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RESUMO

No estudo, avaliamos a susceptibilidade antimicrobiana, a presenca de fatores de
viruléncia codificadores de genes e do sistema CRISPR, bem como a capacidade de
produzir enzimas liticas entre isolados clinicos (n=44) de E. faecalis e E. faecium. Todos
os isolados de enterococos apresentaram fenotipo de multirresisténcia. Metade dos
isolados de E. faecalis exibiram alto nivel de resisténcia a gentamicina pelo teste
fenotipico, varios deles abrigando o gene aac(6")le-aph(2")la. O gene vanA foi 0 mais
frequente entre os isolados de E. faecium resistentes a vancomicina. Foram observadas
altas prevaléncias dos genes de viruléncia esp e efaA; o gene hyl foi mais associado com
E. faecium, enquanto os genes ace and efaA foram mais frequentemente detectados em E.
faecalis. A atividade de caseinase foi frequentemente detectada entre os isolados.
Gelatinase e DNAse foram predominantes entre E. faecalis, enquanto a capacidade
hemolitica foi frequente entre os isolados de E. faecium. Vinte e nove isolados
apresentaram pelo menos um sistema CRISPR. Varios isolados de E. faecalis abrigavam
0 gene aac(6’)-le-aph(2’’)-la e um locus CRISPR. Os l6cus CRISPR foram
positivamente correlacionados com a presenca dos genes efaA e gelE, e as atividades de
gelatinase e DNAse, enquanto a auséncia de CRISPR foi relacionada com a presenga do
gene hyl. Esses resultados mostram que cepas de E. faecalis e E. faecium isolados de
hospital contendo genes de fatores de viruléncia apresentam concomitantemente l6cus

CRISPR e determinantes de resisténcia a antimicrobianos.

Palavras-chave: CRISPR. Enterococcus. Resisténcia a antibidtico. Fatores de
Viruléncia.



ABSTRACT

In this study, we evaluated the antimicrobial susceptibility, the presence of gene-encoding
virulence factors and CRISPR systems, as well as the ability to produce lytic enzymes
among clinical E. faecalis and E. faecium isolates (n=44). All enterococci isolates showed
phenotypes of multi-drug resistance. Half of the E. faecalis isolates exhibited high-level
gentamicin resistance phenotype, several of them harboring the aac(6')le-aph(2")1a gene.
The gene vanA was the most frequent among vancomycin-resistant E. faecium. High
prevalence of the virulence genes esp and efaA were observed; hyl gene was more
associated with E. faecium, while ace and efaA genes were more frequently detected in
E. faecalis. Caseinase activity was frequently detected among the isolates. Gelatinase and
DNAse activities predominated among E. faecalis, while hemolytic capability was
frequent among E. faecium isolates. Twenty-nine isolates showed at least one CRISPR
system investigated. Several E. faecalis isolates harbored the aac(6°)-le-aph(2”’)-la gene
and a CRISPR loci. CRISPR loci were positively correlated to efaA and gelE genes, and
gelatinase and DNAse activities, while CRISPR loci absence was related to hyl gene
presence. These results show that hospital- adapted strains of E. faecalis and E. faecium
harboring virulence genes show the concomitant presence of CRISPR loci and antibiotic

resistance determinants.

Keywords: CRISPR. Enterococcus. Antibiotic resistance. Virulence factors.
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1. INTRODUCAO

O género Enterococcus engloba bactérias em formato de cocos, Gram-positivas,
dispostas em pares ou cadeias, ubiquos e anaerdbios facultativos. S&o conhecidos por
sobreviverem a condicGes hostis, como ambientes salinos (6,5% NaCl) e a amplas faixas
de temperatura (10°C a 45°C), e por sua capacidade de persistir por um longo periodo no
ambiente hospitalar. Sdo conhecidas mais de 50 espécies de enterococos, sendo
Enterococcus faecalis e E. faecium as duas espécies mais frequentemente associadas a
colonizacdes e infecgdes em humanos (Franz CMAP et al., 2007; Wagner T, 2018).

Enterococcus faecalis e Enterococcus faecium fazem parte da microbiota do trato
gastrointestinal (TGI) de humanos, embora possam atuar como patégenos oportunistas
em diferentes sitios anatdmicos, incluindo o trato urinario, sistema circulatério, coracao,
abddmen, pele e, mais raramente, o sistema nervoso central. E. faecalis tem sido isolado
em 80% a 90% das infecgcbes enterocdcicas em seres humanos, enquanto E. faecium é
encontrado em 5% a 10% dessas infec¢es (Murray BE et al. 2007, Wagner T, 2018).
Outras espécies de menor importancia clinica sdo E. avium, E. casseliflavus, E. durans,
E. gallinarum, E. raffinosus, E. malodoratus e E. mundtii. As demais espécies do género
raramente tém sido isoladas a partir de espécimes clinicos.

Em isolados clinicos de E. faecalis e E. faecium é comum a identificacdo de
diferentes fatores de viruléncia, como gelatinase, citolisina, hialuronidase, substancia de
agregacdo, proteina de superficie de enterococos, antigeno de endocardite e proteina de
ligacdo ao colageno. Esses fatores amplificam o arsenal de viruléncia desses
microrganismos, facilitando a colonizacdo do hospedeiro, o processo de infeccdo e o
surgimento de doencas (Barbosa-Ribeiro M, 2016; Kiruthiga A, 2020).

O tratamento de infeccdes enterococicas pode ser dificultada pois os enterococos
apresentam resisténcia intrinseca a varios antimicrobianos de uso clinico corrente, tais
como cefalosporinas, aztreonam, clindamicina, trimetoprim-sulfametoxazol e penicilinas
semissintéticas (oxacilina, carbenicilina, nafcilina e ticarcilina) e, por isso, essas drogas
ndo sdo usadas no tratamento de infecgBes enterococicas (Murray BE, 1992). Os
enterococos também apresentam resisténcia intrinseca aos aminoglicosideos, porém essa
resisténcia é de baixo nivel, o que permite o uso da droga em combinagdo com as
penicilinas (ampicilina, penicilina G e ureidopenicilinas) ou com a vancomicina

(glicopeptideo). Essa combinacao de aminoglicosideo com um antimicrobiano que atua
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na parede celular gera um efeito bactericida, essencial no tratamento de infeccGes
enterococicas graves (Rice LB, 2001; Barbosa-Ribeiro M, 2016).

Além da resisténcia intrinseca, 0s enterococos também sdo capazes de
rapidamente adquirirem elementos genéticos mdveis, como plasmideos e transposons,
contendo determinantes de resisténcia a multiplas drogas e outros fatores de viruléncia
(Kristich CJ et al. 2014). Essa resisténcia adquirida pode ocorrer também por meio de
mutacdes cromossdmicas, alterando o alvo de acdo de algumas drogas. Os fendtipos de
resisténcia adquirida considerados clinicamente mais significativos entre os enterococos
sdo aqueles associados a resisténcia a penicilina (ampicilina, penicilina G e
ureidopenicilinas), aos aminoglicosideos (alto nivel), aos glicopeptideos (vancomicina) e
as oxazolidinonas (linezolida).

Em 2015, o fendtipo de resisténcia a penicilina G e sensibilidade a ampicilina foi
reportado em linhagens de E. faecalis isoladas de pacientes atendidos no Hospital de
Clinicas, da Universidade Federal do Triangulo Mineiro. Essa condicdo evidencia a
trajetoria evolutiva desses micro-organismos, visto que, resisténcia a ampicilina e/ou
penicilina G eram raramente observadas nesta espécie. Notavelmente, essa resisténcia a
penicilina estd associada a resisténcia a gentamicina, caracteristica que impede o efeito
bactericida, essencial no tratamento de infec¢cbes mais graves, obtido pela associacao
sinérgica da penicilina com o aminoglicosideo.

A emergéncia de isolados de E. faecalis com esse fendtipo de resisténcia
(penicilina e gentamicina resistente) no ambiente hospitalar pode ter sido facilitada pela
presenca/acumulo de fatores de viruléncia. Embora esta espécie seja a responsavel por
cerca de 80% a 90% das infec¢des por enterococos em seres humanos, ha uma caréncia
de estudos correlacionando a capacidade dos enterococos em adquirir e transferir material
genético, com 0s mecanismos de viruléncia e de resisténcia aos antimicrobianos em E.
faecalis.

Enterococos resistentes a vancomicina (VRE) tém sido associados a infec¢fes
graves e colonizagdo persistente. Desde os primeiros relatos de VRE, na década de 1980
(Uttley AH et al. 1988), estudos epidemioldgicos tém demonstrado sérios impactos
econdmicos e na saude publica por infeccBes e colonizagBes persistentes associadas a
VRE (Willems RJL et al. 2005; Shaghaghian S et al. 2012). A partir da elucidagdo das
bases moleculares e genéticas da resisténcia a vancomicina, 0s VRES tém emergido como

reservatorios e fontes de outros genes de resisténcia a drogas antimicrobianas.
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1.1 ANTIMICROBIANQOS

Em 1947, o termo “antibiotico” foi definido como uma substancia quimica,
produzida por microrganismos, com a capacidade de inibir o crescimento e até mesmo
promover a destruicdo da célula-alvo (Waksman AS, 1947). A penicilina foi o primeiro
antibiotico descrito, ainda em 1928, por Alexander Fleming; trata-se de um antibidtico
do grupo dos PB-lactdmicos, sintetizado por algumas espécies de fungos do género
Penicillium.

A estrutura quimica da penicilina apresenta um anel tiazolurico (A), ligado ao anel
B-lactamico (B), fixado a uma cadeia lateral (R) (Figura 1). A atividade antimicrobiana
esta relacionada a integridade da estrutura do anel B-lactamico e qualquer alteracdo nessa
estrutura inativa a atividade da penicilina. A composicdo da cadeia lateral determina a
familia da penicilina, diferenciando quanto as acgdes terapéuticas, farmacoldgicas e
propriedades fisico-quimicas. A penicilina G, amplamente conhecida pela sua atividade

antimicrobiana, possui um benzil em sua cadeia lateral (Pereira AL, 2005).

Figura 1 — Estrutura quimica da penicilina.

H H
N =
NN Sy e
B A
@) N\)<CH3
0
OH
Oi\
Legenda: (A) anel tiazoldrico; (B) anel B-lactamico; (R) cadeia lateral.

Fonte: Pereira AL (2005).

A partir da penicilina naturalmente produzida foram criadas as penicilinas
semissintéticas, como a penicilina V, carbenicilina, ampicilina, oxacilina, meticilina,
derivadas da estrutura basica da penicilina, porém modificadas quimicamente, com
adicdo de grupos acil, que geram novas propriedades, como maior estabilidade e
resisténcia as B-lactamases (enzimas que inativam a penicilina e constituem o principal
mecanismo de resisténcia em bactérias) (Pandey A et al., 2014).

As penicilinas inibem a biossintese da parede celular bacteriana, se ligando as
proteinas de ligacdo a penicilina (protein binding penicillin - PBPs); algumas das PBPs

sdo responsaveis pela reacdo de transpeptidacdo, uma etapa essencial a sintese de
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peptideoglicano, e a ligacdo a penicilina impede essa reacao, enfraquecendo a estrutura
da parede celular bacteriana (Murray BE et al. 2007).

Os aminoglicosideos representam uma outra classe de antimicrobianos, de amplo
espectro, que atuam na inibicdo da sintese de proteinas. Nessa classe encontram-se
gentamicina, amicacina, tobramicina, dentre outros. Os aminoglicosideos sédo usados no
tratamento de infecgOes causadas por micro-organismos Gram-positivos e Gram-
negativos. Podem ser naturalmente sintetizados por microrganismos ou obtidos in vitro
por sintese quimica.

A estrutura quimica basica dos aminoglicosideos é composta pela presenca de um
anel aminociclitol, ligado a um ou mais agucares aminados através de ligacoes
glicosidicas (Figura 2). Os diferentes aminoglicosideos apresentam variagdes em sua
estrutura, como por exemplo a gentamicina, que apresenta o grupo 2-desoziestreptamina
(2-DOS) ligado ao anel. A posicdo da substituicdo do grupo 2-DOS subdivide o0s
aminoglicosideos, podendo ser 4,5-bisubstituidos ou 4,6-bisubstituidos (gentamicinas)
(Magnet S; Blanchard JS, 2005).

Figura 2 — Estrutura quimica da classe de antimicrobianos aminoglicosideos.
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Fonte: Magnet S; Blanchard JS (2005).

Os aminoglicosideos se ligam a subunidade 30S dos ribossomos inibindo a sintese
proteica nas bactérias. Resisténcia de alto nivel (high level resistance — HLR) aos
aminoglicosideos entre os enterococos foi reportada inicialmente na Franga, em 1979;
desde entdo, amostras resistentes tém sido isoladas em todo o mundo (Rice LB, 2001).

Os glicopeptideos representam a classe de antimicrobianos mais utilizada em
infeccOes graves causadas por bactérias Gram-positivas multi-resistentes. Produzidos por
actinomicetos, sdo formados por estruturas ciclicas variaveis entre os membros da classe,
além de amino&cidos e agucares em sua molécula. A vancomicina, principal representante
dos glicopeptideos, apresenta estrutura triciclica (Figura 3) (Murray BE, 2015), e impede
a formacéo da parede celular bacteriana, pela ligagdo ao terminal acil-D-Ala-D-Ala do
peptideoglicano (Kang C, 2015).
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Figura 3 — Estrutura quimica da vancomicina.
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Fonte: Murray BE (2015).

1.2 MECANISMOS MOLECULARES DE RESISTENCIA BACTERIANA A
ANTIMICROBIANOS

A resisténcia adquirida a diversas classes de antimicrobianos em Enterococcus é
cada vez mais comum, podendo ocorrer por meio de mutagbes no DNA ou por
transferéncia de genes. Como consequéncia tem-se a dificuldade do tratamento de
infeccdes enterococicas (Kristich CJ, 2014).

Originalmente, a resisténcia adquirida as penicilinas ocorre pela producdo de
enzimas B-lactamases, que, em Enterococcus, séo comumente codificadas por plasmideos
mobilizaveis. As B-lactamases sdo capazes de hidrolisar o anel B-lactdmico das
penicilinas e de outros antimicrobianos da classe dos B-lactamicos (Murray BE, 1992).

Além da produgdo de enzimas B-lactamases, outros Enterococcus resistentes as
penicilinas sdo capazes de alterar a estrutura das PBPs (Rice LB et al. 2004). As PBPs
alteradas apresentam afinidade diminuida a varios B-lactdmicos devido a mutagdes
pontuais no gene que codifica essas enzimas (Poeta P et al. 2009). Um terceiro mecanismo
de resisténcia aos B-lactamicos em enterococos pode estar relacionado ao aumento da
producéo de PBPs de baixa afinidade, como as PBPs 4 e 5 (Fontana R et al. 1994; Duez
C et al. 2001). E importante ressaltar que a resisténcia aos p-lactamicos por sintese de
PBPs de baixa afinidade € mais comumente observada entre E. faecium e raramente entre

linhagens de E. faecalis.
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Ja para a classe dos aminoglicosideos, 0 mecanismo de resisténcia considerado
mais relevante clinicamente se deve a acdo de enzimas que modificam esses agentes,
como as aminoglicosideo acetiltransferases (AACs) (que acetilam a molécula de acetil-
CoA), as adeniltransferases ou nucleotidiltransferases (ANTSs) (que adicionam moléculas
de adenina) e as fosfotransferases (APHs) (que fosforilam a molécula de
aminoglicosideo) (Vakulenko SB, 2003; Ramirez MS, Tolmasky ME, 2010).

A resisténcia de alto nivel & gentamicina em enterococos deve-se principalmente
a aquisicdo do gene que codifica uma enzima bifuncional denominada AAC(6’)-
Ie/APH(2”)-la (Vakulenko SB, 2003; Ramirez MS, Tolmasky ME, 2010). A presenca
dessa enzima confere resisténcia elevada a outros aminoglicosideos, com excecao da
estreptomicina. Outras enzimas APHs monofuncionais ja foram encontradas em
enterococos e sao denominadas de APH(2”)-1la, APH(2”)-11Ia ¢ APH(2”)-1Va (Chow
JW, 2000). Os tipos e a distribuicdo das enzimas modificadoras de aminoglicosideos e
dos seus genes em enterococos variam de acordo com regides geograficas (Chow JW,
2000; Donabedian SM et al. 2003).

E. faecalis e E. faecium sdo reconhecidos como os principais reservatorios de
genes de resisténcia aos glicopeptideos, carreando 0s genes van mais comumente
identificados. O principal mecanismo de resisténcia aos glicopeptideos em enterococos
envolve a alteracdo de via de biossintese do peptideoglicano, mais especificamente a
substituicdo de D-Alanina-D-Alanina (D-Ala-D-Ala) por D-Alanina-D-Lactato (D-Ala-
D-Lac) ou por D-Alanina-D-Serina (D-Ala-D-Ser) (Arthur M, Quintiliani JR, 2001;
Courvalin P, 2006). Tais alteracdes fazem com que o glicopeptideo se ligue com menor
afinidade a porc¢éo terminal do pentapeptideo: afinidade 1000 vezes menor quando D-
Ala-D-Lac esta presente e afinidade 7 vezes menor na presenca de D-Ala-D-Ser
(Reynolds PE, Courvalin P, 2005).

A capacidade de induzir tais alteracOes estd relacionada a presenca de genes
localizados em elementos genéticos moveis e/ou no proprio cromossomo, dependendo da
espécie de Enterococcus. Varios operons relacionados a resisténcia a vancomicina ja
foram descritos em enterococos, como vanA, -B, -C, -D, -E, -G, -L, -M e N (Tabela 1),
que sdo distintos no que se refere ao grau de resisténcia aos glicopeptideos, capacidade
de transferéncia e inducéo (Nilsson O, 2012; Depardieu F et al. 2004; Xu Z et al. 2010;
Lebreton F et al. 2011).
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Tabela 1 - Caracteristicas genotipicas e fenotipicas dos operons encontrados em
linhagens VRE (Adaptado de Ahmed e Baptiste, 2018).

Nivel de resisténcia a

Principais L Expressdo do Localizagdo e
Operon Van vancomicina e e -
carreadores . . fendtipo mobilidade
teicoplanina
vanA E. faecium Alta para ambos Induzivel Cromossomo
E. faecalis Mobilizavel
vanB; van B1, E. faecium Variavel para Induzivel Cromossomo
B2, B3 E. faecalis vancomicina; susceptivel a Mobilizavel
teicoplanina
vanC; vanCl, E. gallinarum Baixa para vancomicina Constitutivo Cromossomo
C2,C3,C4 E. casseliflavus  Susceptivel a teicoplanina Induzivel .
E. flavescens
vanD; vanD1, E. faecium Baixa a alta para ambos Constitutivo Cromossomo
D2, D3, D4, Induzivel _
D5
vanE E. faecalis Baixa a moderada para Induzivel Cromossomo
vancomicina .
Susceptivel a teicoplanina
vanG; vanGl, E. faecalis Baixa para vancomicina Induzivel Cromossomo
G2 Susceptivel a teicoplanina Mobilizavel
vanL E. faecalis Baixa para vancomicina Induzivel Cromossomo
Susceptivel a teicoplanina .
vanM E. faecium Alta para ambos Induzivel Desconhecido
Mobilizavel
vanN E. faecium Baixa para vancomicina Constitutivo Plasmideo
Susceptivel a teicoplanina Mobilizvel

A maioria das infec¢bes por VRE em seres humanos € atribuida & presenca dos
genes vanA e vanB (Werner G et al. 2008), os quais tém sido também identificados em
varios animais colonizados e amostras ambientais (Caplin JL et al. 2008). Estes sdo
determinantes genéticos distintos e complexos e os operons van mais difundidos
globalmente (Woodford N, 2001; Shepard BD, Gilmore MS, 2002).

A compreensdo dos mecanismos de viruléncia de VRE e outros enterococos
requer o emprego de diferentes técnicas moleculares com o objetivo de avaliar os padroes
e a clonalidade do DNA gendmico, bem como avaliar as relacGes filogenéticas entre as
subespécies de enterococos. A aplicacdo de metodos como RFLP (Restriction Fragment
Length Polymorphism), AFLP (Amplified Fragment Length Polymorphism), analise por
endonucleases de restricdo, analise da presenca de sistema CRISPR, MLST e
sequenciamento do genoma tem permitido a separacdo de E. faecium em duas clades
principais, denominadas A e B (Top J, Willems R, Bonten M, 2008; Palmer KL et al.
2012; Homan WL et al. 2002; Buultjens AH et al. 2017).

E. faecium da clade A séo principalmente isolados clinicos, associados a infecgdes
humanas em hospitais e adicionalmente divididos em dois subtipos: clade Al, que inclui
linhagens clinicas epidémicas; clade A2, que inclui isolados animais e associados a
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infeccbes humanas esporadicas. Ja a clade B é composta por linhagens associadas a
infecgBes comunitarias (Mikalsen T et al. 2015; Buultjens AH et al. 2017).

O genoma de E. faecium da clade Al é caracterizado pela abundancia de genes de
viruléncia e genes de resisténcia a antimicrobianos quando comprado a linhagens ndo Al.
Clade Al, ou complexo clonal 17 (CC17), é um cluster policlonal global de clones
adaptados ao ambiente hospitalar com o potencial de causar doenga invasiva e
colonizacdo do trato gastrintestinal. O complexo clonal CC17 é frequentemente
caracterizado como multirresistente a antimicrobianos, incluindo vancomicina, e
tipicamente apresenta marcadores de viruléncia especificos, especialmente 0s genes que
codificam hialuronidase (hyl) e proteina de superficie de enterococos (esp), bem como a
sequéncia de insercdo 1S16 (Mikalsen T et al. 2015).

1.3 FATORES DE VIRULENCIA

Adicionalmente a elevada resisténcia aos antimicrobianos, muitos enterococos
podem ainda apresentar outros fatores de viruléncia, que garantiriam vantagem seletiva
em ecossistemas complexos. Fatores de viruléncia sao componentes presentes na propria
célula microbiana ou produtos do metabolismo, que auxiliam o patégeno em sua
habilidade de causar doenca ao hospedeiro.

Linhagens de Enterococcus reconhecidamente patogénicas comumente
apresentam ilhas de patogenicidade e genes que codificam diferentes fatores de
viruléncia, como substancia de agregacao (AS), gelatinase (GelE), proteinas de superficie
extracelulares (Esp), citolisina (Cyl) e hialuronidase (Hyl) (Vebo HC et al. 2010;
Kiruthiga A, 2020; Espindola LC, 2021).

A substéncia de agregacdo (AS), codificada pelo gene plasmidial asal, é uma
proteina de superficie que permite a agregacdo bacteriana durante o processo de
conjugacado, além de contribuir na formagdo de biofilmes e na evasdo da fagocitose.
Acredita-se também que esta seja responsavel pela adesdo de outras proteinas a matriz
extracelular e pelo aumento da hidrofobicidade da superficie das células do hospedeiro
(Medeiros AW et al. 2014; Van TD, Gilmore MS. 2015). Outra agdo desempenhada pela
substancia de agregacdo € a adesdo a células eucarioticas, como células do epitélio
intestinal e renal, e a polimorfonucleares (Rozdzinski E et al. 2001; Kiruthiga A, 2020).

A gelatinase, codificada pelo gene cromossomal gelE, € uma metaloproteinase
extracelular, produzida na forma de zimogénio, que é clivado para produzir a enzima ativa

(Waters CM et al. 2003). A gelatinase é capaz de hidrolisar gelatina, caseina,



24

hemoglobina, colageno, fibrinogénio, fibrina e componentes do sistema do complemento
(Tendolkar PM et al. 2005). Sua atividade danifica os tecidos do hospedeiro para obtencéo
de nutrientes a serem utilizados pelo microrganismo (Medeiros AW et al. 2014; Madsen
KT et al. 2017). Além disso, a gelatinase também contribui para a formacao de biofilmes
(Teixeira N et al. 2012; Golob M, 2019).

A proteina de superficie é codificada pelo gene esp, presente em uma ilha de
patogenicidade, sendo frequentemente encontrada em isolados clinicos de Enterococcus,
tais como E. faecium resistentes a vancomicina (Billstrom H et al. 2008; Espindola LC,
2021). Sua expressdo esta relacionada a adesdo tecidual e a formacdo de biofilmes
(Heikens E et al. 2007; Van TD, Gilmore MS, 2015).

A citolisina, codificada pelo gene cylA, é um peptideo com atividade hemolitica e
bactericida de amplo espectro, além de atuar facilitando a evasdo do sistema imune e 0
acesso a nutrientes (Gilmore MS et al. 2014; Van TD, Gilmore MS, 2015). A citolisina €
codificada por um operon, composto por oito genes, que apresentam funcdes estrutural,
secretdria, regulatoria, de modificacdo pos-traducional e de imunidade celular. Este
operon pode estar presente em plasmideos ou integrado ao cromossomo bacteriano
(Gilmore MS et al. 2014; Barbosa-Ribeiro M, 2016).

A hialuronidase, codificada pelo gene hyl, é uma enzima que age sobre o acido
hialurdnico, causando degradacdo dos tecidos e facilitando a invasdo bacteriana, sendo
considerada um agente de disseminacdo (Golinska E et al. 2013; Biswas PP et al. 2016).

Codificada pelo gene ace, a proteina de adesdo ao colageno é composta por 335
residuos de aminoacidos e apresenta peso molecular de 71 kDa (Rich RL et al. 1999).
Esta adesina faz parte do grupo de componentes da superficie microbiana de
reconhecimento de moléculas adesivas de matriz (MSCRAMMSs - microbial surface
components recognizing adhesive matrix molecules) e apresenta capacidade de ligagéo
aos colagenos de tipo I e V e a laminina (Lebreton F et al. 2009; Singh KV et al. 2010).
A expressdo da proteina de adeséo ao colageno € induzida por altas temperaturas e pela
presenca de componentes da matriz extracelular (Lebreton F et al. 2009; Espindola LC,
2021).

O antigeno de endocardite é codificado pelo gene efaA, presente em um operon
composto por trés genes. Apresenta peso molecular de 37 kDa, sendo um antigeno de
superficie com caracteristica lipoprotéica e expresséo regulada por manganés (Gilmore
MS et al. 2014; Yang F, 2019).
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1.4 SISTEMA CRISPR-Cas

Em 1987, o pesquisador Yoshizumi Ishino identificou, no genoma de Escherichia
coli, uma regido configurada de forma peculiar: sequéncias repetidas e sequéncias
espacadoras com funcdo desconhecida. Em 1993, essas sequéncias foram estudadas
isoladamente e em 2000 foram identificadas em diversas bactérias, até que em 2002 foram
denominadas CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats).
Anos depois, genes denominados cas (CRISPR associated genes) foram identificados
préximos ao locus CRISPR e mostraram-se elementos centrais no funcionamento do

sistema como um todo (Lopes DAS et al. 2012).

Essas sequéncias espacadoras apresentam origem extracromossomica, ou seja, Sdo
derivadas de elementos genéticos mdveis (mobile genetic elements - MGE). Desta forma
foi criada a hip6tese de que espacadores serviriam como memdria de invasdes anteriores
no organismo, reconhecendo o sistema CRISPR como um “sistema imune adaptativo”
em procariotos. O sistema funcionaria da seguinte forma: o RNA produzido a partir
dessas sequéncias espacadoras seria complementar ao invasor (um MGE), permitindo a
defesa do organismo de maneira sequéncia-especifica (Lopes DAS et al.
2012’Castrignano SB, 2017).

Os sistemas CRISPR podem ser classificados em trés tipos, que se diferenciam de
acordo com a sequéncia, conservacdo dos genes cas e a organizacdo do operon. O
mecanismo de imunidade dos sistemas tipo | e 111 sdo complexos e esses sistemas nao
tem sido aplicados na engenharia genética. O sistema CRISPR tipo Il interfere na invasdo
de elementos genéticos com o auxilio de uma proteina multifuncional denominada Cas9
e dos genes universais casl e cas2.

O sistema CRISPR-Cas9 é formado por trés principais componentes: a proteina
Cas, que apresenta funcdo catalisadora do elemento exdgeno; o locus CRISPR, que
funciona como uma mem@ria genética; o crRNA transativador (TracrRNA) que contribui
para a maturacdo do crRNA e a formagédo do complexo Cas. No caso do sistema CRISPR-
Cas tipo Il, na primeira etapa, 0 material genético invasor é clivado em pequenos
fragmentos, denominados sequéncias protoespacgadoras, por uma nuclease e em seguida
incorporado ao locus CRISPR do genoma bacteriano, como um novo espacador. Na etapa
seguinte, denominada biogénese, o locus CRISPR € transcrito em um longo precursor
CRISPR RNA (pré-crRNA). O TracrRNA se liga as sequéncias repetidas do pré-crRNA

que ¢ entdo clivado pela RNAse 11 produzindo crRNAs maduros, cada um contendo um
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espacador e uma sequéncia de repetidor. Na terceira fase, ocorre a agdo contra 0 DNA
invasor, com o reconhecimento e destruicdo do elemento exdgeno por meio do complexo
crRNASs e genes acessorios. A especificidade e a degradacdo da sequéncia invasora séo
determinadas por uma sequéncia préxima a sequéncia alvo no DNA do invasor,
denominada PAM (protospacer adjacente motif) (Pereira TC, 2016; Hryhorowicz M,
2017; Jiang F, Doudna JA, 2017).

Andlises de genémica comparativa tem evidenciado a auséncia do sistema
CRISPR em isolados patogénicos, incluindo E. faecium e E. faecalis (Palmer KL, 2010),
0 que possibilitaria a maior facilidade de aquisicdo de elementos genéticos moveis e
consequente vantagem para a sobrevivéncia em um ecossistema competitivo. Uma
relacdo inversa entre a presenca de sistemas CRISPR e a resisténcia a antimicrobianos
também tém sido proposta, 0 que sugere que a nao funcionalidade ou auséncia do sistema
CRISPR possa estar relacionada ao aumento da multirresisténcia.

Em isolados de E. faecalis, o sistema CRISPR2, 6rfao de genes cas, é conservado
(Palmer KL, 2010), enquanto os sistemas CRISPR1-Cas e CRISPR3-Cas apresentam
distribuicdo variavel. Isolados hospitalares de E. faecalis e linhagens multirresistentes a
antimicrobianos geralmente ndo apresentam esses sistemas, o que reforca a hipotese de
que o sistema de defesa adaptativo agiria bloqueando a transferéncia horizontal de genes
e, consequentemente, sua presenca manteria a bactéria susceptivel aos antibioticos
(Kristich CJ et al. 2014).

Palmer e colaboradores (2010) demonstraram que o isolado de E. faecalis
OGL1RF, proveniente da microbiota intestinal e sensivel a antibidticos, apresentava o0s
sistemas CRISPR1-Cas e CRISPR2, além de poucos elementos genéticos mdveis no
genoma; contrariamente, os autores mostraram que E. faecalis V583, resistente a
vancomicina, isolado em 1981, nos Estados Unidos, possuia somente o sistema
CRISPR2, ndo possuindo genes cas funcionais.

O sistema CRISPR-cas9, original do sistema CRISPR-cas do tipo Il, ganhou
grande interesse por ser facilmente programavel para reconhecer genes especificos e
permitir a edificacdo desse gene, tanto para reparar mutagdes (restaurando a fungéo do
gene) quanto para introduzir mutagdes novas (Lopes DAS et al. 2012; Castrignano SB,
2017). Na pesquisa com modelos animais o sistema é capaz de alterar permanentemente
0 gene mutante e restaurar a funcdo do produto do gene. O uso do sistema CRISPR na

engenharia genética e como uma ferramenta para o tratamento médico de doencas vem
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ganhando destaque, porém envolvem questdes éticas importantes que precisam ser
debatidas (VVasconcelos MJV, Figueiredo JEF, 2015).
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ABSTRACT

In this study, we evaluated the antimicrobial susceptibility, the presence of gene-encoding
virulence factors and CRISPR systems, as well as the ability to produce lytic enzymes
among clinical E. faecalis (n=22) and E. faecium (n=22) isolates. All enterococci isolates
showed phenotypes of multi-drug resistance. Ten E. faecalis isolates exhibited high-level
gentamicin resistance phenotype, several of them (n=6) harboring the aac(6')le-aph(2")la
gene. The gene vanA was the most frequent among vancomycin-resistant E. faecium.
High prevalence of the virulence genes esp and efaA were observed; hyl gene was more
associated with E. faecium, while ace and efaA genes were more frequently detected in
E. faecalis. Caseinase activity was frequently detected among the isolates. Gelatinase and

DNAse activities predominated among E. faecalis, while hemolytic capability was
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frequent among E. faecium isolates. Twenty-nine isolates showed at least one CRISPR
system investigated. Several E. faecalis isolates harbored the aac(6’)-le-aph(2’)-1a gene
and a CRISPR loci. CRISPR loci were positively correlated to efaA and gelE genes, and
gelatinase and DNAse activities, while CRISPR loci absence was related to hyl gene
presence. These results show that hospital-adapted strains of E. faecalis and E. faecium
harboring virulence genes show the concomitant presence of CRISPR loci and antibiotic

resistance determinants.

Keywords: CRISPR; Enterococcus; antibiotic resistance; virulence factors.

1. Introduction

Enterococcus spp. are widely distributed in the environment, including soil, water,
plants, food, and the gut microbiota of humans and other animals. They can survive in
stressful conditions, such as high concentrations of NaCl (6.5%), and wide temperature
ranges (10 °C to 45 °C). Beyond their ubiquitous, enterococci, especially the species
Enterococcus faecalis and Enterococcus faecium, have been related to human
opportunistic infections in the urinary tract, abdomen, skin, soft tissues, circulatory
system, and bacteremia [1].

An important feature related to clinical isolates of E. faecalis and E. faecium is
their intrinsic antimicrobial resistance, as well as the resistance acquired by horizontal
gene transfer, with the incorporation of mobile genetic elements (MGE) containing drug
resistance determinants [2]. In addition to high resistance to antimicrobials, other
virulence factors also contribute to the persistence of enterococci in the hospital
environment. Expression of virulence factors has been associated with host immune
system evasion, degradation of substrates, and adhesion to cell surfaces among clinical

isolates of enterococci. Some common phenotypes of highly virulent strains include the
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production of aggregation substance (AS), gelatinase (Gel), extracellular surface proteins
(Esp), cytolysin (Cyl), hyaluronidase (Hyl), and collagen-binding protein (Ace), in
addition to biofilm formation, and antimicrobial peptide production [3, 4].

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) systems
are considered an acquired immune system present in many strains of prokaryotes.
CRISPR is a type of genome defense against DNA invasion, that could hamper MGE
uptake and phage infections, thereby contributing to bacterial genome stability [5]. In
enterococci isolates, three Type Il CRISPR systems (CRISPR1-cas, CRISPR2 and
CRISPR3-cas) have been reported [5-7].

The present study aimed to assess the virulence arsenal of hospital-acquired E.
faecalis and E. faecium isolates, regarding the presence of gene-encoding virulence
factors and CRISPR systems, the antimicrobial susceptibility profile, and the phenotypic

ability of the strains to secrete soluble virulence factors.

2. Materials and methods
2.1. Microorganisms and growth conditions

We selected 22 E. faecalis and 22 E. faecium previously isolated from patients
attended at a tertiary hospital, in Uberaba, between 2007 and 2019. The identity of the
bacterial strains was confirmed using classical microbiological phenotypic methods and
16S rDNA sequencing. All isolates were stored on 20% glycerol-containing Brain Heart
Infusion (BHI) broth, at -80 °C. For culturing experiments, BHI medium (broth or agar),

aerobiosis incubation (without shaking) and temperature of 37 °C were used.
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2.2. DNA extraction and detection of gene-encoding virulence factors

Genomic DNA was extracted using the phenol-chloroform method [8], with
minor modifications: 200 pL of proteinase K was used for membrane disrupting and the
samples were incubated for 1h at 50 °C. The quality and quantification of the extracted
DNA was performed in a NanoDrop (Thermo Scientific) spectrophotometer. Samples
were kept at =20 °C for further analysis.

The presence of the genes gelE, cylA, hyl, asal, esp, efaA and ace was evaluated
by PCR amplification, following the conditions described previously [9-11] (Table S1).
PCR reactions were performed in a total volume of 25 uL, containing 500 U Taq
Polymerase (Ludwig), 1x Taq buffer (5 mM KCI Tris-HCI, pH 8.5), 50 mM MgCly, 10
mM dNTPs (Ludwig), 0,2 uM forward and reverse primer (Invitrogen), and 50 ng of
DNA. Incubation at 94 °C for 5 min was used as initial denaturation step, followed by 35
cycles of amplification, consisting of: denaturation step at 94 °C for 1 min, annealing for
1 min at different temperatures depending on the target gene (Table S1), and elongation
step at 72 °C for 1 min. The final elongation was conducted at 72 °C for 5 min. E. faecalis
ATCC 29212 (gelE and cylA) and E. faecium FAIR-E 77 (efaA and ace) were used as
control strains.

The genes encoding resistance to vancomycin (vanA, vanB, vanC1 and vanC2-3),
and aminoglycoside (aac(6’)-le-aph(2’’)la, aph(2’’)-lla, aph(2”’)-llla, aph(2’’)-IVa,
aph(3’)-1lla and ant(4°)-1a) were also detected by PCR assays, following the conditions
described in the literature [12, 13] (Table S1).

The amplification products were mixed to ethidium bromide (20 mg/mL),
analyzed in agarose gel electrophoresis (1,5%), at 100 V, and visualized under UV-

transilluminator. The presence of fragments with the expected molecular size was
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considered as positive result. DNA ladder (1000 bp, Ludwig) was included as a molecular
size marker.
2.3. Detection of CRISPR systems

The investigation of the three CRISPR systems, CRISPR1-cas, CRISPR2 and
CRISPR3-cas, in E. faecalis and E. faecium strains was performed by PCR amplification,
following previously described conditions [14]. The bacterial strains were first screened
for internal regions of CRISPR1 csnl and CRISPR3 csnl, and negative strains were re-
evaluated with another pair of primers annealing outside the conserved locus position

(CRISPR1-cas or CRISPR3-cas) (Table S1).

2.4. Antimicrobial susceptibility testing

Susceptibility to clindamycin (2 pg), gentamicin (10 pg), penicillin G (10U),
ampicillin (10 pg), tetracycline (30 ug), chloramphenicol (30 ug), erythromycin (15 ug),
amikacin (30 ug), streptomycin (10 pg) and rifampicin (5 pg) was assessed by disk-
diffusion method, on Mueller-Hinton Agar (Merck Co., Germany), based on Clinical and
Laboratory Standards Institute (CLSI) guidelines [15]. Multidrug-resistant (MDR)
isolates were defined as those expressing resistance to three or more classes of the
antimicrobial agents evaluated [16]. E. faecalis ATCC 29212 and E. faecium ATCC
BAA-2127 were used as quality control strains.

High-level gentamicin resistance (HLGR) was determined on gentamicin
containing BHI agar (500 pg/mL) [15]. After incubation (37 °C, aerobiosis), the growth
of more than one colony was considered positive results (HLGR strain). The minimal
inhibitory concentration (CIM) of vancomycin was determined by a broth microdilution

method, considering vancomycin-resistant strains that could grow in concentrations > 32
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pg/mL, and vancomycin-susceptible the cultures that grew only when vancomycin was <

4 ug/mL [15].

2.5. Phenotypic assessment of secreted virulence factors

The ability to produce soluble virulence factors was determined using culture-
dependent assays. Briefly, an agar base supplemented with the specific substrate and
biochemical indicators was added for detecting the target enzymes (by direct reaction or
pH change). Microbial strains were grown in aerobiosis, at 37 °C on BHI agar before each
assay. Stationary cultures (24 hours growth) were spotted into agar plates containing the
specific medium and substrate for the detection of gelatinase (Luria-Bertani agar,
supplemented with 3% gelatin), caseinase (TSA (Trypitic Soy agar) with 3% milk), lipase
(LB agar supplemented with 2 g/L of CaCl. and 10 g/L of Tween 80), DNase (DNAse
agar), and haemolysin (agar plates containing 5% of defibrinated sheep blood). The plates
were incubated in aerobiosis, at 37 °C, for 24-48 hours. The presence of clear zones or
opaque zones (for lipase) surrounding the bacterial colonies indicated positive results for

the enzyme production.

2.6. Statistical Analysis

The data were tabulated in Microsoft® Excel and analyzed using IBM SPSS
statistics 21. For descriptive analysis, absolute (N) or relative (%) frequencies were used,
and the confidence intervals were used considering 95% confidence level. Binomial
logistic regression was used to verify the associations between the variables of interest.
To indicate the effect sizes, Odds ratio and confidence intervals (95%) were used. The

associations were considered significant when p<0.05.
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3. Results

Twenty-two E. faecalis and twenty-two E. faecium strains were selected for this
study. Most of the E. faecalis isolates were obtained from secretion samples (31.8%), and
samples of urine were the main source of E. faecium strains (59.9%). Other clinical
specimens included wound (15.9%), blood (11.3%), peritoneal fluid (4.5%), anal swab

(4.5%), liquor (2.2%), and bile (2.2%) (Table S2).

Antimicrobial susceptibility profiles showed multi-drug resistance for all the
enterococci evaluated. The forty-four bacterial isolates (100.0%) showed resistance to
clindamycin (intrinsic resistance). Regarding the aminoglycosides, 86.3% of the strains
were resistant to streptomycin, and 50.0% were gentamicin resistant. Resistance to
erythromycin and amikacin was also prevalent among E. faecium strains (86.3% and
81.8%, respectively). All E. faecalis strains were susceptible to vancomycin, and the

majority (95.4%) of E. faecium was susceptible to chloramphenicol (Table 1).

Table 1 - Antimicrobial resistance frequencies among Enterococcus faecalis and
Enterococcus faecium strains. Disk diffusion method was used for antimicrobial

susceptibility testing.

E. faecalis (n = 22) E. faecium (n=22) Total (n = 44)

AMK 15 (68.1) 18 (81.8%) 33 (75.0%)
AMP 3 (13.6%) 11 (50.0%) 14 (31.8%)
CHL 4 (18.1%) 1 (4.5%) 5 (11.3%)

CLI 22 (100%) 22 (100%) 44 (100.0%)
ERY 13 (59.0%) 19 (86.3%) 32 (72.7%)
GEN 11 (50.0%) 11 (50.0%) 22 (50.0%)
PEN 11 (50.0%) 15 (68.1%) 26 (59.0%)
RIF 3 (13.6%) 17 (77.2%) 20 (45.4%)
STR 17 (77.2%) 21 (95.4%) 38 (86.3%)
TET 10 (45.4%) 11 (50.0%) 21 (47.7%)
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AMK, amikacin; AMP, ampicillin; CHL, chloramphenicol; CLI, clindamycin; ERY, erythromycin; GEN,

gentamicin; PEN, penicillin; RIF, rifampicin; STR, streptomycin; TET, tetracycline.

High-level gentamicin resistance (HLGR) phenotype was observed in 90.9% of
the E. faecalis isolates showing resistance to gentamicin in the disk diffusion method,;
only the isolate 175 did not grown on gentamicin-containing BHI agar (500 pug/mL). Six
HLGR E. faecalis isolates carried the aac(6')le-aph(2")la gene, and another HLGR
isolate (isolate 904) contained the aph(3’)-llla gene. The aac(6')le-aph(2")la gene was

also detected in four gentamicin-susceptible E. faecalis isolates (Table 2).

Table 2 — High-level gentamicin resistance (HLGR) phenotype and presence of genes

encoding aminoglycoside-modifying enzymes among E. faecalis isolates.

lsolate 21K~ HLGR  aac(6)-le- aph(2”)- aph(2”)- aph(2”)- aph(3’)- ant(4)-
diffusion  phenotype aph(2)-la lla Illa Iva Illa la
20 Resistant + + - - - - .

34 Susceptible - - - - - - i

35 Resistant + + - - - - i
58 Resistant + - - - - - i
74 Resistant + + - - - . i

155  Susceptible - - - - - - -

157 Resistant + + - - - - -

175 Resistant - - - - - - -

221  Susceptible - - - - - - -

228  Susceptible - + - - - - -

240 Resistant + - - - - - -
250 Resistant + - - - - - -
291 Resistant + - - - - - -
313 Resistant + + - - - - -
715  Susceptible - - - - - - -
904 Resistant + + - - - + R
911  Susceptible - - - - - - -
912  Susceptible - + - - - - -
913  Susceptible - - - - - - -
914  Susceptible - + - - - - -
915  Susceptible - + - - - - -

916  Susceptible - - - - - - -

Legend: (+) positive; (-) negative.
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The vancomycin-resistance phenotype (growth in > 64 pg/mL vancomycin) was
observed in 50.0% of the E. faecium isolates (n=11), but in none of the E. faecalis. The
vanA genotype was identified in 36.36% (4/11) of the phenotypically vancomycin-
resistant isolates. The vanB, vanC and vanC2-3 genes were not detected in E. faecium
(Table 3).

Table 3 — Vancomycin-resistance phenotype and presence of genes encoding vancomycin

resistance among E. faecium isolates.

Isolate MIC (ug/mL) Profile vanA vanB vanC1l vanC2-3
126 2 Susceptible - - - -
293 >64 Resistant + - - -
324 >64 Resistant + - - -
327 >64 Resistant - - - -
349 4 Susceptible - - - -
373 >64 Resistant - - - -
379 2 Susceptible - - - -
386 2 Susceptible - - - -
391 >64 Resistant - - - -
413 >64 Resistant - - - -
454 >64 Resistant - - - -
489 4 Susceptible - - - -
517 >64 Resistant + - - -
884 2 Susceptible - - - -
1005 4 Susceptible - - - -
1031 2 Susceptible - - - -
1034 2 Susceptible - - - -
1058 2 Susceptible - - - -
1089 >64 Resistant + - - -
1105 4 Susceptible - - - -
1123 >64 Resistant - - - -
1159 >64 Resistant - - - -

Legend: (+) positive; (-) negative.

All virulence genes evaluated in this study were detected among the enterococci
isolates: esp (28/44) and efaA (26/44) were the most prevalent, while cylA (5/44) was
detected the least in the bacterial cultures under investigation. The gene hyl was found in
72.7% of the E. faecium strains, but in only one E. faecalis isolate (4.5%), and hyl was

thirty-one times (OR=31.4) more associated with E. faecium when compared to E.
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faecalis (p<0.05). The genes ace and efaA were more frequently detected among E.
faecalis isolates (68.1% and 86.3% respectively) (p<0.001), being their presences forty-
five (OR=45.0) and thirteen (OR=13.5) times more associated to E. faecalis when
compared to E. faecium (Table 4).

Our results showed that gelE gene was present in 54.5% of the isolates, and
gelatinase activity was phenotypically detected in 43.1% of the enterococci evaluated
(Table 4). It is important to note that gelatinase activity was almost six times more
prevalent among E. faecalis isolates (p<0.05; OR=5.95). Additionally, DNAse activity
was twenty-one times more associated with E. faecalis (p<0.05; OR=21.0), while E.
faecium isolates showed more hemolytic capability (p<0.05; OR=7.11). The capacity to
hydrolyze casein was detected in almost all the enterococci isolates (95.4%), and lipolytic
activity was the least frequent among the isolates (Table 4).

Regarding the presence of type Il CRISPR systems, twenty-nine enterococci
isolates (65.9%) showed at least one of the elements investigated (CRISPR1-cas,
CRISPR2 and/or CRISPR3-cas). Almost two-thirds of the enterococci isolates (27/44)
harbored a complete CRISPR-cas locus (CRISPR1-cas or CRISPR3-cas), and only five
isolates (two E. faecalis and three E. faecium; 11.3%) carried an orphan CRISPR2 locus
(Table 4).

Overall, E. faecalis was fourteen times more associated with the presence of
CRISPR systems when compared to E. faecium isolates (p<0.05; OR=14.44). CRISPR1-
cas (CRISPR1-cas csnl- and CRISPR1-cas-positive strains) was more frequently
detected among E. faecalis when compared to the E. faecium group (p<0.05; OR=9.67).
CRISPR3-cas was the most frequently detected element among the E. faecium isolates

evaluated (8/22; CRISPR1-cas csnl- and CRISPR1-cas-positive strains) (Table 4).
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Table 4 - Virulence genes, virulence factors and CRISPR systems detection among

Enterococcus faecalis (n = 22) and Enterococcus faecium (n = 22) clinical strains.

Characteristic  Total (n = 44) E. fa_ecalls E. fa_eC|um P-value Odfjs Coh?ivt\jls;ce Colrflﬁjiggace
(n=22) (n=22) ratio
Interval Interval
Virulence
genes
ace 16 (36.3%) 15(68.1%) 1(4.5%) <0.001* 45.0 4,998 405.13
asal 23 (52.2%) 13 (59.0%) 10 (45.4%)  0.56 2.32 0.12 41.91
cylA 5(11.3%) 4(18.1%) 1 (4.5%) 0.99 0.99 0.001 628.20
efaA 26 (59.0%) 19 (86.3%) 7(31.8%) <0.001* 13.57 2.99 61.59
esp 28 (63.6%) 11 (50.0%) 17 (77.2%)  0.76 1.45 0.13 16.20
gelE 24 (54.5%) 13 (59.0%) 11 (50.0%) 0.789 1.39 0.10 17.97
hyl ** 17 (38.6%) 1 (4.5%) 16(72.7%) 0.017* 314 1.83 540.80
Phenotypic test
Gelatinase 19 (43.1%) 14 (63.6%) 5(22.7%) 0.008*  5.95 1.57 22.33
Caseinase 42 (95.4%) 21(95.4%) 21(95.4%) 1.000 1.00 0.05 17.10
Lipase 8(18.1%) 6(27.2%) 2(9.0%)  0.134 0.26 0.04 15
DNAse 32 (72.7%) 21(95.4%) 11(50.0%) 0.006*  21.0 2.39 184.51
Hemolytic
activity ** 22 (50.0%) 6 (27.2%) 16 (72.7%) 0.004*  7.11 1.89 26.80
CRISPR system
CRISPR 20 (90.9%) 9 (40.9%)
detection 29 (65.9%) 0.002* 14.44 2.68 77.80
iy @770 18(27%) 5(227%) ) oox g7 231 35,65
CRISPR2  5(11.3%)  2(9.0%) 3(13.6%)  0.637 1.57 0.23 10.51
(C::('JII:ISPR3 17 (38.6%) 9(40.9%) 8 (36.3%) 0.075 1.21 0.36 4.08

Estimates represent the log odds of "specie = enterococcus faecalis" vs. "specie = enterococcus faecium".
*Statistical difference (P-value<0.05.). **Estimates represent the log odds of "specie = enterococcus

faecium" vs. "specie = enterococcus faecalis".

The simultaneous presence of the three CRISPR systems was observed in two E.
faecium isolates. Concomitant presence of CRISPR1-cas and CRISPR2 was observed in
one E. faecalis isolate, but non among E. faecium. One E. faecium isolate showed

CRISPR2 and CRISPR3-cas simultaneously. The detection of the complete CRISPR-cas
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loci (CRISPR1-cas and CRISPR3-cas),was observed in both E. faecalis (h=6) and E.

faecium isolates (n=2) (Fig. 1).

Enterococcus faecalis Enterococcus faecium
CRISPR1-cas CRISPR2 CRISPR1-cas CRISPR2

CRISPR3-cas CRISPR3-cas
Fig. 1. Distribution of CRISPR systems among Enterococcus faecalis (n = 22) and

Enterococcus faecium (n = 22) clinical strains.

The correlation between the presence of antibiotic resistance and virulence genes
with the occurrence of CRISPR loci (CRISPR1-cas, CRISPR2 or CRISPR3-cas) among
the enterococci was investigated. Regarding the presence of aminoglycoside resistance
genes among the E. faecalis strains, aac(6’)-le-aph(2”)-la gene was observed in nine CRISPR-
positive isolates (9/20), and the aph(3’)-llla gene was detected in only one CRISPR+ isolate, but
without statistical correlation (Table 5). Among the E. faecium strains, no correlation between
vanA gene and CRISPR loci was observed (Table 5).

The gene efaA was strongly correlated with the presence of CRISPR loci among
our enterococci collection (p<0.05; OR=34.43). A significant correlation between
CRISPR loci and the gene gelE was also evidenced (p<0.05; OR=19.0). The gene hyl was
the only one more detected among CRISPR-negative enterococci strains (p<0.05;

OR=16.1) (Table 5).
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A correlation between the presence of CRISPR loci and the detection of biological
activity of the enzymes gelatinase and DNAse was observed (p<0.05; OR=9.2 for
gelatinase; OR=20.74 for DNAse) (Table 5).

Table 5 - Correlation between the presence of virulence genes, enzymatic activity,
presence of of vancomycin resistance genes, presence of aminoglycoside resistance genes

and CRISPR loci among the Enterococcus spp. clinical isolates.

Characteristic CRISPR + CRISPR - P-value  Odds ratio Coh?i\/c\i/g;ce Cogggggce
(29/44) (15/44) Interval Interval
Virulence genes
ace 14 (48.2%) 2 (13.3%) 0.842 0.774 0.062 9.637
asal 17 (58.6%) 6 (40.0%) 0.245 0.204 0.014 2.973
cylA 4 (13.7%) 1 (6.6%) 0.495 0.335 0.014 7.744
efaA 23 (79.3%) 3 (20.0%) 0.011* 34.430 2.288 518.10
esp 18 (62.0%) 10 (66.6%) 0.843 1.255 0.132 11.885
gelE 21 (72.4%) 3 (20.0%) 0.033* 19.021 1.263 286.31
hyl** 6 (20.6%) 11 (73.3%) 0.031* 16.175 1.285 203.45
Phenotypic test
Gelatinase 17 (58.6%) 2 (13.3%) 0.009* 9.208 1.747 48.520
Caseinase 27 (93.1%) 15 (100%) 0.995 9,47E-08 0 Inf
Lipase 6 (20.6%) 2 (13.3%) 1.000 0.999 0.122 8.210
DNAse 27 (93.1%) 5 (33.3%) 0.005* 20.749 2.535 169.82
Hemolytic
activity** 11 (37.9%) 11 (73.3%) 0.740 1.375 0.210 9.00
Resistance genes
vanA 2 (6.9%) 2 (13.3%) 0.684 1571 0.178 13.86
vanB 0 0 - - - -
vanC1 0 0 - - - -
vanC2-3 0 0 - - - -
Zﬁﬁg))'fa 9(31.0%)  1(6.66%) 0.831 0727 0.039 13.50
aph(2)-lla 0 0 - - - -
aph(2)-llla 0 0 - - - -
aph(2™)-Iva 0 0 - - - -
aph(3’)-1lla 1 (3.4%) 0 0.997 5,32E+06 0 Inf
ant(4)-la 0 0 - - - -

CRISPR+ = detection of CRISPR loci by PCR amplification. CRISPR- = absence of CRISPR loci.

Estimates represent the log odds of "CRISPR System = Positive" vs. "CRISPR System = Negative".
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*Statistical difference (P-value<0.05.). ** Estimates represent the log odds of "CRISPR System =

Negative" vs. "CRISPR System = Positive"

4. Discussion

Enterococci are commensal bacteria and are among the main Gram-positive
pathogens causing healthcare-associated infections, representing a generalist
microorganism. Antimicrobial resistance and the diversity of virulence factors are
important features that contribute to this profile [4, 17]. Among Enterococcus genus, E.
faecalis and E. faecium are the most common human-associated. Multiple studies have
concluded that an expansion of genome size by incorporation of MGESs, phages and/or
pathogenicity islands is associated with multi-drug resistant and hospital-adapted
phenotypes for E. faecalis and E. faecium strains [18, 19, 20].

In the present study, we evaluated the antimicrobial susceptibility, the presence
of gene-encoding virulence factors and CRISPR loci, as well as the ability to produce
lytic enzymes in clinical E. faecalis and E. faecium isolates, obtained from 2007 to 2019,
and covering a broad set of clinical sources, including secretions, urine, wound, blood,
peritoneal fluid, anal swab, liquor, and bile.

Multi-drug resistance was observed in all enterococci isolates evaluated in this
work, and the high frequency of resistance to the aminoglycosides (streptomycin,
amikacin and gentamicin) was quite high. Protonotariou et al. (2010) [21] and Barbosa-
Ribeiro et al. (2016) [3] also reported resistance to streptomycin among E. faecalis and
E. faecium isolates. Erythromycin resistance was prevalent among our E. faecium
isolates, as previously reported in other studies with swine isolates [22, 23].

The aac(6’)-1e-aph(2°’)-1a is a bifunctional aminoglycoside-modifying enzyme

that confers resistance to clinically useful aminoglycosides. The HLGR phenotype was
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observed in ten of the E. faecalis isolates (10/22), with the aac(6’)-le-aph(2’’)-1a gene
detected in six HLGR isolates. Other studies have reported a high frequency of the gene
aac(6’)-le-aph(2’’)-la among HLGR E. faecalis strains [5, 24]. Diab et al. (2019) [25]
showed that 78.0% of Enterococcus isolates were HLGR and 66.7% of them carried the
aac(6’)-le-aph(2’’)-la gene.

Vancomycin resistance was phenotypically observed in eleven E. faecium isolates
(25% of all enterococci isolates evaluated), and the vanA gene was detected in four
isolates. Komiyama et al. (2016) [26] showed low or no resistance to vancomycin and
chloramphenicol among oral enterococci. Ejaz et al. (2019) [27] reported vancomycin-
resistance phenotype in 2.9% of the enterococci isolated from different clinical samples.
Pontinen et al. (2021) [20] identified vancomycin resistance genes in 4.9% of their
Enterococcus isolates, while Ejaz et al. (2019) [27] detected the vanA and vanB genotypes
in 25.0% and 75.0%, respectively, of the enterococci isolates investigated in their work.
The vanA and vanB genes are the main vancomycin resistance genes found in clinical E.
faecalis and E. faecium strains [28]. Other van genes remain sparsely reported and are
considered non-related to human pathogens [29].

The expression of asal allows the bacterium to maintain physical contact and
performs the transfer of genetic information through conjugation transfer. The esp genes
have been associated with tissue adhesion, biofilm formation, and tissue colonization by
Enterococcus strains. cylA encodes a cytolisin, also defined as a peptide belonging to
lantibiotic-class of bacteriocins, and it shows cytotoxic activity against both bacterial and
mammalian cells. The hyl gene encodes a hyaluronidase, responsible for the degradation
of hyaluronic acid, which favors tissue degradation and bacterial invasion. Ace is a
collagen adhesion protein, an adhesin that is part of the microbial surface recognition

group of matrix adhesive molecules. EfaA is an endocarditis antigen found on the surface,
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with lipoprotein characteristics, and manganese-regulated expression. GelE is an
extracellular enzyme that can hydrolyze gelatin, casein, and other substrates; its activity
allows the degradation of host tissues and the consequent release of nutrients, needed for
microbial survival. In addition, GelE has been associated with biofilm formation [3, 4,
33].

A high prevalence of the virulence genes esp and efaA, and a low frequency of
cylA were observed among our enterococci isolates. Similar results were reported by
Comerlato et al. (2013) [30], which detected positive results for esp gene in 76% of the
Enterococcus isolates from patients in Porto Alegre, Brazil, especially among E. faecalis.
According to Akbari and collaborators (2017) [31], efaA gene was detected in 82% of the
Enterococcus spp. isolated from dental root isolates, while cylA was not found in any
isolate. Low frequency of cylA gene among Enterococcus spp. isolated from
periodontitis-associated subgingival biofilm was also reported [17].

The analysis of the distribution of virulence genes according to the bacterial
species revealed a prevalence of hyl among E. faecium strains. Some studies have
identified the gene hyl in both E. faecalis and E. faecium strains [32, 33], and in other
studies its presence has been more frequently related to E. faecium [5, 34].

A higher frequency of the genes ace and efaA was observed among E. faecalis
isolates. Barbosa-Ribeiro et al. (2016) [3] detected ace gene in all E. faecalis strains
isolated from teeth failing endodontic treatment, followed by efaA (95%), gelE (75%) and
asa (70%). Recent studies have reported ace as a predominant virulence gene among
Enterococcus isolated from periodontitis-associated subgingival biofilm [17], and Bulk
tank milk in Korea [35]. High prevalence of efaA gene has been detected among E.
faecalis isolated from subclinical bovine mastitis (91.4% of the isolates) [36] and from

subgingival biofilms (97.7% of the isolates) [17].
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Although the gelE gene has been identified in 13 and 11 strains of E. faecalis and
E. faecium, respectively, gelatinase activity was detected in 14 E. faecalis isolates and in
only five of our E. faecium strains. The E. faecalis isolate 291, obtained from secretion,
was the only one showing gelatinase activity in the absence of gelE gene detection by
PCR. The absence of gelatinase activity detection in six isolates of E. faecium may be due
to limitations of the screening method or to interruptions or in vitro non-expression of the
gene.

Gelatinase and DNAse activities were more prevalent among E. faecalis strains.
These results agree with the findings of Kashef et al. (2017) [37] and Hashem et al. (2021)
[38]. In our study, hemolytic activity was more frequent among E. faecium isolates, and
the phenotype was of partial hemolysis (alpha-hemolysis). In contrast, Kiruthiga et al.
(2020) [4] observed beta-hemolytic activity in 41.4% of the enterococci evaluated, the
majority being represented by E. faecalis isolates.

The capacity to degrade casein is a common feature among enterococci isolates
[38], as observed in our enterococci collection (caseinase activity was observed in 42 of
the 44 enterococci isolates evaluated). In contrast, the capacity to degrade lipids was
observed in six E. faecalis isolates and only two E. faecium isolates, different of the
results obtained by Bhagwat and Annapure (2019) [39] that showed excellent lipase
production among human Enterococcus strains.

Type |1 CRISPR systems were detected in approximately two-thirds of the isolates
evaluated in the present study. In line with the literature about CRISPR loci distribution
[5-7], our results evidenced that CRISPR systems can be more commonly found in E.
faecalis strains when compared to E. faecium isolates.

However, regarding the presence of specific CRISPR loci, our results differ from

the literature. Most studies evaluating the presence of CRISPR systems among
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enterococci have shown orphan CRISPR2 locus as the most widespread system among
enterococci [6, 40]. However, in our study, CRISPR2 has been detected in only two E.
faecalis and three E. faecium isolates.

Huescas et al. (2019) [6] detected CRISPR1-cas in 44.77% of the non-clinical E.
faecalis strains. Gholizadeh et al. (2020) [40] reported a higher prevalence of CRISPR3-
cas locus among dental Enterococcus isolates (35.6%) and more CRISPR1-cas positive
strains among hospital isolates (19.3%) when compared to dental enterococci.

In our study, complete CRISPR-cas loci were detected in nineteen E. faecalis and
eight E. faecium isolates. Gholizadeh et al. (2021) [40] reported CRISPR3-cas and
CRISPR1-cas in 17.75 and 10.42 % of the E. faecalis isolates, respectively.

Of the MDR E. faecalis strains in our collection, only two lack CRISPR loci, and
all except one (isolate 914) high-level gentamicin-resistant E. faecalis were CRISPR-
positive. Regarding MDR E. faecium strains, 12 lack CRISPR loci, including four
vancomycin-resistant E. faecium strains. Eight vancomycin-resistant and only two
vancomycin-sensitive E. faecium strains were CRISPR-positive.

Gholizadeh et al. (2021) [40] reported a predominance of CRISPR2 in gentamicin

and rifampin E. faecalis susceptible isolates (p < 0.05), while CRISPR3 was predominant
in erythromycin, tetracycline, ciprofloxacin and gentamicin susceptible isolates
(p<0.05). According to the authors, the absence of CRISPR3 was significantly
associated with the increased values of vancomycin MIC, while the absence of CRISPR2
and CRISPR3 was significantly associated with the increased values of gentamicin MIC
(p<0.05).

An inverse relationship between the presence of CRISPR-cas loci and acquired
antibiotic resistance has been described for E. faecalis and E. faecium. According to

Labibzadeh et al. (2018) [24] and Santos et al. (2020) [5], the genes ant(6)la and aac(6°)-
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le-aph(2”’)-la were more commonly detected among enterococci isolates lacking
CRISPR elements. Association among CRISPR2 presence and absence of aac6 -aph(2”)
genes, as well as the absence of aac6 -aph(2 ) gene among CRISPR3-positive E. faecalis
clinical isolates were reported by Gholizadeh and colleagues (2021) [40]. Mlaga et al.
(2021) [7] detected the association of vancomycin resistance genes and the absence of
CRISPR system into genomes of Enterococcus isolated from humans and chicken feces.
In our study, nine out of ten E. faecalis isolates harboring aac(6’)-le-aph(2’’)-1a gene
were CRISPR-positive, and no correlation between van genes and CRISPR absence was
observed.

Among our enterococci isolates, the presence of CRISPR loci was directly
associated with the presence of the genes efaA and gelE, and to the activity of the enzymes
gelatinase and DNAse (p<0.05), while the absence of CRISPR loci was only

significantly associated with the presence of the hyl gene (p <0.05).

5. Significance

The absence of CRISPR loci is expected to facilitate the acquisition of MGEs
carrying traits like antibiotic resistance, hemolysin and bacteriocin production, or even
new metabolic properties, providing a selective advantage to the bacterial strain. The idea
that members of high-risk enterococcal lineages lack complete CRISPR loci has been
suggested by several researchers [5, 14, 20, 40]. However, the presence of antibiotic
resistance and virulence factors-associated genes, as well as the phenotypical detection
of antimicrobial resistance and production of lytic enzymes among our CRISPR loci
positive strains (Tables S4 e S5) suggests that CRISPR systems could not confer a
complete genome defense in clinical E. faecalis and E. faecium hosts. The inactivity, non-

functionality, or attenuation of CRISPR machinery in these lineages, or even specialized
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ways to evade this defense, may be related to their success in acquiring foreign DNA,
enhancing survival and contributing to the selection of hospital-adapted enterococci.
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SUPPLEMENTARY
Supplementary Table 1 - Primers, annealing temperatures, and size of fragments expected
for each analyzed virulence gene, antimicrobial resistance genes and CRISPR system in

Enterococcus faecalis and Enterococcus faecium.

Annealing Size of

Gene Primers temperature fragments Reference

TATGACAATGCTTTTTGGGAT

gelE 47 oC 213 pb [9]
AGATGCACCCGAAATAATATA
ACTCGGGGATTGATAGGC

cylA 52°C 688 pb [9]
GCTGCTAAAGCTGCGCTT
ACAGAAGAGCTGCAGGAAATG

hyl 53 °C 276 pb [9]
GACTGACGTCCAAGTTTCCAA
GCACGCTATTACGAACTATGA

1 0 7

asa TAAGAAAGAACATCACCACGA S0°C 375 pb 9]
AGATTTCATCTTTGATTCTTG

esp 47 oC 510 pb [9]
AATTGATTCTTTAGCATCTGG
GCCAATTGGGACAGACCCTC

efaA 57 °C 688 pb [11]

CGCCTTCTGTTCCTTCTTTGGC

GAATTGAGCAAAAGTTCAATCG
ace 48 °C 1008 pb [11]
GTCTGTCTTTTCACTTGTTTC

5S’AAATGTGCGAAAAACCT 3°
vanA 54 °C 600 [12]
3 TCCTGATGAATACGAAAGAT 5’

5’ACCTACCCTGTCTTTGTGAA 3°
vanB 54 °C 300 [12]

3’ AATGTCTGCTGGAACGATA 5°

5’GGTATCAAGGAAACCTC 3’
vanC1l 50 °C 822 [12]
3’CTTCCGCCATCATAGCT 5’

5’CTCCTACGATTCTCTTG 3’
vanC2-3 3 CGAGCAAGACCTTTAAG 5° >0°C 439 [12]

aac(6’)-le- CAGAGCCTTGGGAAGATGAAG
aph(2”)-1a CCTCGTGTAATTCATGTTCTGGC

55 oC 348 [9]

CTTGGACGCTGAGATATATGAGCAC
aph(2”)-l1a 55 °C 867 [9]
GTTTGTAGCAATTCAGAAACACCCTT

CCACAATGATAATGACTCAGTTCCC
aph(2”)-11la 55 °C 444 [9]
CCACAGCTTCCGATAGCAAGAG

GTGGTTTTTACAGGAATGCCATC
aph(2”)-IVa 55°C 641 [9]
CCCTCTTCATACCAATCCATATAACC

GGCTAAAATGAGAATATCACCGG
aph(3)-lla 55 oC 523 [9]
CTTTAAAAAATCATACAGCTCGCG
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CAAACTGCTAAATCGGTAGAAGCC

ant(4’)-la 55°C 294 [9]
GGAAAGTTGACCAGACATTACGAACT
CRISPR1-cas CAGAAGACTATCAGTTGGTG 48 oC 293 [14]
csnl CCTTCTAAATCTTCTTCATAG
CRISPRL.cas CCCATGTTAGCTGATACAAC sseC a5 [14]
CGAATATGCCTGTGGTGAAA
CTGGCTCGCTGTTACAGCT )
RIS CCAATGTTACAATATCAAACA 36°C variable [14]
CRISPR3-cas GCTGAATCTGTGAAGTTACTC
X csnl 58 °C 258 [14]
omologue  CTGTTTTGTTCACCGTTGGAT
EFKG 00787
GATCACTAGGTTCAGTTATTTC
CRISPR3 cas 57 °C 224 [14]
CATCGATTCATTATTCCTCCAA
Supplementary Table 2 — Clinical specimen and year of the isolation of Enterococcus
faecalis and Enterococcus faecium.
E. faecalis Year of isolation Specimen E. faecium Year of isolation Specimen
34 2019 Urine 126 2009 Urine
155 2008 Blood 349 2009 Urine
221 2008 Urine 379 2009 Urine
228 2009 Secretion 386 2009 Urine
715 2012 Secretion 489 2010 Secretion
911 2014 Secretion 884 2014 Anal Swab
912 2007 Secretion 1005 2016 Urine
913 2008 Blood 1031 2016 Blood
914 2008 Urine 1034 2016 Urine
915 2010 Peritoneal Liq. 1058 2017 Urine
916 2014 Liquor 1105 2017 Blood
20 2006 Urina 293 2009 Urine
35 2006 Wound 324 2009 Wound
58 2007 Secretion 327 2009 Bile
74 2007 Secretion 373 2009 Urine
157 2007 Wound 391 2009 Wound
175 2008 Wound 413 2010 Urine
240 2008 Blood 454 2009 Urine
250 2008 Secretion 517 2010 Urine
291 2009 Secretion 1089 2017 Anal Swab
313 2009 Wound 1123 2016 Peritoneal Lig.
904 2014 Urine 1159 2016 Urine




Supplementary Table 3 — Antimicrobial susceptibility, enzymatic activity, virulence genes and CRISPR system in clinical Enterococcus faecalis

isolates.
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For antibiogram tests: (green) susceptible, (red) resistant; to others test: (green) positive, (red) negative. AMK, amikacin; AMP, ampicillin; CHL, chloramphenicol; CLlI,

clindamycin; ERY, erythromycin; GEN, gentamicin; PEN, penicillin; RIF, rifampicin; STR, streptomycin; TET, tetracycline.



Supplementary Table 4 — Antimicrobial susceptibility, enzymatic activity, virulence genes and CRISPR system in clinical Enterococcus faecium

isolates.

ISOLATES  AME. AMP CHL CLI ERY  GERM PEMN RIF STR TET VAN Caseinasze Dhasze Gielatinase Lipaze h::ﬂlf;is £ anal opld afiad 250 e i T T o o T M Lt CRISFR

Lrine

126

Blood
03
1105
Secretion
[N [ [ [ [ [ [
Peritoneal Lig,
1123

‘wound
324
391
Anal Swab
884
1033
Bile

= [T T [ [ | | /] T T T T

For antibiogram tests: (green) susceptible, (red) resistant; to others test: (green) positive, (red) negative. AMK, amikacin; AMP, ampicillin; CHL, chloramphenicol; CLI,

clindamycin; ERY, erythromycin; GEN, gentamicin; PEN, penicillin; RIF, rifampicin; STR, streptomycin; TET, tetracycline.
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prevalence of the virulence genes esp and efaA were observed; hyl
gene was more associated with E. faecium , while ace and efaA
genes were more frequently detected in E. faecalis . Caseinase
activity was frequently detected among the isolates. Gelatinase and
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that hospital-adapted strains of E. faecalis and E. faecium harboring
virulence genes show the concomitant presence of CRISPR loci and
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