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RESUMO

SANTOS, Camilla Itapary dos. Analise genomica de Limosilactobacillus fermentum ATCC
23271, uma linhagem com potencial probiético e atividade anti-Candida. 2021. 74 f. Tese

(Doutorado em Biotecnologia) — Universidade Federal do Maranhdo, Sao Luis, 2021.

Vérios microrganismos vém sendo estudados como potenciais probidticos nos dltimos anos.
Alguns desses estudos mostram beneficios a satide, inclusive em ensaios clinicos com
humanos. Esses beneficios podem estar relacionados a sua habilidade de regular a microbiota
intestinal através da competicao por sitios de adesdo, bem como pela produ¢do de compostos
antimicrobianos e/ por apresentarem efeitos imunomodulatérios. O presente estudo teve como
objetivo realizar uma anélise gendmica de Limosilactobacillus fermentum ATCC 23271 em
relagdo ao seu uso como microrganismo probidtico. Para isso, foi realizado o sequenciamento
genOmico da linhagem, seguido de andlise filogenética em comparagdo com os genomas de
outras linhagens de L. fermentum, bem como anédlises em diferentes bases de dados visando
detectar potenciais genes relacionados a tolerancia aos sais biliares, enzimas digestivas e pH
acido, genes associados as propriedades de adesdo, genes de bacteriocinas e genes
relacionados a seguran¢a da linhagem para uso humano. Também foram feitos testes in vitro
para confirmar a atividade antimicrobiana e interferéncia na adesdo de patdgenos. A andlise
do genoma revelou que a linhagem ATCC 23271 possui 2.193.335 bp, com 2.123 sequéncias
codificadoras de proteinas e um conteido de guanina-citosina de 50,9%. A andlise
filogenética revelou que a cepa ATCC 23271 compartilha 941 clusters de genes com seis
outras cepas probidticas de L. fermentum, mas apenas 13 clusters sdo exclusivos da ATCC
23271. Foram identificados no seu genoma genes conhecidos por conferir propriedades
probiodticas, incluindo genes relacionados a adesdo, tolerdncia a pH &cido e sais biliares,
tolerancia ao estresse oxidativo, metabolismo e transporte de agticares e outros compostos. O
programa BAGEL 4 mostrou a presenca de uma proteina hipotética com baixa similaridade
(48%) com a enterolisina A. A linhagem demonstrou ser segura para uso humano, visto que
seu genoma ndo revelou genes de resisténcia adquirida a antibidticos e nem genes
relacionados a viruléncia, ndo sendo caracterizada como patégeno humano. Além disso, loci
génicos associados com sequencias CRISPR/CRISPR e duas regides de profago incompletas
foram detectadas no genoma, o que limitaria a dissemina¢do de eventuais genes de resisténcia
adquirida. A tolerancia aos sais biliares (0,5 e 1.0%) e ao pH acido (pH 2. e 4.0) foi
demonstrada in vitro. Foi observada a capacidade de inibir a adesdo de algumas linhagens de

Candida as células Hela, principalmente dos isolados clinicos genitais, nos ensaios de



competi¢do e deslocamento. No ensaio de antagonismo foi confirmado que a linhagem tem a
capacidade antifiingica, uma vez que inibiu diferentes linhagens de Candida spp., exceto duas
de C. krusei, porém ndo apresentou nenhuma inibicdo relevante contra as linhagens
bacterianas utilizadas. Além disso, todos os antibidticos aos quais L. fermentum ATCC 23271
mostrou resisténcia ou foi moderadamente suscetivel eram sugestivos de resisténcia
intrinseca, mas ndo de adquirida. Nossos dados revelam as caracteristicas do genoma de L.
fermentum ATCC 23271 que podem demonstrar um quadro promissor para o uso dessa
bactéria probidtica por seus beneficios funcionais, principalmente contra infec¢des por

Candida.

Palavras-chave: Limosilactobacillus fermentum ATCC 23271; probidtico; andlise gendmica.



ABSTRACT

SANTOS, Camilla Itapary dos. Genomic analysis of Limosilactobacillus fermentum ATCC
23271, a potential probiotic strain and anti-Candida activity. 2021. 74 f. Tese (Doutorado

em Biotecnologia) — Universidade Federal do Maranhdo, Sao Luis, 2021.

Several microorganisms have been studied as potential probiotics in recent years. Some of
these studies show health benefits, including in human clinical trials. These benefits may be
related to its ability to regulate the intestinal microbiota through competition for adhesion
sites, as well as the production of antimicrobial compounds and/or by presenting
immunomodulatory effects. This study aimed to perform a genomic analysis of
Limosilactobacillus fermentum ATCC 23271 in relation to its use as a probiotic
microorganism. For this, the genomic sequencing of the strain was performed, followed by
phylogenetic analysis in comparison with the genomes of other strains of L. fermentum, as
well as analysis in different databases to detect potential genes that code for proteins related to
tolerance to bile salts, digestive enzymes and acid pH, genes associated with the adhesion
properties, bacteriocin production and genes related to the strain safety for human use. In vitro
tests were also performed to confirm antimicrobial activity and interference with pathogen
adhesion. Genome analysis revealed that the ATCC 23271 strain has 2,193,335 bp, with 2,123
protein coding sequences and a guanine-cytosine content of 50.9%. Phylogenetic analysis
revealed that the ATCC 23271 strain shares 941 gene clusters with six other probiotic strains
of L. fermentum, but only 13 clusters are unique to ATCC 23271. Genes known to confer
probiotic properties have been identified in its genome, including genes related to adhesion,
tolerance to acid pH and bile salts, tolerance to oxidative stress, metabolism and transport of
sugars and other compounds. The BAGEL 4 program showed the presence of a hypothetical
protein with low similarity with enterolysin A. The strain proved to be safe for human use,
because its genome did not reveal genes of acquired resistance to antibiotics or genes related
to virulence, not being characterized as a human pathogen. Furthermore, gene loci associated
with CRISPR/CRISPR sequences and two incomplete regions of prophage were detected in
the genome, which would limit the spread of possible acquired resistance genes. Tolerance to
bile salts (0.5 and 1.0%) and acid pH (pH 2. and 4.0) has been demonstrated in vitro. The
ability to inhibit the adhesion of some Candida strains to HeLa cells, especially the genital
clinical isolates, was observed in competition and displacement assays. In the antagonism
assay, it was confirmed that the strain has antifungal capacity, since it inhibited different

strains of Candida spp., except two of C. krusei, without relevant inhibition of the tested



bacteria. Furthermore, all antibiotics to which L. fermentum ATCC 23271 showed resistance
or was moderately susceptible were suggestive of intrinsic, but not of acquired resistance. Our
data revealed that L. fermentum ATCC 23271 has genomic features that demonstrate it is a

promising strain for use as a probiotic due to its functional benefits, especially against

Candida infections.

Keywords: Limosilactobacillus fermentum ATCC 23271; probiotic; genomic analysis.
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1 INTRODUCAO

Candidiase € uma doenga causada por uma levedura comensal do género Candida, que
em condi¢Oes adversas, especialmente em individuos imunocomprometidos, pode levar a
infecgdes orais, vulvovaginais e sistémicas (RIBEIRO et al., 2019). Nas ultimas décadas tem-
se observado um aumento de infec¢des fungicas profundas, ndo s6 em pacientes
imunocomprometidos, como em infec¢des nosocomiais e na populagdo saudavel. Também
tem aumentado a incidéncia de infecgdes causadas por Candida nao-albicans (FRIEDMAN;
SCHWARTZ, 2019). Atualmente infec¢des sistémicas causadas por Candida sdo a quarta
maior causa de infec¢des nosocomiais da corrente sanguinea e correspondem a 90% de todas
as infecgdes invasivas (PRISTOV; GHANNOUM, 2019). Adicionalmente, tem sido
observado um aumento da resisténcia aos antimicrobianos utilizados atualmente: azdis e
equinocandinas, por isso € importante a busca por novas abordagens terapéuticas (PRISTOV;
GHANNOUM, 2019). Uma alternativa de tratamento ou adjuvante de tratamento muito
estudada atualmente consiste no uso de probidticos.

Probidtico é um termo contemporaneo que significa “para a vida” e ¢ utilizado para
denominar associagdes bacterianas com efeitos benéficos a saide humana e animal, quando
administrados de forma adequada (HILL et al., 2014). Uma das primeiras observacoes
referentes ao uso de probidticos no tratamento de desordens intestinais foi feita pelo médico
pediatra Henry Tissier, que observou que as bifidobactérias sdo 0s microrganismos
predominates na microbiota intestinal de criancas alimentadas com leite materno. A partir
dessa observacdo, ele sugeriu que as gastroenterites agudas poderiam ser tratadas se o
equilibrio intestinal fosse restaurado com o uso de bifidobactérias (OZEN; DINLEYICI,
2015).

Assim, vérios microrganismos vém sendo estudados, durante os dltimos anos, com o
objetivo de caracterizacdo do potencial probidtico. Entre eles destacam-se linhagens
pertencentes aos seguintes géneros: Lactococcus, Streptococcus, Enterococcus,
Propionibacterium, Saccharomyces e, especialmente, Bifidobacterium e Lactobacillus
(CHUGH; KAMAL-ELDIN, 2020). Alguns desses estudos mostraram os beneficios a sadde,
inclusive em ensaios clinicos com humanos. Entre os beneficios ja estudados podemos citar: a
reducdo da diarreia associada a antibidticos e por rotavirus (LAI et al., 2019; KIM et al.,
2018); a redugdo da recorréncia de cancer superficial de bexiga (NADA et al.,, 2020);
modulacdo imunoldégica (ENGEVIK et al., 2021); vacinacdo oral melhorada (PERONI;
MORELLI, 2021); a reducdo da colonizagdo por Helicobacter pylori (FANG et al., 2019);
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alivio da sindrome do intestino irritdvel (HAN et al., 2019); reducdo do colesterol LDL
(WANG et al, 2019a; COSTABILE et al., 2017); alivio da doenga inflamatéria intestinal (LE;
YANG, 2018) e o tratamento e prevencdo de alergias (KIM et al., 2019; CUKROWSKA et
al., 2021).

Para uso no homem, um probidtico deve ser, preferencialmente, de origem humana,
seguro e livre de vetores genéticos capazes de transferir genes de resisténcia a antibidticos
e/ou de viruléncia; além de ter 6tima capacidade de sobreviver em condi¢des intestinais (pH
acido, enzimas, sais biliares, etc.) (KERRY et al., 2018). Adicionalmente, um probidtico deve
exibir antagonismo contra patdgenos, estimular o sistema imunoldgico e outros efeitos
benéficos comprovados. A escolha do microrganismo a ser usado como probidtico é
determinado por muitas caracteristicas diferentes, algumas delas incluem: a resisténcia a
enzimas pancredticas, dcido e sais biliares; capacidade de adesdo a mucosa intestinal; ter
efeitos documentados a sadde; ser seguro e ter boas propriedades tecnolégicas (SEALE;
MILLAR, 2013). Para uso de probidticos na tecnologia de fabricacdo de alimentos, €
necessario que o microrganismo possua boas propriedades tecnoldgicas incluindo: boa
capacidade de multiplicagdo, promover propriedades organolépticas (olfato e paladar)
adequadas ao produto, além de permanecerem estdveis e vidveis durante o armazenamento
(OLIVEIRA et al., 2002).

Os beneficios produzidos por probioticos podem estar relacionados a sua habilidade de
regular a microbiota intestinal através da competicdo por sitios de adesdo, bem como pela
producdo de compostos antibacterianos, que também podem apresentar efeitos
imunomodulatérios (DORON et al., 2008). Mecanismos que ajudam na modulacdo do sistema
imune, podem fazer com que a resposta dos anticorpos seja maior e a inflamac¢ao menor, além
de estimular a fagocitose, dentre varios outros mecanismos (SANDERS et al., 2019). Vale
ressaltar que os efeitos probidticos tendem a ser especificos para determinada linhagem, entao
um beneficio para a saude atribuido a uma linhagem ndo é necessariamente aplicdvel a outra,
mesmo dentro da mesma espécie. Portanto, generalizacdes sobre potenciais beneficios a saide
nido devem ser feitos (WILLIAMS, 2010).

Conforme demonstrado anteriormente em estudo desenvolvido pelo nosso grupo de
pesquisa, Carmo et al. (2016) analisou a linhagem L. fermentum ATCC 23271, obtido
inicialmente de intestino humano, contra diversos microrganismos e observou que poderia ser
um potencial probidtico associado ao tratamento de candidiase devido a sua propriedade de
co-agregacdo e deslocamento do patégeno no processo de adesdo a mucina.

Recentemente a espécie Lactobacillus fermentum, entre outras, sofreu uma mudanga

em sua taxonomia, passando a se chamar Limosilactobacillus. Tendo em vista que
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Lactobacillus fermentum (atualmente Limosilactobacillus fermentum) € uma das espécies com
efeitos benéficos importantes ja relatados (ZHAO et al., 2019; SINGH et al., 2013), e que nao
existem estudos mais detalhados de sequenciamento gé€nico que confirmem as propriedades
probidticas ja relatadas, o presente trabalho buscou analisar o genoma de L. fermentum ATCC
23271 em busca de caracteristicas que o identificassem como um bom candidato a probidtico,

com propriedades anti-Candida.

1.1 OBJETIVO GERAL

Realizar uma andlise genomica de Limosilactobacillus fermentum ATCC 23271 em

relac@o ao seu uso como microrganismo probidtico e a sua atividade anti-Candida.

1.2 OBJETIVOS ESPECIFICOS

a) Analisar o genoma de L. fermentum ATCC 23271 em diferentes bases de dados
visando detectar potenciais genes que codifiquem para proteinas associadas ao seu potencial
probidtico, incluindo genes relacionados a tolerincia aos sais biliares, enzimas digestivas e
pH 4cido, genes associados as propriedades de adesao, sintese de bacteriocinas e relacionadas
a seguranga para uso humano;

b) Realizar uma anélise filogenética comparando o genoma da linhagem em
estudo com os de outras seis da mesma espécie para evidenciar possiveis similaridades de
mecanismos de a¢do probidtica

c) Investigar a capacidade L. fermentum ATCC 23271 em inibir a adesdo de
Candida as células eucaridticas;

d) Verificar a atividade inibitoria da linhagem sobre o crescimento de bactérias e
espécies de Candida;

e) Determinar o perfil de susceptibilidade a antibidticos para verificar se perfil é

sugestivo de resisténcia intrinseca ou adquirida.
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2 REVISAO BIBLIOGRAFICA

2.1 INFECCOES CAUSADAS POR CANDIDA

Leveduras do género Candida sdo mirorganismos comensais encontrados em diversos
sitios anatdmicos, incluindo: pele, cavidade oral, gastrointestinal, urogenital e trato
respiratério de individuos sauddveis (SARDI et al., 2013; MUNDULA et al., 2019). Sob
certas condi¢des, a proliferacio exacerbada dessas leveduras pode causar desde infeccdes
superficiais a sist€émicas (SARDI et al., 2013; RIBEIRO et al., 2020). Nas ultimas décadas a
incidéncia de infeccdes fungicas t€m aumentado devido as doengas cronicas
imunossupressoras (diabetes, cancer, SIDA) e do amplo uso de drogas como antibidticos,
quimioterdpicos para o tratamento de cincer e imunossupressores (LASS-FLORL, 2009;
MUNDULA et al., 2019).

As formas de infeccio mais frequentemente encontradas sdo a candidiase
vulvovaginal, oral e invasiva, acometendo cerca de 130 milhdes, 15 milhdes e 700 mil
pessoas, respectivamente (WILLEMS et al., 2020). A candidiase vulvovaginal é a forma mais
prevalente e pode atingir até 75% das mulheres pelo menos uma vez na vida, apresentando
como principais sintomas coceira, vermelhidao da regido, dor, além de corrimento com
aparéncia de “leite talhado” (WILLEMS et al., 2020). Além disso a candidiase vulvovaginal
recorrente afeta cerca de 8% das mulheres e corresponde a mais de 3 episédios por ano
(DENNING et al., 2018). Ao contrario das formas oral e invasiva, a candidiase vaginal afeta
individuos imunocompetentes e saudaveis (FIDEL JUNIOR, 2002). Normalmente, o agente
causador ¢é da espécie C. albicans, atingindo cerca de 90% dos casos e, entre as Candida nao-
albicans, C. glabrata tem a maior taxa de incidéncia (WILLEMS et al., 2020). Os fatores de
risco para candidiase vulvovaginal incluem o uso de antibidticos, anticoncepcional oral,
gravidez, diabetes, entre outros (GONCALVES et al., 2016).

A candidiase oral € a infeccdo oral oportunista mais comum em individuos acometidos
pelo virus da imunodeficiéncia humana (HIV) e em individuos que apresentam sistema
imunoldgico enfraquecido por outros fatores, como a idade (VILA et al., 2020). Fatores como
diabetes, cancer, uso de préteses dentdrias, depressdo, também influenciam no aparecimento
da infeccao (REINHARDT et al., 2018). Normalmente, apresenta-se de forma assintomatica,
porém entre os sintomas mais citados estdo: ardéncia, queimacdo, dor, presenca de placas
brancas na lingua (SHARMA, 2019). A candidiase oral pode ser classificada em: candidiase

aguda, candidiase cronica e lesdes associadas a Candida na cavidade oral (SHARMA, 2019).
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Candidiase invasiva € o termo utilizado para falar das infeccOes que atingem a
corrente sanguinea, também conhecida como candidemia, e das infec¢des profundas que
causam abcesso intra-abdominal, peritonite ou osteomielite (PAPPAS et al., 2018). Trata-se
de uma infec¢do emergente e amplamente reconhecida como a maior causa de morbidade e
mortalidade em instituicdes de saide (MAGILL et al., 2014; CLEVELAND et al., 2015;
KULLBERG; ARENDRUP, 2015; MCCARTY; PAPPAS, 2016). Para que ocorra esse tipo
de infeccdo, é preciso que haja uma proliferacio do patégeno em conjunto com uma
deficiéncia do sistema imune do hospedeiro (PAPPAS et al., 2018). Assim como nas outras
formas, C. albicans é o principal agente causador de candidiase invasiva. No entanto,
Candida nao-albicans pode representar mais de 50% dos isolados em certas regides (FATHI
et al., 2016).

Atualmente um ndmero limitado de drogas terapéuticas sdo utilizadas no tratamento
de candidiase, as quais sdo classificadas em: azdis, equinocandinas, polienos, andlogos de
nucleosideos, alilaminas, tiocarbamatos e griseofulvina (SPAMPINATO; LEONARDI,
2013). Cada uma dessas drogas possui um mecanismo de agdo diferente para inibir o
crescimento das leveduras. O azdis correspondem a maior classe de drogas antiftingicas e
atuam destruindo a membrana celular através da inibi¢cdo da atividade de lanosterol 14-a-
desmetilase, enzima envolvida no processo de sintese de ergosterol, componente da
membrana celular fungica (HOF, 2006). As equinocandinas sdo antifungicos lipopeptidicos
que inibem a sintese de (1,3)-B-D-glucana, um polissacarideo especifico da parede celular de
fungos, causando instabilidade da integridade da parede, podendo levar a lise osmoética
(GROVER, 2010). Os polienos se ligam ao ergosterol e resultam na producdo de poros
aquosos, alterando a permeabilidade celular e consequentemente, a morte da célula
(SANGLARD; ODDS, 2002). A flucitosina € um andlogo de pirimidina e é transportado para
dento da célula pela enzima citosina permease, onde ird interferir na sintese de DNA, RNA e
de proteinas (VERMES; GUCHELAAR; DANKERT, 2000; ONISHI et al., 2000). Alaminas
e tiocarbamatos atuam inibindo a sintese de esqualeno epoxidase, enzima envolvida no
processo de sintese de ergosterol e, portanto, sdo responsaveis pela destrui¢do da membrana
celular (SANGLARD, COSTE, FERRARI, 2009). A griseofulvina € responsdvel pela
destruicao do fuso e da producdo de microtibulos, interferindo, portanto, no processo de
mitose (FRANCOIS et al., 2005). Entretanto, algumas dessas drogas apresentam efeitos
colaterais como toxicidade hepatica e renal; desconforto gastrointestinal, incluindo ndusea,
vomito e diarreia (RIBEIRO et al. 2020; LASS-FLORL, 2009).

Além do problema da toxicidade, existe também o aumento de resisténcia

antimicrobiana aos farmacos tradicionais. Existem dois tipos de resisténcia: clinica e
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micoldgica. A resisténcia clinica ocorre quando um antifingico com atividade in vitro é
incapaz de erradicar a infec¢do flngica, enquanto a resisténcia micolégica ocorre quando o
fungo é capaz de crescer na presenca do antifingico que deveria matd-lo durante os testes in
vitro (PRISTOV; GHANNOUM, 2019). Um dos principais fatores responsdveis pela
resisténcia a antifingicos € a capacidade de formacdo de biofilme. O biofilme é um conjunto
de células de microrganismos, podendo inclusive apresentar mais de uma espécie, envoltos
por uma matriz extracelular, tornando mais dificil a penetragdao de drogas (HARRIOTT et al.,
2010). Biofilmes sdo geneticamente resistentes a anfotericina B e fluconazol, tanto
clinicamente como micolégicamente (PERLIN; RAUTEMAA-RICHARDSON;
ALASTRUEY-IZQUIERDO, 2017; GAO et al., 2018). Existem trés mecanismos através dos
quais Candida pode se tornar resistente aos azois. O primeiro deles € a partir de bombas de
efluxo que possibilitam que a levedura expulse a droga (SPAMPINATO; LEONARDI, 2013;
NAMI et al., 2019). O segundo mecanismo consiste na regulacdo da expressdo génica de
ERGI11, que codifica a enzima alvo dos azois, dessa forma, previne a ligagdo da droga
(SPAMPINATO; LEONARDI, 2013; NAMI et al., 2019). O terceiro mecanismo € um
resultado de mutagdes que permite a formagao de outro caminho que ndo € interrompido pela
acdo dos azodis e que previne a alteracdo da membrana celular e a acumulacdo de produtos
toxicos (SPAMPINATO; LEONARDI, 2013). A resisténcia a polienos € extremamente rara,
porém pode ocorrer através da alteracdo de enzimas que reduzem afinidade de ligacdo com
drogas ou deletam ergosterol da membrana (ELLIS, 2002). Para a maioria das leveduras do
género Candida, a resisténcia a equinocardinas estd relacionada com mutacdes nos genes FKS
que codificam a subunidade catalitica da enzima alvo da droga, a (1,3)-f-D-glucana sintase
(LEE et al., 2020).

Atualmente ainda existe a preocupacdo com a espécie emergente C. auris, que vem se
espalhando em infeccdes nosocomiais por todo o mundo e, apesar de apresentar menor
viruléncia se comparada a C. albicans, possul altas taxas de mortalidade, principalmente em
pacientes imunocomprometidos (CHAABANE et al., 2019). Um dos fatores relacionados a
sua taxa de sucesso nas infec¢des € sua capacidade de formar biofilmes e sua baixa taxa de
susceptibilidade aos antiftingicos utilizados atualmente (BORMAN; SZEKELY; JOHNSON,
2016; SHERRY et al., 2017).

Por esse motivo é importante a busca e desenvolvimento de novos profildticos e
estretdgias complementares. O uso de probidticos é uma dessas alternativas e diversos
trabalhos ja vém comprovando que esses microrganismos sao capazes de inibir o crescimento

e a formacao de biofilme de Candida in vitro (ANDRADE et al., 2021).
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2.2 UTILIZACAO DE PROBIOTICOS NO TRATAMENTO DE CANDIDIASE

Os mecanismos de acdo dos probidticos podem incluir: inibicdo dos sitios de adesdo;
inibicdo da adesdo por co-agregacdo; secrecdo de moléculas antimicrobianas; modula¢do do
sistema imune do hospedeiro; manutengdo da sadde intestinal através do reequilibrio da
disbiose intestinal, entre outros (RIBEIRO et al. 2020; GAGLIARDI et al. 2018;
SILVERBERG; SILVERBERG 2014; AZAD, et al. 2018; BERNINI et al. 2018; COSSEAU
et al. 2008). Um dos principais mecanismos de a¢do dos probidticos na reducao de viruléncia
de Candida, esta relacionado com a diminui¢do de formacdo de biofilme (SHENOY;
GOTTLIEB, 2019). Rossoni et al. (2018) testaram 30 Limosilactobacillus isolados da
cavidade oral de hospedeiros sem cdries contra C. albicans (uma linhagem de referéncia e
duas clinicas) e observaram que 3 isolados obtiveram melhores resultados na diminuicao da
formacdo de biofilme e no retardamento da formacgdo de hifas (importante fator de viruléncia
de Candida). Também foi observado uma diminuicdo da expressdo de genes especificos por
regular a formacao de biofilme de C. albicans (ALS3, HWPI, EFGI e CPHI) (ROSSONI et
al., 2018). Matsubara et al. (2016) também demonstraram que o sobrenadante de L.
rhamnosus LR32 foi capaz de inibir o desenvolvimento do biofilme de C. albicans nos
estdgios iniciais, porém nio produziu efeito no biofilme maduro. James et al. (2016)
observaram que o uso de probidticos individuais ou em combinacdo com diferentes espécies,
seja na forma de sobrenadantes ou microrganismos vivos € capaz de diminuir a formagdo de
biofilme de C. albicans através da regulagdo de genes envolvidos na transi¢do de levedura
para hifa, formagdo de biofilme, invasdo tecidual e dano celular. C. auris é um patégeno
emergente que possui considerdvel resisténcia aos antifingicos e tanto as células vivas como
pos-bidticos (extrato cru e fracdo) de L. paracasei 28.4 apresentaram atividade antifingica
contra células planctonicas, biofilmes, e células persistentes de C. auris, além de proteger
Galleria mellonella infectada com C. auris, aumentando sua resposta celular e humoral
(ROSSONI et al., 2020).

Limosilactobacillus podem inibir o crescimento de Candida através da competi¢do por
nutrientes e pela producdo de acidos orgénicos, incluindo acido latico, que reduz o pH e cria
um ambiente desfavordvel, levando ao aumento da expressdo de genes relacionados ao
estresse (SIS1, TPS3, HSP78, TPO3, SEOI) (KOHLER; ASSEFA; REID, 2012). O co-cultivo
na presenga de Limosilactobacillus também levou a repressdo de genes relacionados a sintese
de ergosterol (ERG6, ERGI1, orf19.2016) e genes envolvidos na formacdo de bombas de
efluxo (CDRI), que estdo relacionados a resisténcia a antifiingicos (KOHLER; ASSEFA;

REID, 2012). Esses achados podem contribuir para uma terapéutica adicional ao uso de
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antifingicos, melhorando assim, sua eficiéncia. Ledo et al. (2018) observaram que a
administracdo de L. rhamnosus em camundongos em modelo de candidiase oral resultou em
uma diminui¢do significativa de Candida, além de diminuicao de infiltrados inflamatérios e
tecidulares.

Um importante fator de viruléncia responsavel pela infec¢do causada por Candida é
sua capacidade de mudar a morfologia das células de leveduras para hifas, e assim, invadir
tecidos. Allonsius et al. (2019) descobriram que a linhagem L. rhamnosus GG possui uma
proteina de superficie Mspl que € responsavel por quebrar quitina, principal polimero da
parede celular de hifas, utilizando-a como substrato e reduzindo em 50% a formacao de hifas.
Também foi possivel observar que Msp1 atua em sinergismo com dcido latico, aumentando a
taxa de reducgdo de hifas para 94% (ALLONSIUS et al., 2019).

Probidticos podem ser administrados de diversas formas, incluindo: enxaguantes
bucais, cremes vaginais, pasta de dentes, cipsulas ou através de alimentos (ANDRADE et al.,
2021). Amizi¢ et al. (2017) avaliaram a atividade antimicrobiana de dois probidticos (L.
paracasei e L. acidophilus) manipulados em forma de pasta de dentes em relacdo a pasta de
dente sem probidtico em combinagdo com dois enxaguantes bucais (contendo combinacgdo de
6leos essenciais e outro com hexetidina). Os resultados mostraram que as pastas de dentes
contendo probidticos apresentaram maiores efeitos inibitérios contra C. albicans e
Streptococcus salivarius quando comparadas com os outros grupos testados. Um estudo
conduzido por Kovachev e Vatcheva-Dobrevska (2014) envolvendo 436 mulheres com
candidiase vulvovaginal utilizou dois grupos de tratamento. O primeiro recebeu fluconazol
(150 mg) e uma dose unica de capsula vaginal de fenticonazol (600 mg) no mesmo dia. Ja o
segundo grupo seguiu 0 mesmo protocolo com adi¢do de probidticos vaginais contendo L.
acidophilus, L. rhamnosus, L. delbrueckii subsp. bulgaricus e Streptococcus thermophilus,
administrados apds o quinto dia do tratamento com os azéis. O uso de probidticos aumentou
a eficacia da terapia assim como preveniu reincidivas de infec¢Oes vaginais por C. albicans
(KOVACHEV; VATCHEVA-DOBREVSKA, 2014). Vicariotto et al. (2012) testaram uma
formulacdo contendo duas linhagens de Limosilactobacillus fermentum LF10 (DSM 19187) e
Limosilactobacillus acidophilus LA02 (DSM 21717), na forma tablet vaginal efervescente de
liberacdao lenta, em mulheres com candidiase vulvovaginal. Os resultados mostraram que a
formulacdo além de curar a infeccdo, promove uma defesa fisidgica longa através da

formac¢do de um ambiente anaerdbico e pela colonizacdo e adesdo dos dois probidticos.
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2.3 COMPOSTOS ANTIMICROBIANOS PRODUZIDOS POR LIMOSILACTOBACILLUS

As acOes benéficas causadas por probidticos podem estar relacionadas a sua
capacidade de modular a microbiota intestinal através da competicao por sitios de adesdo e
pela producdo de substidncias anti-microbianos, que podem apresentar efeitos
imunomoduladores (DORON et al., 2008). Entre os principais compostos antimicrobianos
produzidos por Limosilactobacillus, podemos citar: as bacteriocinas e microcinas, dcidos
organicos, biossurfactantes e per6xido de hidrogénio.

Bacteriocinas e microcinas sdo pequenos peptideos com atividade bactericida ou
bacteriostética que podem ser produzidas tanto por probidticos como por bactérias comensais.
Normalmente as bacteriocinas sdo secretadas por bactérias gram-positivas, enquanto
microcinas sdo produzidas por bactérias gram-negativas e possuem tamanho menor que 10
kDa (JAMES; LAZDUNSKI; PATTUS, 2013). O modo de acdo desses peptideos €
influenciado por diversos fatores, entre eles: dose do composto e grau de purificacdo, estado
fisiolégico das células indicadoras (fase de crescimento), e condi¢cdes experimentais
(temperatura, pH, presenca de agentes perturbadores da integridade da membrana e outros
compostos antimicrobianos) (DERAZ et al., 2007). A producdo de bacteriocinas também
pode ser modulada pela presenca de outras bactérias gram-positivas, conforme demonstrado
por Maldonado et al. (2004). Normalmente, as bacteriocinas possuem modo de agdo restrito a
linhagens proximas e agem aumentando a permeabilidade da membrana de bactérias gram-
negativas, causando sua ruptura ou pode atuar na sintese da parede celular, resultando na
formacdo de poros (WIEDEMANN et al., 2006; ZACHAROF; LOVITT, 2012). Hefzy et al.
(2021) testaram moléculas semelhantes a bacteriocinas produzidas por diferentes probidticos,
incluindo diversas espécies de Limosilactobacillus, contra diferentes espécies de Candida. A
molécula produzida por L. pentosus apresentou maior espectro, inibindo 73,3% dos isolados
de Candida, seguido de L. paracasei subsp. paracasei (68.9%), L. rhamnosus 1 (66.7%), L.
delbrueckii subsp. lactis 1 (66.7%). Tais moléculas também foram responsdveis por reduzir
em até 70,6% (L. pentosus) a formacdo de biofilme, além de aumentar a taxa de sobrevivéncia
de Galleria mellonella infectadas com Candida. L. plantarum WZD3 produz uma
bacteriocina com efeito contra crescimento de C. albicans, principalmente apos passar por
processo de purificagdo (MOHSIN; ALIL 2021)

Outro composto frequentemente produzido por Limosilactobacillus sio os acidos
organicos, compostos organicos que retém propriedades dcidas e a maioria deles consiste em
acidos carboxilicos (-COOH) (PAPATISIROS et al., 2013). Sdo compostos principalmente de

dcidos graxos de cadeia curta (SCFAs) (< C6), também comumente referidos como éacidos
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graxos de cadeia curta voléteis (VSCFA), como fumadrico, propidnico, acético, latico, butirico
e outros, ou dcidos graxos de cadeia média (MCFA; C7 a C10) e 4cidos graxos de cadeia
longa (LCFA; >C11) (DITTOE; RICKE; KIESS, 2018). A atividade bactericida dos acidos
organicos depende principalmente de sua forma indissociada, pois podem permear através da
membrana celular por difusdo e liberar prétons na célula (RICKE, 2003). O influxo de
prétons causa acidificacdo do citoplasma e alteracdes no potencial de prétons da membrana
(CRAMER; PRESTEGARD, 1977; EKLUND, 1983; BROCKLEHURST; LUND, 1990).
Essa perturbagdo da membrana plasmatica pode aumentar a eficcia do tratamento com azdis,
especialmente em C. glabrata, que apresenta resisténcia intrinseca a essas drogas (ZANGL et
al., 2020). Noverr e Huffnagle (2020) demonstraram que L. casei LGG é capaz de inibir a
colonizacdo de C. albicans através da produgado de acido butirico, que inibe a morfogénese de
levedura pra hifa. A producao de 4cidos por Limosilactobacillus nao segue um padrao, sendo
possivel encontrar maiores taxas de producdo entre 72h a 120h de incubacdo (OGUNSHE;
OMOTOSO; BELLO, 2011). A producao de acido latico por Limosilactobacillus também
possui papel importante na imunoregulacdo, aumentando a quantidade de citocinas anti-
inflamatoérias, independente da mudanca de pH, visto que experimentos somente acidificando
o meio ndo produziram o mesmo efeito pelas células (HEARPS et al., 2014; HEARPS et al.,
2017). Outra forma de atuacdo dos acidos organicos no desenvolvimento de Candida, € sua
capacidade de reduzir a sintese de RNA ribossomal e RNA, levando a um estado de inani¢ao
metabodlica, apds exposi¢do prolongada, reduzindo transcri¢do, traducdo e crescimento
(COTTIER et al., 2015).

Os biossurfactantes estdo entre um dos principais compostos produzidos por
Limosilactobacillus, e consistem em moléculas anfipaticas com fra¢des hidrofilicas e
hidrofébicas que compreendem uma ampla gama de estruturas quimicas, como glicolipideos,
lipopeptideos, complexos de polissacarideo-proteina, fosfolipideos, dcidos graxos e lipideos
neutros (LIN, 1996; DESAIL; BANAT, 1997). Suas funcOes incluem o aumento na area de
superficie e biodisponibilidade de substratos hidrofébicos insoliveis em &dgua, ligacdo de
metais pesados, regulacdo de genes envolvidos na patogénese bacteriana, como alginato, LPS,
elastase e a producdo de protease LasA (RON; ROSENBERG, 2002), quorum-sensing e
producdo de biofilme (SINGH; CAMEOTRA, 2004). O fato de apresentarem atividade anti-
adesivas sugere que estes compostos poderiam ser aplicados a dispositivos de assisténcia ao
paciente, como tubos ou cateteres, com o objetivo de diminuir a coloniza¢do de locais por
patégenos nosocomiais, representando, portanto, uma intervengao segura e eficaz para fins de
controle de infeccao (FALAGAS; MAKRIS, 2009). O biossurfactante isolado de L. paracasei

ssp. paracasei A20 exibiu atividades antimicrobiana e anti-aderente contra um amplo espectro
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de patégenos, incluindo C. albicans, E. coli, Staphylococcus aureus, Staphylococcus
epidermidis e Staphylococcus agalactiae (GUDINA et al., 2010). Esses biossurfactantes
podem ser utilizados em sinergismo para melhorar os efeitos antimicrobianos de alguns
medicamentos, como vem sendo apontado por Abruzzo et al. (2018), Kulkarni; Chakraborty;
Chakraborty (2019), Giordani et al. (2019). Abruzzo et al. (2021) relataram uma nova
formulacdo que consiste lipossomos contendo biossurfactante produzido por L. crispatus BC-
1, isolado da mucosa vaginal, recobertos com 4dcido hialurdnico. Tal formulagdo apresentou
uma boa estabildade ao ser aplicada na cavidade vaginal e capacidade de diminuir a formacao
de biofilme de Candida.

O perdéxido de hidrogénio (H202) € uma espécie reativa de oxigénio (ROS) de
producdo rara por espécies de Limosilactobacillus devido a sua fraca tolerancia ao oxigénio
(FANG et al., 2018). No entanto, sua produ¢do tem sido intimamente ligada as espécies de
Limosilactobacillus vaginais e é um preditor de colonizac¢do prolongada da vagina (VALLOR
et al., 2001). H,O, atua aumentando a permeabilidade da membrana celular e destruindo
estruturas moleculares bésicas de dcidos nucléicos e proteinas celulares (KONG; DAVISON,
1980; DAHL et al., 1989; PIARD; DESMAZEAUD, 1991). Em outro estudo, foi sugerido
que L. delbrueckii subsp. lactis T31 pode ser usado como cultura protetora na inddstria de
alimentos ou como probidtico para prevenir infecgdes intestinais e urogenitais; tal uso estava
implicito em sua capacidade de produzir H2O> (BATDORIJ et al., 2007). A producdo deste
ROS por L. crispatus 2029 proporcionou um amplo espectro de atividade antagdnica,
aumentando a resisténcia a colonizacdo de patégenos em infec¢des do trato urindrio, como
vaginose bacteriana e candidiase vulvovaginal (ABRAMOV et al., 2014). L crispatus M247
usa H202 como uma molécula transdutora de sinal para induzir a expressdao do receptor gama
ativado por proliferador de peroxissoma (PPAR), que desempenha um papel importante na
mucosa intestinal e homeostase das células epiteliais, por meio de uma modulagdo direta da
capacidade de resposta das células epiteliais a estimulos inflamatérios (VOLTAN et al.,
2008). O H20: derivado de bactérias € responsavel por manter e até melhorar a homeostase
intestinal desde que as concentra¢des nao ultrapassem uma determinada faixa fisioldgica, caso
contrdrio, pode levar a bacteremia (SINGH et al., 2018). Alguns autores sugerem que mesmo
em concentracdes que ndo sejam inibidoras de patégenos, o peréxido de hidrogénio pode
reagir com outras substancias formando compostos inibitérios como a hipotiocianita obtida
pelo sistema lactoperoxidase (DE VUYST & VANDAMME, 1994). Outra possivel funcio
para H20> € que possui atividade anti-inflamatdria, atuando nas células do hospedeiro através
da ativacdo dos receptores ativados por proliferadores de peroxissoma gama, que possui papel

essencial na regulacio da inflamacao intestinal e homeostase (HERTZBERGER et al., 2014).
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C. albicans € mais susceptivel a H2O, quando comparadas com C. glabrata, C. parapsilosis e
C. krusei (RAMIREZ-QUIJAS; LOPEZ-ROMERO; CUELLAR-CRUZ, 2015), inclusive tem
sido proposto que C. parapsilosis e C. krusei possuem resisténcia a H>O> devido a presenca
de oxidase, uma enzima que faz parte de um caminho oxidativo alternativo (OLIVEIRA et al.,

2012).

2.4 PROPRIEDADES PROBIOTICAS DE L. FERMENTUM

Limosilactobacillus acidophilus e L. fermentum siao predominantes no intestino
humano e apresentam propriedades probidticas (CHEN et al., 2009). A presenca desses
microrganismos na microbiota intestinal tem sido associada com estado saudavel do
hospedeiro e baixos niveis podem estar relacionados com Sindrome do Intestino Irritavel
(LIU et al., 2017).

Diversos trabalhos vém mostrando propriedades funcionais relacionadas com essa
espécie, e L. fermentum tem se tornado um dos mais promissores probidticos, sendo utilizado
como linhagem de referéncia em estudos comparativos com outros probidticos, devido as suas
propriedades (RODRIGUEZ-SOJO et al., 2021). Essa espécie ja foi isolada de diversos locais
incluindo: materiais de plantas fermentadas, laticineos, paes, salsichas fermentadas
naturalmente, leite humano, saliva e fezes humanas (RODRIGUEZ-SOJO et al., 2021). Seus
beneficios tém sido observados tanto em estudos pré-clinicos (in vitro € in vivo) como em

estudos clinicos com humanos (Tabela 1).



Tabela 1. Propriedades de linhagens de L. fermentum ja descritas em outros trabalhos.
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Linhagem Propriedade Referéncia
CECT 5716  Modulacdo da resposta imune do hospedeiro MARTINEZ-ABAD et al., 2016
Aumento da resposta a vacinacd@o contra influenza em adultos OLIVARES et al. 2007
Reducgdo da carga de Staphylococcus em leite materno de maes lactantes MALDONADO-LOBON et al.,
2015
Reducdo da incidéncia de infec¢do respiratdria e gastrointestinal em criangas MALDONADO et al., 2012
DR 9 Efeito antioxidante (via aumento da regulacio de producdo de oxoprolina) e efeito HOR et al., 2019; HOR et al.,
imunomodulatério em ratos senescentes 2021
Previne encurtamento de teldmero em ratos senescentes LEW et al., 2019
3872 Potencial para combater infeccdes por Campylobacter jejuni LEHRI, B.; SEDDON, A,
KARLYSHEV, 2017
Possui uma proteina ligadora de coldgeno unica, codificada por gene chbp com 5 repeticoes do LEHRI, B.; SEDDON, A
“dominio B” (enquanto outros Limosilactobacillus possuem apenas 4 dominios) KARLYSHEV, 2014
AGR1485 Capacidade de aumentar a resisténcia elétrica transeptelial (TEER) em camadas de células Caco-2, ANDERSON et al., 2010
aumentando portanto, a integridade da barreira e protegendo contra infeccdes de enteropatdgenos
MCC 2760 Reducgdo de colesterol, alto potencial antioxidante e a¢do anti-inflamatéria ARCHER; HALAMI, 2015;

ARCHER et al., 2018
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A linhagem L. fermentum CECT 5716, isolada de leite humano, apresentou atividades
imunomodulatérias, anti-inflamatérias e antimicrobiana contra Staphylococcus aureus, sendo
capaz de aumentar resposta imune natural e adquirida através da ativacdo de células T e NK e
indugdo de citocinas (PEREZ—CANO et al., 2010). Essa linhagem € sensivel a todos os
antibidticos e ndo possui genes de resisténcia que possam ser transmitidos, portanto vem
sendo utilizada em produtos como complemento alimentar e leite para criangas (ALE et al.,
2020). Em estudos clinicos apresentou resultados positivos prevenindo sintomas relacionados
a mastite lactacional, diminui¢do de infec¢Oes gastrointestinais e respiratorias em criancas e
melhoramento da resposta vacinal (RODRfGUEZ—SOJ Oetal., 2021).

L. fermentum MCC2760 possui propriedades de adesdo a células in vitro e
imunoregulagdo através da expressao de genes relacionados a producao de IL-6, IL1 e IL-10,
e supressao de TNFa (ARCHER; KURREY; HALAMI, 2018), redu¢do de colesterol e alto
potencial antioxidativo (ARCHER; HALAMI, 2015), inclusive em modelos in vivo (
ARCHER; MUTHUKUMAR; HALAMI, 2021).

Por outro lado, a linhagem L. fermentum GMNL-296 foi recentemente patenteada em
uma composi¢do capaz de melhorar sintomas de infec¢des causadas por Clostridium difficile,
um dos principais patégenos causadores de diarreia em pacientes com antibioticoterapia,
enquanto que L. fermentum 1.23 apresentou efeito terapéutico apds administragdo vaginal em
fémeas de camundongo BALB/c infectadas com Gardnerella vaginalis (DANIELE;
PASCUAL; BARBERIS, 2014).

A atividade antimicrobiana também tem sido demonstrada em L. fermentum contra
diversos microrganismos, tais como: S. aureus, Listeria monocytogenes, Escherichia coli
também foram demonstradas em diversos outros trabalhos (MELO et al., 2016; RAMOS et
al., 2013; VELJOVIC et al., 2017).

Além da atividade antimicrobiana, outras propriedades t€ém sido atribuidas a espécie L.
fermentum. A linhagem L. fermentum IM-12, apresentou efeito imunomodulador através da
supressao de IL-6 em macréfagos, além de atividade anti-inflamatéria em camundongos com
colite (LIM et al., 2017). Outra linhagem, L. fermentum 1.930BB promoveu a diminuicdo da
expressdo de citocinas pré-inflamatérias (IL-6 and IL-12) e aumentou IL-10, uma citocina
anti-inflamatéria (CITAR et al., 2015).

Algumas linhagens também estdo relacionadas com atividades anti-cancer e
melhoramento da longevidade. Shokryazdan et al. (2017) mostrou que a linhagem L.
fermentum HM3 apresentou atividade citotoxica contra células tumorais e mostrou

seletividade a este tipo celular em detrimento de células normais. Wei et al. (2019)
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observaram que a linhagem L. fermentum YL-11 produz um exopolissacarideo que possui
atividade atitumoral quando testado nas células de cancer de célon HT-29 e Caco-2. Estudo
com L. fermentum JDFM216 mostrou que essa linhagem foi capaz de aumentar a longevidade
e resposta imune de Caenorhabditis elegans (JANG et al., 2017; PARK et al., 2018). Além
disso, outros trabalhos demonstraram que esta espécie é frequentemente encontrada no
microbioma intestinal de idosos saudaveis (SILVI et al., 2003; PARK et al., 2015). A
linhagem L. fermentum DR9 foi responsavel por promover uma atividade antioxidante através
do aumento da regulacio de 5-oxoprolina (4cido L-piroglutamico), diminuida em
camundongos senescentes, além de prevenir a diminuicao de telomeros em outro estudo com
camundongos (HOR et al., 2018; HOR et al., 2019). Também foi observada a capacidade
dessa linhagem em reduzir a producdo de citocinas pré-inflamatérias (IL-1p) em musculos e
ossos de ratos que tiveram processo de envelhecimento induzido por D-galactose (HOR et al.
2021).

Virios estudos indicaram que a producao de exopolissacarideos (EPS) por espécies de
Limosilactobacillus pode contribuir para saide humana por contribuirem para o seu papel
como probidtico, tais como: induzirem modulagcdo do sistema imune, apresentarem atividade
antioxidante e antitumor, serem capazes de diminuir colesterol, entre outros (RUAS-
MADIEDO et al., 2010; CASTRO-BRAVO et al., 2018). L. fermentum também é capaz de
produzir EPS, que pode ser secretada no meio ou permanecer aderida a parede celular. EPS
produzida por L. fermentum Lf2 mostrou uma possivel atividade prebidtica devido ao
aumento da producdo de SFCA (produzido no catabolismo de carboidratos prebidticos por
bactérias beneficiais da microbiota) nas fezes de camundongos testados, sugerindo que
pudesse ser utlizado com ingrediente funcional na formulacdo de alimentos (ALE et al.,
2019). L. fermentum S1 produz EPS que permanece aderido a superficie celular e possui
atividade antioxidante demonstrada in vitro, além de apresentar uma alta temperatura de
degradagdo, podendo ser utilizado na industria alimentar (WANG et al, 2019b). L.
Sfermentum MTCC 5898 também € responsével pela producdo de EPS que permanece aderido
a parede celular e apresenta efeito antioxidante (BHAWAL et al., 2021). O exopolissacarideo
purificado produzido por L. fermentum UCO-979C foi responsdvel por reduzir a adesdo de H.
Pylori em células AGS (células epiteliais de adenocarcinoma gastrico humano), além de
aumentar os niveis de TNF-q, IL-6, IL-10 em células AGS e diminuir os niveis de TNF-a, IL-
6 e IL-8 em células AGS infectadas por H. pylori. Além disso, essa linhagem foi responsavel
por melhorar a resisténcia a infec¢do por H. pylori in vivo através da modulagdo da resposta
imune em camundongos, reduzindo os niveis de IL-8 e TNF-a e aumentando IL-10 em

camundongos infectados (GARCIA-CASTILLO et al., 2020).
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Nem sempre a utilizacdo de probidticos causa beneficios ao hospedeiro, como € o caso
da linhagem L. fermentum AGR1487, isolada de um paciente sauddvel, posteriormente
diagnosticado com doenca do intestino irritdvel (ANDERSON et al., 2013). Essa linhagem
apresentou efeito negativo em modelo representando a integridade da barreira intestinal in
vitro, diminuindo em até 97% a resisténcia transepitelial elétrica, causando efeito negativo nas
juncdes entre células epiteliais adjacentes (ANDERSON et al., 2013). Tal efeito é obtido
através da super-expressdo de genes codificantes de sintese de tubulina e de proteinas
associadas a formacdo de microtibulos (ANDERSON et al., 2013). No mesmo trabalho foi
observado efeito positivo em relacdo a L. fermentum AGRI1485, capaz de aumentar a
integridade da barreira intestinal in vitro (ANDERSON et al., 2013). Por esse motivo €
importante um estudo aprofundado de possiveis linhagens probidticas a fim de evitar
linhagens que causem prejuizos ao hospedeiro.

L. fermentum 3872 foi isolado a partir do leite materno de paciente saudavel e possui
capacidade de produzir 4cido latico e peroxido de hidrogénio, além de aderir a células bucais
e HeLa (ABRAMOV et al., 2014). A andlise do genoma mostrou a presenca de genes
responsdveis pela sobrevivéncia da bactéria no trato gastrointestinal, além de proteinas
potencialmente envolvidas na interacdo com fibronectina, mucina e coldgeno
(LEHRI; SEDDON; KARLYSHEV, 2015; LEHRI; SEDDON; KARLYSHEV, 2017a).
Lehri, Seddon, Karlyshev (2017b) confirmaram a afinidade de L. fermentum 3872 de se ligar
a coldgeno do tipo I e observaram que pode haver uma competi¢do por sitios de adesdo com
Campylobacter jejuni na célula do hospedeiro. Esse trabalho nos mostra como a
caracterizacdo génica pode servir de ferramenta para verificar possiveis propriedades e assim,

iniciar testes in vitro direcionados.

2.5 ANALISE GENOMICA COMO FERRAMENTA DE CARACTERIZACAO DE
PROBIOTICOS

A anélise genomica vem focando principalmente na predi¢do de recursos metabolicos,
baseando-se em anotacdo funcional, composi¢cdo do genoma e locus conservados. Entretanto,
¢ preciso identificar novos alvos independentemente de uma classificagdo funcional para que
se encontre respostas para perguntas como: o que permite alocar organismos em diferentes
nichos e quais genes estdo envolvidos em capacidades metabdlicas tinicas? Como novos alvos
podem ser selecionados para identificar caracteristicas unicas? (KLAENHAMMER et al.,

2008).
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Devido a sua importancia econdmica, diversos especialistas vém estudando o genoma
de probidticos e tais estudos demonstram uma relacdo entre tamanho do genoma e
especializacdo a nichos ecolégicos (PAPIZADEH; POURSHAFIE, 2017). Acumulacdo de
pseudogenes e elementos de inser¢cdo de sequéncia e diminuicdo do conteddo de GC sado
caracteristicas de uma minimizacdo do genoma, caracteritica da evolu¢do de
Limosilactobacillus, que possuem nicho especializado e estreita distribui¢do (PAPIZADEH,;
POURSHAFIE, 2017).

Bactérias produtoras do dcido latico (BALs) sdo organismos com baixo conteido de
GC (33% a 50%), com genomas relativamente pequenos, abrangendo desde 1.3 — 2.0 Mb para
L. helveticus, L. sakei, L. gasseri, e L.johnsonii até 3.3 Mb para L. plantarum, indicando que
os menores possuem habitat restrito, enquanto os com maiores genomas possuem habitat
generalista (KLAENHAMMER et al., 2008; PAPIZADEH; POURSHAFIE, 2017).

Recentemente algumas espécies do género Lactobacillus sofreram uma alteracdo em
sua taxonomia e passaram a constituir espécies de outros géneros (ZHENG et al., 2020). Tal
alteracdo se deve ao fato de que o género era bem amplo, polifilético e compreendia pelo
menos outros 5 géneros (WITTOUCK, WUYTS, LEBEER, 2019). Alguns autores mostraram
que o género Lactobacillus possuia 10 filogrupos monofiléticos e 4 desses grupos ndo
apresentavam o requisito comum de compartilhar >50% de proteinas conservadas (POCP)
(QIN et al., 2014). A partir da nova classificacao sugerida por Zheng et al. (2020), o gé€nero
Lactobacillus foi reclassificado em 25 novos géneros que compartilham propriedades
ecoldgicas e metabdlicas, incluindo o género Limosilactobacillus.

O sequenciamento gendmico € uma técnica que vem sendo amplamente implementada
em laboratorios de pesquisa e quando utilizada para microbiologia clinica promove uma
rapida deteccdo e identificacdo de um microrganismo, que pode ser combinado com o teste de
susceptibilidade antimicrobiana (TAGINI; GREUB, 2017). Por esse motivo, o
sequenciamento gendmico pode utilizado em varios aspectos da microbiologia clinica,
incluindo controle de doencas infecciosas e epidemiologia de patégenos (LOMAN et al.,
2012; TANG et al., 2017).

No ramo da microbiologia alimentar, a rapidez e o baixo-custo dos métodos de
sequenciamento mais atuais (next generation sequencing” - NGS) tem permitido mostrar a
diversidade genOmica entre espécies de microrganismos, identificar o perfil de comunidades
microbianas, bem como elucidar mecanismos moleculares de funcionalidades em
ecossistemas alimentares (SOLIERI; DAKAL; GIUDICI, 2012).

A existéncia de uma unica sequéncia gendmica € inadequada para descrever a

complexidade de espécies, género e suas inter-relacdes. S3o necessdrias varias sequéncias
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gendmicas para representar a variabilidade genética de espécies microbianas, dessa forma
pode-se avaliar e detectar variacdes genéticas individuais responsdveis por mutagdes
fenotipicas ou propriedades funcionais. Esse processo auxilia na diferenciacdo de linhagens
produtoras de toxinas das ndo-produtoras, linhagens selvagens e linhagens optimizadas para
processos industriais. A comparacao dos diversos perfis gendmicos pode auxiliar a identificar
taxas de mutacdo na evolugcdo de populacdo e sua correlacdo da adaptacdo (SOLIERI;
DAKAL; GIUDICI, 2012).

No caso de probidticos, a andlise genOmica permite predizer se 0 microrganismo
possui genes associados na produgdo de moléculas antimicrobianas e vitaminas, genes que
auxiliem na resisténcia a situacdes de estresse como a passagem pelo trato géstrico e,
portanto, enzimas digestivas. Também permite verificar a presenga de genes relacionados com
a adesdo, os quais possibilitariam a colonizacdo do trato gastrintestinal ou de outro sitio
anatomico. Todos esses fatores sdo importantes na escolha de um bom probidtico e oferecem

suporte na escolha da linhagem apropriada.
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Abstract: Limosilactobacillus fermentum (ATCC 23271) was originally isolated
from the human intestine and has antimicrobial activity, primarily against
Candida species. Complete genome sequencing and comparative analyses were
performed to elucidate the genetic basis underlying its probiotic potential. The
ATCC 23271 genome was found to contain 2,193,335 bp, with 2,123 protein-
coding sequences. Phylogenetic analysis revealed that the ATCC 23271 strain
shares 941 gene clusters with six other probiotic strains of L. fermentum. Putative
genes known to confer probiotic properties have been identified in the genome,
including genes related to adhesion, tolerance to acidic pH and bile salts,
tolerance to oxidative stress, metabolism and transport of sugars and other
compounds. A search for bacteriocin genes revealed a sequence 48% similar to
that of enterolysin A, a protein from Enterococcus faecalis. However, in vitro
assays confirmed that the strain has inhibitory activity on the growth of Candida
species and also interferes with their adhesion to HeLa cells. In silico analyses
demonstrated a high probability of the protein having antimicrobial activity.
Our data reveal the genome features of L. fermentum ATCC 23271, which may
provide insight into its future use given the functional benefits, especially
against Candida infections.

Keywords: probiotic; genomic characterization; Limosilactobacillus fermentum;
Candida infection
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1. Introduction

Candida species are considered as commensal
microorganisms in humans [1]. Nevertheless, they can cause
opportunistic infections, including some that are less severe
and superficially located, and others of a life-threatening
systemic nature, particularly in immunocompromised
patients. Localized candidiasis mainly affects the mucosa of
the oral cavity and vagina [2, 3].

Azoles are commonly used to treat candidiasis [4]. These
drugs are fungistaticc meaning that an efficient immune
system is necessary to control the infection and resolve its
symptoms [5]. Other classes of antifungals may also be
indicated, particularly when the etiologic agent is resistant
to azoles, including nystatin, amphotericin B, flucytosine or
echinocandins [6, 7]. Thus, there is a need for new effective
therapeutic approaches for candidiasis.

According to The International Scientific Association for
Probiotics and Prebiotics, probiotics are defined as “live
microorganisms that, when administered in adequate
amounts, confer a health benefit to the host” [8]. A probiotic
formulation can be administered as a single microorganism
or in association with different species. In addition,
probiotics may be mixed with prebiotics to enhance their
benefits. For human use, a probiotic should preferably be of
human origin, safe, and free of genetic vectors capable of
transferring antibiotic resistance and/or virulence genes.
They must have the ability to survive in adverse host
conditions (such as acidic pH, enzymes, and bile acids) and
to adhere to eukaryotic cells [9]. Probiotics can exhibit
antagonism against microbial pathogens, stimulate the host

immune system, or confer other proven beneficial effects [8,
10].

Health benefits have been reported in both human
clinical trials and animal studies. The benefits include: the
reduction of antibiotic-associated diarrhea and rotavirus
diarrhea [11], preventive and adjuvant therapy in the
treatment of certain cancer types [12-14], immunological
modulation [15], improved response to vaccination [16],
adjuvant action in the treatment of Helicobacter pylori
infections [17], relief of irritable bowel syndrome [18],
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treatment and prevention of allergies [19], in addition to
preventing type 1 diabetes in animal models [20].

The benefits produced by probiotics may be related to
their ability to regulate the microbiota through competition
for adhesion sites, as well as the production of soluble
compounds, which can also have immunomodulatory or
antimicrobial effects [21]. The modulation of the immune
system by probiotics can result in enhanced antibody-
mediated responses, reduced inflammation, increased
phagocytosis, in addition to several other responses [22, 23].

Many genera of bacteria (and yeasts) have been
proposed as probiotics, but the most commonly used are
Lactobacillus and Bifidobacterium species [24, 25]. Lactobacillus
is the most complex genus among lactic acid bacteria (LAB)
and represents a defined group of gram-positive, non-spore-
forming rods or coccobacilli which are fermentative,
aerotolerant, or anaerobic with a G + C content usually
below 50 mol% [25]. The genus is included in the phylum
Firmicutes and has recently been reclassified into 25 genera
[26].

Lactobacillus fermentum has also undergone a change in
its taxonomy, changing its name to Limosilactobacillus
fermentum [26]. This species has been detected in human
milk and feces, animal feces, plant tissues, and dairy foods
[27-34]. Some of the beneficial effects of this species, which
are strain-specificc have already been described. These
effects include reduction of cholesterol, prevention of
community-acquired intestinal and upper respiratory
infections, antioxidant potential, anti-aging action, anti-
inflammatory activity, immune system stimulation, and
antimicrobial activity [27-30, 32, 33, 35, 36]. In our previous
study, the L. fermentum ATCC 23271 strain, originally
isolated from the human intestine, exhibited capability to
adhere to eukaryotic cells, mucin binding ability, and
inhibitory activities on the growth and cell adherence of
genital pathogens, principally Candida species [37]. Thus, in
order to gain further insight into the genetic basis of the
probiotic potential of the L. fermentum ATCC 23271 strain,
we sequenced its whole genome. We also compared its
genome with the genomes of other L. fermentum strains in an
attempt to identify its possible mechanisms of action.

2. Materials and Methods

2.1 Bacterial strains and growth conditions
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The following microorganisms were used in this study: L.
fermentum ATCC 23271, enteroaggregative Escherichia coli
(EAEC) 17.2, E. faecalis (ATCC 29212), Salmonella enterica
subsp. enterica sorovar Enteritidis (ATCC 13076), C. albicans
ATCC 90028, C. albicans SC 5314, Candida krusei ATCC 6258,
C. parapsilosis ATCC 22019, C. albicans 44 (oral isolate), C.
albicans CAS (vaginal isolate), C. krusei GJFD (vaginal
isolate), C. parapsilosis FSG (oral isolate), and C. parapsilosis
RCL (vaginal isolate). Probiotic properties were also
evaluated against clinical Candida strains isolated from oral
and vaginal cavities, belonging to the Culture Collection
Sector of the Biology Laboratory of the Federal Institute of
Education, Science and Technology of Maranhao. L.
fermentum ATCC 23271 strains were cultivated in De Man,
Rogosa, and Sharpe (MRS) agar and broth (Difco
Laboratories, Detroit, MI, USA) under anaerobic conditions,
while the other bacteria and yeasts were grown in brain
heart infusion (BHI) agar/broth and Sabouraud agar,
respectively (Difco Laboratories, Detroit, MI, USA) under
aerobic conditions. All microorganisms were incubated at 37
°C for 24 h.

2.2 Whole genome sequencing of Limosilactobacillus fermentum
ATCC 23271

Genome sequencing of L. fermentum ATCC 23271 was
performed by Neoprospecta using the Illumina HiSeq4000.
Genomic DNA was extracted using the PureLink® Genomic
DNA Mini Kit (Invitrogen, USA), according to the
manufacturer's instructions. The complete genome was
sequenced using the Illumina MiSeq paired library approach
and prepared using the Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA, USA). The
sequence readings were assembled using A5 software [38]
and processed for adapter cutting, quality filtering, and
error correction to generate the contigs and scaffolds. In
addition, the CAP3 software [39] was used to improve the
scaffolding assembly, cut low-quality regions, and correct
erroneous links between contigs. The pre-assembled
genomic DNA sequences were annotated using the software
tool Prokka [40].

2.3 Genome analysis

The annotated sequences of the L. fermentum ATCC 23271
genome were analyzed using Rapid Annotation using
Subsystem Technology (RAST) (available at
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https://rast nmpdr.org/rast.cgi). The Basic Local Alignment
Search Tool (BLAST) was used to search for similarities in
the protein databases of the National Center for
Biotechnology Information (NCBI) and Universal Protein
Resource. Phaster (https://phaster.ca/) was used to search for
prophage-like clusters. Orthovenn
(http://probes.pw.usda.gov/OrthoVenn) was used to search
for orthologous proteins common to the lineages L.
fermentum 2760, L. fermentum DR 9, L. fermentum 3872, L.
fermentum CECT 5716, and L. fermentum AGR 1485 [41]. To
search for genes associated with bacteriocins, the BAGEL4
program (available at http://bagel4.molgenrug.nl/) was used,
and a protein with similarity to another known bacteriocin
was first analyzed using the Signal P 5.0 Server to identify
the signal peptide cleavage region. The mature protein
sequence was analyzed in the CAMP database using four
machine learning algorithms, including: Support Vector
Machine, Random Forest, Artificial Neural Network, and
Discriminant Analysis, to predict its antimicrobial activity
[42]. A phylogenetic tree was generated using the nucleotide
sequence using the TYGS server (http: // tygs. dsmz.de) [43]
using genomic sequences deposited in GenBank. To analyze
evolutionary relationships between species, Mauve linked in
Geneious software [44] was used. PathogenFinder v. 1.1 [45]
was used to estimate the pathogenicity of the strain in
human hosts. ResFinder v. 3.1 [46] and the Comprehensive
Antibiotic Resistance Database (CARD) v. RGI 5.1.0, CARD
3.0.7 [47] were used to search for antimicrobial resistance
genes. Virulence determinants were analyzed using
VirulenceFinder v. 2.0 [48]. The rapid identification and
annotation of prophage sequences within the genome of L.
fermentum ATCC 23271 was performed using the phage
search tool enhanced release (PHASTER) [49] The CRISPR
Finder tool was used to detect CRISPR direct repeats and
spacers [50].

2.4 Antagonism assay

Antagonism tests were performed using the overlay method
[37]. L. fermentum ATCC 23271 grown on MRS agar was
standardized at ODsoonm = 0.1, in MRS broth, and then 5 puL of
the inoculum was spotted (about 0.9 cm) on MRS agar (Difco
Laboratories, Detroit, MI, USA) and incubated for 48 h
under the same conditions. After that period, a 2 mm layer
of Muller-Hinton agar (Difco Laboratories) was added onto
MRS agar, and the standard pathogen inoculum (1 x 10®
CFU/mL) was seeded. Petri dishes were incubated at 37 °C
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for 24 h under aerobic conditions, and subsequent zones of
inhibition were measured.

2.5 Interference on cell adhesion

Cell adhesion experiments were performed was carried out
with Candida spp. by using HeLa (ATCC CCL-2) cell line
yeast, respectively [51], with minor modifications [37].
Cultivation was carried out in Dulbecco's Modified Eagle's
Medium (DMEM, Sigma-Aldrich) culture medium
supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich) and 1% antibiotic and antimycotic solution,
incubated in 5% CO2, at 37 °C in a humidity-controlled
environment. The cells were seeded in 24-well plates at a
concentration of 1 x 10° cells/well and left to reach 80%-90%
confluence. Then, the microorganisms were added at
concentrations of 1 x 10° cells/well of pathogens and 1 x 108
cells/well of L. fermentum ATCC 23271. The tests were
performed in three different ways: by adding the two
microorganisms at the same time (competition); first, L.
fermentum ATCC 23271 for 1 h and then pathogens
(exclusion), or first pathogens for 1 h followed by L.
fermentum ATCC 23271 (displacement). The plates were
incubated for 4 h, and then dilution and plating were
performed for CFU counts after incubation on Sabouraud
agar.

2.6 Tolerance to gastrointestinal conditions

The tolerance of L. fermentum ATCC 23271 to acidic pH (pH
= 2 and 4) and bile salts (0.5% and 1%, Oxgall, Sigma-
Aldrich) was verified as described by Monteiro et al. [52].
Initially, 900 uL MRS (Difco Laboratories) was adjusted to
pH 2 or 4, or supplemented with 0.5% or 1% (w/v) Oxgall
(Sigma-Aldrich). The medium without modifications was
used as a control. An aliquot of 100 pL of a 24 h culture of L.
fermentum ATCC 23271, previously washed with PBS, was
inoculated into tubes containing modified or unmodified
MRS. After incubation at 37 °C for 3 h under anaerobic
conditions, the percentage of viable bacteria was calculated
by counting CFUs on MRS agar (Difco Laboratories).

2.7 Antibiotic susceptibility test

Antibiotic susceptibility assays were performed using the
modified agar diffusion method, using commercial discs
(Thermo  Scientific™  Oxo0id™) containing  different
antibiotics, including cefoxitin (30 pg), cefazolin (30 ug),
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chloramphenicol (30 ug), ciprofloxacin (5 pg), clindamycin
(2 png), erythromycin (15 pg), gentamicin (120 ug), linezolid
(30 pg), nitrofurantoin (300 ug), oxacillin (1 pg), penicillin g
(10 pg), rifampicin (5 pg), sulfazotrim (25 pg), tetracycline
(30 pg), tigecillin (15 pg), and vancomycin (30 pg). L.
fermentum ATCC 23271 overnight culture (37 °C in
anaerobiosis) was standardized and inoculated on MRS agar
medium, as previously described [53]. Subsequently,
antimicrobial discs were placed, and the plates were
incubated anaerobically at 37 °C for 24 h. The inhibition
zone diameter of bacterial growth was measured (in mm)
and susceptibility was assessed according to Charteris et al.
[53].

2.8 Ethical aspects

Clinical microbial strains were obtained from a previous
research project approved by the Ethics Committee of
CEUMA University (N° 2.519.446/2018/CEP-UNICEUMA).

2.9 Statistical analysis

Data analysis was performed using GraphPad Prism
Software 5.1 (GraphPad Software, San Diego, CA, USA).
Student's t-tests were performed to assess differences in the
adhesion assays when the Candida strains were assayed
alone or in the presence of L. fermentum ATCC 23271. All
experiments were performed in triplicate on three
independent days, and statistical significance was set at p <
0.05.

3. Results
3.1. General genome features and comparative analysis

To search for the genetic basis of the probiotic properties of
interest, the genome of L. fermentum ATCC 23271 was
sequenced. The genome was deposited in the NCBI database
under the BioProject accession number PRJNA729474. Raw
reads were deposited in the Sequence Read Archive (SRA)
under the accession number SRX10856814. The assembled
genome sequence was deposited in DDBJ/ENA/GenBank
under the accession number GenBank: JAHBRU000000000.1.

Preliminary annotation data for the L. fermentum ATCC
23271 genome are listed in Table 1. The genome contains
2,123 protein-coding sequences (CDS).

Table 1. Characteristics of the assembly of L. fermentum ATCC 23271 genome
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Attribute * Indicators
Genome size (bp) 2,193,335
G+C content (%) 50.9
N50 33,843
L50 22
Number of contigs (with PEGs) 223
Number of subsystems 312
Prophage-like clusters 2
CDS 2,387
CDS (with proteins) 2,123
N° of RNAs 79
N° of tmRNA operons 1
N° of tRNA 55
N° of rRNA 21
N° of CRISPR loci 2

* Genome sequencing was performed using Illumina libraries designed using
shotgun sequencing (Nextera). Genome annotation was performed automatically
using the PROKKA tool.

The RAST analysis showed the presence of 2,123 coding
sequences distributed in 312 subsystems, of which 1,614
were related to non-hypothetical proteins and 509 to
hypothetical proteins. These genes were found to be
associated with several subsystems (Figure 1). Through
image analysis, it was seen that the subsystems with the
highest number of genes are related to the production of
cofactors, vitamins, prosthetic groups, pigments, protein
metabolism, amino acids, and carbohydrates.

Subsystem Information

Subsystem Statistics

Subsystem Coverage

Features in Subsystems

Subsystem Category Distribution Subsystem Feature Counts

m MW Cofactors, Vitamins, Prosthetic Groups, Pigments (140)
@M Cell wall and Capsule (98)
@M Virulence, Disease and Defense (45)
@M Potassium metabolism (7)
B Photosynthesis (0}
Miscellaneous {24)
@M Phages, Prophages, Transposable elements, Plasmids (13)
Membrane Transport {16)
=M Iron acquisition and metabolism (10)
RMA Metabolism (87)
@MW Mucleosides and Nucleotides (101)
Protein Metabolism (189)
@M Cell Division and Cell Cycle (44)
Motility and Chemotaxis (0)
@M Regulation and Cell signaling (17)
Secondary Metabolism (0)
DNA Metabolism (89)
=W Fatty Acids, Lipids, and Iscprencids (78)
@M MNitrogen Metabolism (11)
@M Dormancy and Sporulation (5)
W Respiration (25)
Stress Response (53)
Metabolism of Aromatic Compounds (2]
Amino Acids and Derivatives (166)
Sulfur Metabalism (8)
Phosphorus Metabolism {26)
Carbohydrates (156)
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Figure 1. Categories of subsystems of the L. fermentum ATCC 23271 genome annotated by RAST.

The genome of L. fermentum ATCC 23271 was compared
with the whole genomes of other L. fermentum strains in
GenBank using the OrthoVenn web platform. The species
formed 2,183 gene clusters, of which 1,262 belonged to at
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least two species and 921 presented themselves in a single
copy. It was also observed that L. fermentum ATCC 23271
shares 941 orthological clusters with all the other tested
strains, and that it has 13 exclusive gene clusters (Figure 2).

Size of each list

2760 ATCC_23271 AGR_1485
3872 CECT_5716 DR_9

Number of elements: specific (1} or shared by 2, 3, .. lists

— | |
L ]

g fl') 4 fli (135) ‘; (40)
2

Figure 2. Venn diagram representing the groupings of orthologous genes shared
between the following lineages of L. fermentum: ATCC 23271, 2760, 3872, CECT
5716, AGR 1485, and DR 9.

The 941 shared clusters involved a total of 5,704 proteins
with each strain coding for approximately 16% of these
proteins (Figure 3).
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Figure 3. Overlays identified by the OrthoVenn 2 analysis of L. fermentum strains ATCC

23271, 2760, 3872, CECT 5716, AGR 1485, and DR 9.

Most proteins of these 941 clusters were found to be
involved in the biological processes of chemical reactions
and their pathways and cell division processes (Figure 4).
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nitrogen compound metabolic process

cellular process

primary metabolic process

heterocycle metabolic process

cellular aromatic compound metabolic process
nucleobase-containing compound metabolic process
macromolecule metabolic process

others
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Figure 4. Processes related to proteins belonging to the clusters shared by the L.
fermentum strains ATCC 23271, 2760, 3872, CECT 5716, AGR 1485, and DR 9.

With regard to molecular functions, 13.8% of the identified
proteins are involved in hydrolase activity; 12.7% are related
to a biochemical activity or are components of a larger
process; and 10% were responsible for the transport of
substances inside, outside, and between cells (Figure 5).

hydrolase activity
molecular function
transporter activity
nucleic acid binding
ion binding
transferase activity
nucleotide binding
peptidase activity
binding

nucleoside binding
others
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Figure 5. Molecular functions related to proteins belonging to the shared clusters
by L. fermentum strains ATCC 23271, 2760, 3872, CECT 5716, AGR 1485, and DR
9.

The third group of proteins is related to the cellular
components. In this group, most of the proteins comprised
cell compartments (Figure 6).
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Figure 6. Cell components related to proteins belonging to the shared clusters of
L. fermentum strains ATCC 23271, 2760, 3872, CECT 5716, AGR 1485, and DR 9.

Using the reference genomes and other sequences available
in the TYGS database, a phylogenetic tree was constructed
(Figure 7). Phylogenetic tree analysis showed that ATCC
23271 strain was the first species to appear during the
evolutionary process. Oenococcus alcoholitolerans CBAS 474
was used as the outgroup and, therefore, the most distant on
the evolutionary scale among all analyzed species and
strains. L. cellobiosus DSM 20055 was also found to be
inserted within the clade with other L. fermentum strains.
The clade formed by L. fermentum had a 97% confidence
level. L. fermentum ATCC 23271 was found to be more
closely related to L. cellobiosus DSM 20055, within the clade,
whereas the nearest outside species of the clade was L.
gorillae KZ01.

‘Limosilactobecillus farmentum 2760
Limosil fermentum ATCC 14631
'Limsailactobacilius formentum 3872
‘Limosilactobacillus farmentum dré*
'Limoailactobacilius formentum agr1483'
‘Limesilactobacilius formentum cect 5716
Lactobacilius cellobiosus DSM 20055
'Limoailactobacilius formentom ATCC 23271
Limosilactobacillus garillas KZ01
Limosilactobacillus gastricus DSM 16045

+ e E

Limosilactobacillus inghuviai DS 15046
Lactobarillus thermotolerans DSM 14762
Limosilactobacillus rucosas DEM 13343
Limosilactobacillus pantis DSM 8475
Limosilactobacillus antri DSM 16041
Limosilactobacillus oris DEM 4854
Limosilactobacillus frumenti DM 13143
Limosilactobacilius fastidiosas WF-MO7-1
Limosilactobacillus albertensis Lr3000
Limosilactobacillus caviae DSM 100239
Limosilactobacillus balticus BG-AF3-A
Lactobarillus timonensis Marseille P3825

— Lactabacillus cypeicasei KCTC 13500

TOT1..... Lactobacillus eypricasei DEM 15353

Limosilactobacillus equigenernsi NRIC 0627
Lacticassibacillus casei ATCC 393

Lacticassibacillus paracased subsp. tolsrans DSM 20238
Lacticaseibacillus baogingensis 47-3
Loigolactobacillus coryniformis subsp. torquens KCTC 3535
Loigalactobacillus coryniformis KCTC 3167

peroisns DSM 12744
Lactobacillus mulanensis 143-6

Lactobecillus gannanensis 143-1

Peucilactobaciliug vaccinostercus DSM 20634
Lactiplantibacillas garii FI11362

Sscundilactobacillus oryzae JCM 18671
Sacundilactobacillus malefermentans DSM 5703
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Lactiplartibacills pareplantarm DEM 10867
Lersilactobacillis kefiri 1CM 5812

Lactobacillus ferintoshensis DEM 15352
Lentilactobacillis curieas CCTCC M 2011381
indneri DSM 20690
Lactobarillus delbrueckii subsp. surkii JCM 17838
Oenocecens i CBAS4M

Figura 7. Phylogenetic tree of Limosilactobacillus fermentum ATCC 23271 and other bacterial genera
available in the TYGS database. The tree was inferred using FastME 2.1.6.1 from ribosomal DNA.
Branch lengths are scaled using the GBDP distance formula d5. The numbers above the branches
are GBDP pseudo-bootstrap support values > 60% of 100 replications, with an average branch
support of 19.2 %. The tree was rooted at the midpoint.

Among the 13 exclusive clusters of L. fermentum ATCC
23271, OrthoVenn 2 analysis revealed 37 proteins that were
most related to transposition. However, manual analysis
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showed only 16 ORFs, which included seven encoding
transposases and six encoding hypothetical proteins, of
which one sequence showed similarity to a L. reuteri
hypothetical protein, two sequences that did not show
similarity to any described protein, and one encoded a
chloride transporter, as evidenced by UniProt analysis.

3.2. Putative genes associated with probiotic properties

Genes for the following probiotic features were searched
within the genome: tolerance to stress conditions,
production of lactic acids, production of adhesion structures,
production of antimicrobial peptides, and safety for human
use. Genomic analysis detected 21 genes encoding proteins
that may be related to the ability to tolerate the secretion of
digestive enzymes, bile salts, and acidic pH. Among them,
genes for sugar metabolism and production of L-lactic acid
were also present in the genome (Table 2).

Table 2. Genes possibly involved in acid and bile salt tolerance detected in the L. fermentum ATCC 23271

genome.
RAST/BLAST description Query  Accession Query E Per Accession
length length cover value ident
ATP synthase FO sector subunit a / FOF1 ATP 711 pb 236 aa 100% 7e -167 100% WP_003682740.1
synthase subunit A
ATP synthase FO sector subunit b / FOF1 ATP 507 pb 168 aa 100% 6e - 100% WP_054173734.1
synthase subunit B 116
ATP synthase FO sector subunit ¢ / 213 pb 70 aa 100% le - 38 100% WP_003682741.1
MULTISPECIES: FOF1 ATP synthase subunit
C
ATP synthase alpha chain / FOF1 ATP 1539 512 aa 100% 0.0 99,80%  WP_086439482.1
synthase subunit alpha pb
ATP synthase beta chain / FOF1 ATP 1422 473 aa 100% 0.0 99,79%  WP_057194567.1
synthase subunit beta pb
ATP synthase delta chain / FOF1 ATP 546 pb 181 aa 100% 3e - 99,45%  WP_057194565.1
synthase subunit delta 126
ATP synthase gamma chain / FOF1 ATP 936 pb 311 aa 100% 0.0 99,68%  WP_088460387.1
synthase subunit gamma
ATP synthase epsilon chain / 423 pb 140 aa 100% 3e-95 99,29%  WP_003685876.1
L-lactate dehydrogenase (EC 1.1.1.27) / L- 954 bp 317 aa 100% 0.0 99,68%  WP_012391154.1
lactate dehydrogenase
L-lactate dehydrogenase (EC 1.1.1.27) / L- 942 bp 313 aa 100% 0.0 100% WP_138464682.1
lactate dehydrogenase
L-lactate dehydrogenase (EC 1.1.1.27) / L- 933 bp 310 aa 100% 0.0 100% WP_046948611.1
lactate dehydrogenase
PTS system, cellobiose-specific IIC 1311 436 aa 100% 0.0 100% QIX58800.1
component / PTS system oligo-beta- bp
mannoside-specific EIIC component
ATP-dependent Clp protease ATP-binding 1251 416 aa 100% 0.0 99,52%  WP_096493701.1
subunit ClpX / ATP-dependent Clp protease bp
ATP-binding subunit ClpX
Glucose-6-phosphate isomerase (EC 5.3.1.9)/ 525 bp 174 aa 100% le - 99,43% RGW51862.1
glucose-6-phosphate isomerase 124
Glucose-6-phosphate isomerase (EC 5.3.1.9)/ 1353 450 aa 100% 0.0 99,56%  WP_021815746.1
glucose-6-phosphate isomerase bp
GTP pyrophosphokinase (EC 2.7.6.5)/ GTP 612 bp 203 aa 100% 8e - 99,51%  WP_100184301.1
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pyrophosphokinase 150
Pyruvate kinase / pyruvate kinase 1422 473 aa 100% 0.0 100% WP_003684953.1
bp
Arginine/ornithine antiporter ArcD/ Amino 1419 472 aa 100% 0.0 100% AOR74635.1
acid transporter bp
Phosphoglycerate mutase/2,3- 678 bp 225 aa 100% de - 100% WP_004562727.1
bisphosphoglycerate-dependent 166
phosphoglycerate mutase
Choloylglycine hydrolase/ choloylglycine 978 bp 325 aa 100% 0.0 100% WP_035436617.1
hydrolase family protein
CTP synthase / CTP synthase 1602 533 aa 100% 0.0 99,81% WP_003684004.1
bp

Eight genes were related to proteins involved in bacterial
ability to adhere to and colonize eukaryotic cells, thus,
competing with pathogenic microorganisms for cell
receptors, including: three related to the aggregation
process;  four related to the  production of
exopolysaccharides, and a fibronectin-binding domain-
containing protein (Table 3).

Table 3. Proteins potentially involved in the adhesion and aggregation properties of L. fermentum ATCC

23271 strain.

RAST/BLAST description Function Query Accession Query E Per Accession
length length cover  value ident
Aggregation substance Aggregation 1842 613 aa 99% 0.0 99.84% AKM50933.1
precursor pb
LysM peptidoglycan-binding 591 pb 196 aa 99% 9,00E- 100.00% WP_021815732.1
domain-containing protein 85
LysM peptidoglycan-binding 816 pb 315 aa 48% 1,00E- 100.00% WP_168183590.1
domain-containing protein 40
Exopolysaccharide Exopolysaccharide 666 pb 229 aa 99% 3,00E-  98.64%  WP_104877738.1
biosynthesis polyprenyl production 159
glycosylphosphotransferase
Exopolysaccharide 771 pb 256 aa 99% 0.0 99.22%  WP_163601282.1
biosynthesis protein
CpsD/CapB family tyrosine- 741 pb 247 aa 91% 3,00E-  99.12%  WP_062813522.1
protein kinase 160
Exopolysaccharide 771 pb 256 aa 99% 500E-  99.61% KPH03198.1
biosynthesis protein 174
Fibronectin-binding domain- Adhesion 1692 563 aa 99% 0.0 99.82%  WP_103205388.1
containing protein pb

A search for genes related to the production of bacteriocins
was performed using the BAGEL4 program. A sequence
48% similar to that of enterolysin A, a protein of Enterococcus
faecalis, was obtained. Figure 8 shows the position of the
bacteriocin sequence in green.
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Figure 8. Prediction of a bacteriocin structure in the genome of L.
fermentum ATCC 23271 strain.

After identifying the cleavage site of the translated
bacteriocin protein sequence, using the SignalP 5.0 server,
the mature protein was analyzed in silico to predict its
antimicrobial activity by using four algorithms, including
Support Vector Machine (SVM), Random Forest (RF),
Artificial Neural Network (ANN) and, Discriminant
Analysis (DA). Of these four algorithms, three indicated a
high probability (>0.9) of the peptide to present
antimicrobial activity (Table 4).

Table 4. Prediction of antimicrobial activity by using algorithms of CAMPrs

database.
Algorithms* Results
SVM 1.000
DA 1.000
RF 0.957
ANN NAMP

* Support Vector Machine, Discriminant Analysis, and
Random Forest algorithms report the result as a
probability score (0 to 1); the Artificial Neural Network
algorithm provides the results as either AMP
(antimicrobial) or NAMP (not-antimicrobial).

In the genomic assessment of strain safety, the searches
performed in both the ResFinder and CARD databases did
not identify any genes encoding acquired drug resistance.
However, the L. fermentum ATCC 23271 genome possessed
19 genes related to intrinsic resistance to antibiotics and
other toxic compounds, including heavy metals such as
cobalt, mercury, cadmium, copper, and zinc; or represent
potential targets for antimicrobial resistance, such as
penicillin-binding protein, elongation factor G, DNA
topoisomerase IV subunit B, topoisomerase IV subunit A,
DNA topoisomerase (ATP-hydrolyzing) subunit B, and
DNA gyrase subunit A (Table 5).
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Table 5. Putative genes involved in resistance to antibiotics and toxic compounds.

RAST/BLAST description Query length  Accession Query E Per Accession
length cover value ident
Penicillin-binding protein 1017 338 99% 0.0 99.41% EQC60084.1
Class A beta-lactamase-related serine 1020 339 99% 0.0 99.12% MBD9348952.1
hydrolase
Cation diffusion facilitator family 906 301 99% 0.0 100.00%  WP_015639412.1
transporter
Elongation factor G 2085 694 99% 0.0 99,86% KPH03387.1
DNA topoisomerase IV subunit B 1998 665 99% 0.0 99.85%  WP_003683141.1
Topoisomerase IV subunit A 2478 825 99% 0.0 100.00% BAG27240.1
MerR family transcriptional regulator 423 140 99% 1e-97 100.00%  WP_003682036.1
Multidrug resistance protein MdtG 342 113 99% 2e-61 99.12% QIX57855.1
MEFS transporter 123 160 97% 2e-17 97.50% WP_155762340.1
GTP-binding protein 1935 644 99% 0.0 100.00%  WP_112296957.1
Multidrug transporter 1227 413 99% 0.0 99.75% AKMb51464.1
DNA topoisomerase (ATP-hydrolyzing) 1950 649 99% 0.0 99.85%  WP_023465959.1
subunit B
DNA gyrase subunit A 2511 836 99% 0.0 99.76%  WP_160229810.1
MerR family transcriptional regulator 423 151 99% 3e-98 100.00% CDI69999.1
Multidrug transporter MatE 1317 438 99% 0.0 99.77%  WP_042513988.1
Heavy metal translocating P-type 1929 642 99% 0.0 99.84%  WP_112297009.1
ATPase
MATE family efflux transporter 1320 439 99% 0.0 97.95%  WP_135252410.1
FAD-dependent oxidoreductase 1350 449 99% 0.0 100.00%  WP_100184414.1
Cation transporter 552 207 99% 4e-98 100.00%  WP_114684362.1

In addition, the strain was predicted to be a non-human
pathogen by the PathogenFinder tool hosted by the Centre
for Genomic Epidemiology. The probability of being a
human pathogen was calculated as 0.202, indicating a low
probability for L. fermentum ATCC 23271 to present
pathogenicity, and the estimated matched pathogenic
families were 0. There was no hit for virulence determinants
using the VirulenceFinder tool, also hosted by the Centre for
Genomic Epidemiology. Two prophage regions were
identified within the entire genome, and analysis using the
PHASTER tool revealed that the sequences were incomplete.
A search for the CRISPR-Cas sequence found two CDS
putative sequences for the CRISPR sequences with the
associated cas gene. These fragments occurred on contig
identity NZ_JAHBRUO010000076.1_1 (in the region between
17,626 and 18,783 bp) and NZ_JAHBRU010000115.1_1 (in
the region between 850 and 3317 bp). The first identified
CRISPR sequence contained 17 spacer genes and a 36 bp
repeat consensus
(GTCTTGGATGAGTGTCAGATCAGTAGTTCCGAGTAC),
and the latter contained 40 spacer genes and a 28 bp repeat
consensus (GGATCACCCCCATATACATGGGGAGCACQ).

In addition, other putative genes were found in the genome
of L. fermentum ATCC 23271 with important features
including the following: i) glutathione biosynthesis
bifunctional protein (GshAB) and bifunctional glutamate-
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cysteine ligase/glutathione synthetase, which are involved in
the biosynthesis of glutathione; ii) peptide methionine
sulfoxide reductases (MsrA and MsrB); iii) free methionine-
(R)-sulfoxide reductase; iv) NADH peroxidase, and v) thiol
peroxidase; these are involved in the bacterial protection
against oxidative stress [54-57].

3.3 Antagonism activity

To confirm the inhibitory activity of the ATCC 23271 strain
against Candida spp. and its low activity against bacteria
[37], the overlay method was used as an antagonism assay.
L. fermentum ATCC 23271 impaired the growth of Candida
spp. with inhibition zones ranging from 13,5 + 2,1 mm to
26,5 + 2,1 mm. The only exceptions were two Candida krusei
strains (ATCC 6258 and GJFD), which were not inhibited by
the probiotic. Regarding the assays with bacterial strains,
inhibition was observed only in the area immediately above
the growth of the ATCC 23271 strain, that is, without the
formation of large inhibition zones (Table 6).

Table 6. Antagonism assay by the overlay method against L. fermentum ATCC

23271
Pathogen Inhibition zone in mm * SD*
E. faecalis (ATCC 29212) In situ
E. coli enteroaggregative 17.2 In situ
Salmonella enterica (ATCC 13076) In situ
C. albicans (ATCC 90028) 17+1,41
C. albicans (SC 5314) 16,5+1,12
C. albicans 44 14+1,4
C. albicans CAS 20+0
C. krusei (ATCC 6258) -
C. krusei GJFD -
Candida parapsilosis (ATCC 22019) 26,5+2,1
C. parapsilosis FSG 13,5+2,1
C. parapsilosis RCL 14,5+0,7

*In situ inhibition occurred just above L. fermentum ATCC 23271 growth; — no
inhibition.

3.4 Interference in pathogen cell adhesion

Due to the reduced inhibitory activity of L. fermentum on
bacterial pathogens, interference assays on adhesion to HeLa
cells were performed only with Candida strains. In the
competition assay, three clinical strains (C. albicans CAS, C.
krusei GJFD, and C. parapsilosis RCL) had their adherence to
eukaryotic cells completely inhibited by L. fermentum ATCC
23271, an effect also noted for the reference strain C.
parapsilosis ATCC 22019 (Figure 9A). In the exclusion
experiment, on one hand, L. fermentum ATCC 23271
decreased the adhesion of C. albicans ATCC 90028, C. krusei
ATCC 6258, C. parapsilosis ATCC 22019, and C. parapsilosis
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FSG to HeLa cells. On the other hand, C. krusei GJFD and C.
albicans SC 5314 adhered more in the presence of L.
fermentum ATCC 23271 (Figure 9B). In the displacement
assay, C. albicans CAS, C. krusei GJFD, C. krusei ATCC 6258,
and C. parapsilosis ATCC 22019 showed reduced adhesion to

eukaryotic cells (Figure 9C).
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Figure 9. Inhibition of adhesion of Candida strains to eukaryotic cells by L. fermentum ATCC 23271 in
three experiments: (A) competition, (B) exclusion and (C) displacement. * Represents the strains that had
their adhesion to eukaryotic cells significantly influenced by L. fermentum ATCC 23271.

3.5 Tolerance to bile salts and acidic pH

To assess L. fermentum ATCC 23271 resistance to adverse
host conditions, the bacterium was incubated in the presence
of bile salts and acidic pH. The microorganism

45
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demonstrated a higher tolerance when cultivated at pH 4.0;
however, it still had a survival rate greater than 60% when
in a more acidic pH (pH 2.0). Exposure to bile salts did not
affect L. fermentum growth. On the contrary, the highest
survival rate was found following incubation with 0.5% bile
salts (Table 7).

Table 7. L. fermentum ATCC 23271 survival rate in the
presence of acidic pH and bile salts.

Conditions % of L. fermentum survival p value?
(+ SD)!
pH2.0 60,88 + 0,9569 0,0043
pH 4.0 105,0 + 5,909
Bile salt 0,5% 109,7 + 4,434 0,0348
Bile salt 1% 94,13 +1,244

! Data represent the survival percentage of L. fermentum ATCC 23271 after 180
min of exposure to different conditions compared to growth under normal
conditions. 2Statistical analysis was performed by Student's t-test (p <0.05).

3.6 Antibiotic susceptibility assay

Antibiotic susceptibility was assessed by the disc diffusion
method. L. fermentum ATCC 23271 was susceptible to most
of the tested antibiotics. L. fermentum ATCC 23271 also
exhibited moderate susceptibility to cefoxitin and
norfloxacin, and resistance to gentamycin,
trimethoprim/sulfamethoxazole, and vancomycin (Table 8).

Table 8. L. fermentum ATCC 23271 antimicrobial susceptibility
by the disc diffusion method.

L. fermentum ATCC 23271

Antibiotics Zone inhibition in mm Interpretation*
Cefazolin 22 Susceptible
Chloramphenicol 34
Ciprofloxacin 21
Clindamycin 31
Erythromycin 39
Linezolid 40
Nitrofurantoin 30
Rifampicin 34
Penicillin G 41
Tetracycline 38
Tigecillin 40
Cefoxitin 15 Moderately susceptible
Norfloxacin 14
Gentamycin 12 Resistant
Sulfazotrim 0
Vancomycin 0

* Based on the criteria for the diameters of inhibition zones described by Charteris et al.
[53]

4. Discussion
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This study presents for the first time, a genomic analysis of
L. fermentum ATCC 23271 in regards of important
characteristics which confer a strain, a probiotic profile. In
addition to its in vitro anti-Candida activity, ditferent in silico
functional analyses have revealed several protein-coding
sequences associated with other probiotic properties of L.
fermentum ATCC 23271, as well as with its safety for human
use.

The L. fermentum ATCC 23271 strain was subjected to
comparative analysis using the OrthoVenn program with
others of the same species, which have previously reported
beneficial effects. In this context, L. fermentum CECT 5716
strain has been extensively studied and its probiotic
properties include: modulation of the host immune response
[58], enhanced response to influenza vaccination in adults
[59], reduction of Staphylococcus load in breast milk of
lactating mothers [60], and reduced incidence of respiratory
and gastrointestinal infections in infants [32]. The DR 9
strain has demonstrated antioxidant effects (via upregulation
of oxoproline) and immunomodulatory effects in aging rats
[61, 62]; it also prevents telomere shortening in aging rats
[63]. The L. fermentum 3872 strain is known for its potential
for combating Campylobacter jejuni infections [30]. This strain
also has a unique collagen binding protein encoded by the
cbp gene with five repetitive ‘B domains’ (whereas the other
L. fermentum strains only have four “B domains”) [64]. L.
fermentum AGR1485 strain has the capacity to increase
transepithelial electrical resistance (TEER) across Caco-2 cell
layers, thus, enhancing barrier integrity and protecting
against infections by enteropathogens [65]. L. fermentum
MCC 2760 has displayed several activities, including
cholesterol reduction, high antioxidant potential, as well as
anti-inflammatory actions [27, 66]. Since L. fermentum ATCC
23271 shares 941 gene clusters with all those strains, it is
possible that it also shares some of their probiotic properties.

Phylogenetic analysis showed that L. fermentum ATCC 23271
is part of the clade along with other strains of the same
species, including L. cellobiosus DSM 20055. L. cellobiosus was
first described by Rogosa et al. [67] and as L. fermentum, is
another heterofermentative Lactobacillus species. Both
species share very similar phenotypic properties, and both
belong to the subgenus ‘Betabacterium’ Orla-Jensen of
Lactobacillus [68]. These authors support the idea that L.
cellobiosus and L. fermentum should be united under the same
name, with L. fermentum being the earlier synonym [68].
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Previous studies have indicated a close relationship between
L. cellobiosus and Limosilactobacillus fermentum; in fact, L.
cellobiosus has now been reclassified as a biovar of L.
fermentum [26]. The external lineage is L. gorillae KZ01,
which is phylogenetically related to human-associated L.
fermentum; however, it has not been found in humans yet
and has been isolated from the feces of a captive western
lowland gorilla (Gorilla gorilla) [69].

Concerning the tolerance to adverse conditions, the genome
analysis showed that L. fermentum ATCC 23271 have several
genes encoding proteins which are responsible for the
resistance to acidic pH and bile salts. ATP synthases are
some of the proteins involved mainly in acid tolerance, as
they are associated with pH cytoplasmic regulation by ATP
hydrolysis, which maintains pH homeostasis and protects
cells from the damage induced by an acidic environment
[70]. Glucose-6-phosphate isomerase is also involved in acid
tolerance, acting as an acid shock protein [70]. All of these
genes and others encoding proteins that promote acid and
bile tolerance were detected in the genome of L. fermentum
ATCC 23271 [71]. Phenotypic analysis also demonstrated its
ability to survive in the presence of acidic pH and bile salts,
corroborating its genetic background. In addition, L.
fermentum ATCC 23271 contains putative genes encoding
antioxidant enzymes, such as glutathione biosynthesis
bifunctional protein, bifunctional glutamate-cysteine ligase,
glutathione synthetase, peptide methionine sulfoxide
reductases, free methionine-(R)-sulfoxide reductase, NADH
peroxidase, and thiol peroxidase. These enzymes (or their
products) can protect cells against oxidative damage caused
by reactive nitrogen intermediates and reactive oxygen
species [55, 72, 73].

Additionally, other evidence shows that the enzyme
methionine sulfoxide reductase (Msr) may also be involved
in bacterial adhesion [74]. L. fermentum ATCC23271 has two
types of this enzyme (MsrA and MsrB). In this regard, the
ability to adhere to host tissues is an important attribute of
probiotics [10]. L. fermentum ATCC 23271 presented nine
genes encoding adhesion-related proteins, including
exopolysaccharides (EPSs), which have different effects on
probiotic adhesion to intestinal mucus, according to their
different physicochemical and/or structural characteristics
[75]. In addition, the gene that encodes the fibronectin-
binding protein has also been found, and it is known to
facilitate adhesion to the extracellular matrix of mammalian
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cells [76]. Both mechanisms could enable L. fermentum ATCC
23271 to adhere to host tissues and colonize the
environment.

Competition for adhesion sites is an additional strategy used
by probiotics to inhibit colonization by pathogens. In the
present study, a strong ability to inhibit adhesion of some
Candida strains to eukaryotic cells was observed (mainly
genital clinical isolates) in the competition and displacement
assays. Heinemann et al. [77] showed that L. fermentum RC-
14 is capable of releasing an active surface component,
which can inhibit the adhesion of uropathogenic bacteria. In
the same study, it was possible to purify a protein with anti-
adhesive capacity against Enterococcus faecalis 1131. Another
study showed that L. fermentum isolated from humans
inhibit the adhesion of enteropathogens, such as that of E.
coli to host cells, through a SAP protein [78]. The fact that
some pathogens present greater adhesion in the presence of
L. fermentum ATCC 23271 may be related to the production
of aggregation proteins or EPS, as previously suggested [75,
79, 80].

Bacteriocins are small peptides secreted by many gram-
positive bacteria, with significant activity against distinct
microorganisms [81]. A recent study demonstrated that
SD11, a L. fermentum-derived bacteriocin, possesses anti-
Candida activity [82]. Herein, genomic analysis of L.
fermentum ATCC 23271 by the BAGEL 4 program showed
the presence of a gene encoding a hypothetical protein with
low similarity (48%) to enterolysin A. Interestingly, this
bacteriocin is known to be produced by Enterococcus faecalis
LMG 2333 and to inhibit some species of Enterococcus,
Lactobacillus, Lactococcus, and Pediococcus [83]. We also
demonstrated that three algorithms indicated a high
probability of this protein having antimicrobial activity. The
evidence allows us to suggest that the antifungal activity
observed in our study may be due to bacteriocins. However,
further studies are necessary to determine the exact
bacteriocins or any additional proteins involved in this
activity.

Resistance to antibiotics is a concern because of the
possibility of transferring the plasmid containing these
genes to other pathogenic bacteria, make infections difficult
to treat. The European Food Safety Authority (EFSA)
recommends that bacterial strains harboring transferable
antibiotic resistance genes should not be used as probiotics
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in animal feeds, fermented foods, and foods for human
consumption [84]. Lactobacilli are susceptible to all protein
synthesis inhibitors except aminoglycosides, but are
generally intrinsically resistant to quinolones, trimethoprim,
and sulphonamides, and, in the case of L. fermentum, also to
glycopeptides [85]. All antibiotics to which L. fermentum
ATCC 23271 showed resistance or moderate susceptibiliy
indicate an intrinsic rather transferable resistance capacity.

L. fermentum ATCC 23271 presented two regions of
prophages found in the genome characterized as
incomplete, indicating that they were not functional. The
identified transposases and other insertion sequences did
not flank the resistance genes, further limiting their
transferability. Furthermore, genome analysis revealed two
regularly intercalated short palindromic repeat sequences
(CRISPR) with the Cas gene and associated spacers. It has
been reported that the presence of a CRISPR region may
limit the spread of antimicrobial-resistant genes by
inhibiting gene transfer pathways [86]. The CRISPR-Cas
fragments work as line of defense for the host strain against
the insertion of extrachromosomal DNA molecules [50, 86].
Therefore, their presence in the strain ATCC 23271 suggests
a reduced probability of acquiring antimicrobial-resistant
genes.

The protective role of Lactobacillus spp. against Candida spp.
has been controversial, as the microorganism can be
observed in high amounts in patients with Candida vaginitis
[87]. In addition, many women with candidiasis may not
have an altered microbiota [88]. These differences may be
due to several factors including those inherent to the patient
(such as age, immune status, and symptoms) and factors
related to the virulence properties of the Candida species
causing the infection [89]. On the other hand, it has already
been clearly demonstrated that a diversity of Lactobacillus
spp. has antifungal effects [90-92]. Furthermore, only some
strains of Lactobacillus can produce antimicrobial
compounds in the amounts necessary for an antifungal
activity, which possibly explains the failure of some vaginal
lactobacilli to suppress colonization by Candida. In this
context, our data indicates that L. fermentum ATCC 23271
may represent a potential strategy to prevent Candida
colonization.

Genome sequence analysis can contribute to the
understanding of the molecular basis of the probiotic
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functions of L. fermentum ATCC 23271. However, the genetic
basis for growth and adhesion inhibitory activities against
Candida need to be validated. Thus, gene knockout mutants
of this strain are now being constructed to better assess the
roles of the putative antimicrobial peptide and adhesin
genes in these activities. The most notable feature is the
number of genes associated with strain adhesion and
survival under unfavorable conditions such as acidic pH,
bile salts, or even oxidative environments. Other interesting
genomic components that represent some of the features
that contribute to probiotic activity include many genes
involved in sugar transport and metabolism, including
oligosaccharides. One element that is part of the general
characteristics of a probiotic is its safety for human use,
which is assured by the absence of acquired antibiotic
resistance and virulence genes, and the presence of gene loci
associated with CRISPR/CRISPR (cas) and incomplete
prophage regions.

5. Conclusions

The data from the present study demonstrates that L.
fermentum ATCC 23271 is a probiotic candidate with anti-
Candida activity. It can inhibit the growth of C. albicans and
C. parapsilosis, in addition to being able to interfere with the
adhesion of Candida spp. to host cells. Genomic analyses
showed a variety of genes possibly associated with strain
adhesion to host cells and molecules, tolerance to acidic pH,
bile salts, and oxidative stress as well as safety for human
consumption. A limitation of the study is that the
mechanism of growth inhibition of different Candida species
is yet to be completely established. Although we have
identified a probable protein with antifungal activity, we
still need to validate this finding through studies with
mutants, with synthetic peptides (whose sequences are
derived from this protein), and also in animal experiments.
An important aspect revealed by the comparative genomic
analysis is that the strain shares many genes with other
strains of the same species that have different probiotic
properties. Nonetheless, our findings indicate a promising
use of L. fermentum ATCC 23271 as an anti-Candida therapy.
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4 CONCLUSOES

Os dados do presente trabalho indicaram que a andlise gendmica foi essencial para
caracterizacdo da linhagem L. fermentum ATCC 23271 como probidtico, particularmente ao
fornecer informagdes que reiteraram achados fenotipicos e ao evidenciar novos dados, uma
vez que a linhagem:

1) Apresenta genes com similaridade aos que codificam para ATP-
sintases, Lactato desidrogenase, GTP pirofosfoquinase, Piruvato quinase, Isomerase
de glicose-6-fosfato, proteinas da familia das Hidrolases de coloilglicina, entre outros
genes de sistemas proteicos envolvidos na tolerancia ao pH &cido, enzimas digestivas
e sais biliares, consequentemente promoveriam a sobrevivéncia da linhagem no
transito pelo trato gastrintestinal;

2) Possui genes associados as propriedades de adesdo e de coagregacao,
tais como a proteina precursora de agregacdo, o fator promotor de agregacdo, a
galactosefosfotransferase de undecaprenil-fosfato, proteina fosfoquinase de tirosina, a
proteina ligadora de fibronectina, entre outras. Tais achados sugerem a sua capacidade
de colonizacdo de mucosas, uma propriedade importante para um probiotico;

3) Contem um gene que codifica para uma proteina hipotética com 48% de
similaridade com Enterolisina A, produzida por Enterococcus faecalis, cuja analise in
silico da sequéncia de aminodcidos sugeriu elevada atividade antimicrobiana;

4) A andlise fenotipica constatou que possui capacidade de interferir com a
adesdo de Candida, principalmente trés linhagens clinicas: C. krusei GJFD, C.
albicans CAS e C. parapsilosis RCL no ensaio de competi¢ao;

5) Apresentou antagonismo contra C. albicans ATCC 90028 e C.
parapsilosis ATCC 69349, o qual pode estar relacionado a produgdo de 4cidos e/ou de
potencial bacteriocina;

6) Apresentou capacidade de sobreviver a condi¢des similares as do trato
gastrointestinal, uma vez que um percentual significativo de suas células tolerou a
exposicdo ao pH 4cido e aos sais biliares;

7) O seu perfil de resisténcia estd em concordancia com outros trabalhos
que mostraram resisténcia intrinseca a alguns antibidticos. Associado a isto, a andlise
in silico revelou que a linhagem ndo possui genes de resisténcia adquirida e nem genes
de viruléncia. Tais achados indicam a sua seguranc¢a para uso humano ao nao possuir
genes de resisténcia transferiveis para outras bactérias e ndo ser considerada

patogénica.
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