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RESUMO

Probioticos sdo microrganismos capazes de colonizar o trato gastrointestinal (TGI) e promover
o bem-estar do hospedeiro, por meio de interagdes moleculares com o sistema imune e
digestorio. Bactérias do Acido Lactico (BAL) compreendem um grupo de bactérias Gram-
positivas que produzem 4acido lactico como produto final da fermentagao, e que possuem ampla
relevancia industrial. Diversas BAL sdo reconhecidamente probioticas devido a sua capacidade
de resistir as condigdes fisico-quimicas do trato gastrointestinal (TGI), se aderir a mucosa
intestinal e conferir beneficios ao hospedeiro por meio de atividades imunomoduladoras e
antagonistas a patogenos. L. paracasei UFTM 2.9 foi previamente isolado do leite de vaca na
regido da Universidade Federal do Triangulo Mineiro e apresentou resultados satisfatorios em
testes in vitro quanto a resisténcia ao pH acido e a presenga de sais biliares. Embora diferentes
espécies probioticas ja tenham sido identificadas, os mecanismos moleculares promotores de
probiose ainda nao estdo totalmente esclarecidos. O objetivo deste estudo foi utilizar estratégias
de probiogendmica associadas a validagdes in vitro para ampliar o conhecimento acerca da
bactéria L. paracasei UFTM 2.9 e caracterizar seu potencial probiotico. O genoma de L.
paracasei UFTM 2.9 ¢ composto por 127 contigs, 321652 pares de base (bp) e apresenta
conteido GC de 46.20%. Nao foram detectados genes de viruléncia ou elementos CRISPR.
Dois fagos foram identificados no genoma de L. paracasei UFTM 209. A atividade
antimicrobiana foi confirmada in vitro, a partir da identificacdo de genes que codificam
carnocina, enterocina e salivaricina. A bactéria ¢ metabolicamente versatil, crescendo em quatro
fontes de carbono, além da glicose. Além disso, a anotagdo funcional dos genes associados a
probiose identificou a presenca de 170 genes responsaveis por efeitos probidticos em L.
paracasei UFTM 2.9. Os resultados indicam o potencial uso de L. paracasei UFTM 2.9 como um

probidtico, considerando sua capacidade de inibir microrganismos patogénicos € seu potencial genético

para expressar caracteristicas de interesse e sobreviver no trato gastrointestinal.

Palavras-chave: BAL, probidticos, L. paracasei.



ABSTRACT

Probiotics are microorganisms capable of colonizing the gastrointestinal tract (GIT) and
promoting host well-being through molecular interactions with the immune and digestive
systems. Lactic Acid Bacteria (LAB) comprise a group of Gram-positive bacteria that produce
lactic acid as the end product of fermentation and hold significant industrial relevance. Several
LAB strains are recognized as probiotics due to their ability to withstand the physicochemical
conditions of the gastrointestinal tract (GIT), adhere to the intestinal mucosa, and confer benefits
to the host through immunomodulatory and pathogen-antagonistic activities. L. paracasei
UFTM 2.9 was previously isolated from cow’s milk in the region of the Federal University of
Tridngulo Mineiro and showed satisfactory in vitro results regarding resistance to acidic pH and
bile salts. Although different probiotic species have already been identified, the molecular
mechanisms promoting probiotic effects are not yet fully understood. This study aimed to use
probiogenomic strategies associated with in vitro validations to broaden the knowledge of L.
paracasei UFTM 2.9 and characterize its probiotic potential. The genome of L. paracasei
UFTM 2.9 consists of 127 contigs, 321,652 base pairs (bp), and has a GC content of 46.20%.
No virulence genes or CRISPR elements were detected. Two phages were identified in the
genome of L. paracasei UFTM 2.9. Antimicrobial activity was confirmed in vitro by identifying
genes encoding carnocin, enterocin, and salivaricin. The bacterium exhibits metabolic
versatility, growing on four carbon sources in addition to glucose. Furthermore, the functional
annotation of genes associated with probiotic effects identified the presence of 170 genes
responsible for probiotic traits in L. paracasei UFTM 2.9. The results indicate the potential use
of L. paracasei UFTM 2.9 as a probiotic, considering its ability to inhibit pathogenic
microorganisms and its genetic potential to express traits of interest and survive in the

gastrointestinal tract.

Keywords: LAB, probiotics, L. paracasei
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1 INTRODUCAO

Lacticaseibacillus paracasei ¢ um cocobacilo Gram-positivo pertencente a
familia Lactobacillaceae, amplamente difundido na natureza. Tal microrganismo faz parte de
um grupo formado por diversas espécies que compartilham caracteristicas e aplicagdes,
denominado Bactérias do Acido Lactico (BAL), as quais sdo Gram-positivas, catalase negativas,
nao formadoras de endosporos e produzem acido latico como principal produto da fermentagao
de carboidratos. Entre as BAL observa-se elevado potencial biotecnoldgico, sendo que espécies
pertencentes ao grupo sdo amplamente empregadas pela industria na produgdo de alimentos
fermentados, sendo capazes de promover caracteristicas organolépticas relevantes e
contribuirem também para a conservagao dos alimentos por meio da producao de metabodlitos

que prolongam a vida de prateleira (De Chiara et al., 2024)

Lacticaseibacilus ¢ um género criado a partir da reclassificagao dos Lactobacillus e esta
contido no grupo das BAL em que as espécies se destacam ainda por seu emprego como
probidtico que, por definicdo, sdo aqueles microrganismos que quando administrados em
quantidade suficiente, s3o capazes de promover o bem-estar do hospedeiro por meio de
interagdes moleculares com o sistema imune e digestorio (Yang et al., 2024). Tal classificagdao
amplia o potencial de exploragdo dos recursos biotecnoldgicos atribuidos a determinadas

espécies sendo também empregadas pela industria farmacéutica.

Os efeitos probidticos ocorrem a partir do metabolismo dos microrganismos ¢ também
do hospedeiro, em que este € capaz de oferecer um ambiente rico em nutrientes ¢ metabdlitos
para o crescimento microbiano que, por sua vez, participam do processamento de carboidratos
e de compostos ndo digeriveis produzindo substancias como acidos graxos de cadeia curta e
vitaminas, por exemplo. Os probioticos possuem diversas maquinarias metabdlicas que
impactam a saude do hospedeiro, tais como 1) modulagdo do sistema imune: aumentando a
resposta imunologica, diminuindo a inflamag¢do e combatendo patogenos; ii) interagdo entre
espécies: através da produgdo de compostos inibitorios conferindo estabilidade para a
microbiota residente; iii) produgdo de acidos organicos e consequente regulacao do pH do célon;
1v) composicao da barreira mucosa intestinal; v) sintese de moléculas neuromoduladoras como
GABA e triptofano. Entretanto, para aplicacdo comercial de probidticos € preciso que a sua
biosseguranga esteja estabelecida, sobretudo em estudos com humanos, precedidos por analises

in silico, in vitro ¢ in vivo, utilizando modelos experimentais (Sanders et al., 2019).
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Considerando o processo evolutivo de bactérias do género Lacticaseibacillus, os demais
géneros que constituem o grupo das BAL e sua recorrente aplicagdo e destaque pelo potencial
probiotico, observa-se o compartilhamento de muitas informagdes genéticas, de maneira que
pequenas variagdes podem ser relevantes para a expressao de caracteristicas associadas a
probiose. Dessa maneira, a combinagcdo de diferentes metodologias ¢ fundamental para a
caracterizacdo do potencial biotecnoldgico dos microrganismos estudados. Adicionando as
potencialidades a partir do desenvolvimento das plataformas de sequenciamento gendmico de
microrganismos potencialmente probidticos, possibilita-se a investigacao dessas caracteristicas

in silico, assim como o melhor direcionamento dos experimentos in vitro.

No esteio das pesquisas desenvolvidas com as BAL, foi possivel isolar uma linhagem
de L. paracasei a partir do leite de vaca, sendo denominado L. paracasei UFTM 2.9. Tal isolado
foi identificado a partir de seu contetido genético e submetido a testes de resisténcia a pH acido,
resisténcia a sais biliares, assim como foi capaz de demonstrar atividade inibitoria contra
patogeno (Rotta et al., 2020). Desta maneira, esta pesquisa visa realizar a caracterizacdo do
potencial probiotico de L. paracasei UFTM 2.9 por meio da probiogendmica, combinando

abordagens in vitro ¢ in silico.
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2 REVISAO BIBLIOGRAFICA

2.1 BACTERIAS DO ACIDO LATICO

Bactérias do Acido Lactico compreendem um grupo de microrganismos Gram-positivos,
catalase-negativos, anaerobicos facultativos ou microaeréfilos ndo formadores de esporos, resistentes
ao pH acido e que produzem acido latico como produto final da fermentagdo de carboidratos. O grupo
reine espécies das familias derococcaceae, Carnobacteriaceae, Enterococcaceae, Lactobacillaceae,
Leuconostocaceae ¢ Bifidobacterium. Sdo definidas também como seres unicelulares, procariotos e
heterotroficos que utilizam moléculas complexas como fonte energética. Diversas BAL sdo
reconhecidamente probioticas devido a sua capacidade de resistirem as condigdes fisico-quimicas do
trato gastrintestinal (TGI), se aderirem & mucosa intestinal e conferirem beneficios ao hospedeiro por
meio de atividades imunomoduladoras e antagonistas a patégenos, caracteristicas também associadas
aos probioticos (Cho et al., 2020). Além do TGI, outros nichos anatdmicos humanos sdo colonizados
por BAL, como a cavidade oral (Bifidobacterium longum), a cavidade vaginal (B. longum e
Lactobacillus crispatus) e a pele (Lactobacillus reuteri e Lacticaseibacillus rhamnosus) (Reuben et al.,
2019).

As BAL sao tradicionalmente acessadas através do consumo de produtos lacteos e fermentados,
uma potencialidade explorada por empresas do ramo alimenticio, que utilizam os fatores de probiose
como valor agregado em seus produtos e também como recurso organoléptico. Desta forma, a
sobrevivéncia desses microrganismos aos processos industriais aos quais os alimentos sdo submetidos é
determinante, assim como o sua viabilidade no nicho anatémico final, considerando inclusive a interagao
com os microrganismos residentes (da Cruz et al., 2009).

Embora a associacdo entre BAL e efeitos positivos na saide e industria seja amplamente
difundido, a viabilidade de cada microrganismo deve ser observada conforme o interesse e
aplicabilidade. Bactérias que produzem biofilme, por exemplo, podem ser importantes para a
constituicdo da barreira mucosa intestinal, ao passo que ao serem utilizadas em produtos alimenticios, a
mesma caracteristica pode ocasionar alteragdes sensoriais (Champagne et al., 1994). O uso de BAL
também encontra aplicagdo em processos de conservagdo, sendo capazes de prolongar a vida de
prateleira, considerando sua acdo relativa ao Ph e resisténcia a patdgenos e microrganismos
deteriorantes. Adicionalmente, em vista do desenvolvimento dos recursos tecnologicos, esses
microrganismos também estdo sendo estudados com objetivos relacionados ao desenvolvimento de
vacinas e isolamento de compostos de interesse no manejo de doengas para uso em seres humanos e
animais (Hazebrouck et al., 2006).

O recorrente uso e atribui¢do de caracteristicas de probiose as BAL ocasionou a necessidade de
regulamentacdo quanto ao emprego de espécies, assim como da atribuicdo de caracteristicas benéficas

relacionadas a elas. Atualmente, duas agéncias estabelecem as normativas para uso e caracterizagdo de
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atributos. Nos Estados Unidos, a Food and Drug Administration (FDA) estabelece normativas para
certificar a biosseguranga quanto ao uso em humanos, atribuindo um status de “espécies geralmente
reconhecidas como seguras” na siga em inglés GRAS (Generally Recognized As Safe) aqueles
microrganismos que correspondem aos critérios da agéncia. Ja na Europa, a regulamentagao ¢ feita pela
Autoridade Europeia para a Seguranca dos Alimentos (EFSA), que utiliza o termo Presun¢do
Qualificada de Seguranca (QPS, do inglés Qualified Presumption of Safety), observando também fatores
de viruléncia e interagdo com outros microrganismos (Rocha et al., 2024).

Uma vez qualificadas como seguras, pode-se citar algumas caracteristicas fisiologicas das BAL
normalmente exploradas em beneficio da saide e também industrial, como a producdo de
polissacarideos a partir da parede celular de determinadas BAL, que chegam ao ambiente extracelular
como exopolissacarideos (EPS). Também ¢ possivel citar a excrecdo de proteinas de superficie ligadas
ou ndo a parede bacteriana, além de ions que compde a parede celular e participam da regulagdo
eletrostatica do microrganismo frente ao ambiente (Burgain et al., 2014).

Considerando a gama de atributos fisio-morfologicos que podem ser explorados e o
desenvolvimento tecnologico contemporaneo, o sequenciamento gendmico possibilitou analises
exploratorias ¢ comparativas entre espécies isoladas em diversas partes do mundo, com objetivos
diversos. No que se refere as BAL, o género Lactobacillus reune um grande ntimero de espécies
estudadas e amplamente difundidas detentoras de status GRAS que foram revisadas taxonomicamente.
O género foi reclassificado em 25 novos géneros, observando aspectos ecoldgicos, fisiologicos e
morfologicos obtidos com o amparo tecnoldgico do sequenciamento genético. A partir da
reclassificacdo, surge o género Lacticaseibacillus, que abriga as espécies L. casei e L. paracasei (Zheng

et al., 2020), sendo esta ultima o objeto desta pesquisa.

2.2 LACTICASEIBACILLUS PARACASEI

Lacticaseibacillus  paracasei ¢ um  cocobacilo Gram-positivo pertencente a
familia Lactobacillaceae, uma BAL comumente encontrada na cavidade oral, TGI e fezes humanas e
também amplamente difundida na natureza. O grupo L. casei ¢ amplamente explorado pela industria e
reconhecido por suas caracteristicas probioticas. No entanto, devido a diferenciacdes evolutivas e no
esteio das reclassificagdes taxondmicas, este foi subdividido em L. casei e L. paracasei, através de
combinagdes metodoldgicas entre analises computacionais e laboratoriais que foram capazes de
localizar L. paracasei na arvore filogenética a partir de identificacdo e classificacdo de genes estruturais
como rpoA e pheS, ancorando os estudos especificos sobre este microrganismo (Kim et al., 2020).

Observando a variabilidade genética e os isolados de diferentes fontes, a literatura atribui a L.
paracasei caracteristicas como a produgdo de metabolitos de interesse como acido docosahexaenoico
(DHA), leucilfenilalanina e acido oleico, a partir de seu sobrenadante extraido apos processo de
fermentagdo do leite (Wang et al., 2025). A literatura reporta também atividade antimicrobiana,

antibiofilme, estimulacdo do sistema imune, efeito anti-inflamatério, antioxidante e promogao de
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melhora no metabolismo lipidico do hospedeiro (Bengoa et al., 2021).

Foi observado que L. paracasei isolado da cavidade oral de individuos livres de caries
demonstrou atividade antifingica contra Candida aureus (Rossoni et al., 2020); Outro isolado a partir
de fezes infantis saudaveis promoveu retardo no processo de envelhecimento celular de camundongos
através de atividade antioxidante aumentada (Lin et al., 2021); L. paracasei isolado de batata doce
liquida em condi¢des de deterioracdo apresentou aumento nas fungdes relacionadas ao metabolismo de
carboidratos e proteinas e ainda a biossintese de 4cidos graxos de cadeia curta quando apresentados a
microbiota intestinal (Xu et al., 2019). Sabe-se que a expressao fenotipica de caracteristicas presentes
no genoma esta intrinsecamente associada as condi¢des ambientais, de maneira que isolados oriundos
de fontes distintas podem expressar estas ou aquelas caracteristicas de interesse. Achados in silico e in
vitro reportam também resisténcia a estresse acido, temperatura e também auséncia de fatores de
viruléncia e patogenicidade (Chen et al., 2025).

O lactato ¢ a molécula frequentemente associada aos beneficios de L. paracasei para a satde
humana. A notavel capacidade de producdo dessa substancia relaciona-se intimamente com as atividades
imunomoduladoras e antinflamatorias, além da sintese dos acidos graxos de cadeia curta acetato,
butirato e propionato (Bengoa et al., 2021). A producéo de compostos inibidores também foi atribuida
a L. paracasei (Miao et al., 2014).

Observando a ampla relevancia das BAL, diversos estudos sdo conduzidos para exploragdo de
seus potenciais. Uma pesquisa realizada na regidao de Uberaba em Minas Gerais, foi capaz de extrair e
isolar uma linhagem de L. paracasei a partir do leite de vaca. Apos observagdo morfoldgica, foi realizado
a identificagdo taxondmica in silico (Rotta et al., 2020). Dessa forma L. paracasei UFTM 2.9 foi
denominado, possibilitando o desenvolvimento de testes com este microrganismo, em busca da
verificacdo das potencialidades atribuidas a espécie.

Rotta e colaboradores (2020) conduziram teste de resisténcia a acidez, em que embora tenha
ocorrido a diminui¢do de até um ciclo logaritmico apos quatro horas em meio MRS com pH 3,5, o
microrganismo permaneceu viavel. No que se refere a resisténcia a sais biliares, L. paracasei UFTM 2.9
nao apresentou alteracdes apds quatro horas de exposicdo. Além disso, foi observada atividade
antagonista exercida por L. paracasei UFTM 2.9 em contato com Staphylococcus aureus ATCC 25923.
Portanto, considerando os resultados obtidos e as caracteristicas probioticas atribuidas a L. paracasei,

justifica-se a investigag¢do do potencial probidtico do presente isolado.

2.3 PROBIOTICOS

O termo “probiotico” ¢é radicado no idioma grego e significa “para a vida”, com sentido amplo
associado a substancia ou organismo que proporciona melhora e qualidade de vida ao individuo
hospedeiro (Zendeboodi et al., 2020). A denominagdo “probiotico” foi cunhada mais tarde, apos a

observacao de que individuos que consumiam produtos lacteos fermentados com regularidade seriam
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mais longevos. Desde entdo o termo vem sendo utilizado, passando por diversas revisdes conceituais
(Dinan et al., 2013). Atualmente, probidticos sdo definidos como microrganismos vivos capazes de
colonizar o trato gastrointestinal que quando administrados em quantidades suficientes promovem o
bem-estar do hospedeiro por meio de interacdes moleculares com o sistema imune e digestorio (Sanders
et al.,, 2019). Essas interacdes sdo determinantes para que os efeitos dos probidticos possam se
manifestar, uma vez que cada individuo proporciona um ambiente diferente e Unico para o
desenvolvimento dos microrganismos que realizam a colonizagdo dos diversos nichos anatomicos.

Os efeitos probidticos ocorrem de maneira que o hospedeiro € capaz de oferecer um ambiente
rico em nutrientes e metabolitos para o crescimento microbiano que, por sua vez, participam do
metabolismo de carboidratos e de outros compostos ndo digeriveis, produzindo substancias de interesse
para o hospedeiro, como AGCC e exopolissacarideos.

Entre os diversos mecanismos de agdo que impactam positivamente a saude do hospedeiro, no
que diz respeito a modulagdo do sistema imune, a literatura reporta a capacidade de algumas linhagens
de aumentar a atividade celular estimulando a secre¢ao de anticorpos e de citocinas antinflamatdrias,
isso porque a microbiota intestinal e também os probidticos apresentados ao organismo atuam como
reguladores de processos inflamatérios, tais como: estimulo dos linfocitos B, producdo de IgA e
favorecimento da atividade fagocitaria (da Silva Junior and Gonzalez, 2022). Em um estudo duplo cego
randomizado conduzido em individuos infectados com HIV foi possivel observar o aumento de células
TCD4 entre aqueles que receberam suplementagdo com Lactobacillus acidophilus, Lactobacillus
casei, Lactococcus lactis, Bifidobacterium bifidum, Bifidobacterium lactis em relagao ao grupo
placebo, que ndo foi exposto ao tratamento (Pedigoni et al., 2019). A influéncia dos probidticos é
relatada também no controle osmotico, por exemplo, ocorrendo através da produgao de acidos organicos
como os acidos latico e acético, que sdao produtos do metabolismo de carboidratos capazes de reduzir o
pH do Iimem intestinal, o que dificulta o desenvolvimento de patdgenos, de maneira a contribuir
também para a estabilidade da microbiota residente (Sanders et al., 2019).

E notavel que a agdo dos probidticos no organismo humano colabora em diferentes frentes, as
quais também se complementam para a integridade da saude intestinal. Alguns probidticos sdo
produtores de compostos inibitorios como as bacteriocinas, peptideos capazes de impedir o crescimento
de espécies competidoras e patdogenos, fator que colabora com a estabilidade da barreira mucosa, a qual
também se beneficia das potencialidades dos probiodticos, como Lactobacillus rhamnosus GG,
microrganismo capaz de amenizar danos as jungdes epiteliais provocados por patdégenos. A regulacio
da produc¢do de muco também € um fator importante que colabora com a integridade epitelial do intestino
e prejudica a adesdo de patdgenos, proporcionando protecdo ao epitélio e reduzindo a inflamagdo
possivelmente provocada por eles (Batista et al., 2020). Entre os efeitos atribuidos aos probidticos, a
sintese de moléculas neuromoduladoras como acido gama-aminobutirico (GABA) e triptofano também

¢ atribuida a algumas linhagens, evidenciando a rela¢do entre a microbiota intestinal, probidticos e



20

sistema nervoso entérico e central. Endossando a relagao atribuida aos achados, outro estudo foi capaz
de associar a suplementagdo com L. helveticus NS8 a restauracdo dos niveis de serotonina e
noradrenalina (Liang et al., 2015).

Além dos beneficios diretos a saide humana, os probidticos possuem consideravel relevancia
industrial, sendo aplicados pela industria alimenticia em produtos derivados do leite e bebidas
fermentadas, pela industria farmacéutica na forma de suplementos alimentares ou medicamentosos, na
cosmiatria em tratamentos para acne e fortalecimento da barreira cutanea, assim como na veterindria,
colaborando com a saude dos animais (Hazebrouck et al., 2006). Embora a pesquisa por novas espécies
e suas caracteristicas seja latente, o emprego e classificacdo de microrganismos probioticos demanda
garantias em torno da efic4cia, seguranca e viabilidade tecnoldgica (do Carmo et al., 2020).

Algumas espécies como as pertencentes as BAL, sdo conhecidas como probioticos classicos,
sendo amplamente estudadas e aplicadas. Outras estdo sendo classificadas como Akkermansia
muciniphila ¢ Bacteroides fragilis (Murali and Mansell, 2024). Observando os achados positivos em
estudos sobre probidticos, a investigagdo de novas espécies e suas potencialidades resulta na busca por
probioticos de nova geracao.

Boa parte do conhecimento acerca dos probioticos ¢ baseado em pesquisas in vitro, excluindo
fatores de grande relevancia para as interagdes metabolicas, como a microbiota residente, caracteristica
individual que resulta na expressdo de metabolitos Unicos a partir das interagdes entre o hospedeiro e os
microrganismos. Desta forma, a comunidade académica reune esforcos constantes para estabelecer

parametros de classificagdo de probidticos, visando a assertividade em experimentos e aplicagdes.

2.4 PROBIOGENOMICA

O desenvolvimento de tecnologia de sequenciamento genético contribuiu
consideravelmente para as pesquisas em microbiologia. Bancos de dados como o NCBI
oferecem acesso a genomas sequenciados ao redor de todo o mundo, oferecendo dados que
suportam analises exploratérias e comparativas. Os estudos desenvolvidos a partir desses dados
originaram uma disciplina que volta seus esforcos para a andlise dessas informagdes em
pesquisas sobre microrganismo voltadas para a saide humana. Inicialmente, as bactérias
patogénicas foram os principais alvos, considerando sua relevancia epidemiologica, mas logo
as perspectivas se ampliaram para o uso do sequenciamento de genomas de bactérias
probioticas, sobre tudo as BAL, com foco em garantias sobre seus efeitos benéficos e também
sua biosseguranca. Assim, a probiogendmica foi cunhada em 2009, com o objetivo de pesquisar
a diversidade e evolucao de bactérias comensais e probioticas (Ventura et al., 2012).

Anteriormente, caracteristicas fenotipicas e bioquimicas eram o principal meio de distin¢do
entre as BAL probiodticas, demandando esfor¢os que resultavam em conclusdes a partir de metodologias

in vitro com tempo de execucdo e resultados inerentes a elas. A partir da probiogenomica, a identificacao
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dos microrganismos passou a contar com recursos como a identificagdo por meio do gene 16S rRNA,
assim como a exploragdo de informagdes disponiveis no genoma, desvendadas por sequenciamento total
de nova geracdo (NGS).

Tomando a defini¢do de probidticos, a capacidade de aderir e resistir as condig¢des
osmoticas do TGI sdo de primeira relevancia para que outros beneficios associados possam ser
observados. Embora haja grande volume de informagdes a respeito das potencialidades das
espécies classificadas até entdo, diversos mecanismos moleculares por tras destas capacidades
ainda permanecem ocultos, sobretudo observando a individualidade do hospedeiro (Ventura et
al., 2012). Considerando o processo evolutivo de bactérias do género Lacticaseibacilus, que se
destacam pelo potencial probiotico, observa-se o compartilhamento de muitas informagdes
genéticas, de maneira que pequenas variacoes podem ser relevantes para a expressao de
caracteristicas associadas a probiose. Somado a isso, o desenvolvimento das plataformas de
sequenciamento proporciona o acesso ao genoma de microrganismos potencialmente
probioticos, permitindo a investigagao dessas caracteristicas in silico e melhor direcionamento
dos experimentos in vitro.

As plataformas de anotagdo gendmica fazem parte do advento tecnologico que
possibilita acesso a informagdes sobre as potencialidades de expressao fenotipicas. No contexto
da probiogendmica, softwares sdo utilizados para apuragdo da qualidade do sequenciamento,
como o FastQC (Wingett and Andrews, 2018) e Trimmomatic (Bolger et al., 2014a),
classificacdo taxondmica por comparagdo estatistica entre genomas de espécies semelhantes,
como o JSpecies (Richter and Rossello-Mora, 2009).

Observando a relevancia das BAL e outros microrganismos, assim como as suas
potencialidades, a comunidade cientifica contribui com o compartilhamento de dados
proporcionando a descoberta de propriedades avancadas como a produg¢do de metabolitos
especificos, comportamento conforme o ambiente, interagdo com a microbiota residente e a
exploragdo de potenciais ainda desconhecidos. O uso da tecnologia proporciona o
direcionamento dos experimentos in vitro de forma assertiva, possibilitando resultados
alinhados aos objetivos de pesquisa.

Este estudo utiliza a probiogendmica empregando tanto experimentos in silico quanto
in vitro, com o objetivo de validar os achados indicados pelas andlises computacionais,

elucidando as caracteristicas de probiose atribuidas a L. paracasei UFTM 2.9.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Caracterizar o potencial probiotico de Lacticaseibacillus paracasei UFTM 2.9 isolado

de leite por meio de abordagens in vitro ¢ in silico.

3.2 OBJETIVOS ESPECIFICOS

Sequenciar o genoma de L. paracasei UFTM 2.9;

Classificar taxonomicamente o microrganismo;

Realizar anotagdo funcional dos genes associados a probiose;

Investigar a presenca de ilhas gendmicas, fatores de viruléncia, genes de resisténcia e
elementos genéticos moveis;

Determinar o crescimento bacteriano em diferentes fontes de carboidrato in vitro.

Verificar a atividade inibitoria in silico € in vitro.
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ABSTRACT

Lactic Acid Bacteria (LAB) comprise a group of Gram-positive bacteria with extensive
biotechnological applications. Several LAB, including Lacticaseibacillus spp., are recognized
as probiotics due to their ability to confer benefits to the host. However, only a limited available
health-promoting bacteria have reached the market. Here we employ probiogenomic and in
vitro analyses to characterize the probiotic potential of Lacticaseibacillus paracasei UFTM 2.9,
a LAB that previously demonstrated probiotic properties in vitro. The draft genome of L.
paracasei UFTM 2.9 comprises 127 contigs, totaling 3,216,252 base pairs, with a GC content
of 46.20%. The bacteria showed metabolic versatility, growing in four carbon sources, in
addition to glucose. A total of 170 genes potentially associated with probiotic characteristics
were identified in the genome, with functions linked to stress resistance (n=106), adhesion
(n=12), biosynthesis of vitamins (n=10), and others. No virulence genes or CRISPR elements
were detected, and two phages were identified in the genome of L. paracasei UFTM 2.9. Gene
clusters encoding carnocin, enterocin, and salivaricin were detected, and the antimicrobial
activity was confirmed in vitro. L. paracasei UFTM 2.9 inhibited all indicator bacteria tested
(n=12), including strains of Listeria innocua, Listeria monocytogenes, Staphylococcus aureus,
Streptococcus agalactiae, as well as Escherichia coli. The results indicate the potential use of
L. paracasei UFTM 2.9 as a probiotic, considering its ability to inhibit pathogenic
microorganisms, and its genetic potential to express traits of interest and survive in the
gastrointestinal tract.

Keywords: LAB, probiotics, L. paracasei
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1. Introduction

Lacticaseibacillus paracasei is a Gram-positive coccobacillus belonging to the
Lactobacillaceae tamily, ubiquitously present in nature. This bacterium is part of a group of
microorganisms known as Lactic Acid Bacteria (LAB), which are catalase-negative, non-spore-
forming, and produce lactic acid as the main product of carbohydrate fermentation. LABs have
significant biotechnological potential, being used, for example, in the production of fermented
dairy products due to their ability to confer organoleptic characteristics and contribute to food
preservation through the production of metabolites that extend shelf life (De Chiara et al., 2024).

In addition, the genus Lacticaseibacillus is notable for its use as a probiotic, which are
microorganisms that, when administered in sufficient quantities, promote the host's well-being
through molecular interactions with the immune and digestive systems (Yang et al., 2024).
Probiotic effects result from interactions between the microorganisms and the host, wherein the
host provides an environment rich in nutrients and metabolites conducive to microbial growth.
In return, probiotics play a role in metabolizing carbohydrates and indigestible compounds,
producing substances such as short-chain fatty acids and vitamins. The use of specific
microorganisms as probiotics is preceded by in silico, in vitro, and in vivo analyses using
experimental models (Sanders et al., 2019). Probiotics impact host health through various
mechanisms, including i) modulation of the immune system by enhancing immune responses,
reducing inflammation, and combating pathogens; ii) interspecies interactions through
bacteriocin production; iii) production of organic acids and regulation of intestinal pH; iv)
contribution to the composition of the intestinal mucosal barrier; and v) synthesis of
neuromodulatory molecules such as GABA and tryptophan.

The classical discovery and characterization of probiotic strains primarily using in vitro
analysis is time-consuming and challenging. In this context, the technological development of
genomic sequencing platforms represents a key resource for characterizing next-generation
probiotics (Ventura et al., 2009). Probiogenomics enables the identification of microorganisms
and their functional role through genome analysis, supported by in vifro experiments that
validate the identified genetic potential. This methodology has been extensively employed to
prospect potential new probiotic strains (Rocha et al., 2024; Stergiou et al., 2021; Ullah et al.,
2024).

Considering the evolutionary process of bacteria from the genus Lacticaseibacillus,
known for their probiotic potential, it is observed that they share significant genetic information,
with small variations potentially influencing the expression of probiotic-associated traits.

Additionally, advancements in sequencing platforms enable access to the genome of potentially
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probiotic microorganisms, allowing the in silico investigation of these traits and better guidance
of in vitro experiments. Therefore, this research aims to characterize the probiotic potential of
L. paracasei UFTM 2.9, which was previously isolated from cow’s milk in Uberaba, Minas
Gerais, Brazil, using in silico and in vitro approaches. This bacteria has previously shown
inhibitory effects against pathogens in vitro, and resistance to acids and bile salts (Rotta et al.,

2020).

2. Material and methods

2.1 Isolation

Lacticaseibacillus paracasei UFTM 2.9 was previously isolated from cow’s milk (Rotta
et al., 2020) using the De Man, Rogosa, and Sharpe (MRS; Difco, Sparks, NV, USA) broth.
The bacteria was grown for 24 hours at 37°C, under a microaerophilic atmosphere and the stock
cultures were maintained in MRS broth supplemented with 2% glucose (w/v), 0.1% Tween 80
(v/v) and 10% of glycerol (v/v).

Genomes of L. paracasei strains and other bacteria used in this study were retrieved
from the GenBank database (April/2023 to October/2024) and are listed in Supplementary
Table 1.

2.2 DNA Extraction

L. paracasei UFTM 2.9 was cultivated in MRS broth for 24 hours at 37°C. The culture
was centrifuged (32,000 g, 10 min.) and the supernatant was discarded. The pellet was
suspended in 500 pL of bacterial lysis buffer (25% sucrose in TE buffer; 0.5 M EDTA pH 8.0;
1 M Tris pH 8.0; 1.5 mg/ml lysozyme in ultrapure water) to which 5 pl of RNAse A solution
was added, followed by vortexing and incubation at 37°C for 1 hour. Subsequently, the genomic
DNA was extracted using the phenol-chloroform protocol (Oliveira et al., 2002). Agarose gel
electrophoresis was performed to verify the integrity of the DNA, and its concentration was

quantified using NanoDrop™ (Thermo Scientific, 107 Wilmington — DE, USA).

2.3 Genome Sequencing, Taxonomic Identification and Functional annotation

Lacticaseibacillus paracasei UFTM 2.9 genome was sequenced using the Illumina
HiSeq platform (2x150bp) (Illumina, San Diego, CA, USA). The quality of the DNA sequences
was assessed using FastQC (Wingett and Andrews, 2018), and the low-quality reads were

removed using Trimmomatic (Bolger et al., 2014b) with the following parameters: trailing: 10,
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leading: 10, slidingwindow: 4:20 and minlen: 50. High-quality reads were assembled using
SPAdes v3.9. (Bankevich et al., 2012), by setting the k-mer sizes to 21, 33, 55, 77 99 and 127.
The quality of the assembled genome was assessed using QUAST (Gurevich et al., 2013), and
contigs shorter than 500 bp were removed from the final assembly. The genome was annotated
using Pathosystems Resource Integration Center — PATRIC (Snyder et al., 2007). Taxonomic
inferences were made using the 16S rRNA gene, by calculating the average nucleotide identity
(ANI) using blast (ANIb) and mummer (ANIm) algorithm, and the correlation indexes of tetra-
nucleotide signatures (Tetra) using JSpecies (Richter and Rossello-Moéra, 2009). A dendrogram
was constructed using ANIb data from L. paracasei strains and external groups using Python
3.6. In addition, the functional annotation of L. paracasei UFTM 2.9 genome was performed

using Non-supervised Orthologous Groups (EggNOG 5.0) (Huerta-Cepas et al., 2019).

2.4 Genomic island identification

The genomic island identification in L. paracasei UFTM 2.9 was performed using the
software GIPSy (Genomic Island Prediction Software) with default parameters (Rodrigues et
al., 2021). The genome of Lactobacillus delbrueckii subsp. jakobsenii ZN7a-9 DSM 26046 was
used as a closely related organism. The genomic islands overlapping contig endings were
excluded as they may represent false-positive results. The genomes and the predicted genomic
islands were plotted using Blast Ring Image Generator (BRIG) with default parameters
(Alikhan et al., 2011).

2.5 Carbohydrate growth assay

To evaluate the growth of L. paracasei UFTM 2.9 in diverse carbon sources, the bacteria
was cultivated in basal MRS broth consisting of 1.5g of enzymatic casein, 1.5g of meat extract;
0.6g yeast extract; 0.3g of ammonium citrate; 0.7g sodium acetate, 0.3g dipotassium hydrogen
phosphate, 0.0075g manganese sulfate, and 0.03g magnesium sulfate supplemented with 2%
glucose for 24 hours at 37 °C. Then, using an initial optical density (OD) 600 nm of 0.1, the
bacteria was cultivated in basal MRS with no glucose added to the following carbohydrates at
a concentration of 2%: xylose, arabinose, fructose, galactose, rhamnose, inositol, trehalose,
lactose, sucrose and raffinose (Fontana et al., 2020). The culture was incubated at 37 °C for 96
hours and the OD 600 nm was measured at times 0, 6, 12, 24, 30, 36, 48, 54, 60, 72, 78 and 84

hours.
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2.6 Identification of Virulence and Antibiotic Resistance Genes, Plasmids, Phages
and CRISPR-Cas Systems

The presence of virulence genes (VGs) and antibiotic resistance genes (ARGs) in the
genome of L. paracasei UFTM 2.9 were investigated using ABRIcate (Seemann, 2018) against
Virulence Factor database (https://www.mgc.ac.cn/VFs/) and CARD (Alcock et al., 2023). In

addition, the Virulence Finder (Chen et al., 2012) was used to investigate the presence of
virulence genes using a database containing classical pathogens. The search for plasmids was
carried out using PlasmidFinder (Carattoli and Hasman, 2020). The plasmid was then
assembled using SPAdes version 3.11 (Bankevich et al., 2012) and subjected to BLAST
analysis against the reference sequence (GenBank accession number: CP000424.1). Only
contigs that matched the plasmidial sequence of the database were classified as plasmid-related.
The presence of phage regions was investigated using Phastest (Wishart et al., 2023). Finally,
CRISPRCasFinder (Couvin et al., 2018) was used to verify the presence of clustered regularly
interspaced short palindromic repeats (CRISPRs) regions.

2.7 Identification of proteins potentially related to probiosis

An in-house database built by our research group (Rocha et al., 2024) was used in this
study to search for potentially probiotic-related proteins in the genome of L. paracasei UFTM
2.9 (Supplementary Table 2). The database contains 243 proteins, which are associated with
adhesion (n=13), exopolysaccharide biosynthesis (n=18), biofilm formation (n=6),
antimicrobial activity (n=2), biosynthesis of vitamins (n=10) acid stress (n=20), bile tolerance
(n=17), cold stress (n=4) heat stress (n=8), osmotic stress (n=8), starvation (n=2), stress
resistance (n=41), gut persistence (n=2), immunomodulation (n=3), organic solvent stress
(n=1), oxidative stress (n=15). The identification of the proteins in the genome of L. paracasei
UFTM 2.9, as well as in the plasmid-related contigs, was performed using BLASTx (Altschul
et al., 1990) with the following parameters: minimum of 30% amino acid identity and 70%

coverage.

2.8 In silico and in vitro identification of antimicrobial compounds produced by L.
paracasei UFTM 2.9

The search for putative biosynthetic gene clusters encoding antimicrobial compounds
in the genome of L. paracasei UFTM 2.9 was performed using BAGEL4 (Hotten, 2018) and
antiSMASH (Medema et al., 2011). The activity of L. paracasei UFTM 2.9 against pathogens
was also evaluated in vitro by using the spot-on-lawn assay (Bandyopadhyay et al., 2022). The
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bacteria used as indicators of the antagonist activity were Streptococcus mutans ATCC 25175,
Sreptococcus agalactiae ATCC 89646, Streptococcus pyogenes ATCC 19615, Staphylococcus
aureus ATCC 25923, Staphylococcus saprophyticus ATCC 35552, Staphylococcus
epidermidis ATCC 14990, Enterococcus faecalis ATCC 29212, Enterococcus faecium NCTC
7171, Listeria monocytogenes ATCC 7644, Listeria monocytogenes ATCC 19112, Listeria
innocua ATCC 33090, Escherichia coli ATCC 2592, Escherichia coli ATCC 35218, and
Escherichia coli ATCC 3739.

3. Results

3.1 General genomic features of L. paracasei UFTM 2.9

The genome of L. paracasei UFTM 2.9 is composed of 127 contigs, with a total length
of 3,216,252 base pairs (bp) and a GC content of 46.20% (Figure 1). The annotated genome
resulted in 3,528 coding sequences (CDS), of which 1,099 are hypothetical proteins, 54 tRNA
and 5 rRNA. The functional annotation performed by EggNOG categorized a total of 2,727
proteins, among which 2,340 were grouped into 17 categories. The majority of the proteins are
associated with carbohydrate transport and metabolism (n=258), transcription (n=231),
replication, recombination and repair (n=176), translation, biogenesis and ribosome structures

(n=162), amino acid metabolism (n=150), among others (Table 1).
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Lacticaseibacillus paracasei
UFTM 2.9

2.4 Mbp

W Lacticaseibacillus paracasei subsp. paracasei 8700 B GC Content
B GC skew+ M GC Skew- Mcps ErRNA M (RNA

Figure 1: Genome representation of Lacticaseibacillus paracasei UFTM 2.9: The outer circle represents
the blast results of the reference genome (L. paracasei subsp. 8700) against L. paracasei UFTM 2.9.
The CDS of L. paracasei UFTM 2.9 is shown in the inne circle, followed by the gray arrows
representing the genome's contigs. The GC content is shown in black, while the GC Skews are
shown in red and blue. Other genomic characteristics are represented as described in the image
legend.
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Table 1: EggNOG category distribution of proteins predicted in the genome
of Lacticaseibacillus paracasei UFTM 2.9

Categories Description Count
D: Bioenergy 42
E: Aminoacid metabolism 150
F: Nucleotides metabolism 107
G: Carbohydrate transport and metabolism 258
H: Coenzymes metabolism 55
I: Lipids metabolism 45

J: Translation, biogenesis of ribosomes and associated structures 162

K: Transcription 231
M: Membrane biogenesis and function 131
N: Cell motility 3
O: Carbohydrate catabolism 50
P: Inorganic metabolism 122
Q: Secondary compound biosintesis 11
S: Unknown function 508
T: Cell signaling, cell interaction, flagella biogenesis 42
U: Secretion 42
V: Defense against toxic agents 99

3.2 Taxonomy

The taxonomy assignment using Lacticaseibacillus paracasei 8700 as the reference
genome, resulted in 97.81% ANIDb, and 98.61% ANIm. Additionally, the TETRA analysis
resulted in a match of 0.99753 between the evaluated genome and the reference. The TCS
Results analysis presented a z-score above 0.99. The ANIb index demonstrating the percentage
of similarities among L. paracasei UFTM 2.9, reference genomes of L. paracasei spp. and

external groups, as shown in Figure 2.
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Figure 2: Nucleotide Identity Average of Lacticaseibacillus species. Color red indicates the highest
genomic similarity and blue represents the least similar sequences according to the ANIb index. The
index was calculated using the JSpecies software.

3.3 Genomic island prediction

No pathogenicity/resistance island was identified in the L. paracasei UFTM 2.9
genome. Remarkably, four metabolic islands were identified in contigs 22, 39, 48, and 72,
comprising from 18,998 to 67,126 bp. Additionally, two genomic islands of 8,690 to 11,736 bp
were detected in contigs 43 and 61, respectively (Supplementary Figure 1). The metabolic
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islands are predominantly associated with carbohydrate metabolism, while the genomic islands

contain proteins related to amino acid metabolism, as shown in Supplementary Table 3.

3.4 Carbohydrate growth assay

The growth curve of L. paracasei UFTM 2.9 was analyzed in several carbon sources.
The results revealed that the bacteria reached a high OD 600 nm (>1) in culture media
containing lactose, fructose, and sucrose, and showed a final OD of 0.58 in the presence of
galactose. The growth of L. paracasei UFTM 2.9 was less pronounced (OD 600 nm between
0,259 and 0,358) in the presence of arabinose, inositol, raffinose and rhamnose. No cellular
mass formation was observed in the presence of trehalose or cellobiose as the sole carbon source

(Figure 3).
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Figure 3: Growth of L. paracasei UFTM 2.9 on different carbohydrate sources. In A, the growth curve
of L. paracasei UFTM 2.9 is shown, incubated in microaerophilic conditions at 37°C, where the x-axis
represents the increase in optical density relative to the incubation time (y-axis). In B, the final OD at
600nm after 120 hours of growth is shown.

3.5 Analysis of virulence and antimicrobial resistance genes, phages, CRISPR
regions, and plasmids in the genome of L. paracasei UFTM 2.9

No gene associated with antimicrobial resistance and other virulence factors were
identified in the genome of L. paracasei UFTM 2.9 using the ABRIcate and Virulence Finder
softwares. The Phastest software detected one incomplete and one questionable phage within

the genome, comprising 13,842 and 16,392 base pairs, respectively (Supplementary Table 4).
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Additionally, CRISPRs were not detected using the CRISPRCasFinder software.
PlasmidFinder identified the presence of the replicon repUS74 in the genome of L. paracasei

UFTM 2.9, with 100% coverage and 93.97% identity.

3.6 Identification of Probiotic-Related Proteins

Based on our in-house database, 170 proteins potentially associated with probiotic
functions were identified. The genes were categorized into 16 groups, with stress resistance-
related genes being the most prevalent (n=106). The genetic capacity for exopolysaccharide
production was also evidenced by the presence of 18 associated genes such as rplD, rplE, rpoE
and rpoN, as well as genes involved in adhesion (n=13), and biofilm formation (n=6). Genes
related to biosynthesis of vitamin (n=10) were also identified, such as the gene encoding
dihydrofolate reductase. Genes associated with immunomodulation (n=3) and antimicrobial
activity (n=2) were also detected (Figure 4).

Of the proteins identified in L. paracasei UFTM 2.9, 14 were in the plasmid-related
contigs. These proteins are involved in stress resistance (n=7), gut persistence (n=2), adhesion
(n=1), biosynthesis of exopolysaccharides (n=2), and biosynthesis of vitamins (n=2)

(Supplementary Table 5).
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Imunomodulation

Biosynthesis of vitamins
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Figure 4: Functional annotation of genes associated with probiosis in L. paracasei UFTM 2.9.



36

3.7 Detection of biosynthetic gene clusters encoding antimicrobial compounds and
in vitro analysis

The analysis performed by BAGEL4 and antiSMASH revealed the identification of five
biosynthetic gene clusters encoding bacteriocins (Figure 5). BAGEL4 identified two
biosynthetic clusters. The first cluster has an unknown core peptide, in addition to proteins
associated with transport and leader cleavage, and immunity (Figure 5A 1). The second
biosynthetic gene cluster encodes carnocin and enterocin production and immunity proteins
(Figure 5A 2). Additionally, the antiSMASH software identified genes associated with
salivaricin production in distinct genome regions, carried by additional biosynthetic and
regulatory genes, as well as other genes (Figure 5B 1, 2 and 3), indicating the presence of genes
involved in signaling, expression, and transport of this peptide.

The synthesis of antimicrobial compounds by L. paracasei UFTM 2.9 was assessed in
vitro, confirming its inhibitory activity against a range of pathogens (Figure 6). The growth of
all evaluated pathogens was inhibited, including Gram-negative and Gram-positive bacteria,
such as Sreptococcus spp., Staphylococcus spp., Enterococcus spp., Listeria spp. and
Escherichia spp. The largest inhibition halo produced by L. paracasei UFTM 2.9 was observed
against Escherichia coli ATCC 3739 and Staphylococcus saprophyticus ATCC 35552, while
the smaller inhibition zone was observed against Streptococcus mutans, Streptococcus

pyogenes ATCC 19615, and Enterococcus faecalis ATCC 29212 (Supplementary Table 6).
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Figure 5: Biosynthetic gene clusters encoding bacteriocins identified in the genome of L. paracasei
UFTM 2.9: In A, the results from BAGEL4 indicate the presence of two biosynthetic clusters,
highlighted in green. A.1 shows an unidentified bacteriocin, while A.2 corresponds to carnocin and
enterocin. In B.1, B.2, and B.3, the biosynthetic clusters for salivaricin are represented, marked in
burgundy, along with promoter and regulatory genes, shown in pink and green.
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Figure 6: Inhibitory activity of antimicrobial compounds produced by L. paracasei UFTM 2.9 against
different target bacteria; The panel shows the inhibition halos after spot-on-lawn assay, against 1:
Escherichia coli ATCC 3521, 2: E. coli ATCC 2592, 3: Enterococcus faecalis ATCC 29212, 4: E.
faecium NCTC 7171, 5: Listeria innocua ATCC 33090, 6: L. monocytogenes ATCC 7644, 7.
Streptococcus agalactiae ATCC 89646, 8: Staphylococcus aureus ATCC 25923, 9: S. epidermidis
ATCC 14990, 10: S. mutans, 11: S. pyogenes ATCC 19615 and 10: S. saprophyticus ATCC 35552.

4. Discussion
Advancements in genetic sequencing have broadened the scope of knowledge about
probiotics, allowing a fast screening of potential new probiotic strains and revealing new

functions and mechanisms for this beneficial bacterial group. This study used a probiogenomic
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approach to characterize the probiotic potential of Lacticaseibacillus paracasei UFTM 2.9. The
results showed that the bacterium harbors genes related to multiple probiotic-related
mechanisms and some beneficial properties were confirmed in vitro.

The functional annotation of L. paracasei UFTM 2.9 genome revealed a high number
of genes associated with carbohydrate metabolism, including ycsE, galA, ptcB, celB, celC, lacA,
lacB, lacF, galK, rafA, and mtlA, which are precursors for the PTS system of fructose, lactose,
galactose, and cellobiose. Similarly, the genes plsC, wecA, gpmB, and manA identified in L.
paracasei UFTM 2.9 are also associated with carbohydrate utilization and were also detected
in Lactiplantibacillus plantarum JS21 (Liu et al., 2024), Lactiplantibacillus plantarum (Carpi
et al., 2022), Bifidobacterium longum NCC2705 (Schopping et al., 2022), and L. reuteri 100-
23 (Lebeer et al., 2008). Additionally, the genes recX, ribF, rplD, rplE, and rpoZ, annotated in
L. paracasei UFTM 2.9 genome, are categorized in the literature as precursors for
exopolysaccharide synthesis, essential molecules in the processes of microbial adhesion to the
intestinal mucosa, protection against acidification caused by gastrointestinal conditions, and the
formation of a protective barrier (Rajoka et al., 2020).

In silico analyses also revealed the presence of four metabolic islands in the genome of
L. paracasei UFTM 2.9, highlighting the presence of several genes related to carbohydrate
metabolism such as lacF and sorC, including genes for lactate assimilation (e.g: /utA, lutB and
lutC), in addition to genes associated with the biosynthesis of vitamins, such as ribZ. The
presence of metabolic islands in the L. paracasei UFTM 2.9 genome may indicate the
acquisition of adaptive traits, providing an ecological and competitive advantage to the bacteria.
Corroborating with the genomic findings, the in vitro growth of L. paracasei UFTM 2.9 in
different carbohydrates was demonstrated, with the bacterium reaching a higher OD in the
presence of galactose, fructose, and sucrose. These results are consistent with Tarrah and
collaborators (2020) who analyzed the complete sequences of enzymes responsible for the
hydrolysis of carbohydrates in the genome of L. paracasei DTA72, verifying the strain's ability
to grow in presence of fructose, glucose, lactose and galactose. Additionally, Pei and
collaborators (2023) analyzed 121 isolates of L. paracasei spp. and found high utilization of
fructose and trehalose, along with low utilization of xylose and arabinose. The authors attributed
the differential carbohydrate use among isolates to the environments from which the
microorganisms were isolated, highlighting the adaptive capacity of L. paracasei strains.

In addition to revealing a diverse metabolic potential, the in-house database gathering
genes associated with probiotic characteristics enabled the identification of 170 genes

potentially related to probiotic activity in L. paracasei UFTM 2.9. Among other features, the
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proteins identified in the genome indicate the potential of the strain to produce
exopolysaccharides (n=18), adhere to surfaces (n=13), and form biofilms (n=6), which are
pivotal traits for probiotic persistence in the host (Rajoka et al., 2020). Probiotics also have to
survive through the variable and hostile conditions of the GIT. In this sense, genes related to
resistance to bile salts (e.g. luxS, msrC, mutT, nagB, nhaC), oxidative stress (e.g. dnaJ, dnak,
dps, eno2, epsA), osmotic stress (e.g. ctr, cydD, cysE, ddl), and temperature variation (e.g. clpX,
cobC, copa, cpdA), were identified in the genome of L. paracasei UFTM 2.9, indicating the
potential viability of the strain in the GIT. The resistance of L. paracasei UFTM 2.9 to bile salts
and low pH were also previously demonstrated in vitro (Rotta et al., 2020).

Probiotic effects also involve interactions between microorganisms and the host, in
which the microbial growth can lead to the production of beneficial substances. In this context,
the presence of Dihydrofolate reductase, NAD-dependent protein deacetylase, and D-alanyl
carrier protein ligase, genes associated with the biosynthesis of vitamins B9 (folic acid), B3
(niacin), and the formation of surface peptides and short-chain fatty acids respectively, were
observed in the genome of L. paracasei UFTM 2.9, reinforcing its potential probiotic capacity.
Besides providing essential vitamins to the host, these genes stabilize the resident microbiota
and modulate the recruitment of macrophages and neutrophils, as indicated by previous studies
conducted on the same species (Tarrah et al., 2020). Genes involved in the synthesis of B-
complex vitamins were also identified in other strains of L. paracasei, such as
Lacticaseibacillus paracasei ZFM 54, isolated from infant feces, highlighting the
microorganism's capacity to provide essential micronutrients to the host (Qureshi et al., 2020).

Another essential trait of probiotics that beneficially impacts the host’s health is their
ability to inhibit the growth of pathogens, maintain a balanced microbial community in the GIT,
and prevent infections. /n silico analyses of L. paracasei UFTM 2.9 indicated the presence of
biosynthetic gene clusters encoding salivaricin (class I bacteriocin), carnocin (class II
bacteriocin - lantibiotic), and enterocin (class Ila bacteriocin - pediocin), all known for their
activity against Gram-positive pathogens, such as Listeria spp. and Streptococcus spp (Simons
et al., 2020). Our in vitro results supported the in silico findings, showing that L. paracasei
UFTM 2.9 presents a broad inhibitory potential against pathogens responsible for foodborne
infections and dysbiosis. In addition to inhibiting Gram-positive pathogens, L. paracasei UFTM
2.9 inhibited the growth of two Escherichia coli strains. The ability of lactic acid bacteria to
express different types of bacteriocins depending on environmental factors and the specific
pathogens encountered can also be demonstrated (Huang et al., 2024). To identify new food

preservatives, the authors isolated an antimicrobial metabolite from Lacticaseibacillus
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paracasei ZHANG, classified as a class II bacteriocin, which was capable of inhibiting
Staphylococcus aureus and Listeria monocytogenes. Additionally, the activity of L. paracasei
CNCM 1-5369 against E. coli strains was previously demonstrated (Belguesmia et al., 2020)
(Carattoli and Hasman, 2020).

When characterizing potentially new probiotic strains, it is crucial to assess the presence
of mobile genetic elements and virulence factors to determine whether the microorganism could
cause any infections or diseases in the host. Additionally, this evaluation can help uncover its
effectiveness in promoting the host's health. The absence of virulence factors in the genome of
L. paracasei UFTM 2.9 analysed in this study, corroborates with previous findings in the
literature suggesting the biosafety of this bacterial species (Colautti et al., 2024). As part of
biosafety considerations, a specific phage search was conducted in L. paracasei UFTM 2.9,
identifying two phages classified as questionable and incomplete. It has been demonstrated in
the literature that phage editing regions in L. paracasei genomes are questionable or
inconsistente (Pei et al., 2023), mainly attributed to the different sources of microbial isolation,
consistent with the results of this research. Furthermore, CRISPR elements were not detected.

A plasmid replicon was identified in the genome of L. paracasei UFTM 2.9. This
plasmid harbors genes potentially associated with probiosis, indicating a possible acquisition
of beneficial traits in L. paracasei UFTM 2.9 throughout the evolution of this bacterium. The
identified genes are associated with stress response (osmV and copA), carbohydrate transport
(PTS system) and metabolism (t7e4 and malP), and biosynthesis of vitamins (btuD, ytrB).
Plasmids have been extensively described in lactobacilli, carrying genes that confer niche-
specific traits, and improving bacterial survival in competitive environments (Davray et al.,
2021). In addition, the presence of these genes in L. paracasei UFTM 2.9 may enhance the

technological and probiotic properties of this strain.

5. Conclusion

The results obtained indicate the probiotic potential of L. paracasei UFTM 2.9,
considering the identification of genes associated with probiotic functions, broad pathogen
inhibition capacity, and the absence of biosafety-compromising factors, along with several
genetic similarities with other probiotic microorganisms categorized in the literature. Further
studies are warranted to verify the safety and beneficial effects of L. paracasei UFTM 2.9 in

Vvivo.
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7.2 Tabela suplementar 1

Supplementary Table 1. Lacticaseibacillus paracasei Phylogeny genomes used in this study

Strain Genome size Accession number
Lacticaseibacillus absianus strain YH-lac23 2.8 Mb GCF013407595.1
Lacticaseibacillus brantae DSM 23927 1.9 Mb GCF001436115.1
Lacticaseibacillus chiayiensis strain FBL7 2.9 Mb GCF018363075.1
Lacticaseibacillus dagingensis strain 143-4 2.7 Mb GCF003946115.1
Lacticaseibacillus huelsenbergensis strain DSM 115425 3.1 Mb GCF029726355.1
Lacticaseibacillus hulanensis strain ZW163 2.4 Mb GCF004010095.1
Lacticaseibacillus kribbianus strain YH-lac21 2.8 Mb GCF020180945.1
Lacticaseibacillus manihotivorans strain LM010 3.5 Mb GCF009184845.1
Lacticaseibacillus nasuensis JCM 17158 2.3 Mb GCF001434705.1
Lacticaseibacillus pantheris DSM 15945 2.5 Mb GCF001591865.1
Lacticaseibacillus paracasei strain ATG-E 3.2 Mb GCF026013725.1
Lacticaseibacillus paracasei strain CLP-C10 3.2 Mb GCF028609725.1
Lacticaseibacillus paracasei subsp. paracasei 8700 3 Mb GCF000155515.2
Lacticaseibacillus porcinae strain JCM 19617 2.8 Mb GCF003946305.1
Lacticaseibacillus rhamnosus strain 1.0320 2.9 Mb GCF006151905.1
Lacticaseibacillus saniviri JCM 17471 2.4 Mb GCF001437465.1
Lacticaseibacillus songhuajiangensis strain 7-19 2.6 Mb GCF003946025.1
Lacticaseibacillus styriensis strain NCIMB 15473 3.1 Mb GCF030770295.1
Lacticaseibacillus thailandensis DSM 22698 2.1 Mb GCF001436135.1
Lactobacillus casei DSM 20011 3 Mb GCF000829055.1
Aerococcus christensenii strain CCUG28831 1.6 Mb GCF001543105.1
Carnobacterium inhibens subsp. gilichinskyi strain WN13 2.5 Mb GCF000493735.1
Enterococcus avium strain FDAARGOS 182 4.5 Mb GCF002891025.1
Lactococcus carnosus strain TMW 2.1612 2.2 Mb GCF006770265.1
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7.3 Tabela Suplementar 2
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7.4

Tabela suplementar 3

Supplementary Table 3. Genomic and metabolic islands predicted by Gipsi

Name Start position End position Product Contig number

MI1 7261 74387 Metabolic Island 1 contig 22

LP291_01403 7462 8364 hypothetical protein contig 22
PTS system

chbC 8357 9673 N.N'-diacetylchitobiose-specific EIIC contig 22

LP291_01405 9810 10493  hypothetical protein contig 22

deoC 10844 11509 Deoxyribose-phosphate aldolase contig 22

deoB 11511 12701  Phosphopentomutase contig 22
Purine nucleoside phosphorylase

deoD 12730 13446 DeoD-type contig 22

LP291 01409 13629 15113 hypothetical protein contig 22

LP291_01410 15886 16050  hypothetical protein contig 22

LP291_01411 16253 16441  hypothetical protein contig 22

nox_1 17344 18708 NADH oxidase contig 22

LP291 01413 18889 19737 hypothetical protein contig 22

LP291 01414 19734 20414 hypothetical protein contig 22

dinG_3 20392 22776  3'-5'exonuclease DinG contig 22

LP291 01416 23081 24370 hypothetical protein contig 22

LP291_01417 24494 25189 hypothetical protein contig 22

LP291 01418 25446 27155 hypothetical protein contig 22
putative mannose-6-phosphate

gmuF 27536 28555 isomerase GmuF contig 22
HTH-type transcriptional repressor

nagR_1 28917 29633 NagR contig 22
Putative

aga$ 29702 30883 D-galactosumine 5-phiosphate contig 22
N-acetylgalactosamine-6-phosphate

agaA_2 30942 32102 deacetylase contig 22

bga 32202 33998 Beta-galactosidase contig 22
PTS system sorbose-specific EIIB

sorB_3 34001 34483 component contig 22

LP291_01425 34496 35413  hypothetical protein contig 22
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manZ_6

manX_3

LP291_01428

patB_1

ypdF_2

gmuC_2

celA_1

lacF_2

ypdE

licR_2

pepT

dppE_3

LP291 01438

LP291_01439

LP291_01440

ykoE

ykoD_2

LP291_01443

tenA

LP291_01445

thiM

thiE

thiD_2

ycaM_2

LP291_01450

35400

36258

36904

38264

39453

40723

42085

42472

43019

44044

46266

47629

49505

50416

50998

51474

52047

53395

54130

54803

55316

56155

56786

57998

59751

36221

36638

38145

39466

40532

42048

42423

42804

44059

45837

47513

49269

50146

50664

51204

52040

53390

54042

54822

55303

56158

56796

57613

59446

59999

PTS system mannose-specific EIID
component

PTS system mannose-specific EIIAB
component

hypothetical protein

Cystathionine beta-lyase PatB

Aminopeptidase YpdF

PTS system
oligo-beta-mannoside-specific EIIC

PTS system cellobiose-specific EIIB
component

PTS system lactose-specific EITA
component

Aminopeptidase YpdE

putative licABCH operon regulator

Peptidase T

Dipeptide-binding protein DppE

hypothetical protein

hypothetical protein

hypothetical protein

Putative HMP/thiamine permease
protein YkoE

Putative HMP/thiamine import
ATP-binding protein YkoD
hypothetical protein
Aminopyrimidine aminohydrolase
hypothetical protein
Hydroxyethylthiazole kinase
Thiamine-phosphate synthase
H‘yd!*oxxme':t.k.]ylp.y‘rimidine/phosphom
Inner membrane transporter YcaM

hypothetical protein

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22
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degA

rbsD

rbsA

rbsC

rbsB

rbsK
LP291_00560
pbp
LP291_00373
ribZ_5
LP291_01459
LP291_01460
LP291_01461
LP291_01462
LP291_01463
LP291_01464
MI2

cfa

azoB

scrB

rbsR

malL 1
bglF 2
LP291_00139

LP291_00140

60380

61448

61909

63395

64432

65531

66326

66878

68753

69044

70407

70838

71414

72435

73167

73966

143464

143564

144826

146296

148172

149248

150918

153420

154854

61387

61840

63411

64375

65391

66460

66396

68869

68840

70426

70841

71401

71629

73133

73883

74355

193961

144745

145701

147774

149173

150915

152879

154604

155420

HTH-type transcriptional regulator
DegA

D-ribose pyranase

Ribose import ATP-binding protein
RbsA

Ribose import permease protein
RbsC

Ribose import binding protein RbsB

Ribokinase

tRNA-Gly

Beta-lactam-inducible
penicillin-binding protein

tRNA-Ser

Riboflavin transporter RibZ

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein
Metabolic Island 2
Cyc!opropane-fany-acyl-phospholipid

NAD(P)H azoreductase

Sucrose-6-phosphate hydrolase

Ribose operon repressor

Oligo-1.6-glucosidase

PTS system beta-glucoside-specific
EIIBCA component

hypothetical protein

hypothetical protein

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 22

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39
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hsdR_1

LP291_00142

LP291_00143

xerC_1

LP291_00145

LP291_00146

codB

LP291_00148

apc3

frID

LP291_00151

LP291_00152

recD2_1

LP291_00154

yaaA

agaA_|

celB_1

celB_2

LP291_00159

LP291_00160

LP291_00161

ptcA_1

LP291_00163

lutA

IutB

155891

158959

160550

161206

162212

164212

165386

166678

167766

169645

171077

172109

172740

175668

176691

177497

180525

181463

181945

182123

182643

183800

184387

185424

186203

158941

160557

161158

162132

163765

165018

166636

167763

169322

170457

171682

172699

175322

176414

177434

179719

181508

181948

182151

182533

183743

184135

184953

186206

187687

Type-1 restriction enzyme R protein

hypothetical protein

hypothetical protein

Tyrosine recombinase XerC

hypothetical protein

hypothetical protein

Cytosine permease

hypothetical protein

Acetophenone carboxylase gamma
subunit

Fructoselysine 6-kinase

hypothetical protein

hypothetical protein

ATP-dependent RecD-like DNA
helicase

hypothetical protein

Peroxide stress resistance protein
YaaA

Alpha-galactosidase AgaA

PTS system cellobiose-specific EIIC
component

PTS system cellobiose-specific EIIC
component

hypothetical protein

hypothetical protein

hypothetical protein

PTS system cellobiose-specific EIIA
component

hypothetical protein

Lactate utilization protein A

Lactate utilization protein B

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39

contig 39
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lutC

efp_1

mdtD_1

ribZ_2

dppE_1

GEI'1

LP291_02142

LP291 02143

cpdA

patB_2

LP291_02146

LP291_02147

bsaA

tagE

tarM

LP291_02152

nnrD

LP291_02154

rsuA

MI 3

bbmA_2

malL_5

LP291_02388

LP291_02389

LP291_02390

187680

189207

190303

190947

192164

27670

27780

29172

29629

31091

32277

32409

32764

33334

34921

36896

37396

38333

38691

29226

29345

31087

32993

33463

33809

188387

189770

190950

191732

193786

39406

29123

29438

30957

32296

32390

32867

33237

34893

36432

37399

38217

38548

39401

36136

31084

32754

33223

33738

34216

Lactate utilization protein C

Elongation factor P

Putative multidrug resistance protein
MdtD

Riboflavin transporter RibZ

Dipeptide-binding protein DppE
Genomic Island 1

hypothetical protein

hypothetical protein
3'.5"-cyclic adenosine
monophosphate phosphodiesterase

Cystathionine beta-lyase PatB
hypothetical protein
hypothetical protein
Glutathione peroxidase BsaA
Poly(glycerol-phosphate)
alpha-glucosyltransferase

Poly(ribitol-phosphate)
alpha-N-acetylglucosaminyltransferas

hypothetical protein

ADP-dependent
(S)-NAD(P)H-hydrate dehydratase

hypothetical protein

Ribosomal small subunit
pseudouridine synthase A
Metabolic Island 3

Intracellular maltogenic amylase

Oligo-1.6-glucosidase

hypothetical protein

hypothetical protein

hypothetical protein

contig 39

contig 39

contig 39

contig 39

contig 39

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 43

contig 48

contig 48

contig 48

contig 48

contig 48

contig 48
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gutB

GEI 2

LP291_00480

LP291_00481

pepX

glnA_1

glnR

speF

MI 4

gltC 2

LP291_00679

sdcS

fbaA_1

sorD

sorC_1

sorB_2

sorA_1

bacC_1

sorC_2

yegP

yurK

hxIB 2

LP291_00691

dhaK-2

dhaL. 2

34577

105865

106771

107057

107787

110339

111698

112411

124947

125221

126262

127541

129192

130274

131141

131988

132482

132929

133866

134953

136359

137196

137756

138431

139462

35659

114555

106893

107416

110186

111679

112060

114501

143945

126108

127539

129025

130085

131122

131974

132482

132898

133729

134822

136191

137099

137759

138418

139441

140106

Sorbitol dehydrogenase
Genomic Island 2

hypothetical protein

hypothetical protein

Xaa-Pro dipeptidyl-peptidase

Glutamine synthetase

HTH-type transcriptional regulator
GInR

Inducible ornithine decarboxylase

Metabolic Island 4

HTH-type transcriptional regulator
GltC

hypothetical protein

Sodium-dependent dicarboxylate
transporter SdcS

putative fructose-bisphosphate
aldolase

PTS system sorbose-specific EIID
component

PTS system sorbose-specific EIIC
component

PTS system sorbose-specific EIIB
component

PTS system sorbose-specific EIIA
component

Dihydroanticapsin 7-dehydrogenase

Sorbitol operon regulator

Mannitol-1-phosphate
5-dehydrogenase

putative HTH-type transcriptional
regulator YurK

3-hexulose-6-phosphate isomerase

3-hexulose-6-phosphate synthase
PTS-dependent dihydroxyacetone
kinase 2, dihydroxyacetone-binding

PEP-dependent dihydroxyacetone
kinase, ADP-binding subunit DhalL

contig 48

contig 61

contig 61

contig 61

contig 61

contig 61

contig 61

contig 61

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72

contig 72
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mtlD_2

manZ_3

LP291_00696

manX_1

LP291_00698

140121

141315

142190

142941

143444

Mannitol-1-phosphate
141296 5-dehydrogenase

PTS system mannose-specific EIID
142190 component

142939  hypothetical protein
PTS system mannose-specific EITAB
143444 component

143800 hypothetical protein

contig 72

contig 72

contig 72

contig 72

contig 72
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7.5 Tabela Suplementar 4

Supplementary Table 4. Putative complete and incomplete prophages identified in Lacticaseibacillus paracasei UFTM 2.9 using PHASTEST

78

Region # of total Region
Contig Region length Completeness Score proteins position Most common phage GC (%)
PHAGE_Entero_IME_E
14 1 13.8Kb Questionable 90 6 2954-16796 FmS5_NC_028826(3) 45.36%

PHAGE_Lactob BH1_
37 2 16.3Kb Incomplete 40 2 1242-17634 NC_048737(5) 43.25%
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Tabela Suplementar 5
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7.7 Tabela suplementar 6

Supplementary Table 6. Inhibitory activity of Lacticaseibacillus paracasei UFTM 2.9 against Gram
positive and Gram negative pathogens

Indicator microorganism Inhibition halo*

Streptococcus mutans ATCC 25175

Sreptococcus agalactiae ATCC 89646

Streptococcus pyogenes ATCC 19615

Staphylococcus aureus ATCC 25923

Staphylococcus saprophyticus ATCC 35552

Staphylococcus epidermidis ATCC 14990

Enterococcus faecalis ATCC 29212

Enterococcus faecium NCTC 7171

Listeria monocytogenes ATCC 7644

Listeria monocytogenes ATCC 19112

Listeria innocua ATCC 33090

Escherichia coli ATCC 2592

Escherichia coli ATCC 35218

e e

Escherichia coli ATCC 3739 +

* +:0.7 cm, ++:0.8 cm, +++:0.9-1.0 cm, ++++: 1.1-1.3 cm, +++++:1.7 cm



