos HGT, exercendo um
papel importante na evolucdo, devido a modificagdes causadas, através da incorporagdo de:
plasmideos, bacteriofagos, transposons, elementos de insercao e, até mesmo ilhas gendmicas.
Devido a caracteristicas especificas da fonte e a mecanismos utilizados na incorporagao
gendmica, regides adquiridas horizontalmente possuem em comum: um desvio na assinatura
gendmica (conteudo G+C e uso de codon), que reflete a assinatura genomica do organismo
doador; a presenca de sequéncias de inser¢ao (IS) e/ou tRNAs flanqueadores, que, por sua vez,
podem apresentar uma IS especifica em suas regides 3'-terminais; e, a presenga de transposases
(Azevedo et al., 2014). Além disso, ilhas gendmicas podem estar ausentes em organismos do
mesmo género ou espécie correlata e ainda possuirem altas concentragdes de genes com fungoes
correlatas e especificas, as quais podem ser classificadas em: ilhas de resisténcia (RI), ilhas
simbioticas (SI), ilhas metabdlicas (MI) e ilhas de patogenicidade (PAI).

As Rls, albergam altas concentragdes de genes de resisténcia a antibidticos (Krizova &
Nemec, 2010); SIs podem estar correlacionadas com a associagdo de bactérias a plantas
hospedeiras (Barcellos et al., 2007); As MlIs, possuem genes associados com a biossintese de
metabolitos secundarios (Tumapa et al., 2008); e as PAIs possuem altas concentragdes de fatores
de viruléncia, e estdo presentes em bactérias patogé€nicas e ausentes em espécies nao-
patogénicas do mesmo género e/ou espécie correlata, e que podem estar envolvidas na re-
emergéncia de varios organismos patogénicos devido a inser¢do de novos determinantes de
viruléncia (Dobrindt et al., 2000). As ilhas gendmicas sdo muito interessantes para analises de
gendmica comparativa, principalmente para pan-gendmica, ja que causam incorporagdes de

blocos de genes, por vezes instaveis, cheios de informagdes dessas linhagens doadoras.

1.5.5 Sintenia génica

A sintenia génica pode ser caracterizada pela presenca de genes ortdlogos em
cromossomos correspondentes em diferentes espécies em andlises comparativas (Tang et al.,
2008; Xu et al., 2016). Dentro dessa area, também encontramos a colinearidade, que pode ser

caracterizada por ser um tipo de sintenia em que os genes sdo conservados na mesma ordem
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(Tang et al., 2008). Essa metodologia se tornou muito frequente em areas da gendmica
comparativa por ajudar no aumento da precisdo da identificagdo da homologia e dos rearranjos
cromossomicos dentro e/ou entre os genomas (Ma et al., 2006). Diversos programas sao uteis
para essas analises, como por exemplo, ADHoRe (Vandepoele et al., 2002), MicroSyn (Cai et
al., 2011), CYNTENATOR (Rdodelsperger & Dieterich, 2010), OrthoCluster (Vergara & Chen,
2009), entre outros. O software Mauve (Darling et al., 2010), também importante ferramenta
para essas analises, fragmenta os genomas em tamanhos pré- definidos e cria blocos colineares

baseados nos eventos de rearranjos de bases dentro desses genomas.

1.5.6 Genomica subtrativa

A gendmica subtrativa ¢ uma abordagem moderna utilizada na identificacdo de
potenciais candidatos a alvos de drogas (Hossain et al., 2017). Basicamente, dois ou mais
genomas sao comparados e um conjunto de dados central ¢ identificado, que cujos genes podem
possuir informagdes fenotipicas e genéticas de cada linhagem (Jaiswal et al., 2021). Esses genes
sdo direcionados para analises de homologia contra hospedeiro, para evitar reacdes adversas se
forem usados como alvos de drogas. Esses genes ndao-homoélogos sdo testados quanto a sua
localizagdo subcelular e os que foram identificados como proteinas citoplasmaticas, serao
direcionadas a andlise de essencialidade, ou seja, se estdo ou ndo envolvidos em processos vitais
ao organismo. Apds isso, os alvos podem ser testados com farmacos para ver sua capacidade de
acdo in vivo através da avaliagdo da estrutura tridimensional pelas analises de docking

molecular.

1.5.7 Docking Molecular

O docking molecular pode ser entendido como o mecanismo de reconhecimento
molecular entre moléculas baseado em estrutura de um alvo especifico in silico. Vai ser estudo
como os compostos quimicos interagem com os seus alvos moleculares. H4 uma grande
aplica¢do do docking na identificagdo de novos compostos de interesse terapéutico, prevendo
interagdes ligante-alvo em nivel molecular (Pinzi & Rastelli, 2019). As chances de encontrar os
candidatos a medicamentos foi melhorado diante de estudos de docking, visto de ser uma
triagem virtual de milhdes de compostos num tempo acesivel, reduzindo assim os custos iniciais
de identificagdo de resultados (Meng et al., 2011).

Um dos primeiros estudos envolvendo a descoberta de novos alvos de medicamento foi
a de Kuntz et al. no inicio da década de 1980, onde descreveram um método computacional que

permite a exploragao de alinhamentos ligantes-receptores viaveis para as estruturas conhecidas
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de heme-mioglobina, o qual empregaram o docking para prever conformagdes potenciais de
complexos moleculares (Kuntz et al., 1982).

Ao longo dos anos foram desenvolvidos diversos programa baseado em diferentes
algoritmos para estudos de docking molecular. Sendo cada vez mais importantes em pesquisas
na procura de alvos de drogas. Esse processo ¢ dividido em duas etapas: na previsao da
conformagao do ligante, bem como sua “pose”, que seria a posi¢ao e orientacdo dentro desses
locais no sitio de ligagdo da proteina alvo, seguido da avaliacdo da afinidade de ligacao(Wang

et al., 2016).

1.6 SELECAO POSITIVA DARWINIANA

A seleg@o natural proposta por Darwin no livro “A origem das espécies”, continua sendo
a principal explicagdo para a variabilidade do fen6tipo em organismos, sendo a principal teoria
de evolugao amplamente utilizada. Um dos pontos chave dessa teoria ¢ a selecao positiva
Darwiniana, a qual parte do principio dos fendtipos que foram mantidos durante a evolugao (J.
Zhang, n.d.). Utilizando a gendmica ¢ possivel identificar por busca computacional grupos de
genes homologos que evoluem sob selegdo positiva Darwiniana, e que geralmente t€ém uma alta
taxa de substitui¢ao ndo-sindnima, para uma melhor compreensao no nivel molecular (Hongo
et al., 2015).

Uma andlise convencional na biologia evolutiva ¢ compreender a arquitetura fendtipa e
a sua evolu¢cdo em uma populagdo. Estudos dessa natureza estdo utilizando a riqueza de dados
genomicos gerados pela gendmica comparativa e sequenciamento de nova geragdo para extrair
informacdes biologicas dos padroes de conservacdo entre elementos gendmicos
comparatilhados entre os genomas. A utilizacdo da sele¢do positiva Darwiniana em escala
gendmica tem auxiliado muito na analise de genes que estdo envolvidos na especiacdo de cada
populagdo. A selecao positiva pode atuar em cddons especificos em momentos especificos da
histéria evolutiva, sendo que ao nivel de cddon ¢ possivel discriminar a relagdo entre
substitui¢do ndo sindénima ¢ sindnima baseado na estimag¢do de dn/ds. Para estudar esse
processo, os cientistas desenvolveram modelos estatisticos de ramificagdo (Viana et al., 2022).
Além disso, muitas pesquisas foram realizadas durante a “corrida armamentista” na deteccao
de genes envolvidos na relagdo co-evolutiva entre hospedeiro-patogeno de diversos
micorganismos patogénicos como Escherichia coli (Chen et al., 2006), Salmonella (Soyer et
al., 2009), Staphylococcus (Suzuki et al., 2012), Streptococcus (Lefébure & Stanhope, 2007)
e Trypanosoma brucei (Emes & Yang, 2008).
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2. JUSTIFICATIVA DA PESQUISA DA TESE

Atualmente 117 genomas de diferentes linhagens de G. vaginalis estdo depositados em
bancos de dados online, salientando a importancia da espécie. Contudo, apesar de sua grande
importancia médica, especialmente para o sexo feminino, existem poucos estudos sobre o perfil
gendmico dessa espécie, principalmente trabalhos de Bioinformatica voltados para gendmica
comparativa.

Ha necessidade de mais estudos gendmicos, com a utilizagdo da bioinformadtica, para
ajudar na investigacdo futura sobre esta espécie. Tais trabalhos podem ajudar a identificar os
padrdes de distribui¢do da espécie utilizando técnicas recentes de epidemiologia molecular de
genoma completo e identificar potenciais fatores de viruléncia e resisténcia que possam estar
relacionados com fatores patologicos e sob selecdo positiva Darwiniana. Neste trabalho, sdo
utilizadas varias metodologias para identificar mecanismos e a diversidade dos organismos para
ajudar em futuras investigacdes com a espécie G. vaginalis. Além disso, a geracao de viruléncia
e de resisténcia a antibidticos exige a identificacdo de novos alvos de medicamentos, pelo que
foram efetuadas, em simultaneo, andlises de modelagem molecular e de acoplamento com

compostos naturais.
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3. OBJETIVO DA TESE
3.1 GERAL

Realizar analises de Bioinformatica, como gendmica comparativa, pan-gendmica,
plasticidade genomica, sintenia génica e gendmica subtrativa, em linhagens de Gardnerella
vaginalis para identificar alvos de drogas contra esse microrganismo, incluindo a investigagao

de genes de resisténcia e viruléncia sob sele¢do positiva Darwiniana.

3.2 ESPECIFICOS

o Identificacdo e homogeneizagdo da anotacdo gendmica das linhagens de G.
vaginalis;

o Realizagdo de analises filogendmicas;

o Predicao e identificacdo de ilhas gendmicas;

o Predicao de blocos localmente colineares para sintenia génica;

o Caracterizagdao de genes ortdlogos e classificagdo dos clusters desses genes

nos subconjuntos pan-genoma, core genoma € singletons;

J Classificacdo dos subconjuntos de genes das linhagens nas categorias
funcionais do COG. Identificagdo de genes ortdlogos e selegdao dos clusters

de genes pertencentes ao core genoma, shared e singleton;

o Selecdo dos orthogroups para andlise estatistica de Selecdo Positiva
Darwiniana;

J Andlise funcional dos genes selecionados positivamente;

J Predicao de alvos de drogas utilizando genomica subtrativa;

o Andlise de essencialidade e de homologia a microbiota intestinal dos alvos.
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4. ARTIGO CIENTIFICO 1: Pangenome Analysis Reveals a High Degree of Genetic
Diversity in Gardnerella vaginalis: An In Silico Approach
Publicado em: Venereology (MDPI); Fator de impacto (atual): 4.7.

e DOI: https://doi.org/10.3390/venereology2040012
O género Gardnerella foi proposto na década de 1980 por Greenwood e Pickett apds

analises abrangentes contra outros microrganismos. Gardnerella vaginalis, a espécie mais
estudada, ¢ Gram-varidvel, com potencial patogénico significativo, formando biofilmes e
produzindo enzimas que podem causar danos ao tecido humano.

Além de G. vaginalis, foram descritas trés novas espécies relacionadas a vaginose
bacteriana (VB). A VB ¢ causada pelo desequilibrio na microbiota vaginal, onde ha uma
redugcdo de lactobacilos e aumento de bactérias anaerdbicas como G. vaginalis. Essa
condi¢do pode causar sintomas desconfortaveis, como corrimento anormal e odor fétido.

A VB ¢ uma infec¢do comum entre mulheres sexualmente ativas, com fatores de risco
incluindo multiplos parceiros sexuais e baixa escolaridade. O diagndstico ¢ feito através de
exames como a citologia oncdtica e requer a presenca de sinais especificos, como teste de
amina positivo e pH vaginal elevado.

O tratamento da VB visa restaurar o equilibrio da microbiota vaginal, com opg¢des
terapéuticas incluindo o uso de antibidticos e duchas vaginais com perdxido de hidrogénio.
No entanto, apesar dos tratamentos disponiveis, o nimero de casos de VB continua
aumentando, destacando a importancia de pesquisas adicionais sobre G. vaginalis e suas
implicagdes clinicas.

O estudo de G. vaginalis ¢ essencial devido a abundancia de genomas depositados em
bancos de dados, representando uma importancia médica significativa, especialmente para
as mulheres. Ha uma urgéncia para mais investigacdes genOmicas, incluindo o uso de
bioinformatica, a fim de aprimorar o entendimento sobre essa espécie. Tais esfor¢os podem
elucidar padrdes de distribui¢ao das diferentes linhagens utilizando técnicas avangadas de
epidemiologia molecular de genomas inteiros, além de identificar possiveis fatores de
viruléncia associados a condi¢des patologicas.

Nesses estudos, diversas metodologias sdo empregadas para a identificagdo de
mecanismos e a avaliacdo da diversidade dos organismos, contribuindo para a elaboragao
de estratégias mais eficazes de diagnostico, prevencdo e tratamento das condig¢des

relacionadas a presenca de G. vaginalis na microbiota vaginal.
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Abstract: The genus Gardnerella comprises Gram-variable, anaerobic, hemolytic, and non-motile
bacilli, with four known species, where Gardnerella vaginalis is the main species responsible for
bacterial vaginosis (BV). However, quantifying this species is challenging due to a lack of data and
underreporting. Despite its significance, particularly for women, and the availability of several
genomes in online databases, genomic analyses and studies on effective treatments still lack details.
This study aimed to conduct bioinformatic analyses focused on pangenomics to investigate the
complete gene repertoire of the species. Genomes of the bacterium available in online databases were
used for comparative genomics, genomic plasticity, gene synteny, and pangenome prediction analyses.
The results revealed considerable genome variability, indicating a highly diverse pangenome. The
low number of genes in the core genome and similarity analysis confirmed this variability. Three
pathogenicity islands, two resistance islands, and nine genomic islands were identified, suggesting
horizontal gene transfer events during evolution. These findings underscore the need for sequencing
new G. vaginalis genomes to better comprehend its variability and adaptation patterns.

Keywords: Gardnerella vaginalis; bioinformatics; diversity

1. Introduction

The genus Gardnerella was proposed in the 1980s by Greenwood and Pickett after
conducting Adansonian analyses, DNA-DNA hybridization methods, electron microscopy,
and biochemical analyses against microorganisms of other genera such as Haemophilus, Pas-
teurella, and Streptococcus [1]. They believed there was no relationship between Haemophilus
vaginalis, previously proposed as the Gram-negative microorganism isolated in both men
and women [1-3], and these bacteria.

The species Gardnerella vaginalis has a thin layer of peptidoglycan and is considered
Gram-positive. However, this layer can bleach, making it appear Gram-negative and, thus,
it is classified as Gram-variable. They are non-motile bacilli and may present fimbriae
or not [4-6]. This bacterium has a well-understood but often underestimated pathogenic
potential. It can form biofilms, hindering effective treatment and increasing its chance of
survival in the host [7]. Additionally, it can produce enzymes with prolidase and sialidase
activities, which function as toxins, enabling greater adhesion and destruction of human
tissue, and are also related to cases of premature births and abortions [8-10]. Another
important virulence factor is vaginolysin, which causes disturbances in the host immune
system and lysis of erythrocytes [11-13].

In this new genus, the G. vaginalis species accounts for more than 50% of bacterial
vaginosis (BV) cases in women and is the most recently studied [14]. Previous studies
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allowed the description of three more new species, later characterized by Vaneechoutte et al.
in 2019 [6], named Gardnerella leopoldii sp. nov., Gardnerella biotic sp. nov., and Gardnerella
swidsinskii sp. nov. This classification was possible by analyzing the isolated G. vaginalis
species using 165 RNA gene amplification [4,8,11,15,16] and neighboring cluster analysis
by Ahmed et al. [17]. Additionally, all these species are related to cases of BV, with some
species having a more significant relation to symptoms of the clinical condition than others,
according to some Nugent/Amsel criteria [18].

The vaginal microbiota is composed mainly of Diderlein Bacillus, which are microor-
ganisms of the genus Lactobacillus responsible for maintaining the acidic pH of the vagina,
protecting against pathogens through the production of hydrogen peroxide (H;O5). An
imbalance in this vaginal flora causes bacterial vaginosis (BV)-type infections, where there
is a decrease in lactobacilli [18-20]. In association, an increase in anaerobic bacteria such as
G. vaginalis is observed, resulting in a higher vaginal pH and making the patient susceptible
to BV.

The main characteristics of BV, besides the increased pH, are the discomfort reported
due to a white, gray, or yellowish vaginal discharge and a foul-smelling odor that may
increase with coitus or menstruation. If left untreated, it can cause more severe problems
such as salpingitis and endometritis in women, and in men, it can cause itching in the
penile area and discomfort when urinating [21,22].

BV is a widespread infection reported among sexually active women; it is estimated
that between 10% and 30% of women are diagnosed worldwide [23,24]. Additionally,
countries with a high frequency of HIV report that the frequency of BV is 50% in women.
Studies have shown that the primary pathogens related to vaginosis are Candida sp. (56.3%),
followed by G. vaginalis (35%) [25]. Several risk factors are related to the development of
this pathology, including having many sexual partners, using intrauterine devices (IUDs)
and vaginal douches, and engaging in oral sex [26-29]. Moreover, a strong relationship
exists between the very early initiation of sexual activity and a low educational level [27,30].

Through oncotic cytology, more specifically the Papanicolaou technique, the inflam-
matory and infectious processes can be diagnosed along with their etiological agents. This
exam is usual in women’s health routine every year; it is easy to perform, is a low-cost
approach, and is an advantage that facilitates the diagnosis of BV and enables faster treat-
ment [31]. However, a confirmatory diagnosis of BV requires the presence of at least three
of four signs: (I) positive amine test; (II) presence of clue cells; (III) grayish or yellowish
discharge; and (IV) vaginal pH higher than 4.7 [32-34].

BV treatment focuses primarily on restoring the balance of the vaginal flora by de-
creasing the number of anaerobic microorganisms and increasing the number of lactobacilli.
There is a range of therapeutic options, including using antibiotics such as nitroimidazole
or even establishing physiological control of the vaginosis through hydrogen peroxide in-
gestion via vaginal douching [3,34-39]. However, despite all these treatments, the number
of BV cases has constantly increased over the years.

The study of G. vaginalis is necessary and essential, given the number of different
genomes deposited in databases, and it is of great medical importance, especially for
females. There is a need for more genomic studies, such as using bioinformatics, to assist
in future research on this species. Such works can help identify the distribution patterns of
the species using recent whole-genome molecular epidemiology techniques and identify
potential virulence factors that may be related to pathological factors. In this work, several
methodologies are used to identify mechanisms and the diversity of the organisms to help
in future research with the species G. vaginalis.

2. Materials and Methods
2.1. Genome Information

RefSeq and NCBI (National Center for Biotechnology Information) databases (https:
/ /www.ncbi.nlm.nih.gov /-accessed on 9 August 2022) were used to download the
genomes in “.fna” format to perform the genomic analyses of G. vaginalis. Sixteen
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genomes were used for phylogenomic and phylogenetic analyses, along with seven
complete genomes of G. vaginalis and nine representative genomes from different clades,
according to the tree available at the NCBI (Table 1).

Table 1. Information about the 16 genomes of G. vaginalis strains.

Organism Strain Assembly Level Size (Mb) GC% Genbank Access Extraction Location

Gardnerella NCTC10287 Complete 1.67 414 GCA_900637625.1 2
vaginalis

Cadneyelly Gv37 Complete 175 418 GCA_001953155.1 Paris, France
vaginalis

Gardnerella FDAARGOS_568 Complete 1.72 413 GCA_003812765.1 =

vaginalis

Gardnerella

e 409-05 Complete 162 2 GCA_000025205.1 :

vaginalis

Gardnerella ATCC 14018/

i JCM 11026 Complete 167 414 GCA_001042655.1 z

GEidieiy ATCC 14019 Complete 1.67 14 GCA_000159155.2 .
vaginalis

Gardnerella HMP9231 Complete 1.73 414 GCA_000213955.1 -
vaginalis

Gardnerella

s DSM 4944 Chromosome 1.68 413 GCA_900105405.1 .

vaginalis

kil UMB0913 Scaffold 151 21 GCA_0028611451,  Meywood, United
vaginalis States of America

it ts UMB0736 Scaffold 1.73 411 GCA_013315025.1  Maywood, United
vaginalis States of America

Garinerelle UMBO0298 Scaffold 1.68 412 GCA_002861975.1  Maywood, United
vaginalis States of America

Grdperily JCP7672 Scaffold 1.69 412 GCA_000414645.1 -

vaginalis

Gerirreila JCP8108 Scaffold 167 411 GCA_000414525.1 .
vaginalis

Gardnerella UMB0833 Scaffold 1.62 421 GCA_002861885.1  Viaywood, United
vaginalis States of America

Garanilla JCP7659 Scaffold 1.54 119 GCA_000414665.1 =
vaginalis

Qardnerella JCP8070 Scaffold 148 422 GCA_000414545.1 -

vaginalis

To perform the pangenome analysis, 107 genomes of G. vaginalis available in the NCBI
(till the first half of 2022) in the “.faa” format were used, which were classified as follows:
7 complete genomes; 1 chromosome; 63 scaffolds; and 36 contigs. The annotation of each
of these genomes was performed with the Prokka software (version 1.14.6, Tseemann,
2020) [40] using the default parameters plus the options: ‘addgenes’ and ‘rnammer’. More
information about the 107 genomes is described in Supplementary Table S1.

In addition to the genomes of the bacteria under study, the reference genome of the
organism Alloscardovia omnicolens (DSM21503) was downloaded in the same formats as
mentioned above. [t was added to all the analyses to function as an outgroup, which helps
the analyses to be more parsimonious when analyzing the group of interest [41].

2.2. Phylogenomic Analysis and Phylogenetic Reconstruction

The software Gegenees (version 3.1, Segerman, 2019) [42] was used to perform the
phylogenomic analyses; its methodology is based on the similarity analysis between the
genomes through a strategy followed by genome sequence fragmentation and DNA align-
ment using a BLASTn algorithm to obtain a distance matrix and the phylogeny analysis.
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The genome fragmentation occurs using user-defined lengths and step sizes. Here, we used
a size of 500 bp and a step size of 500 bp too. Finally, a heatmap was generated, showing
the percentage of similarity between the strains in a range of 0 to 100%.

In addition, an analysis to identify polymorphic genes and whether there is phylo-
genetic interference in a gene-by-gene analysis was performed using the online software
PGAdb-builder [43] with a wgMLST (whole genome multilocus sequence typing) analysis.
The resulting PGAdb profile was performed using 90% coverage and 90% identity filters.
This profile was exported in the “.newick” format to the MEGA software (version 11,
Kumar, 2021) [44] for generating a phylogenetic tree.

2.3. Genomic Plasticity via Identification of Genomic Islands

Plasticity analyses were performed with GIPSy (version 1.1.3, Soares, 2016) (Genomic
Island Prediction Software) to identify genomic islands, genomic regions acquired via hori-
zontal gene transfer (HGT), which contain information about the microorganism lifestyle.
The prediction is based on several features, such as codon usage and G + C content; inser-
tion sequences or flanking tRNAs flanking; presence of transposases; and varied size [45].
The genomic islands were classified into pathogenicity, resistance, and metabolic islands
with their respective genes. For this analysis, one non-pathogenic organism was chosen to
be compared with the reference organism chosen in this work.

The genomic islands identified with GIPSy were plotted using the BRIG software
(version 0.95, Alikhan, 2011) (BLAST Ring Image Generator) [46], which performs a com-
parative analysis of all genomes against a reference genome. A circular figure was generated
where each ring represents a different genome, and the blank areas represent deletion areas.
The last ring exhibits the genomic islands.

2.4. Gene Synteny

The software Mauve (version snapshot_2015_02_13 build 0, Darling Lab, 2015) [47], along
with the progressive Mauve algorithm, was used for gene synteny analysis, where it was
possible to identify possible gene rearrangement events. By fragmenting the genomes into
pre-defined sizes, the software built multiple genome alignments identifying locally collinear
blocks (LCB) plotted in a figure, which is usable for identifying these rearrangements.

2.5. Prediction of Orthologous Genes and Pangenome Development

Using the Orthofinder software (version 2.5.4, Emms, 2021) [48], the prediction of
orthologous genes was performed, where all genomes were compared against all using
the DIAMOND algorithm (version 2.0.14, Buchfink, 2021). This software uses the MCL
program (Markov Clustering algorithm) for such prediction [49]. Through in-house script
(orthofinder_pangenome_splitter.pl), three ortho groups were generated, which are core
genome, which is composed of all genes that are commonly shared by all strains, involved
mainly in essential cellular processes; shared, which is composed of genes that are present
in two or more strains but not all; and singletons that are classified as strain-specific genes,
which are present in only one strain. The genes in the latter subset are related to adaptation
processes, both to the environment and the host [50,51].

To analyze the pangenome, Heap’s Law was used together with in-house scripts
(pandev.pl) to estimate the fixed parameters and the least squares fitting of the exponen-
tial regression decay (core genome and singletons). For the fixed parameters from the
pangenome, Heap’s Law is used. It is an empirical law, and it is represented by the formula
n =k*N "y, where a given number of genes (n) is calculated for a given number of genomes
(N), and k and y (= 1 — y) are free parameters. When o > 1, according to the law, one can
consider this pangenome closed, meaning the addition of genomes has no substantial effect
in the total number of genes. When « < 1, the pangenome is considered open, meaning
there will be a significant increase in the number of genes for each new genome added to the
analysis. The formula used for least-squares fit is represented by n = k x exp[—x/t] + tg0,
where n is the number of genes, and k, t, and tg0 are free parameters. This law is utilized to



Venereology 2023, 2

38

136

1

2: Gardnerella_vaginalis UMB0913

3: Gardnerella_vaginalis_409-05

4: Gardnerella_vaginalis_ GV37

5: Gardnerella_vaginalis_ UMBO0833

6: Gardnerella_vaginalis_JCP7659

7: Gardnerella_vaginalis_JCPS070

8: Gardnerella_vaginalis_JCPS108

9: Gardnerella_vaginalis_ UMBO0736

10: Gardnerella_vaginalis_ HMP9231

11: Gardnerella_vaginalis FDAARGOS_568
12: Gardnerella_vaginalis UMB0298

3: Gardnerella_vaginalis JCP7672

14: Gardnerella_vaginalis_DSM4944

5: Gardnerella_vaginalis NCTC10287

16: Gardnerella_vaginalis ATCC14019

17: Gardnerella_vaginalis ATCC14018_JCM11026

e

o

infer how many genes will compose the core genome after stabilized [52,53] and to estimate
approximately how many genes are added by each new sequenced genome.

2.6. Orthology Assignments and Functional Annotation

The analyses of the core genome, shared genes, and singletons subsets were classi-
fied according to the Cluster of Orthologous Genes (COG), where the CDS of the subsets
were aligned and classified according to the functional categories of the COG. For this,
eggNOG-mapper (version 2.1.11, Cantalapiedra, 2023) was used, a database that performs
this annotation according to orthologous genes [54]. Each sequence was mapped using ei-
ther the hidden Markov model (HMM) or DIAMOND to align with the eggNOG database.
The best matching sequence of the target sequence is classified according to its taxon-
omy and finally categorized and annotated according to gene ontology (GO) [55], KEGG
pathways [56], and COG functional categories [57].

The functional categories are divided mainly into (1) information processing and
storage; (2) signaling and cellular processes; (3) metabolism; and (4) poorly characterized
and are subdivided into 17 subcategories [58].

3. Results
3.1. Phylogenetic Analysis

The Gegenees software analyses demonstrated a color variation from green to red
showing the degree of similarity between the strains (Figure 1), where almost all the
complete genomes are close with similarity ranging from 71 to 100% inside this cluster
(cluster 1). Strains such as UMB0833, JCP7659, and JCP8070, scaffold genomes, grouped
in cluster 2, with similarity ranging from 72 to 100% inside the cluster, with a medium
similarity of 38 to 46% with cluster 1 and a low similarity with cluster 3 (15 to 19%). In
addition, G. vaginalis GV37, 409-05 (both complete genomes), and UMBB0913, scaffold,
grouped in cluster 3, showing a low similarity of approximately 18% with the other two
clusters. The others represented in an orange shade had a median similarity and comprised
scaffold genomes.

Organism 1 2 3 4 5 6 7 8 9 10 1l 12 13 14 15 16 17
: Alloscardovia_omnicolens_DSM21503

Figure 1. Heatmap with 7 complete genomes of G. vaginalis and 9 representative genomes of clades,
according to the tree available at the NCBL In green, a high similarity can be observed ranging from
65% to 100%; in orange, a median similarity ranging from 38% to 46%; and finally, a low similarity in
red, ranging from 1% to 22%.
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The data generated with the PGAdb-builder software were plotted in the MegaX
software to visualize a phylogenetic tree (Figure 2), where the strains form the same
clusters found in the heatmap of Gegenees.
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Figure 2. The phylogenetic tree shows the bootstrap percentage with 1000 bootstraps on the tree
branches, ranging from 28 as the lowest percentage to 100 as the highest one. The same clusters found
on the heatmap may be visualized here.

3.2. Genomic Plasticity

For the prediction of genomic islands, the genome plasticity analysis with software
GIPSy was performed, where we can observe through the BRIG's results the pathogenicity
and resistance islands plotted in the outermost circle of the image, with comparative
genomic plasticity results. For the comparative genomic plasticity analysis, it was used a
reference genome according to the NCBI, which is the G. vaginalis strain FDAARGOS 568.
In the circle image, each ring represents one strain, and the presence of blank regions in
each ring demonstrates a deletion of this genome part concerning the reference genome in
the most central ring. It can be seen that there are two large deletion regions in almost all
the genomes and the other deletions appear only in preliminary genomes and are present
in almost all the complete genomes. The last ring related to the genome of Alloscardovia
omnicolens DSM21503 is a ring with many deletions compared to the species studied.

Figure 3 also shows the presence of three pathogenicity islands, two resistance islands,
and two metabolic islands in the last three outermost rings. Resistance island 1 and
pathogenicity island 2 overlap approximately at a position of 200 kpb, and resistance island
2 and pathogenicity island 3 overlap approximately at a position of 500~600 kpb. These
regions can present genes related to virulence increase and resistance against antibiotics,
and some draft genomes can present some deletions at the beginning of these islands. The
other islands also present some deletions when compared with some genomes.
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Figure 3. Genomic plasticity prediction with pathogenicity islands (PAI), resistance islands (RI), and
metabolic islands (MI) of G. vaginalis. Each ring represents one strain of the working group, ranging
from complete genomes in inner rings to draft genomes in the outermost rings. At the outermost,
three rings represent the genomics islands—in red, the pathogenicity islands; in black, the resistance
islands; and in purple, the metabolic islands.

Supplementary Figures S1-53 show a comparative analysis between the clusters ac-
cording to the similarity predicted in the previous results. When the comparative analysis
was conducted, the genomes classified as scaffolds showed a greater, more significant dele-
tion. Furthermore, Supplementary Figure 53 shows a more homogeneous relationship of
these genomes forming clusters, while the other figures of clusters 1 and 2 (Supplementary
Figures 51 and S2) show the presence of more broken regions.

3.3. Gene Synteny

The software Mauve was used to visualize the synteny between the various genomic
sequences, where through the homology between them, it was possible to visualize possible
rearrangements. Synteny is observed through gene blocks for better identification. Several
broken regions may be observed, with many inversions and deletions of many regions, in
the comparison between all genomes (Figure 4). A remarkable homogeneity was observed
in cluster 1 (Supplementary Figure 54), with highly conserved blocks when compared to
clusters 2 and 3 (Supplementary Figure S5 and S6), which showed inversions and deletions.
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Figure 4. Gene synteny analysis. All genomes were broken and presented in continuous blocks.
Each color represents one region that has passed through evolution for inversions, translocations,
or deletions.

3.4. Pangenome Development

OrthoFinder separated these genomes into three different groups, core genes, shared
genes, and singletons to predict orthologous genes, where 3563 non-redundant genes were
found and classified as pangenome genes, with 208 genes being in the core genome group
and 237 genes in the singletons group.

For the analyses with pangenome, the alpha value from Heap’s Law when all genomes
are analyzed was less than 1, being approximately 0.75 (x =1 — 0.248), inferring an open
genome. However, the core genome is close to closing, with 208 genes and stabilizing with
152 genes (Figure 5). Figure 6 shows the number of singletons in each of the genomes used,
where the number changes, and some have more singletons than others.
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Figure 5. The pangenome development. In blue, the pangenome growth curve with Heap’s law
correction stabilizes approximately in just over 3000 genes, characterizing an open pangenome. The
core genome stabilization curve is in orange, finalizing in approximately 208 genes.
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Figure 6. A singletons diagram. On side (A), a diagram represents the “singletons” curve generated
using the least-squares fits law, with the tangent theta equal to 0.147, i.e., for each newly sequence
genome, approximately one gene is added to the pangenome. On side (B), a Venn diagram showing
singletons present in each strain. The number of singletons ranged from 0 to 46 genes in the strains.

3.5. Orthologous Genes Characterization

The orthologous gene analyses are plotted in Figures 7 and 8, showing the COG
classifications of the core genome, shared genome, and singletons, respectively. It is
observed that the categories between these two analyses differ regarding the classification,
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prevailing in the core, the COG ], which is related to translation, ribosomal, and biogenesis
functions, differently from what is seen from the shared and singleton types that prevail
but are not yet categorized and have unknown functions.
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Figure 7. COG functional classification of core genome. Bar graph representing the COG classifica-
tions of the core genome. Each bar is related to one classification, COG ], with more genes classified,
followed by COG F classification. Note: the column that displays “-” is related to the empty cells in
the program’s result, that is, genes that were unable to be classified by the program.
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Figure 8. COG functional classification of shared and singleton’s genes. Bar graph representing the
COG classifications of shared plus singletons group. Each bar is related to one classification, COG S,
with more genes classified, followed by COG L classification. Note: the column that displays “-" is
related to the empty cells in the program’s result, that is, genes that were unable to be classified by



Venereology 2023, 2

44

142

The second category that is more prevalent in core classifications is COG F, more related
to nucleus transport and metabolism, and for shared and singletons classifications, COG L
is related to the replication, recombination, and repair of genomic content. Furthermore,
there was no prevalence of a common category in these analyses.

4. Discussion

G. vaginalis is a species of great medical importance, being one of the primary pathogens
responsible for bacterial vaginosis, with high importance in women'’s health, and there
are several reports and a certain problematization in the notification of these diseases as
well as in the understanding of the consequences that it brings and how the different
strains of this same species can behave differently in the host. Little is known about studies
using comparative genomics to analyze the gene diversity of G. vaginalis. First, sixteen
(16) genomes considered representative of the clusters grouped in the phylogenetic tree
in the NCBI databases were used to analyze their distribution at the genomic level, their
similarities, and differences throughout the evolution.

In all comparative analyses performed in this work, the strains present the same
pattern. There is a formation of three clusters, with the first grouping all of the complete
genomes; the second grouping the draft genome of the strains UMB0833, JCP7659, and
JCP8070; and finally, the third cluster grouping the strains GV37, 409-05 (these being com-
plete genomes), and UMB0913, considered as draft genome. Cluster 1 presents similarity
above 80%, being always grouped in the same way and with a few deletions. Although
close, it shows much translocation and a few inversion processes over time, which can be
related to adaptation processes. Cluster 2 presents a median similarity, around 45%, with
more deleted regions and much translocation and inversion process. Moreover, cluster 3
was more unexpected because it grouped different degrees of complementary types, being
less similar with more events of evolution when compared with the other clusters, but
inside this cluster, the genomes are so close and present almost the same patterns.

Firstly, in an attempt to explain how these clusters were formed, we researched more
information about the epidemiology of these genomes, especially their extraction site.
Unfortunately, only five samples had their extraction sites identified in the NCBI, as shown
in Table 1 of the materials and methods. Once these sites had been identified, we realized
that the clustering of these species was not related to their extraction site, since species
as UMB0736 and UMB0298, both extracted in Maywood, USA were allocated in cluster 1;
UMBO0833, also extracted in Maywood, USA, was allocated in cluster 2; and, finally, GV37,
which were extracted in Paris, France and UMB0913, which were extracted in Maywood,
USA, were grouped in cluster 3. Then, although most of the species that we are able to
identify were extracted from the same place, they do not show high clonality patterns,
which corroborates the high plasticity found in the genomic plasticity analyses.

However, this work corroborates another work in diversity analysis inside the Gard-
nerella genus, where they found a polyphyletic organization, sorting this genus into nine
distinct genotypes. In agreement with this work, our cluster 3, which grouped GV37,
409-05, and UMB0913 strains, can be considered as part of GGtype4, a group that presented
genomes from strains that were considered less virulent organisms, and the other strains be-
longing to cluster 1 can be considered as part of GGtype9, a group which presents genomes
from strains that were considered as more virulent organisms [59]. In addition, this work
also suggests that the UMB0833 strain, part of cluster 2, can be considered as GGtype?7,
which presents characteristics like cluster 1 and may be classified as more virulent organ-
isms. A study by Bohr L. et al. [60] used a different methodology, from DNA extraction
to the characterization of the genes present in the pangenome and also corroborates the
findings in our study and in the aforementioned study, in which they separated the clusters
in the same way. Furthermore, this study demonstrates the significance of lateral gene
transfer in the diversity process under discussion. Our findings, as depicted in Figure 3,
have successfully identified certain genes associated with pathogenicity and resistance
through genomic islands originating from horizontal gene transfer. Our research paves the
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way for more in-depth investigations into the genes related to these mechanisms in an effort
to ascertain whether HGT may indeed play a pivotal role in influencing diversity. Moreover,
it guides future endeavors aimed at exploring these genes and their encoded proteins for
potential utilization as diagnostic markers, as well as therapeutic and preventive measures
against bacterial vaginosis.

This genomic difference between the strains of G. vaginalis in different groups was
also observed in several studies, such as in the amplified restriction analysis of ribosomal
DNA (ARDRA) identifying two genotypes among 17 samples of G. vaginalis, where they
considered the existence of a biotype 3 even though it was not identified due to the
limiting number of isolates and, also, to the region where they were obtained [11]. Other
comparative analysis studies showed the existence of four different biotypes of G. vaginalis
in the analysis of neighboring clusters between genes and perceived the formation of
unexpected clades between them, which corroborates our study [17]. This was later
confirmed in PCR analyses of the cpn 6 gene sequence, confirming the previous result
where four different groups were formed within the same species [6].

A pangenome analysis was performed in this work, where the genes were separated
into three distinct groups: the core genes present in all strains; shared genes among some
but not all strains; and singletons, with genes specific to each strain. The latter two groups
are related to the process of evolution and adaptation of each strain, thus helping in better
understanding the behavior of this species during its evolution. In the results, the species
showed a wide-open pangenome with an alpha value lower than 1 (0.75), a core genome
with approximately 208 genes, and the number of singletons added by each sequenced
genome to the pangenome was shown to be very low after stabilization, with an estimate
of less than one gene added. The core stabilization value is very close (~152 genes), and the
wide-open pangenome and the tangent of theta value of singletons indicate the possibility
of this pangenome closing, as genes are being added; however, it may take some time for
this to happen. This variation is also observed in the Venn diagram of singleton genes
(Figure 6B), where some genomes have more genes, being more variable than others. For
example, strain AMD with 46 genes, 5-1 with 43 genes, and 409-05 with 29 genes.

Altogether, we can better understand the result found in the functional analysis of
COG that represents a functional analysis of the behavior of this bacterium. When analyzing
the core genome, proteins classified as COG ] were more abundant than the others. COG J
harbors proteins associated with translation, ribosomal structure, and biogenesis, which are
functions commonly related to the functioning and survival of the bacterium, thus being
essential for proliferation, differentiation, and development [61], as well as also helping
the pathogen to adapt to changes in external physicochemical parameters; furthermore,
another highly abundant functional category in the core genome was COG F, which is
related to nucleotide transport and metabolism that are essential to all genomes once it is
related to energy production in the organism. From another perspective, when we compare
the COG categories between the singleton and shared genes with those of the core genes,
in its totality, there are many genes in categories that are not very well described yet, which
can be possibly accounted to genes acquired over the years in the process of adaptation of
each strain, which would explain this diversity as well. In addition, for this analyzed set,
the second category found was COG L, related to replication, recombination, and repair,
which have essential roles in the adaptation process and diversity [62,63].

5. Conclusions

In conclusion, it can be observed that some genomes exhibit greater similarity among
themselves when considering genomes within the same clade, as opposed to comparisons
with genomes from different clades. When examining the evolutionary history and, in
particular, the arrangement of their genes, some degree of this similarity becomes evident.
However, a more pronounced divergence is now apparent when analyzing the gene order
across the entirety of the genomes over the course of evolution. This comprehensive
understanding sheds light on the genome’s diversity. Moreover, regions of horizontal
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gene transfer were identified, which may serve as a pivotal factor contributing to this
diversity. When compared with the pangenome, it becomes apparent that new genes can be
added with the discovery of new genomes, further amplifying this aspect. Analysis of the
functions associated with these genes was anticipated when examining the core genome,
with genes fulfilling crucial metabolic roles for survival. Nonetheless, the other two subsets
contain genes with unknown functions, which may potentially generate new genes and
contribute to an expanded diversity.

These findings hold significant relevance for future studies focusing on the search for
resistance and virulence genes as targets for diagnostics or therapeutics. However, they
should be corroborated through in vitro and in vivo experimentation.
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CONCLUSAO CAPITULO I

Os resultados deste estudo destacam os padrdes de similaridade e divergéncia genomica da historia
evolutiva de Gardnerella vaginalis. A analise dos arranjos gendmicos revelou uma maior coesdo entre os
genomas dentro do mesmo clado, enquanto as comparagdes interclados evidenciaram uma divergéncia mais
acentuada, especialmente na ordem dos genes ao longo do tempo evolutivo. O que pode ser explicado pelas
regides de transferéncia horizontal de genes que destaca um mecanismo fundamental na promog¢ao da
diversidade genomica. Essas transferéncias podem introduzir novos genes nos genomas, ampliando as
capacidades adaptativas das espécies. A constatacdo de que novos genes continuam sendo descobertos com a
analise de novos genomas enfatiza a importancia da abordagem do pangenoma para uma compreensao
completa da diversidade genética.

A andlise funcional dos genes identificados revelou uma gama de fungdes, desde aquelas essenciais
para processos metabolicos basicos até aquelas com fung¢des ainda desconhecidas. Essa diversidade funcional
sugere um vasto potencial para a descoberta de novos genes e suas implicagdes nas adaptagdes evolutivas.
Esses achados sdao de grande relevancia para estudos futuros, especialmente aqueles voltados para a
identificagdo de genes de resisténcia e viruléncia como alvos para diagnostico e terapéutica e além disso para
compreender melhor o comportamento da espécie ao longo do tempo, a fim de elucidar melhor quais as

caracteristicas evolutivas foram mantidas dentro de Gardnerella vaginalis.
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5. ARTIGO CIENTIFICO 2: Unveiling Resistance and Virulence Mechanisms Under Darwinian
Positive Selection for Novel Drug Discovery for Gardnerella vaginalis

Manuscrito submetido de Analise de selecio positiva de genes de resisténcia e viruléncia de
Gardnerella vaginalis em lingua inglesa formato de acordo com as normas do periddico Genes &
Genomics (Springer), Fator de Impacto (atual): 2.1.

Uma questdo recorrente quando se estuda gendOmica comparativa € tentar encontrar a base genética que
estd relacionada com o processo de diversidade entre um grupo taxondmico. Esse artigo visa entender quais
seriam as caracteristicas fenotipicas especifica da espécie e quais genes possibilitam visualizar essa
diversidade dentro de Gardnerella vaginalis, como poderia também ser explicado o comportamento de
resisténcia e viruléncia dentre essas linhagens dessa bactéria patogénica. A selecdo positiva Darwiniana pode
ajudar a compreender melhor esse comportamento que foi mantido durante a evolucao da espécie na busca de
descrever os fendmenos de que variantes genéticas que sejam benéficas para fixar em uma populacdo e que
ao longo do tempo aumenta sua aptidao.

Gardnerella vaginalis exibe um potencial patogénico maior em comparagdo com outros organismos
que causam esta condi¢ao, formando biofilmes e aderindo mais intensamente as células epiteliais vaginais. A
resisténcia a antibioticos também foi observada em cepas de G. vaginalis, atribuida a presenca de varios genes
de resisténcia. Estudos gendmicos comparativos revelaram diversidade genética entre as espécies e diferentes
genotipos, possivelmente relacionados a viruléncia e resisténcia. O estudo visa identificar fendtipos de
resisténcia e viruléncia, bem como os genes relacionados a sele¢do positiva de Darwin, e identificar novos

alvos terapéuticos por meio de docking molecular e analises de acoplamento com compostos naturais.
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Abstract: Gardnerella vaginalis is a Gram-variable bacillus, characterized as a non-motile and non-capsule producer,
capable of causing bacterial vaginosis, a condition prevalent in reproductive age women, with this bacterium present

innearly 100% of cases. This organism exhibits high pathogenicity linked to virulence and resistance genes acquired
throughout evolution, showcasing elevated resistance to a broad spectrum of drug classes. This study conducted

comparative genomic analyses to identify these genes and correlate their presence with positive Darwinian selection.
Additionally, new drug targets were selected through docking and molecular modeling, guided by the heightened

antimicrobial resistance exhibited by this microbial species. The available genomes of G. vaginalis were analyzed, the

orthologous genes were delineated. and the positively selected genes, where 29 groups were found. Of these genes, one
of great importance was predicted, Mef4), which is related to resistance to the macrolide group of antibiotics, which

are the first line of choice for treating bacterial vaginosis. The selection covered genes ubiquitously present in all the

strains studied; other resistance genes also predicted are those related to resistance to tetracycline, fef(M), and fef(Z). In
addition, phenotypic analyses of virulence were carried out, and one of the findings was the sig.d (Rpo¥) gene, which

is closely related to resistance to various classes of antibiotics and is also a promising drug target. Additionally, two

potential protein candidates were selected as drug targets, implicated in essential processes for bacterial cell function.
Subsequently, these two proteins underwent modeling, and their structures were predicted, followed by docking

simulations with natural compounds. These proteins were linked with a natural compound each and are considered
good potential drug targets. The analyses contribute to analyzing the evolution of the species and how resistance genes
are related to their permanence as a potential pathogen

Keywords: Gardnerella vaginalis; Resistence; Positeve-selection; Drug Targets.

1. Introduction
Gardnerella vaginalis is a bacillus-shaped bacterium, commonly described as Gram-variable due

to its unpredictable response to Gram staining, influenced by the age of cultures and the physiological state
of the bactertum. In a specific analysis of its cell wall, a skinny layer of peptidoglycan was observed as it

ages, along with the absence of lipopolysaccharide and its components, such as heptose and hydroxylated
fatty acids. This characteristic has led many authors to characterize it as Gram-positive. This organism lacks

flagella or any other means of locomotion, does not produce spores, and lacks a capsule (Ping WONG et
al.).
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This pathogen can potentially cause bacterial vaginosis (BV), a common dysbiosis in the lower
genital tract of women of reproductive age. This condition is characterized by a reduction in Lactobacillus

species in the vaginal region, followed by an increase in facultative anaerobic bacteria. BV has been
associated with various women's health issues, including an increased risk of pregnancy and childbirth

complications, and contracting sexually transmitted diseases. Despite being considered a dysbiosis caused
by different bacterial genera, G. vaginalis is the species that predominantly causes BV, detected in samples

from affected women in up to 95% of cases (Ping WONG et al.).

This bacillus exhibits a higher pathogenic potential compared to other organisms causing this

condition, adhering more intensely to vaginal epithelial cells and forming biofilms (J[CSL STYLE ERROR:
reference with no printed form.]), a capability acquired through the presence of the sialidase enzyme.

Additionally, it possesses the VLY gene, which encodes vaginolysin, a toxic compound that assists in lysing
target cells (Ma et al. 2022). The biofilm formed by this bacterium features a matrix that impedes the drug

diffusion to the core, phenotypic changes, bacterial communication through quorum-sensing, upregulation
of genes enabling antimicrobial resistance, presence of enzymes hindering drug penetration into the biofilm,

and adaptation in physiological structure (Rigo and Tasca 2020).
Strains of G. vaginalis exhibiting intermediate resistance to kanamycin have been identified.

attributed to the presence of a gene belonging to the aminoglycoside phosphotransferase (APH) family.
Additionally, resistance mediated by the fetM and tetL genes, reducing sensitivity to tetracycline, was
observed. Furthermore, genes associated with superfamilies of ABC transporters (ATP Binding Cassette)
and PBP (penicillin-binding proteins) were found in these strains, strongly linked to drug resistance (Rigo
and Tasca 2020; Zhang et al. 2022). A study utilized strains from China to assess antibiotic resistance,
reporting the involvement of antibiotic resistance genes ermX and lsaC in macrolide resistance. Macrolides
are commonly used to treat bacterial vaginosis (Schuyler et al. 2015). The study also identified a resistance

phenotype for nitroimidazoles and aminoglycosides (Zhang et al. 2022).
These resistance genes may be involved in processes of positive Darwinian selection (Bochner et

al. 1980), in addition to those related to the host-pathogen relationship, immunity and virulence (Hongo et
al. 2015) as reported in several important pathogenic taxa, Escherichia coli (Petersen et al. 2007),

Campylobacter (Lefébure and Stanhope 2009) and Salmonella (Soyer et al. 2009). Generally, studies of
this nature are involved in understanding evolution and phenotypic characteristics that have been positively

selected.
Comparative genomic studies of G. vaginallis have shown a certain gene diversity among the

species (Giacchetto Felice et al. 2023), as well as including nine distinct genotypes (GGtypel to GGtype9),
and this may be related to the virulence and resistance potential of this microbial taxon (Tarracchini et al.

2020) that can be associated with genome-scale positive selection detection (GSPSD).
In this comparative genomics study, we aim to identify the resistance and virulence phenotypes

present in the core and which of these genes are related to Darwinian positive selection. In addition,
generating virulence and antibiotic resistance requires identifying new drug targets, so molecular modeling

and docking analyses with natural compounds will be carried out concurrently.

2. Materials and Methods
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2.1 Genome Information

We used 97 Gardnerella vaginallis Refseq and annotated genomes available from the National

Center for Biotechnology Information Datasets (NCBI) (https://www.ncbi.nlm.nih.gov/datasets/ - accessed

August 2023) for the comparative genomics analyses using .“fna”, “faa” and .““gbk” formats to perform the

studies (Table 1).

Table 1: Information about the 97 genomes of G. vaginalis strains.

Assembly

Assembly Accession Organism Name BioSample Accession

GCF_002861965.1 Gardnerella vaginalis UMB0386 SAMNO8193674
GCF_001049785.1 Gardnerella vaginalis 3549624 SAMNO03801593
GCF_001278345.1 Gardnerella vaginalis 14019 _MetR SAMNO04014465
GCF_001546455.1 Gardnerella vaginalis GED7760B SAMNO03851015
GCF_001546485.1 Gardnerella vaginalis PSS 7772B SAMNO03851016
GCF_001563665.1 Gardnerella vaginalis CMW7778B SAMNO3851013
GCF_001660735.1 Gardnerella vaginalis 23-12 SAMNO04625558
GCF_001660755.1 Gardnerella vaginalis 18-4 SAMNO04625602
GCF _001913835.1 Gardnerella vaginalis ATCC 49145 SAMNOS5757759
GCF_002206225.1 Gardnerella vaginalis FDAARGOS 296 SAMNO06173309
GCF_002861165.1 Gardnerella vaginalis UMB0061 SAMNO08193668
GCF_002861925.1 Gardnerella vaginalis UMB0775 SAMNO8193678
GCF_002861945.1 Gardnerella vaginalis UMB0770 SAMNO8193677
GCF_002861975.1 Gardnerella vaginalis UMB0298 SAMNO8193676
GCF_002862005.1 Gardnerella vaginalis UMB0032B SAMNO8193675
GCF_002862015.1 Gardnerella vaginalis UMB0032A4 SAMNO8193673
GCF _002862045.1 Gardnerella vaginalis UMB0233 SAMNO08193672
GCF_002884835.1 Gardnerella vaginalis UMB0768 SAMNO07511408
GCF_002894105.1 Gardnerella vaginalis DNF01149 SAMNO05578253
GCF_002896555.1 Gardnerella vaginalis KA00225 SAMNO5578087

(HOTE NANINIA0YS 1
Uurn_ wululdTasd.l

T avdn s lla siaoinalic AT AQTAS
aranerend VagindarsSaicve 57177

CANMINCEAANLD
DALVIINUOUTTLI L

GCF_003369875.1 Gardnerella vaginalis KA00225 SAMNO03145604
GCF_003369895.1 Gardnerella vaginalis N101 SAMNO03145579
GCF_003369935.1 Gardnerella vaginalis N153 SAMNO03145603
GCF_003369965.1 Gardnerella vaginalis N95 SAMNO03145504
GCF_003397605.1 Gardnerella vaginalis UGent 25.49 SAMNO09373179
GCF_003397665.1 Gardnerella vaginalis UGent 09.07 SAMNO09373175
GCF_003408745.1 Gardnerella vaginalis GH015 SAMNO04446401
GCF_003408775.1 Gardnerella vaginalis N160 SAMNO04446403
GCF_003408785.1 Gardnerella vaginalis N165 SAMNO04446402
GCF_003408835.1 Gardnerella vaginalis N144 SAMNO04446400
3
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GCF_003408845.1
GCF_003585655.1
GCF_003585755.1
GCF_003812765.1
GCF_004336715.1
GCF_013315005.1
GCF_013315025.1
GCF_013315045.1
GCF_013315075.1
GCF_013315085.1
GCF_013315115.1
GCF_014857145.1
GCF_023016185.1
GCF_023016205.1
GCF_023016225.1
GCF_023016245.1
GCF_023277565.1
GCF_023277605.1
GCF_023277625.1
GCF_023277645.1
GCF_023277665.1
GCF_023277685.1
GCF_023277725.1
GCF_030213965.1
GCF_030215405.1
GCF_030216615.1
GCF_030217865.1
GCF_030218185.1
GCF_030228365.1
GCF_030228445.1
GCF_030233905.1
GCF_900105405.1
GCF_900637625.1
GCF_000263555.1
GCF_000263495.1
GCF_000263595.1
GCF_000263435.1
GCF_000214315.1
GCF_000165635.1
GCF_000263475.1

Gardnerella vaginalis NRO10
Gardnerella vaginalis NRO3S
Gardnerella vaginalis NR039

Gardnerella vaginalis FDAARGOS 568

Gardnerella vaginalis 14018c
Gardnerella vaginalis UMB0143
Gardnerella vaginalis UMB0736
Gardnerella vaginalis UMB0540
Gardnerella vaginalis UMB0202
Gardnerella vaginalis UMB0358
Gardnerella vaginalis UMB0558
Gardnerella vaginalis 06-12-0010
Gardnerella vaginalis KC2
Gardnerella vaginalis KC1
Gardnerella vaginalis KC4
Gardnerella vaginalis KC3
Gardnerella vaginalis JNFY17
Gardnerella vaginalis JNFY14
Gardnerella vaginalis JNFY13
Gardnerella vaginalis JNFY11
Gardnerella vaginalis JNFY9
Gardnerella vaginalis JNFY4
Gardnerella vaginalis JNFYI
Gardnerella vaginalis UMB9230
Gardnerella vaginalis UMB6972
Gardnerella vaginalis UMB6789
Gardnerella vaginalis UMB1190A4
Gardnerella vaginalis UMBI1019
Gardnerella vaginalis U
Gardnerella vaginalis UMB1190B
Gardnerella vaginalis UMB10121
Gardnerella vaginalis DSM 4944
Gardnerella vaginalis NCTC10287
Gardnerella vaginalis 0288E
Gardnerella vaginalis 1400E
Gardnerella vaginalis 1500E
Gardnerella vaginalis 284V
Gardnerella vaginalis 315-4
Gardnerella vaginalis 41V

Gardnerella vaginalis 55152

SAMNO04446404
SAMNO07490630
SAMNO07490631
SAMNI10163192
SAMNI11037839
SAMNI15064064
SAMNI15064063
SAMNI15064062
SAMNI15064060
SAMNI15064061
SAMNI1506405%
SAMNI16294983
SAMN23424279
SAMN23424278
SAMN23424281
SAMN23424280
SAMN21246408
SAMN21246406
SAMN21246405
SAMN21246404
SAMN21246403
SAMN21246402
SAMN21246400
SAMN34996711
SAMN34996565
SAMN34996560
SAMN34996494
SAMN34996474
SAMN35153957
SAMN35153955
SAMN35153918
SAMNO04488545
SAMEA4535760
SAMNO02393775
SAMNO02393779
SAMNO02393780
SAMNO02393773
SAMNO00138210
SAMNO02472074
SAMNO02393778
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GCF_000263655.1
GCT_000263535.1
GCF_000178355.1
GCF_001042655.1
GCF_003397685.1
GCF_004336685.1
GCF_000159155.2
GCF_000213955.1
GCF_000414705.1
GCF_000414685.1
GCF_000414645.1
GCF_000414525.1
GCF_000414465.1
GCF_000414445.1
GCF_000263615.1
GCF_000263515.1
GCF_000263635.1
GCF_000414665.1
GCF_000414625.1
GCF_000414605.1
GCF_000414585.1
GCF_001546445.1
GCF_002861905.1
GCF_002861885.1
GCF_002884775.1
GCF_000165615.1

Gardnerella vaginalis 6119V5
Gardnerella vaginalis 75712
Gardnerella vaginalis ATCC 14018
Gardnerella vaginalis ATCC 14018
Gardnerella vaginalis ATCC 14018
Gardnerella vaginalis ATCC 14018
Gardnerella vaginalis ATCC 14019
Gardnerella vaginalis HMP9231
Gardnerella vaginalis JCP7275
Gardnerella vaginalis JCP7276
Gardnerella vaginalis JCP7672
Gardnerella vaginalis JCP8108
Gardnerella vaginalis JCP84814
Gardnerella vaginalis JCP8481B
Gardnerella vaginalis 00703 Bmash
Gardnerella vaginalis 00703Cmash
Gardnerella vaginalis 00703Dmash
Gardnerella vaginalis JCP7659
Gardnerella vaginalis JCP7719
Gardnerella vaginalis JCP8017A
Gardnerella vaginalis JCP8017B
Gardnerella vaginalis GED7275B
Gardnerella vaginalis UMB0830
Gardnerella vaginalis UMB0833
Gardnerella vaginalis UMB1686

Gardnerella vaginalis 101

SAMNO02393784
SAMNO02393774
SAMNO02471014
SAMDO00061047
SAMNO09373172
SAMNI11037755
SAMNO00001462
SAMNO00100736
SAMNO02436832
SAMNO02436904
SAMNO02436831
SAMNO02436830
SAMNO02436910
SAMNO02436829
SAMNO02393781
SAMNO02393782
SAMNO02393783
SAMNO02436712
SAMNO02436711
SAMNO02436912
SAMNO02436773
SAMNO03851014
SAMNO08193679
SAMNO08193680
SAMNO07511412
SAMNO02472073

2.2. Identification of Orthologues

For the prediction of orthologous genes, the Orthofinder v2.5.4 software was employed

2.3 Identification of Positively Selected Genes

(https://github.com/davidemms/OrthoFinder), performing a clustering calculation based on the Markov

Clustering Algorithm (MCL). This algorithm compared all genomes against each other to define clusters
with high levels of similarity within the analyzed data (Emms and Kelly 2015). Associating these results

with script in-house (ortho_pangenome splitter.pl) that classifies genes, three sets were obtained: the core
genome, which is present in all analyzed lineages and essential for the microorganism's survival; shared,

which gathers genes present in two or more lineages but not in all; and singletons, which are specific to
only one lineage (Kim et al. 2020).
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POsitive selecTION (POTION) v1.2 (https://www.lmb.cuptia.embrapa. br//share/POTION/) is a

massively parallel program that identifies positive Darwinian selection in genomic analyses of groups of

homologous genes through phylogenetic comparisons of protein-coding genes. An end-to-end pipeline,
open source, to select groups that are related with non-synonymous substitution, where occurs a mutation

which will cause the change of amino acid in the protein that are targets of natural selection and thus know
which phenotypic patterns have evolved at the molecular level (Hongo et al. 2015). To measure positive

selection is at the codon level discriminating e, the ratio of nonsynonymous to synonymous substitution
rates (Gao et al. 2019). Orthofinder's orthogroups.tsv output was used as an input for signaling the

homologous groups, and an in-house script (ortho2mcl.pl) was used to select the count of each orthogroup
and how many times it appeared in each of the lineages.

These orthogroups were used for functional analysis and identification of which genes and proteins
are mainly related to the resistance phenotype of G. vaginalis, using the Basic Local Alignment Search Tool

(BLASTYp) (https://blast.ncbinlm nih gov/Blast.cgi).

2.4 Subtractive Genomics and Protein Subcellular Localization Prediction
It was necessary to use the BLASTp algorithm to compare the core genome with the human

genome, given the classification of orthologous genes previously performed by Orthofinder, to perform
subtractive genomics. This analysis was performed to analyze which protein coding genes are inserted in
the genomes and do not have homology with the host, in this case, the human being, to avoid adverse
effects. To continue the analysis of possible targets for drugs (Soares et al. 2013), an in house script (core-
non-host.pl) was used to align the amino acid sequences (faa) in analysis against the human genome.

An analysis was performed to predict the subcellular localization of the proteins using SurfG+
software (Pacheco et al. 2011) to define which ones would be analyzed for drug targets. Those proteins

related to vital metabolic processes and bacterial survival, which are usually cytoplasmic, were selected for
drug target analysis (Rodrigues et al. 2019).

2.5 Genomic Resistance and Virulence Analysis

Pan Resistome Analysis Pipeline (PRAP) (https:/github.com/syyrix-hvc/PRAP); was used to
predict Antibiotic resistance genes (ARGs). This platform-independent Python3 tool predict genes related

to resistance using whole genomes based on the Comprehensive Antibiotic Resistance Database (CARD)
or ResFinder databases; furthermore, the annotations are used for the characterization of pan-resistomes

that can be used to characterize the distribution of ARGs among the input genomes (He et al. 2020). Only
the CARD database was used for Pan-resistome analyses.

Pan Virulence and resisTance Analysis (PanViTa) (https:/github.com/dlnrodrignes/panvita) is a
tool that not only predicts ARGs and Pan-resistomes like PRAP, but it also analyzes virulence and

antibacterial biocide and metal resistance, using the CARD, Antibacterial Biocide and Metal Resistance
Genes Database (BACMET) and Virulence Factor Database (VFDB). For the analyses of the G. vaginalis

genomes, only virulence analyses were carried out using minimum identity to infer presence (“=70™)
(Rodrigues et al. 2023).
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2.6 Selection of Possible Drug Target Candidates

The Essential Gene Database (DEG) was used to assess whether these candidate proteins for drug

targets are translated from genes that are essential for the permanence of the studied bacteria and are
indispensable for the biological processes of it (Zhang et al. 2004).

Subsequently, the DrugBank platform (www.drugbank.ca) was employed to predict proteins with
significant interactions and drugability. This database offers comprehensive information on drugs,

encompassing their drug interactions, bindings, associations, and mechanisms of action. Within this
context, we exclusively selected drug targets whose drugability has been assessed as high (Wishart et al.

2018).
The proteins identified by the VFDB database with the virulence phenotype were selected as drug

targets since they are essential for the survival and spread of the pathogen to the host (Passarelli-Araujo et
al 2019).

2.7 Protein Tertiary Structure Prediction
Through the sequence of the proteins, the prediction of their 3D structure was performed using

Alphafold v2.3.2 (https://github.com/google-deepmind/alphafold/tree/main) (Jumper et al. 2021a). This AI
system developed by DeepMind predicts the secondary and later the tertiary structure of the protein in a

reliable and reproducible way, where an accurate structure prediction is represented according to multiple

sets of sequence alignments (MSAs) and procedures based on evolutionary, geometric and physical
consfraints, where all the 3D coordinates of all the protein atoms are predicted from the aligned primary
amino acid sequence, according to their distance and interactions comparing with the PDB.

The network of this software comprises two main steps; the first is the processing of an MSA
comparing the number of sequences with the number of residues, a neural network block called Evoformer
to make a matrix N seq * N res ( N seq , number of sequences; N res, number of residues), there will be

defined the spatial and evolutionary relationships. Afterward, it is evaluated according to the rotation and
translation of the 3D structure. The model with the highest predicted Local Distance Difference Test

(LDDT) score (pLDDT) will be selected, which measures the local distance differences of all the atoms in
a model (Tunyasuvunakool et al. 2021; Jumper et al. 2021b).

To improve the structure of the selected proteins, GalaxyRefine (Heo etal. 2013) was used, which
refines the side chains by molecular dynamics simulation to improve the quality of the structure. The

Ramachandran Diagram predicted using the PROCHECK v.3.5 software confirmed the protein structure
by evaluating the stereochemical quality of protein structures (Laskowski et al. 1993).

2.8 Molecular Modeling Analysis

The Autodock tool (ADT) of the MGLTool package v1.5.7 (Morris et al. 2009) was used for 3D
structure analysis of the final drug target candidates, where a grid box for each target was made to cover

the region of the protein active site predicted by the DoGSiteScorer software of the Protein plus server
(Volkamer et al. 2012; Féhrrolfes et al. 2017). In parallel, 5008 natural compounds were selected as ligands

from the ZINC database (Irwin et al. 2012). The Natural Compound ligand library with 5008 molecules
was prepared according to the criteria stated by Lipinski's rule, such as - hydrogen bond donors not greater

than 3, hydrogen bond acceptors not greater than 10, molecular weight not greater than 500 Da, and octanol-
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water partition coefficient (log P) not greater than 5 for their drug-like properties. The compound molecules
were prepared according to the above-mentioned rule and downloaded from the ZINC database in 2017

and the library was first used in our published work by Alissa de Sarom et al., in 2018 (Gao et al. 2019)
against Haemophilus ducrevi. Af. AutoDock Vina software was used to perform the modeling analysis itself

(Trott and Olson 2010). The top 10 molecules were extracted for each target sequentially through an in-
house Python script and analyzed according to their binding affinity and hydrogen bridges. For visualization

of'this binding and extraction of the 3D image of the target the Chimera software was used (Pettersen et al.
2004).

BIOVIA Discovery Studio 21.1.0.0 (Sharma et al. 2021) was used to create 2D interaction photos
of the complex between the select proteins and their respective ligands predict by Docking in Autodock

toll.
3. Results

All the steps that were carried out are included in a flowchart. 97 Gardnerella vaginalis genomes
were compared using the methodology inserted in Figure 1, which summarizes the proteins selected for

molecular docking and the orthogroups selected for positive selection analysis.
Figure 1: Workflow of methodologies used to select the drug candidates and genes related to Darwinian

positive selection.

iy PRAP
l’-‘e\LJI m—PﬂnViTu

OrthoFinder 2

oitha_pangsaare sl
—]

LroeaThaN

[ [ ) BLASTp

Source: Authors, 2024.
Note: In this figure, a workflow with all the materials and methods used in this work can be observed, with
the methods inside each of the oval balloons and the program symbol next to it.

3.1 Analysis of Positively Selected Orthogroups
Orthofinder selected 2568 orthogroups to predict positive Darwinian selection by Potion. After

filtering, 231 groups were selected as valid. 29 groups were classified in Model 8, chosen for having the
best natural log-likelihood value (InL value) of the observed data sequence given the model parameters. A

cut-off point of 5% significance was used for the program's statistical analyses.
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To perform a functional analysis of the orthogroups that were positively selected (Supplementary

Table S2), we performed blast analyses (https:/blast.ncbinlm.nih.gov/Blast.cgi) with the blastp option. Of

the 29 groups, 19 were hypothetical groups with no known functions. Among the other 10 groups, several
are involved in ion, amino acid, and carbohydrate transport processes and in cell wall biogenesis and

transcriptional movements. In addition, one group is engaged with antibiotic efflux, for example, gene
Mef(A), which is related to antibiotic macrolide.

3.2 Resistance and Virulence Analysis

Figure 2: Analysis of pan resistome and resistance genes using PRAP software.
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Source: Authors, 2024,

Note: Figure A shows a growth curve of pan resistome (in blue) and core resistome (in orange). In addition.

in dotted lines, a curve of average and the fitting curve for pan and core resistome are shown. In figure B, can be
observed the number of antibiotic resistance genes for each antibiotic class in different colors, such as tetracycline in

purple, streptogramin in red, pleuromutilin in green, macrolide in orange, and lincosamide in bhue.

For pan resistome analysis (Figure 2A), no genes belonging to the core resistome were found, i.e.,

those found in all strains. However, the power law model performed the pan-resistome, generating a pan-
resistome size P = 2.078 * x%1% (R2= 0.803). This R-value of less than 1 suggests an open pan-resistome,

revealing that G. vaginalis can acquire resistance genes from other organisms throughout its evolution.
Through the CARD database, the PRAP software also found gene JsaC in two lineages that

provides resistance to lincosamide, pleuromutilin, and streptogramin antibiotic. The gene ‘mel” was found
in seventeen lineages, possibly providing resistance to macrolide and streptogramin antibiotics. The gene

mefi4) was found in thirteen, providing resistance to macrolide antibiotic. Finally, the genes fef(M) and
tet(L) were found in nineteen and two lineages, respectively, and both provide resistance against tetracycline
antibiotics (Figure 2B).

Using PanViTa we found sigA/rpo¥ and msbB alleles related to virulence, which were predicted
by using the VFDB database (Supplementary Table S3).

3.3 Selection of Drug Targets

Initially, proteins were selected based on the orthogroup they belonged to, using Orthofinder and
in-house scripts (ortho_pangenome splitter.pl). The analysis encompassed all proteins identified in the
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core, resulting in 495 proteins across all genomes. From this pool, only 159 proteins were chosen (core-
non-host.pl) due to their non-homology with the host, a precaution taken to mitigate potential adverse

effects. In the search for proteins with cytoplasmic localization for use as drug targets, SurfG+ identified
and selected only 78 proteins.

The remaining proteins underwent scrutiny based on essentiality (n = 55) for the species,
druggability (n = 14), and virulence, employing DEG, VFDB, and DrugBank programs, respectively.

Ultimately, two proteins, WP_004132099.1 (RNA polymerase sigma factor sigA) (gene sigd) and
WP _004131683.1 (UDP-N-acetylenolpyruvoylglucosamine reductase) (gene murB), were chosen as

potential drug targets for subsequent structural and molecular docking analyses.

3.4 Prediction of the Tertiary Structure of the Selected Proteins
Alphafold was used to predict the tertiary structure of two previously selected proteins,

WP _004132099.1 and WP_004131683.1 (Figure 3). For each, 24 models were predicted after reordering
by model confidence, containing the prediction with the (i + 1)-th highest confidence, predicted from the

pLDDT in which "ranked 0.pdb" has the highest confidence.
The predicted Ramachandran diagrams showed a high quality of the structure of the predicted

proteins and are present in the supplementary material (Figure S1 and Figure S2).

Figure 3: Tertiary structure of WP_004132099.1 and WP_004131683.1 predict by Alphafold.

A

WP_004132099.1

WP_004131683.1

Source: Authors, 2024,

Note: Figure A shows WP_004132099.1 tertiary structure predicts by Alphafold (in blue). Figure B shows

WP_004131683.1 tertiary structure predicts by Alphafold (in orange).
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3.5 Molecular Docking of Selected Proteins with Natural Compounds
The previously selected proteins WP_004132099.1 and WP_004131683.1 were used for

molecular docking analysis with 5008 natural compounds. The best ligands were respectively
DLNC ZINC08635277 with a free energy score of -9.68 and a hydrogen bond on Tyrosine 250 belonging

to the active site of protein WP_004132099.1 and DLNC _ZINC03840479 with a score of —9.689 with
three hydrogen bonds on residues Lysine 166, Phenylalanine 202 and Leucine 51 of the active site of protein

WP_004131683.1 (Figure 4 and Table 2). This interactions in 2D are illustrated in supplementary material
(Figure S3 and Figure S4).

Figure 4: Docking molecular analyses of the proposed new drug targets.

004132099.1

Source: Authors, 2024,

Note: In figure A, can be observed the protein WP_004132099.1 in blue color and its best compound ligand
DLNC ZINCO08635277 in shades of blue color. The link between the protein and its ligand by the hydrogen bridge
with the amino acid Tyrosine 250 (THR 250) is stained yellow. In figure B, the protein WP 004131683.1 in orange
color and its best compound ligand DLNC ZINC03840479 in shades of green color can be observed. The link between

the protein and its ligand by the hydrogen bridge with the amino acids Lysine 166 (LY'S 166), Phenylalanine 202 (PHE
202) and Leucine 51(LEU 51) is stained yellow.

Table 2: Proteins selected for drug targets with their predicted natural compounds from the ZINC database,
hydrogen bonding and residue analyzed by Chimera software.
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Auto
Dock Hbonds
Protein ZINC Compounds Vina  number Residue Angstrém (A)
WP_004132099.1 DLNC ZINC08635277 -9.68 1 THR 250 2291 A
LYS 166 2123 A
WP_004131683.1 DLNC _ZINC03840479 -9.689 3 PHE 202 2327 A
LEU 51 2227 A

4. Discussion

G. vaginalis is a species of great medical importance, especially for women's health. Recent
studies have shown its great gene diversity, antibiotic resistance, and virulence phenotype (Schellenberg et

al. 2017; Chen et al. 2021). Comparative analyses were carried out to evaluate the positive Darwinian
selection of all the annotated genomes deposited in the NCBI database of G. vaginalis.

Positive Darwinian selection is understood as characteristics that have been selected over time to
maintain phenotypes that are considered advantageous for the survival of the species. What occurs are
mutations that lead to ammo acid changes in the protein that are targets of natural selection, i.e., non-
synonymous substitution (Farhat et al. 2013). Antibiotic resistance may be one of these mechamsms that
are evolutionarily selected. Through phylogenetic comparison of protein-coding genes, Darwian positive
selection analyses showed relevant orthogroups that were selected, which shows that G. vaginalis is a
species with high genetic diversity and that genes have been added through evolution (Mu et al. 2010).

Fundamental groups that were analyzed are the Mef{.4) gene, which is related to resistance to macrolide
class antibiotics (Zhang et al. 2016), and ret(M) and tet(L) related to tetracycline resistance (Ammor et al.

2008). This relationship shows how much this pathogenic species has evolved towards the resistance
phenotype.

The resistance and virulence of these strains were then predicted to comrelate with the orthogroup
positively selected by PRAP and PanVita, respectively. These analyses also showed resistance to the

macrolide group class. Several studies have shown strains of G. vaginalis resistant to macrolides, which
are the first line of treatment for bacterial vaginosis, and can be associated with treatment failure and a high

recurrence of the condition (Schuyler et al. 2015). Another comparative genomics study demonstrated the
presence of two genes related to resistance to this class of antibiotic as well as one major facilitator

superfamily (MFS) transporter, as well as four unknown multidrug efflux systems (Tarracchini et al. 2020).
In addition, when analyzing the pan-resistome using the power law model, the R-value was lower

than 1, suggesting an open pan-resistome; this can be understood as a greater capacity to acquire resistance
genes, as shown by the analysis of which genes were positively selected. Furthermore, many singletons

show the relationship of resistance genes that evolve with the species, guaranteeing this phenotype for G.
vaginalis (Decano et al. 2021).

Based on this result and the possibility that G. vaginalis may continue to be a microorganism that
will acquire resistance genes throughout its evolution, it already has resistance genes; reverse vaccinology
and molecular docking analyses were carried out. Firstly, within subtractive genomics, the genes present in
all the strains, i.e., those that belonged to the core genome, were compared in terms of their presence in
their host to avoid possible adverse reactions. The proteins encoded by these genes, which were only present

in the bacteria, were tested for their subcellular localization. Proteins considered to be cytoplasmic are
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usually used as drug targets because they are more likely to be involved in the microorganism's survival
mechanisms (Peraman et al. 2021), so 78 proteins went on to be analyzed for essentiality.

After the essentiality analysis, these proteins were tested against databases to assess whether they
could bind to antibiotic compounds and were already considered virulence mechanisms among the most

diverse organisms. Finally, two proteins passed all the quality filters and have undergone molecular docking
analysis to bind to any natural compounds belonging to an antibiotic.

The first protein, WP_004132099.1, is a RNA polymerase sigma factor sigA. This protein has the
vital function of directing the RNA polymerase enzyme to its promoter, which allows the bacterial

transcription process to begin (Ganapathy et al. 2021; Switzer et al. 2022). Drugs that involve this protein
as a drug target are already widely studied, for example, acting as an inhibitor of infection caused by

Staphylococcus aureus (Haupenthal et al. 2020) or even tuberculosis (Mukinda et al. 2012; Caputo et al.
2022). In addition, this gene is related to the putative transcriptional regulator WhiB7, which is crucial for

resistance to various classes of antibiotics; this has been demonstrated in Mycobacterium simegmatis, and
so inhibiting this WhiB7 binding could make ineffective antibiotics effective again (Burian et al. 2013).

Finally, a detail that is striking about G. vaginalis is that some species present the sigd (RpoV) gene as a
virulence factor, predicted by the PanVita software in five strains, also called sigma A, and involved in this

transcription initiation process. For these reasons, this drug target is essential, especially if it is to be used
against the diseases caused by these bacteria.

The second protein, WP_004131683.1, is an UDP-N-acetylenolpyruvoylglucosamine reductase.
This protein catalyzes the reaction of UDP-N-acetylmuramic acid, an essential part of peptidoglycan.
Peptidoglycan is responsible for maintaining the structure of the cell wall of prokaryotes ([CSL STYLE
ERROR: reference with no printed form.]; Amera et al. 2020). Because it is a molecule that plays an
essential role in forming the cell wall and maintaining the structure and, consequently, the presence of the

microorganism in the host, it is often used in studies as a drug target. In silico work using Acinetobacter
baumanii, Escherichia coli, Psendomonas aeruginosa, and even in vitro studies agamst Corvnebacterium

glutamicum, demonstrated that the murB gene, which encodes this protein, had important effects on
maintaining the survival of microorganisms and could be used as drug targets (Shi et al. 2019;

Amiranashvili et al. 2020; Amera et al. 2020).

5. Conciusions
In conclusion, the G. vaginalis genomes showed the selection of several positively selected genes,

especially those related to resistance and virulence. In addition, the species' pan-resistome is open,
demonstrating that in addition to the genes already found, it may be able to acquire new genes throughout

evolution. This shows that this phenotype is essential for maintaining the species in its pathogenic trait
during its evolution.

Coupled with this, two proteins with the potential to promote virulence were predicted, selected
by subtractive genomics. Given the resistance observed, molecular docking analyses were carried out on

these proteins with natural compounds to choose them in sifico as potential drug targets. These proteins

were linked with two natural compounds with good binding energy; in addition to that, these proteins reveal

themselves to be excellent targets due to their functions in critical survival processes because they are also
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linked to the resistance and virulence genes found here and have already been tested against other
microorganisms. These targets should also be tested in vitre and in vivo to find more promising results

against G. vaginalis.
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CONCLUSAO CAPITULO II

Neste trabalho foram encontrados diversos genes que possibilitaram uma melhor
compreensdo do comportamento evolutivo de Gardnerella vaginalis, o qual foi possivel
observar a presenca de genes com caracteristicas de viruléncia e resisténcia antimicrobiana.
Esses achados corroboram com o fenotipo patogénico e resistente dessa espécie que foi mantido
ao longo do tempo, a qual pode ser explicada pela grande permanéncia e recorréncia da
vaginose bacteriana mesmo apo6s tratamento, tanto pela resisténcia aos Macrolideos, a principal
linha de tratamento como pelos fatores de viruléncia, como a formacao de biofilme a presenga
de vaginolisina.

Visto essas resisténcias a antimicrobianos, foram propostas duas proteinas com fungdes
essenciais para a sobrevivéncia da bactéria como alvos de drogas utilizando a metodologia de
docking molecular, prevendo interagdes ligante-alvo em nivel molecular na utilizagdo de
compostos naturais para inibicdo do sitio ativo desses alvos, melhorando as chances de
encontrar candidatos a medicamento contra vaginose bacteriana que ¢ um problema crucial na

saude e bem-estar da mulher.
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7. CONCLUSAO GERAL

E perceptivel que ha uma maior semelhanca entre os genomas dentro do mesmo clado,
em comparagdo com genomas de clados diferentes. Ao examinar a historia evolutiva e,
especialmente, a organizagdo dos seus genes, torna-se evidente um certo grau dessa
similaridade. No entanto, uma divergéncia mais significativa ¢ agora evidente ao analisar a
ordem dos genes em todos os genomas ao longo da evolugdo. Essa compreensdo abrangente
lanca luz sobre a diversidade do genoma.

Além disso, os genomas da espécie demonstraram a selecao positiva de varios genes,
especialmente aqueles relacionados a resisténcia e viruléncia. Além disso, o pan-resistoma da
espécie € expansivel, sugerindo que, além dos genes ja identificados, ela pode adquirir novos
genes ao longo da evolugdo, o que ¢ crucial para manter a caracteristica patogénica da espécie.
Além disso, foram identificadas duas proteinas com potencial para promover a viruléncia,
selecionadas por meio de gendmica subtrativa. Dada a resisténcia observada, foram efetuadas
analises de docking molecular destas proteinas com compostos naturais para as escolher in
silico como potenciais alvos de medicamentos, esses dados todos podem contribuir para
pesquisas futuras por buscas de terapias vacinais e medicamentosas para o tratamento da

doenca.
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8. PERSPECTIVAS

Os capitulos desse trabalho, trazem andalises complementares de diversidade génica
seguida de sele¢do positiva Darwiniana e por fim na identificacdo de proteinas como potenciais
alvos de droga. Sera realizada em andlises posteriores a dindmica molecular dessas proteinas,
bem como Docking molecular das suas estruturas secundarias para validacdo da estrutura
proteica de cada.

Ademais, serd realizado a busca de novos isolados de linhagens de Gardnerella
vaginalis para um estudo com outros patégenos envolvidos na vaginose bacteriana para sele¢ao

de alvos que possam ser utilizados na confec¢do de um farmaco.
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11. ANEXOS
11.1 FIGURAS

CAPITULO I
Figuras do artigo de pesquisa intitulado: Pangenome Analysis Reveals a High Degree of

Genetic Diversity in Gardnerella vaginalis: An In Silico Approach.

Organism 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1: Alloscardovia_omnicolens DSM21503
2: Gardnerella vaginalis UMB0913
3: Gardnerella_vaginalis_409-05
4: Gardnerella_vaginalis_ GV37
5: Garduerella_vaginalis UMBO0833
6: Gardnerella vaginalis JCP7659
7: Gardnerella_vaginalis_JCP8070
8: Gardnerella_vaginalis_JCP8108
9: Gardnerella_vaginalis UMB0736
10: Gardnerella vaginalis HMP9231
11: Gardnerella_vaginalis FDAARGOS 568
12: Gardnerella_vaginalis UMBO0298
13: Gardnerella_vaginalis JCP7672
14: Gardnerella vaginalis DSM4944
15: Gardnerella_vaginalis NCTC10287
16: Gardnerella_vaginalis ATCC14019
17: Gardnerella_vaginalis ATCC14018_JCM11026

Figura 1. Mapa de calor com 7 genomas completos de G. vaginalis e 9 genomas representativos

de clados
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Figura 2. Arvore filogenética mostra a percentagem de bootstrap com 1000 bootstraps na arvore.
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Figura 3. Previsao da plasticidade gendmica com ilhas de patogenicidade (PAI), ilhas de resisténcia (RI) e ilhas metabdlicas (MI) de G. vaginalis
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COG Functional Classification - Core Genoma
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[J] Translation, ribosomal and hiogenesis

[K] Transcription

[L] Replication, recombination and repair

[D] Cell cycle control, cell division and
chromosome partitioning

[T] Signal transduction mechanisms

[M] Cell wall, membrane envelope and hiogenesis
[U] Intracellular trafficking, secretion and vesicular
transport

[O] Post-translational modification, protein turnover
and chaperones

[C] Energy production and conversion

[G] Carhohydrate transport and metaholism

[E] Amino acid transport and metabolism

[F] Nucleotide transport and metabolism

[H] Coenzyme transport and metabolism

[] Lipid transport and metabolism

[P] Inorganic ion transport and metabolism

[S] Function unknown
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Figura 6. Classificacao funcional COG do core genoma.
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Figura 7. Classifica¢ao funcional COG dos genes shared e singletons.

[J] Translation, ribosomal structure and
hiogenesis

[K] Transcription

[L] Replication, recombination and repair
[D] Cell cycle control, cell division and
chromosome partitioning

[V] Defense mechanisms

[T] Signal transduction mechanisms

[U] Intracellular trafficking, secretion, and
vesicular transport

[O] Post-translational modification, protein
turnover and chaperones

[C] Energy production and conversion

[G] Carbohydrate transport and metabolism
[E] Amino acid transport and metabolism
[F] Nucleotide transport and metaholism
[H] Coenzyme transport and metaholism
[I] Lipid transport and metabolism

[P] Inorganic ion transport and metabolism
[Q] Secondary metabolites biosynthesis,
transport and catabolism

[S] Function unknown
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CAPITULO I1
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Figura 1. Fluxo de trabalho das metodologias utilizadas para selecionar os candidatos a

medicamentos e os genes relacionados com a selecao positiva Darwiniana.
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Figura 3. Estrutura terciaria de WP_004132099.1 e WP_004131683.1 prevista por Alphafold.
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11.2 MATERIAL SUPLEMENTAR

CAPITULO1
Material suplementar do artigo de pesquisa intitulado: Pangenome Analysis Reveals a

High Degree of Genetic Diversity in Gardnerella vaginalis: An In Silico Approach.

https://drive.google.com/file/d/1PpRjcAGkvDT8h3Gi2dhXSwL9QZEwotCO/view?usp=drive link

CAPITULO IT
Material suplementar do artigo de pesquisa intitulado: Unveiling Resistance and
Virulence Mechanisms Under Darwinian Positive Selection for Novel Drug Discovery for

Gardnerella vaginalis.

https://drive.google.com/file/d/1J) nG21BRRKTQc-HzRool 5zAKV-hddSS/view?usp=sharing
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APENDICE
Producio cientifica

Producao cientifica referente as atividades de pesquisa durante o periodo de 2021 a
2024. Dois artigos submetidos como primeira autora, um publicado com primeira autoria
compartilhada e 2 como coautora submetidos. Além disso, foram publicados 3 capitulos de
livros como co-autor e 1 submetido como primeira autora, conforme pode ser observado abaixo
no curriculo lattes resumido e comprovantes.

Curriculum Lattes (Resumido)

Eduarda Guimaraes Sousa
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RESUMO

A imunoinformatica, brago da bioinformatica, permite a predigdo ¢ construgdo de
novas vacinas in silico, que podem ser produzidas e chegarem & populagdo em geral.
A partir do genoma dos organismos de interesse sao feitas diferentes conversoes e
analises até se chegar a proteinas imunogénicas ¢ que sdo compartilhadas entre
diferentes espécies ou linhagens. Essas proteinas sio entao utilizadas para a producio
de vacinas. Modelos vacinais in silico contra bactérias, virus e parasitos ja estdo
disponiveis, demonstrando o grande potencial da imunoinformatica. No capitulo sdo

abordados esses organismos com alguns dos avangos ja alcancados.

Palavras-chave: Imunoinformatica. Parasitos. Virus. Bactérias. Vacinas.
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