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RESUMO 
 

VARGAS, Erika Lorena Giraldo, M.Sc., Universidade Federal de Viçosa, março de 
2019. Validação do potencial anti-quorum sensing de compostos naturais e anti-
inflamatórios em bactérias Gram-negativas. Orientadora: Maria Cristina Dantas 
Vanetti.  

 
Quorum sensing (QS) é um mecanismo de comunicação célula-célula mediado por 

moléculas sinalizadoras que levam à expressão gênica diferencial em resposta a alta 

densidade populacional. Numerosas espécies de bactérias utilizam este mecanismo de 

comunicação intra e intercelular para promoverem as mudanças necessárias para 

adaptação em ambientes diversos. Chromobacterium violaceum é um patógeno humano 

oportunista que utiliza o QS mediado por acil homoserina lactonas (AHLs) para regular 

fenótipos como a formação de biofilme, produção de cianeto, síntese do pigmento 

violeta denominado violaceína, entre outros. Esta bactéria regula a produção de 

violaceína pelo sistema QS CviI/CviR, que produz e responde a AHLs de diferentes 

comprimentos de cadeia acila. Ao contrário do sistema de QS por AHLs completo 

presente em C. violaceum, em Salmonella, esse sistema é incompleto, devido a ausência 

da sintase da molécula sinal. Entretanto, Salmonella possui a proteína SdiA, homóloga 

a proteína LuxR, que permite detectar as AHLs produzidas por outras bactérias. Neste 

trabalho, foi realizada a prospecção in silico de moléculas indutoras do mecanismo de 

quorum sensing assim como, de prováveis inibidores (quorum quenching-QQ) de C. 

violaceum e testes in vitro foram realizados para avaliar o efeito destes compostos sobre 

a produção de violaceína. Além disso, foi testado o efeito do composto fitol e furanona 

na interferência de processos regulados por QS no metabolismo de Salmonella. Testes 

in silico mostraram que as AHLs, compostos de plantas e anti-inflamatórios não 

esteroides (AINEs) foram capazes de se ligar a proteína CviR de C. violaceum com altos 

escores de afinidade. Além disso, testes in vitro mostraram que a maioria dos compostos 

testados inibiu a produção de violaceína, sendo que, dentre os compostos de plantas,  

concentração de 600 µg/mL de ácido margárico e ácido palmítico foi mais efetiva para 

inibir a produção de violaceína por C. violaceum ATCC 12472 e mutante CV026. No 

entanto, dentre os AINEs testados na concentração de 500 µg/mL, somente o 

cetoprofeno mostrou inibição deste fenótipo nas duas estirpes. O crescimento de 

Salmonella na presença de 0,05 µM de N-dodecanoyl-homoserina lactona (C12-HSL), 

0,05 µM de furanona ou 600 µg/mL de fitol durante 24 h de incubação em condições 
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de anaerobiose não foi inibido. Entretanto, na presença de C12-HSL a concentração de 

tiol livre aumentou em fase exponencial de crescimento com 6 e 7 h de incubação, mas 

retornou ao mesmo nível observado em células cultivadas na ausência de C12-HSL, 

quando furanona e fitol foram adicionados na cultura, comparado com o tratamento 

controle. Os níveis de coenzima NADPH foram significativamente aumentados na 

presença de C12-HSL, furanona e fitol, enquanto o consumo de glicose foi menor em 6 

h de incubação com C12-HSL. A produção de ácidos orgânicos em condições 

anaeróbias não foi afetada pelas moléculas de QS e QQ. Os resultados do presente 

trabalho mostraram a importância do docking molecular como uma ferramenta in silico 

válida para prospecção de compostos QQ em bactérias. A maioria dos compostos 

indicados in silico como potenciais QQ e testados in vitro inibiu a produção de 

violaceína em C. violaceum, indicando que podem interferir com o mecanismo de 

comunicação celular. Além disso, os resultados da influência de moléculas de QS e QQ 

sobre alguns processos metabólicos em Salmonella revelam a importância de conhecer 

e compreender os efeitos destes compostos, a fim de encontrar maneiras de reduzir a 

patogenicidade e, portanto, diminuir o número de surtos de salmonelose registrados em 

todo o mundo.   
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ABSTRACT 
 

VARGAS, Erika Lorena Giraldo, M.Sc., Universidade Federal de Viçosa, March, 2019. 
Validation of potential anti-quorum sensing of natural and anti-inflammatory 
compounds in Gram-negative bacteria. Adviser: Maria Cristina Dantas Vanetti.  

 
Quorum sensing (QS) is a mechanism of cell-cell communication mediated by signal 

molecules that lead to differential gene expression in response to high population density. 

Numerous species of bacteria use this mechanism of intra and intercellular 

communication to promote the changes necessary for adaptation in diverse environments. 

Chromobacterium violaceum is an opportunistic human pathogen that uses the QS 

mediated by acyl-homoserine lactones (AHLs) to control biofilm formation, cyanide 

production, synthesis of a violet pigment called violacein, among others. This bacterium 

regulates the production of violacein by the QS system CviI/CviR, which produces and 

responds to AHLs of different acyl chain lengths. Unlike the complete AI-1 QS system 

present in C. violaceum, in Salmonella, this system is incomplete, because there is no 

synthesis of the AHL signal molecule. Meanwhile, Salmonella has the SdiA protein, 

homologous to the LuxR protein, which allows the detection of AHLs produced by other 

bacteria. In this work, a screening of quorum sensing and quorum quenching (QQ) 

molecules in C. violaceum was performed and in vitro tests were carried out to evaluate 

the effect of these compounds on violacein production in this microorganism. In addition, 

the effect of the phytol and furanone compounds were tested on the interference of QS-

regulated processes in Salmonella metabolism. The in silico tests showed that AHLs, 

plant compounds and non-steroidal anti-inflammatory drugs (NSAIDs) were able to bind 

to the CviR protein of C. violaceum showing high scores of affinities. In addition, in vitro 

tests showed that most of the tested compounds achieved an inhibition in violacein 

production, whereas, among the plant compounds, a concentration of 600 μg/mL of 

margaric and palmitic acid were effective against C. violaceum ATCC 12472 and mutant 

CV026. However, within the NSAIDs tested, only ketoprofen compound showed 

inhibition of this phenotype in the two strains. Growth of Salmonella in the presence of 

0.05 μM of N-dodecanoyl-homoserine lactone (C12-HSL), 0.05 μM of furanone or 600 

µg/mL of phytol for 24 h incubation under anaerobic conditions was not inhibited. In the 

presence of C12-HSL, free thiol levels increased at 6 and 7 h of incubation but returned 

to the same level observed in cells cultured in the absence of C12-HSL, when phytol and 

furanone were added in broth, compared to the control treatment. NADPH coenzyme 
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levels were significantly increased in the presence of C12-HSL, phytol, and furanone, 

whereas glucose consumption was lower in 6 h of incubation with C12-HSL. The 

production of organic acids under anaerobic conditions was not affected by QQ or QS 

molecules. The results of the present work showed the importance of molecular docking 

as a valid in silico tool for prospecting QQ compounds in bacteria. Most compounds 

tested in vitro inhibited the violacein production in C. violaceum, indicating that they may 

interfere with the mechanism of cellular communication. In addition, the results of the 

influence of QS and QQ molecules on some physiological processes in Salmonella, reveal 

the importance of knowing and understanding the effects of these compounds, in order to 

find ways to reduce the pathogenicity and, therefore, to reduce the number of outbreaks 

of salmonellosis registered in all the world. 
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1. REFERENCIAL BIBLIOGRÁFICO 

 

1.1 Mecanismo de comunicação por quorum sensing com autoindutor-1 em bactérias 

gram-negativas 

A adaptação de bactérias a um novo ambiente depende da capacidade de detectar 

e responder a esse ambiente e este comportamento é essencial para sobrevivência e 

patogênese. Células bacterianas desenvolveram diferentes mecanismos que lhes 

permitem detectar condições ambientais diversas tais como, pH, osmolaridade, 

disponibilidade de nutrientes e densidade populacional e alterarem a produção de vários 

compostos para adaptarem a essas novas condições (SMITH; IGLEWSKI, 2003). 

Numerosas espécies de bactérias utilizam o mecanismo de comunicação celular 

denominado de quorum sensing (QS) para promoverem as mudanças necessárias para 

adaptação em ambientes diversos. Este processo de sinalização permite a comunicação 

entre as células bacterianas levando à expressão diferencial de genes em resposta às 

mudanças na densidade populacional (FUQUA; WINANS; GREENBERG, 1994; 

FUQUA; PARSEK; GREENBERG, 2001). O mecanismo de QS é mediado por 

moléculas difusíveis denominadas de autoindutores (AIs), os quais são sintetizados 

intracelularmente, durante todo o crescimento das bactérias e liberadas para o meio 

circundante. Quando esses AIs atingem concentrações críticas no meio externo, são 

internalizados e induzem a expressão de genes alvos específicos, resultando na alteração 

do metabolismo celular. Nas bactérias gram-negativas, os AIs mais estudados são 

relacionados as acil homoserina lactonas (AHLs), com variações estruturais, tais como 

diferentes comprimentos de cadeia acil ou a eventual presença de uma função 3-oxo ou 

3-hidroxi (GALLOWAY et al., 2011). 

Este mecanismo de comunicação por QS desempenha função crítica, tanto nas 

interações bactéria-hospedeiro simbióticas quanto patogênicas (BOYER; 

WISNIEWSKI-DYÉ, 2009). Diversos patógenos relevantes utilizam esse mecanismo 

para regular processos associados à virulência, aumentando suas perspectivas de 

sobrevivência em razão do ataque coordenado contra o hospedeiro só ser feito quando a 

população bacteriana atingir alta densidade populacional, aumentando a probabilidade 

de superar as defesas do hospedeiro com sucesso (GESKE et al., 2007; RAINA et al., 

2009). 
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O mecanismo de QS foi descrito pela primeira vez na regulação da 

bioluminescência em Vibrio fischeri (NEALSON; PLATT; HASTINGS, 1970). O 

operon luciferase em V. fischeri é regulado por duas proteínas, LuxI, responsável pela 

produção do autoindutor de N-acil-homoserina-lactona (AHL) e LuxR, que é ativada por 

esse autoindutor para aumentar transcrição do operon da luciferase (ENGEBRECHT; 

SILVERMAN, 1984). Depois disso, diferentes homólogos do sistema LuxI-LuxR foram 

identificados em outras bactérias e, em todos esses sistemas, as bactérias produzem um 

autoindutor que se liga à proteína LuxR e regula a transcrição de vários genes (DAVIES 

et al., 1998; DE KIEVIT; IGLEWSKI, 2000; PARSEK; GREENBERG, 2000). Estudos 

demonstraram que QS regula uma série de fenótipos bacterianos, incluindo a produção 

de antibióticos, formação de biofilmes, bioluminescência, diferenciação celular, 

competência, produção de pigmentos, conjugação, produção de enzimas hidrolíticas 

extracelulares, esporulação, motilidade em superfícies, produção de toxinas e expressão 

de genes de virulência (SMITH; FRATAMICO; NOVAK, 2004; WALTERS; 

SPERANDIO, 2006; KENDALL; RASKO; SPERANDIO, 2007; LIOU et al., 2010). 

Embora esse mecanismo de comunicação fosse inicialmente considerado 

exclusivo para alguns vibriões marinhos por muitos anos, a presença de homólogos de 

um sistema completo de QS  (luxI/luxR) também foi demonstrado em muitas bactérias 

gram-negativas, capazes de produzir AHLs específicas, incluindo, Agrobacterium, 

Aeromonas, Burkholderia, Chromobacterium, Citrobacter, Enterobacter, Erwinia, 

Hafnia, Nitrosomonas, Obesumbacterium, Pantoea, Pseudomonas, Rahnella, Ralstonia, 

Rhodobacter, Rhizobium, Serratia e Yersinia (SMITH; IGLEWSKI, 2003). 

Entre as bactérias que possuem um sistema QS completo, uma das mais estudadas 

é Pseudomonas aeruginosa, um patógeno oportunista reconhecido por produzir  fatores 

de virulência, incluindo exoproteases, sideróforos, exotoxinas e lipases (PARSEK; 

GREENBERG, 2000). Muitos desses fatores de virulência são regulados pelo 

mecanismo de QS e existem atualmente quatro vias bem conhecidos em P. aeruginosa: 

dois sistemas tipo LuxI/LuxR denominados LasI/LasR e RhlI/RhlR, o sistema quinolona 

controlado por PqsR e o sistema 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde (IQS) 

que funciona sob condições limitantes de fosfato (PAPENFORT; BASSLER, 2016). Nos 

sistemas tipo LuxI/LuxR, o LasI é uma sintase que produz uma molécula sinal de AHL 

difusível extracelularmente denominada N-(3-oxododecanoil) -L-homoserina lactona (3-

oxo-C12-HSL) que é reconhecida pelo regulador transcricional LasR, que direciona a 
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expressão de vários genes. Da mesma forma, RhlI produz a molécula sinal N-butiril-L-

homoserina lactona (C4-HSL) que pode ligar-se ao seu regulador de transcrição cognato 

RhlR. Os reguladores de transcrição LasR e RhlR são ativados quando níveis suficientes 

de 3-oxo-C12-HSL e C4-HSL estão presentes, resultado da  alta densidade populacional 

e regulam a produção de múltiplos fatores de virulência (LEE et al., 2013).  

Outro exemplo de bactéria gram-negativa com o sistema de QS completo é 

Chromobacterium violaceum, um patógeno humano oportunista e que utiliza o QS 

mediado por AHL para regular a formação de biofilme, produção de cianeto, síntese do 

pigmento violeta denominado violaceína, entre outros (DE OCA-MEJÍA et al., 2014). 

Esta bactéria regula a produção de violaceína pelo sistema QS CviI/CviR, que produz e 

responde a AHLs de diferentes comprimentos de cadeia acil (McCLEAN et al., 1997a; 

STEINDLER; VENTURI, 2007; SCHUSTER et al., 2013). C. violaceum selvagem e 

mutantes biossensores têm sido utilizados como modelo em diversos estudos 

relacionados com os sistemas de comunicação bacteriana e inibição do mecanismo de 

QS (IQS) por produtos naturais e sintéticos (MUSTHAFA et al., 2010; BURT et al., 

2014). 

Ao contrário do sistema de QS por AI-1 completo presente em bactérias gram-

negativas como P. aeruginosa e C. violaceum, em Salmonella e Escherichia coli esse 

sistema é incompleto (WALTERS; SPERANDIO, 2006). Nessas bactérias não foi ainda 

identificado o gene homólogo à luxI, que codifica a sintase do AI-1 e, consequentemente, 

não há síntese de AHLs. No entanto, um homólogo de LuxR, conhecido como SdiA, está 

presente e permite a detecção de moléculas-sinais produzidas por outras espécies 

bacterianas gram-negativas, levando à regulação da expressão gênica (MICHAEL et al., 

2001; SMITH; AHMER, 2003; STEENACKERS et al., 2012). Em Salmonella e em E. 

coli, alguns fenótipos regulados pelo QS foram evidenciados. Wang e Rothfield (1991) 

sugeriram que a proteína SdiA (supressor da inibição da divisão celular) desempenhou 

função na regulação dos genes de divisão celular ftsQAZ em E. coli. Experimentos 

adicionais mostraram que SdiA reprimiu os genes da ilha de patogenicidade LEE e de 

motilidade em E. coli Enterohemorrágica (EHEC) (KYOKO et al., 2002). Também, em 

diferentes estirpes de E. coli, genes do metabolismo energético, biossíntese de vitamina, 

transporte, motilidade, reguladores transcricionais e patogênese foram diferencialmente 

regulados na presença de AHL (HOUDT et al., 2006; DYSZEL et al., 2010; LIOU et al., 

2010; SHARMA; BEARSON, 2013). Genes relacionados à patogênese de E. coli, como 
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cbpA, gadA e hdeA também foram regulados positivamente pela AHL (HOUDT et al., 

2006; DYSZEL et al., 2010). Além disso, em E. coli não-patogênica, SdiA, em conjunto 

com o indol, pode regular a formação de biofilme, motilidade e a produção de indol (LEE; 

JAYARAMAN; WOOD, 2007; LEE et al., 2008). 

SdiA em Salmonella foi descrito pela primeira vez por Ahmer et al. (1998) quando 

foi sugerida a ligação entre SdiA e a regulação positiva de 10 genes no plasmídeo de 

virulência, incluindo o gene rck, previamente caracterizado como responsável pelo 

aumento da resistência e adesão às células epiteliais. Campos-Galvão et al. (2016) e 

Almeida et al. (2017) mostraram que a formação de biofilme em poliestireno por 

Salmonella enterica sorovar Enteritidis foi estimulada pela C12-HSL após 36 h de 

incubação em anaerobiose, mas reprimida pela presença concomitante de uma mistura 

de furanonas, agentes inibidores do QS. Foi evidenciado também que genes relacionados 

à virulência como hilA, invA e invF, presentes na ilha de patogenicidade PAI-1, e genes 

envolvidos na formação de biofilme por Salmonella Enteritidis foram mais expressos na 

presença de molécula exógena do sistema QS (CAMPOS-GALVÃO et al., 2016). 

Carneiro (2017) mostrou que o perfil de metabólitos intracelulares de Salmonella 

Enteritidis na presença e na ausência do AI-1 foi diferente nos tempos iniciais de cultivo 

e esta diferença diminuiu ao longo do período de incubação em anaerobiose. Também 

foram observadas alterações das concentrações dos metabólitos intracelulares 

pertencentes às vias dos glicerolipídeos, aminoácidos e nucleotídeos de purina, bem 

como do consumo de glicose entre células de Salmonella Enteritidis cultivadas na 

presença e na ausência de C12-HSL (CARNEIRO, 2017). O AI-1 C12-HSL alterou o 

perfil de ácidos graxos e as proteínas relacionadas ao processo de oxidação-redução de 

células de Salmonella nas primeiras horas de cultivo e estas células se apresentaram 

semelhantes àquelas em final de fase logarítmica e início de fase estacionária que 

cresceram na ausência deste AI (ALMEIDA et al., 2018).  

1.2 Inibidores do mecanismo de quorum sensing 

O QS está implicado em vários eventos relevantes na patogênese bacteriana e, por 

esse motivo, é provável que os inibidores do QS possam ter aplicação terapêutica. Existem 

diferentes vias de inibição do QS, tais como: (1) inibição da síntese do AI; (2) 

antagonismo do receptor do AI; (3) inibição de alvos de ligação do receptor; (4) sequestro 

de AIs usando, por exemplo, anticorpos contra AIs; (5) degradação de AI usando 

anticorpos catalíticos (abzimas) ou enzimas (como lactonases); (6) inibição da 
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secreção/transporte de AI; e (7) anticorpos que bloqueiam os receptores do AI (DE 

LAMO MARIN et al., 2007). Portanto, a interrupção deste sistema de comunicação ou a 

atividade do mecanismo de QS em bactérias pode levar à atenuação da virulência 

microbiana (WHITELEY; LEE; GREENBERG, 1999; DE KIEVIT; IGLEWSKI, 2000; 

SMITH; IGLEWSKI, 2003).  

Compostos naturais e sintéticos com ação anti-QS ganharam interesse como 

agentes potenciais para controlar infecções bacterianas. As plantas superiores consistem 

em fontes potenciais de antimicrobianos devido à produção de amplo espectro de 

metabólitos secundários, como compostos fenólicos, flavonoides, alcaloides, 

terpernoides, poliacetilenos, entre outras classes (ZHANG et al., 2002; VATTEM et al., 

2007; SYBIYA VASANTHA PACKIAVATHY et al., 2012). Assim, a busca de 

inibidores do mecanismo de QS que não afetam o crescimento bacteriano, mas agem 

sobre a virulência, pode auxiliar na problemática da resistência microbiana a antibióticos, 

uma vez que os mesmos não impõem fortes pressões seletivas para desenvolvimento de 

resistência em comparação ao uso de antibióticos (KHAN et al., 2009). 

As furanonas, compostos produzidos pela alga marinha vermelha Delisea pulcha, 

são amplamente estudadas por funcionarem como antagonistas das AHLs e, portanto, 

inibir fenótipos regulados pelo QS em bactérias (GIVSKOV et al., 1996; CAMPOS-

GALVÃO et al., 2016; ALMEIDA et al., 2017). Supõe-se que as furanonas e outros 

análogos de AHL ligam-se, competitivamente, à proteína receptora análoga à LuxR 

impedindo a ligação das AHLs e, consequentemente, inibem a ligação do respectivo 

regulador de transcrição cognato (HENTZER et al., 2003). Givskov et al. (1996) 

verificaram que furanonas halogenadas interferam no sistema QS afetando a motilidade 

de Serratia liquefaciens. O tratamento de P. aeruginosa com furanona C-30 a 10 mM, 

um derivado sintético baseado nas estruturas químicas das furanonas naturais com 

atividade de interferência de sinais melhorada, reduziu significativamente a produção de 

fatores de virulência, incluindo exoproteases, piroverdina e quitinase (HENTZER et al., 

2003). Além disso, análise de microarranjo de DNA mostrou que 80% dos genes 

reprimidos pela furanona C-30 também são controlados por QS em P. aeruginosa, 

indicando que essa furanona é um inibidor deste mecanismo de comunicação bacteriana 

(HENTZER et al., 2003). Viana et al. (2009) observaram que furanonas adicionadas ao 

meio mínimo de sais (MMS) não afetaram o crescimento de Hafnia alvei 071. Entretanto, 

redução significativa (P <0,05) na formação de biofilme foi determinada na presença de 

3-metil-2(5H) furanona (MF), 2-metiltetrahidro-3-furanona (MTHF) e 2(5H) -furanona 
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(F). Também, presença concomitante de uma mistura de furanonas com C12-HSL 

resultou na inibição da formação de biofilme por Salmonella Enteritidis embora não tenha 

inibido a adesão (CAMPOS-GALVÃO et al., 2016; ALMEIDA et al., 2017). 

A atividade anti-QS de extratos orgânicos de plantas medicinais tem sido abordada 

por vários estudos nos últimos anos. Os extratos de plantas podem atuar como inibidores 

de QS devido à semelhança da estrutura química de componentes com as das moléculas 

sinalizadoras de QS e, ou em razão de sua capacidade de degradar os receptores de sinal 

(VATTEM et al., 2007; AL-HUSSAINI; MAHASNEH, 2009; WU et al., 2014). Extratos 

de vários produtos naturais, como por exemplo, broto de feijão, camomila, cenoura e alho 

(RASMUSSEN et al., 2005) e óleos essenciais de várias plantas, como por exemplo 

lavanda, eucalipto e citrus (SZABÓ et al., 2010) mostraram efeitos anti-QS. Alguns 

extratos de certas variedades de maçãs demonstraram atividade anti-QS, provavelmente 

devido à presença de diferentes polifenóis, como ácidos hidroxicinâmicos, rutina e 

epicatequina, que atuam como agentes anti-QS de forma sinérgica contra C. violaceum 

(FRATIANNI; COPPOLA; NAZZARO, 2011). 

Fitol é um composto natural que apresenta uma ampla gama de atividades 

biológicas, incluindo efeitos anti-inflamatórios, antimicrobianos, antialérgicos, 

antinociceptivos, imunoestimuladores e antioxidantes (PEJIN et al., 2014). 

Adicionalmente, o fitol e seus derivados não possuem efeitos inflamatórios ou tóxicos, 

mesmo em camundongos imunocomprometidos (CHOWDHURY; GHOSH, 2012). Foi 

demonstrado que o fitol também tem atividade antimicrobiana contra Mycobacterium 

tuberculosis (RAJAB et al., 1997) e Staphylococcus aureus (INOUE et al., 2005). Alguns 

estudos demonstraram o potencial anti-QS do fitol por meio de inibições de formação de 

biofilme, síntese de proteases e alteração da hidrofobicidade em Serratia marcescens 

(SRINIVASAN et al., 2016). Em P. aeruginosa, este composto inibiu fenótipos regulados 

por QS em concentrações sub-inibitórias, tais como, a formação de biofilme e motilidade 

(PEJIN et al., 2014).  

O cinamaldeído, principal composto de vários óleos essenciais de plantas e alguns 

dos seus derivados, pode inibir atividades relacionadas ao QS, como a formação de 

biofilmes (NIU; AFRE; GILBERT, 2006; BRACKMAN et al., 2008). Furocumarinas de 

origem vegetal inibiram as atividades dos AI-1 e AI-2 em estirpes monitoras do 

mecanismo de QS de Vibrio harveyi e também inibiram a formação de biofilmes por 

agentes patogênicos como E. coli enterohemorrágica (EHEC), S. enterica sorovar 

Typhimurium e P. aeruginosa (GIRENNAVAR et al., 2008). 
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Além disso, flavonoides tem sido o foco de pesquisas pela atuação como agentes 

antioxidantes, anti-inflamatórios e anticancerígenos. Assim, levando em consideração os 

benefícios para a saúde, os flavanoides como a naringenina, kaempferol, quercetina e 

apigeneína foram avaliados quanto ao seu potencial anti-QS e todos foram capazes de 

inibir a bioluminescência mediada por AI-1 e AI-2 das estirpes monitoras do mecanismo 

de QS de V. harveyi (VIKRAM et al., 2010). Em outro estudo, a quercetina reduziu 

significativamente os fenótipos dependentes de QS em Klebsiella pneumoniae, como a 

formação de biofilmes, a produção de exopolímeros (EPS), a motilidade e a produção de 

alginato de forma dependente da concentração (GOPU; KOTHANDAPANI; SHETTY, 

2015). Também, inibiu significativamente a formação de biofilmes e a produção de 

fatores de virulência, incluindo piocianina, protease e elastase em P. aeruginosa 

(OUYANG et al., 2016). 

Além disso, algumas flavanonas, como a naringenina e a taxifolina, reduziram a 

produção de piocianina e elastase, as quais são moléculas relacionadas ao QS em P. 

aeruginosa, sem afetar o crescimento bacteriano. Esses dois compostos também 

reduziram a expressão de vários genes que controlam QS em P. aeruginosa, PAO1. A 

naringenina também mostrou ser capaz de reduzir, consideravelmente, a produção de 

mediadores de QS tais como N-3-oxo-dodecanoil homoserina lactona (3-oxo-C12-AHL) 

e N-butanoil homoserina lactona (C4-AHL) (CHUSRI et al., 2012). 

Adicionalmente, substâncias utilizadas na área médica com outra finalidade, como 

anti-inflamatórios não-esteroides (AINEs), têm sido estudadas em relação à capacidade 

em inibir o mecanismo de QS bacteriano. El-Mowafy et al. (2014) investigaram o 

potencial anti-QS da aspirina, amplamente utilizada como agente antipirético, anti-

inflamatório e trombolítico, em P. aeruginosa e os resultados demonstraram redução 

significativa dos sinais do QS, como N-butiril-homoserina lactona (C4-AHL) e 3-hidroxi-

dodecanoil homoserina lactona (3-OH-C12-AHL), além de causar redução significativa 

na concentração de todos os fatores de virulência testados, como produção de protease 

total, elastase, hemolisina e piocianina. Os autores também verificaram a interação entre 

a proteína receptora de AHL deste patógeno, chamada LasR, e a aspirina, utilizando 

docking molecular. 

Considerando que alguns genes e fatores de patogenicidade em bactérias têm, 

reconhecidamente, suas expressões influenciadas pelo QS mediado por AI-1, a 

prospecção de inibidores deste mecanismo de comunicação é de interesse. O docking 

molecular tem sido uma ferramenta comumente usada em estudos de QS para sugerir os 
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locais de ligação entre as proteínas receptoras de sinal e os AIs, bem como na busca de 

possíveis compostos anti-QS de diferentes origens, dentre os quais estão os compostos 

extraídos de vegetais e algas e os AINEs. Soheili et al. (2015) realizaram uma busca de 

diferentes AINEs capazes de se ligar às proteínas LasR e PqsE do mecanismo de QS de 

P. aeruginosa em comparação com a ligação com 3-oxo-dodecanoil homoserina lactona 

(3-oxo-C12-AHL) e, a partir dos resultados, sugeriram que piroxicam e meloxicam tem 

potencial anti-QS. Almeida et al. (2018) avaliaram a ligação de 107 compostos de plantas 

e 73 compostos AINEs com a proteína SdiA de Salmonella para inibição do mecanismo 

QS e formação de biofilme. Vários desses, tais como Z-fitol e lonazolac, apresentaram 

maior afinidade de ligação a SdiA do que AHLs e as furanonas, que são os indutores e 

inibidores reconhecidos do mecanismo de QS, respectivamente. Portanto, esses 

compostos foram indicados como candidatos potenciais a inibidores de QS e sugeridos 

para testes in vitro da inibição do QS  mediado por AI-1 em Salmonella (ALMEIDA et 

al., 2018). 

Esses estudos revelam a importância do mecanismo de QS mediado pelo AI-1 na 

regulação de alguns fenótipos, sendo necessário ampliar as informações a respeito dos 

processos controlados por essas moléculas. Assim, a partir desses conhecimentos, será 

possível buscar estratégias de controle de micro-organismos importante na indústria de 

alimentos e na área médica. 
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Abstract 

Chromobacterium violaceum is Gram-negative water and saprophytic soil bacterium but 

can also infect humans and cause abscesses and bacteremia in immunocompromised 

individuals. Most strains produce the antibacterial purple pigment violacein which is 

regulated via the CviI/CviR quorum sensing system via N-Acyl-L-homoserine lactones 

(AHLs). Plant and nonsteroidal anti-inflammatory drugs (NASIDs) compounds have 

been reported as inhibitors of the quorum sensing mechanism in bacteria and, virtual 

screening of some of these compounds against CviR protein of C. violaceum has been 

performed in this study. The ability of the evaluated compounds to inhibit violacein 

production in vitro has also been  evaluated. In general, results of molecular docking 

showed that plant compounds, phytol, margaric and palmitic acids, and the NASIDs, 

dipyrone sodium, ketoprofen and phenylbutazone bound in the structures of CviR protein 

of C. violaceum, and some of them had higher binding affinities than the AHLs and 

furanone, recognized inducers, and inhibitors of quorum sensing, respectively. When 

tested in vitro, palmitic and margaric acids, at a concentration of 600 µg/mL and 

ketoprofen at a concentration of 500 µg/mL showed a reduction in the violacein 

production by strains of C. violaceum and this phenotype could be related to the disruption 

of the quorum sensing system. The results indicate that in silico prospection compounds 

mailto:mvanetti@ufv.br
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to inhibit the quorum sensing mechanism may be a good tool to find alternative 

compounds. 

Keywords: Plant compounds, anti-inflammatory drugs, anti-quorum sensing, violacein. 

1. Introduction 

Quorum sensing is a process of bacterial cell-cell communication in which cells 

produce, detect, and respond to extracellular signaling molecules called autoinducers. 

Gram-negative bacteria typically use N-acyl-L-homoserine lactone (AHL), an 

autoinducer-1 (AI-1) that can diffuse into the local environment (Smith and Iglewski, 

2003; Boyer and Wisniewski-Dyé, 2009; Galloway et al., 2011). Signal concentration 

increases with population density and, once the AHLs concentration reaches a threshold 

level within the cell, these signals bind to their cognate intracellular receptors, the LuxR-

type family of transcriptional regulators. The activated LuxR-type receptors alter gene 

expression levels, including a range of phenotypes such as, sporulation, biofilm 

formation, motility, bacteriocin and toxin production, conjugation, competence, virulence 

gene expression, pigment and bioluminescence production, among others (Nealson, Platt 

and Hastings, 1970; Geske et al., 2007; Raina et al., 2009). 

Chromobacterium violaceum, a Gram-negative water and soil bacterium, can infect 

humans and cause abscesses and bacteremia (Stauff and Bassler, 2011). This bacterium 

produces the antibacterial purple pigment violacein, synthesized from tryptophan by the 

products of the vioABCD operon, which is regulated by quorum sensing mediated by AI-

1 (Stauff and Bassler, 2011). These autoinducers, known as AHLs, are synthesized via 

the CviI/CviR system, a LuxI/LuxR homolog, where CviI is an AHL synthase, and CviR 

is a receptor that, when bound to AHLs, modulate the regulation of target genes. CviR is 

a homodimeric protein, each monomer of which consists of two domains, a ligand-

binding domain (LBD) and a DNA-binding domain (DBD) (Choi and Greenberg, 1991; 

Hanzelka and Greenberg, 1995). C. violaceum ATCC 12472 a wild type strain, produces 

and responds to AHLs, mainly N-(3-hydroxydecanoyl)-DL-homoserine lactone (3-OH-

C10-HSL) (Morohoshi et al., 2008) while the strain C. violaceum ATCC 31532 produces 

mainly N-hexanoyl-DL-homoserine lactone (C6-HSL). C. violaceum CV026, a 

biomonitor commonly used to evaluate quorum sensing, is a Tn5 mutant strain derived 

from wild type C. violaceum ATCC 31532, unable to produce its own AHL, but retain 
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the ability to respond to exogenous AHLs (McClean et al., 1992). Wild-type and 

biosensor mutant strains of C. violaceum have been used as a model in diverse studies 

related to the bacterial communication and quorum sensing inhibition, known as quorum 

quenching (McClean et al., 1997; Adonizio et al., 2006; Vattem et al., 2007; 

Ravichandran et al., 2018). 

The discovery of the quorum sensing system and its critical role in bacterial 

survival and virulence has revealed a novel way to attack and attenuate bacterial 

pathogenicity. The significant advantage of this novel strategy for anti-infective therapy 

is that it circumvents the problem of antibiotic resistance, which is intimately connected 

to the use of conventional antibacterial agents, as it specifically interferes with the 

expression of pathogenic traits rather than to hamper bacterial growth (Singh, Mishra, 

and Jha 2017; Ravichandran et al., 2018). Furanones are compounds produced by the red 

seaweed Delisea pulcha, which have been widely studied for acting as antagonists of 

AHLs and, therefore, inhibit phenotypes regulated by quorum sensing in bacteria 

(Givskov et al., 1996; Campos-Galvão et al., 2016; Almeida et al., 2017). Furanones and 

other AHL analogs are supposed to competitively bind to the LuxR analog receptor 

protein and prevent binding of the AHLs and, consequently, inhibit binding of the 

respective cognate transcriptional regulator (Givskov et al., 1996).  

Plants compounds and nonsteroidal anti-inflammatory drugs (NSAIDs), 

substances used in the medical field for other purposes, have been widely screened for 

compounds that interfere with mechanisms of quorum sensing (Adonizio et al., 2006; El-

Mowafy et al., 2014; Singh, Mishra and Jha, 2017). Chaudhari et al. (2014) investigated 

the effect of seed extracts of three different plants on quorum sensing and showed 

inhibition of the violacein production in C. violaceum and reduced motility in 

Pseudomonas aeruginosa, both mechanisms regulated by AHLs. Burt et al. (2014) 

showed that the natural antimicrobial carvacrol inhibited biofilm formation and violacein 

production in C. violaceum.  

Taking into account that some genes and pathogenicity factors in bacteria have 

been known to be influenced by the quorum sensing mediated by AI-1, the prospection 

of inhibitors of this mechanism of communication is of interest. Molecular docking has 

been a commonly used tool in quorum sensing studies to suggest binding sites between 

signal receptor proteins and autoinducers, as well as in the search for possible quorum 

quenching compounds from different sources. Ravichandran et al. (2018) performed a 



 20  

 

virtual screening of different compounds in C. violaceum, and it was reported that quorum 

sensing inhibitors (QSIs) and the natural autoinducer showed a high binding affinity for 

the CviR protein. Also, Almeida et al. (2018) performed a virtual screening of 107 plant 

compounds and 73 NASIDs for inhibition of biofilm formation in Salmonella Enteritidis 

PT4 578 and showed that these compounds bound in, at least, one of three modeled 

structures of the SdiA protein, an analog of LuxR, acting as possible inhibitors of the 

mechanism of quorum sensing. Considering the importance of studies focused on the 

screening of inhibitory compounds of quorum sensing mechanism, the aims of the present 

study were to perform molecular docking of plant compounds and NASIDs, as well as 

AHLs and furanones with CviR proteins from strains of C. violaceum in order to prospect 

inhibitors of the mechanism of quorum sensing and to evaluate their activity in vitro. 

2. Materials and methods 

2.1. Bacterial strains and growth conditions 

The bacterial strains used for quorum sensing in vitro assays were C. violaceum 

ATCC 12472 and C. violaceum CV026. The cultures were stored at -20 °C in Luria 

Bertani broth (LB, Sigma Aldrich, USA) supplemented with 40% (v/v) of sterilized 

glycerol. Before each experiment, strains of C. violaceum were activated in LB broth for 

48 h at 30 °C and, for C. violaceum CV026 growth, the LB broth was supplemented with 

20 µg.mL-1 of kanamycin.  

 

2.2. Preparation of compounds solution 

The subinhibitory concentrations of the plant compounds, anti-inflammatory 

drugs, and AHL used in the experiments were evaluated in preliminary studies and based 

on previously published studies. These compounds were suspended as described in Table 

1 and stored at -20 °C.  
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Table 1. Diluents used to prepare the plant compounds, NSAIDs and AHL and final 

concentrations used for experiments in the LB broth.  

 

Classification 

 

Compound 

 

Company 

 

Solvent 

Final 

concentration 

in LB broth 

Plant compound Phytol Sigma-Aldrich, USA Methanol 600 µg/mL 

Margaric acid Sigma-Aldrich, USA Isopropanol 600 µg/mL 

Palmitic acid Sigma-Aldrich, USA Dimethylsulfoxide* 600 µg/mL 

NASID Dipyrone sodium All Chemistry, Brazil Sterile water  500 µg/mL 

Ketoprofen All Chemistry, Brazil Methanol 500 µg/mL 

Phenylbutazone Sigma-Aldrich, USA Acetone 500 µg/mL 

AHL C6-HSL Sigma-Aldrich, USA Acetonitrile 10 µM 

                  *Dimethylsulfoxide = DMSO 

 

2.3. Anti-quorum sensing activity by quantification of violacein production of C. 

violaceum  

The cultures of C. violaceum ATCC 12472 and C. violaceum CV026 activated 

according to item 2.1, were reactivated in 20 mL of LB broth for 18 h at 30 °C. The optical 

density 600 nm (OD 600 nm) of these cultures were standardized to 0.1 using a 

spectrophotometer (Thermo Fisher Scientific, Finland) and, an aliquot of 20 μL of this 

standard inoculum was added in a microtube containing 1 mL of LB broth. Posteriorly, 

in different microtubes, the plant compounds phytol, margaric acid, and palmitic acid and 

the NASIDs dipyrone sodium, ketoprofen, and phenylbutazone were added at the final 

concentration indicated in Table 1. The incubation was at 30 °C for 24 h. It is noteworthy 

that, for C. violaceum CV026 cultivation, C6-HSL was added at a final concentration of 

10 µM (Zhu, He and Chu, 2011) (Table 1). After incubation time, growth was evaluated 

in a spectrophotometer at 600 nm, and violacein production was quantified according to 

Blooser and Gray (1998). Briefly, the culture was centrifuged at 10,000 x g for 10 min, 

and the supernatant was discarded. The pellet was resuspended in 1 mL of DMSO, mixed 

vigorously for 30 s in a vortex and centrifuged at 10,000 x g for 10 min. An aliquot of 

300 µL of supernatant was added in a microplate, and the OD 585 nm was measured by 

using a spectrophotometer. Percent inhibition of production of violacein was measured 
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as the ratio of OD585/OD600, which is violacein production per unit of growth (Choo, 

Rukayadi and Hwang, 2006). 

2.4. Comparison of the ligand-binding domain of structures of CviR proteins  

The structures of CviR proteins of C. violaceum ATCC 12472 (PDB: 3QP6, 

3QP8) and C. violaceum ATCC 31532 (PDB: 3QP1, 3QP2, 3QP4, 3QP5) were obtained 

from the RCSB Protein Data Bank database (PDB; 

http://www.rcsb.org/pdb/home/home.do) (Table 2) and superposed to compare the 

ligand-binding domain (LBD) by CLC Drug Discovery Workbench 4.0 software. 

 

Table 2. Structures of CviR proteins of C. violaceum ATCC 12472 and C. violaceum 
ATCC 31532 obtained from the PDB database. 
 

Bacterial strains PDB ID PDB description Effect of ligand 

C. violaceum ATCC 12472 3QP6 CviR bound to C6-HSL Inhibitor 

3QP8 CviR bound to C10-HSL Inducer 

C. violaceum ATCC 31532 3QP1 CviR bound to C6-HSL Inducer 

3QP2 CviR bound to C8-HSL Weak inducer 

3QP4 CviR bound to C10-HSL Inhibitor 

3QP5 CviR bound to chlorolactone Inhibitor 

Chen et al. (2011) 
 

 

2.5. Molecular docking of CviR proteins of C. violaceum with different compounds 

The compounds selected for this study were four plant compounds, three NSAIDs, 

14 AHLs, seven furanones, and 1-octanoyl-rac-glycerol (OCL), totaling 29 compounds 

(Table 3). 

The plant compounds were classified according to their leading functional group, 

and the classification of NSAIDs was obtained from the KEGG Drug database 

(http://www.genome.jp/kegg/drug/) (Table 3). The structures of these compounds were 

obtained from the compound Identifier of the PubChem database (PubChem CID; 

https://pubchem.ncbi.nlm.nih.gov/https://pubchem.ncbi.nlm.nih.gov/) for molecular 

docking. 
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Table 3. Quorum sensing and quorum quenching compounds used for molecular docking with 
structures of CviR proteins of C. violaceum ATCC 12472 and C. violaceum ATCC 31532. 
 

Group Classification Compound Pubchem 
CID 

Plant compound Fatty acid Margaric acid 10465 

Palmitic acid 985 

Oxygenated 
diterpene 

Z-phytol 6430833 

E-phytol 5280435 

NSAID Propionic acid 
derivative 

Ketoprofen 3825 

Pyrazolone 
derivative 

Dipyrone (Metamizole) 3111 

Phenylbutazone 4781 

AHL Unmodified in 3-
oxo and 3-OH 

N-dodecanoyl-DL-homoserine lactone  11565426 

N-decanoyl-DL-homoserine lactone 11644562 

N-octanoyl-DL-homoserine lactone  3474204 

N-hexanoyl-DL-homoserine lactone  3462373 

N-butyryl-DL-homoserine lactone  443433 

Modified in 3-oxo N-(3-oxododecanoyl)-L-homoserine lactone 3246941 

N-(3-oxodecanoyl)-L-homoserine lactone 10221060 

N-(3-oxooctanoyl)-L-homoserine lactone  127293 

N-(3-oxohexanoyl)-L-homoserine lactone  688505 

Modified in 3-OH N-(3-hydroxydodecanoyl)-DL-homoserine lactone 11507677 

N-(3-hydroxydecanoyl)-DL-homoserine lactone 71353010 

N-(3-hydroxyoctanoyl)-DL-homoserine lactone 11586792 

N-(3-hydroxyhexanoyl)-DL-homoserine lactone 70185030 

N-(3-hydroxybutyryl)-L-homoserine lactone 10330086 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-
furanone 

10180544 

4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone  16127328 

4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone  9839657 

5-(bromomethylene)-2(5H)-furanone 9877509 

4-bromo-5-(bromomethylene)-2(5H)-furanone 10131246 

Non-brominated 3-butyl-2(5H)-furanone 11768654 

2,2-dimethyl-3(2H)-furanone  147604 

OCL OCL 1-octanoyl-rac-glycerol 3033877 

 

The molecular docking of CviR proteins of C. violaceum ATCC 12472 and C. 

violaceum ATCC 31532 (Table 2) was performed with compounds (Table 3) by using the 

"Dock Ligands" tool of the CLC Drug Discovery Workbench 4.0 software, with 1000 

interactions for each compound being performed. These compounds tested were quorum 

sensing and potential quorum quenching compounds of quorum sensing mechanism 

mediated by AI-1 (Table 3). The score generated is related to the potential energy change 
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when the protein and the compound come together based on hydrogen bonds, metal ions, 

and steric interactions, where scores more negative correspond to higher binding affinities 

(Almeida, Pinto and Vanetti 2016; Almeida et al., 2018). 

Subsequently, molecular docking was performed with the structures linked to 

natural autoinducers of each strain, 3QP8 (linked to C10-HSL) for C. violaceum ATCC 

12472 and 3QP2 (linked to C6-HSL) for C. violaceum ATCC 31532 with different 

compounds that showed the best inhibition of violacein production in C. violaceum 

strains, according to analysis performed at 2.3. 

2.6. Statistical analyses 

Experiments were carried out in three biological replicates. The values of the 

triplicates were used for the analysis of variance (ANOVA) followed by Tukey's test 

using the Statistical Analysis System and Genetics Software (Ferreira, 2011). A p-value 

< 0.05 (p < 0.05) was considered to be statistically significant. 

3. Results and discussion 

3.1. Comparison of the ligand-binding domain of CviR proteins 

The structures of CviR proteins of C. violaceum ATCC 12472 and ATCC 31532 

crystallized with different AHLs and chlorolactone were superposed and, in general, 

binding of the same protein to different ligands alters the conformation of the LBD 

domain (Figures 1A, 1B, 1C and 1D). Conformational differences of the LBD were also 

detected between the CviR proteins of C. violaceum ATCC 12472 and C. violaceum 

ATCC 31532 (Figures 1E and 1F). Noticeable structural differences at the ligand-binding 

sites AHL-bound in the LBD domain of the SdiA protein of Escherichia coli 

Enterohemorrhagic, a CivR analog, were observed by Nguyen et al. (2015). The 

comparison of the generated macromolecular structures of SdiA protein of Salmonella 

with their templates showed that the LBD and DBD had slight conformational changes 

depending upon the presence or absence of AHL, as well as to the size of the AHL carbon 

chain (Almeida, Pinto and Vanetti, 2016).  

Taking into account the changes in protein conformation according to the amino 

acid sequence and the binding sites of autoinducer molecules with specific amino acids, 

Chen et al. (2011) showed that in C. violaceum ATCC 31532, the non-conserved amino 
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acid M89 is a crucial point for the antagonist or agonist activity of CviR protein when 

bound to autoinducers. Moreover, a comparison of the C6-HSL, the natural autoinducer 

of this strain, with C8, C10-HSL, and chlorolactone complexes revealed that these last 

molecules cause the side chain of M89 to switch to the "antagonist" position of this 

protein (Chen et al. 2011). Thus, depending on the signaling molecule of the quorum 

sensing mechanism that interacts with the significant amino acids, the conformation of 

the CviR protein can change and thus act as agonist or antagonist of the bacterial 

communication system (Chen et al. 2011). 

 

 
Figure 1. Superposition of LBD structure monomer of CviR protein of C. violaceum. A and B: 
3QP6 (gray) and 3QP8 (blue) structures of C. violaceum ATCC 12472; C and D: 3QP1 (pink), 
3QP2 (orange), 3QP4 (green) and 3QP5 (yellow) structures of C. violaceum ATCC 31532; E and 
F: Conformational differences of the LBD between the CviR proteins of C. violaceum ATCC 
12472 and C. violaceum ATCC 31532. Black arrows show conformational changes. 
 
 

Therefore, considering that these conformational changes may alter binding 

affinities with ligands as well as the response to the mechanism of quorum sensing, all 

structures of the CviR proteins of the two strains were used to perform molecular docking 

with different compounds. 
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3.2. Molecular docking of structures of CviR proteins of C. violaceum with different 

compounds 

Molecular docking of 3QP6 and 3QP8 structures of the CviR protein of C. 

violaceum ATCC 12472 and of 3QP1, 3QP2, 3QP4 and 3QP5 of C. violaceum ATCC 

31532 showed that AHLs with 12 carbons, with or without 3-oxo and 3-OH modifications 

presented the highest binding affinities (Tables 4 and 5). The AHLs with 10 carbons with 

the same modifications also showed high binding affinities for the structures evaluated 

for these strains (Tables 4 and 5).  

It is noteworthy that the N-(3-hydroxydecanoyl)-DL-homoserine lactone (3-OH-

C10-HSL) showed high binding affinity, reaching a score of -84.80 with 3QP6 structure 

and -82.24 with the 3QP8 structure of C. violaceum ATCC 12472 (Table 4). This AHL 

is recognized as the most synthesized by C. violaceum ATCC 12472 (Morohoshi et al., 

2008) and induced violacein production by this strain (Morohoshi et al., 2008; Chen et 

al., 2011). Besides C10-HSL, C12-HSL was also identified as an inducer of violacein 

production by C. violaceum VIR07, an AHL deficient mutant of C. violaceum ATCC 

12472 (Morohoshi et al., 2008). Conversely, long-chain acyl AHLs such as C10-HSL and 

C12-HSL inhibited the production of violacein by C. violaceum strain ATCC 31532 

(McClean et al., 1997). 

Also, AHLs with carbon size chains ranging from four to eight showed lower 

binding affinities than the AHLs with 10 and 12 carbons. Interestingly, C6-HSL which is 

an autoinducer naturally synthesized by C. violaceum ATCC 31532 (McClean et al., 

1997; Chen et al., 2011) had one of the lowest binding affinities with the four structures 

of CviR protein of this strain (Table 5). These results suggest that C10-AHL and C12-

AHL can compete more efficiently for binding to CviR protein than the natural C6-AHL 

autoinducer and act as inhibitors of violacein production, as demonstrated experimentally 

by McClean et al. (1997). Our results of molecular docking showing that the longer the 

carbon chain of AHL without 3-oxo and 3-OH modification higher the binding affinity 

with the CviR protein of C. violaceum (Table 4 and 5) may corroborate previous 

experimental results of the agonist or antagonistic effect by autoinducers molecules and 

help elucidate the molecular action mechanism. 
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Table 4. Results of docking molecular of two structures of CviR protein of C. violaceum ATCC 12472 with different  

compounds. 

Group Classification Molecule 3QP6 3QP8 
Binding residue Score Rank Binding residue Score Rank 

AHL Modified in 3-OH N-(3-hydroxydodecanoyl)-DL-homoserine lactone Y80, W84, Y88, D97, S155 -89.09 1 Y80, W84, Y88, S155 -88.87 1 
AHL Modified in 3-oxo N-(3-oxododecanoyl)-L-homoserine lactone Y80, W84, Y88, D97, S155 -88.55 2 Y80, W84, Y88, D97, S155 -86.09 2 
AHL Unmodified in 3-oxo and 3-OH N-dodecanoyl-DL-homoserine lactone Y80, W84, D97, S155 -88.41 3 Y80, W84, D97, S155 -85.88 3 
Plant Oxygenated diterpene Z-phytol M135 -81.57 7 Y88, S89, N92 -83.67 4 
AHL Modified in 3-OH N-(3-hydroxydecanoyl)-DL-homoserine lactone Y80, W84, Y88, D97, S155 -84.80 4 Y80, W84, Y88, S155 -82.24 5 
Plant Oxygenated diterpene E-phytol M135 -80.45 8 S89, N92 -81.56 6 
AHL Unmodified in 3-oxo and 3-OH N-decanoyl-DL-homoserine lactone Y80, W84, D97, S155 -81.97 6 Y80, W84, D97, S155 -81.18 7 
AHL Modified in 3-oxo N-(3-oxodecanoyl)-L-homoserine lactone Y80, W84, Y88, D97, S155 -83.77 5 Y80, W84, Y88, D97, S155 -80.86 8 
Furanone Brominated 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-

furanone 
S155 -77.30 9 Y80, S155 -76.14 9 

Plant Fatty acid Margaric acid L85 -77.19 10 Y88, N92, A94 -74.78 10 
AHL Modified in 3-oxo N-(3-oxooctanoyl)-L-homoserine lactone  Y80, W84, Y88, D97, S155 -75.68 11 Y80, W84, Y88, D97, S155 -73.99 11 
AHL Unmodified in 3-oxo and 3-OH N-octanoyl-DL-homoserine lactone Y80, W84, S155 -74.88 12 Y80, W84, D97, S155 -73.83 12 
NSAID Pyrazolone derivative Dipyrone (metamizole) W84 -69.34 16 L85 -72.17 13 
Plant Fatty acid Palmitic acid Y88, A94 -74.21 13 L85 -71.04 14 
NSAID Propionic acid derivative Ketoprofen S155 -73.94 14 Y80, S155 -70.54 15 
AHL Modified in 3-OH N-(3-hydroxyhexanoyl)-DL-homoserine lactone Y80, W84, Y88, D97, S155 -69.16 17 Y80, W84, Y88, S155 -69.09 16 
AHL Modified in 3-OH N-(3-hydroxyoctanoyl)-DL-homoserine lactone Y80, Y88, S155 -69.95 15 Y80, Y88, S155 -67.61 17 
AHL Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone Y80, W84, Y88, D97, S155 -67.53 18 Y80, W84, Y88, D97, S155 -66.52 18 
AHL Unmodified in 3-oxo and 3-OH N-hexanoyl-DL-homoserine lactone Y80, W84, D97, S155 -67.10 19 Y80, W84, S155 -66.45 19 
OCL  OCL  1-octanoyl-rac-glycerol Y80, D97, M135, S155 -61.08 20 Y80, D97, M135, S155 -58.40 20 
AHL Modified in 3-OH N-(3-hydroxybutyryl)-L-homoserine lactone Y80, W84, D97, S155 -56.96 21 Y80, W84, S155 -57.06 21 
AHL Unmodified in 3-oxo and 3-OH N-butyryl-DL-homoserine lactone Y80, S155 -51.77 22 Y80, S155 -50.51 22 
Furanone Non-brominated 3-butyl-2(5H)-furanone W84 -50.57 23 W84 -50.26 23 
Furanone Brominated 4-bromo-5-(bromomethylene)-3-butyl-2(5H)-

furanone 
- - - S155 -49.12 24 

Furanone Brominated 5-(bromomethylene)-2(5H)-furanone Y80 -35.29 24 Y80 -34.36 25 
Furanone Brominated 4-bromo-5-(bromomethylene)-2(5H)-furanone Y80, T140, S155 -34.42 25 W84 -33.58 26 
Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone Y80 -31.76 26 Y80 -31.12 27 
NSAID Pyrazolone derivative Phenylbutazone - - - - - - 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-
furanone  

- - - - - - 

Molecular docking = Binding affinity scale between CviR protein and the compounds with a color ramp ranging from dark pink (higher affinity) to dark green (lower affinity) and hyphen for no binding.
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Table 5. Results of docking molecular of four structures of CviR protein of C. violaceum ATCC 31532 with different compounds. 

Group Classification Molecule 3QP1  3QP2 3QP4 3QP5 

Binding 
residue 

Score Rank  Binding 
residue 

Score Rank Binding 
residue 

Score Rank Binding 
residue 

Score Rank 

AHL Modified in 3-oxo N-(3-oxododecanoyl)-L-
homoserine lactone 

Y80, W84, 
D97, S155 

-84.06 1  Y80, W84, 
Y88, D97, S155 

-84.02 1 Y80, W84, 
Y88, D97, S155 

-84.81 3 Y88, S155 -73.52 4 

AHL Unmodified in 3-oxo and 3-OH N-dodecanoyl-DL-homoserine 
lactone  

Y80, W84, 
D97, S155 

-83.12 2  Y80, W84, 
D97, S155 

-82.60 3 Y80, W84, 
D97, S155 

-85.20 1 S155 -74.81 2 

AHL Modified in 3-OH N-(3-hydroxydodecanoyl)-DL-
homoserine lactone 

Y80, W84, 
D97, S155 

-80.77 3  Y80, W84, 
S155 

-83.36 2 Y80, W84, 
D97, S155 

-85.17 2 W84 -71.97 6 

AHL Modified in 3-OH N-(3-hydroxydecanoyl)-DL-
homoserine lactone 

Y80, W84, 
D97, S155 

-79.30 4  Y80, W84, 
D97, S155 

-78.56 8 Y80, W84, 
D97, S155 

-80.54 6 Y88, S155 -68.49 10 

Plant Oxygenated diterpene Z-phytol V75 -78.35 5  N92 -79.34 5 - - - N77 -74.16 3 

AHL Unmodified in 3-oxo and 3-OH N-decanoyl-DL-homoserine lactone Y80, W84, 
D97, S155 

-77.75 6  Y80, W84, 
D97, S155 

-78.64 7 Y80, W84, 
D97, S155 

-81.31 5 W84, D97, 
S155 

-70.18 8 

AHL Modified in 3-oxo N-(3-oxodecanoyl)-L-homoserine 
lactone 

Y80, W84, 
D97, S155 

-77.71 7  Y80, W84, 
Y88, D97, S155 

-79.77 4 Y80, W84, 
Y88, D97, S155 

-81.62 4 W84, Y88, 
D97, S155 

-70.31 7 

AHL Modified in 3-oxo N-(3-oxooctanoyl)-L-homoserine 
lactone  

Y80, W84, 
Y88, D97, S155 

-74.51 8  Y80, W84, 
Y88, D97, S155 

-72.51 10 Y80, W84, 
D97, S155 

-72.28 11 W84, D97, 
S155 

-63.94 16 

Plant Oxygenated diterpene E-phytol V75 -74.40 9  M89 -79.13 6 V75, N77 -76.80 7 L72 -76.70 1 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-
dodecyl-2(5H)-furanone 

W84 -73.80 10  S155 -74.70 9 W84 -76.67 8 - - - 

AHL Unmodified in 3-oxo and 3-OH N-octanoyl-DL-homoserine lactone  Y80, W84, 
D97, S155 

-73.32 11  Y80, W84, 
D97, S155 

-72.19 11 Y80, W84, 
D97, S155 

-72.78 10 W84, D97, 
S155 

-64.34 15 

NSAID Pyrazolone derivative Dipyrone (metamizole) W84, Y88 -68.91 12  L85 -70.25 13 L85 -71.22 13 W84 -72.99 5 

Plant Fatty acid Margaric acid M135 -68.62 13  W84 -70.49 12 M135 -72.88 9 M89, N92 -69.31 9 

NSAID Propionic acid derivative Ketoprofen Y80, S155 -67.70 14  Y80, S155 -67.71 15 Y80, S155 -70.04 14 Y88 -68.43 11 

AHL Modified in 3-OH N-(3-hydroxyhexanoyl)-DL-
homoserine lactone 

Y80, W84, 
Y88, D97, S155 

-66.86 15  Y80, W84, 
Y88, S155 

-65.81 17 Y80, W84, 
Y88, D97, S155 

-66.47 16 W84, S155 -58.37 19 

AHL Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine 
lactone  

Y80, W84, 
Y88, D97, S155 

-66.50 16  Y80, W84, 
Y88, D97, S155 

-64.73 18 Y80, W84, 
Y88, D97, S155 

-66.20 17 W84, Y88, 
D97, S155 

-58.80 18 

AHL Modified in 3-OH N-(3-hydroxyoctanoyl)-DL-
homoserine lactone 

W84, Y88, D97 -65.70 17  Y80, Y88, S155 -66.06 16 Y80, Y88, S155 -67.21 15 Y80 -64.36 14 

Plant Fatty acid Palmitic acid M135 -65.30 18  M89, N92, A94 -68.38 14 Y88, A94 -71.96 12 N92 -65.16 13 
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AHL Unmodified in 3-oxo and 3-OH N-hexanoyl-DL-homoserine 
lactone  

Y80, W84, 
D97, S155 

-64.90 19  Y80, W84, 
D97, S155 

-63.88 19 Y80, W84, 
D97, S155 

-64.88 18 W84, S155 -57.57 20 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-
hexyl-2(5H)-furanone  

W84 -59.09 20  - - - S155 -59.07 19 - -  

OCL OCL 1-octanoyl-rac-glycerol Y80, M135, 
S155 

-58.10 21  Y80, D97, 
M135, S155 

-58.75 20 L85, Y88 -58.87 20 D97, M135 -59.23 17 

AHL Modified in 3-OH N-(3-hydroxybutyryl)-L-
homoserine lactone 

Y80, W84, 
Y88, D97, S155 

-56.01 22  Y80, W84, 
Y88, D97, S155 

-54.42 21 Y80, W84, 
S155 

-56.12 21 W84 -50.48 22 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-
butyl-2(5H)-furanone  

W84 -51.46 23  W84 -50.04 22 S155 -51.63 22 S155 -52.30 21 

Furanone Non-brominated 3-butyl-2(5H)-furanone W84 -49.35 24  W84 -48.46 24 W84 -49.83 24 - - - 

AHL Unmodified in 3-oxo and 3-OH N-butyryl-DL-homoserine lactone  Y80, S155 -49.01 25  Y80 -48.57 23 Y80 -49.90 23 W84 -48.94 23 

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone  Y80 -35.04 26  - - - Y80 -30.02 26 - - - 

Furanone Brominated 5-(bromomethylene)-2(5H)-
furanone 

Y80 -33.14 27  Y80 -33.24 26 - - - W84 -33.41 25 

Furanone Brominated 4-bromo-5-(bromomethylene)-
2(5H)-furanone 

S155 -33.02 28  W84 -34.60 25 Y80, S155 -34.35 25 W84 -36.41 24 

NSAID Pyrazolone derivative Phenylbutazone - - -  - - - - - - S155 -67.29 12 
 
 Molecular docking = Binding affinity scale between CviR protein and the compounds with a color ramp ranging from dark pink (higher affinity) to dark green (lower affinity) and hyphen for no binding. 



 30  

 

The 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone was the furanone 

that showed higher binding affinities with the structures of CviR protein of both strains 

of C. violaceum, except to the 3QP5 structure of C. violaceum ATCC 31532. This 

brominated furanone also showed binding affinities higher than those of AHLs with a 

carbon size chain ranging from four to six and with or without 3-oxo and 3-OH 

modification (Tables 4 and 5). This result indicates that this furanone may compete for 

the binding site of CviR protein and, consequently, inhibit the mechanism of quorum 

sensing of C. violaceum as shown in in vitro studies (Oliveira et al., 2016; Ponnusamy et 

al., 2010). Besides, the two non-brominated furanones evaluated also bound in the CivR 

protein structures, but with low binding affinities (Tables 4 and 5). 

The plant compounds evaluated were able to bind to the structures of CviR protein 

of two strains of C. violaceum and, the phytol isomers such as Z-phytol and E-phytol 

showed higher binding affinities (Tables 4 and 5). In C. violaceum ATCC 31532, phytol 

isomers showed higher binding affinities with the four structures of CviR protein, with 

the exception of Z-phytol, which did not bind to the 3QP4 structure (Table 5). These 

phytol isomers and all furanones evaluated showed higher binding affinities for CviR 

structures than AHLs with a carbon size chain ranging from six to eight and with or 

without 3-oxo and 3-OH modification. However, the binding affinities of Z-phytol by the 

3QP1 and 3QP2 structures were no higher than AHLs with 12 carbons with or without 3-

oxo and 3-OH modification (Tables 4 and 5).  

Our studies in silico showed that the binding affinity of Z-phytol was also higher 

than C10-HSL by the 3QP8 structure, which is the CviR protein of C. violaceum ATCC 

12472 crystallized with this inducer (Chen et al., 2011). This may explain the inhibitory 

effect of phytol on the mechanism of quorum sensing described by other authors in 

previous in vitro studies (Pejin et al., 2015; Ramathan Srinivasan et al., 2016; 

Ramanathan Srinivasan, Santhakumari and Ravi 2017). Almeida et al. (2018) revealed, 

by molecular docking of the modeled structures SdiA protein of Salmonella Enteritidis 

PT4 578, that Z-phytol is a good candidate for in vitro tests of inhibition of quorum 

sensing mediated by AI-1, as well as the plant compounds classified as methoxy phenol 

and fatty acids, such as margaric and palmitic acid. The margaric and palmitic acids had 

lower binding affinities than those AHLs with carbon size chain ranging from eight to 12 

with or without 3-oxo and 3-OH modifications in the CviR protein of two strains of C. 

violaceum, as well as lower than the furanone that most bound in these structures, 4-
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bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone (Tables 4 and 5). Molecular 

docking performed by Priyanka et al. (2015) showed that margaric acid (PubChem CID: 

10465) had a binding affinity with the structure 3QP5 of C. violaceum ATCC 31532 lower 

than 3-oxo-C6-HSL and higher than palmitic acid (PubChem CID: 985) and phytol 

(PubChem CID: 6437979). It is noteworthy that the phytol structure used by these authors 

is different from the structures used in the present study, which were Z-phytol (PubChem 

CID: 6430833) and E-phytol (PubChem CID: 5280435). 

Among the NSAIDs tested, ketoprofen and dipyrone (metamizole) were able to 

bind in the structures of CivR proteins with lower binding affinities than the AHLs with 

carbon size chain ranging from 10 to 12 with or without 3-oxo and 3-OH modification 

and, the 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone. These compounds 

also showed lower binding affinities than phytol isomers and margaric acid. On the other 

hand, phenylbutazone did not bind to any of the structures of the CviR protein of C. 

violaceum ATCC 12472 evaluated (Table 4). However, it is able to bind only on the 3QP5 

structure of CviR protein of C. violaceum ATCC 31532 crystallized with chlorolatone, 

an inhibitor of quorum sensing (Table 5). Molecular docking of the modeled structures 

of the SdiA protein of Salmonella Enteritidis PT4 578 with 73 NSAIDs, including 

ketoprofen, dipyrone and phenylbutazone showed that all NSAIDs were able to bind to, 

at least, one of the structure evaluated (Almeida et al., 2018). Also, the NSAIDs classified 

as a pyrazolone derivative, such as phenylbutazone and dipyrone, showed high binding 

affinities with the SdiA protein. 

In general, although the plant compounds and NSAIDs had a lower binding score 

than some long acyl chain AHLs, they showed good affinity to the structures of CviR 

protein in C. violaceum, which may indicate to be good candidates for in vitro tests on 

inhibition in the violacein production.  

3.3. In vitro anti-quorum sensing activity of plant compounds and NSAIDs in C. 

violaceum 

The anti-quorum  sensing activity of plant compounds and NSAIDs, evaluated by 

inhibition of violacein production, was performed at concentrations that did not interfere 

with the growth of C. violaceum ATCC 12472 and CV026 strains. Thus, OD 600 nm of 

these strains of C. violaceum cultured in the presence of plant compounds and NASIDs 
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at concentrations indicated in Table 3 were compared to the control and were not 

statistically significant (p > 0.05) (Figures 2 and 3). 

3.3.1. Plant compounds 

Plant compounds exhibited different effects on the inhibition of violacein 

production in two strains of C. violaceum. The palmitic and margaric acids decreased 

violacein production by C. violaceum ATCC 12472 in 60.3 and 41.4% in comparison to 

control, respectively (p < 0.05); however, the phytol compound showed no effect on the 

production of violacein in this strain (Figure 2A). The three plant compounds decreased 

violacein production by C. violaceum CV026 (p < 0.05) (Figure 2B) and the value search 

at 33.6%, 15.4% and 15.2% in the presence of phytol, palmitic acid, and margaric acid, 

respectively.  

The results showing that phytol did not affect the inhibition of violacein 

production in C. violaceum ATCC 12472, may be associated with the binding affinity of 

this compound to CviR protein, which was lower than N-dodecanoyl-DL-homoserine 

lactone, a natural autoinducer (Table 4). In contrast, the inhibition of violacein production 

by C. violaceum CV026, a mutant of C. violaceum ATCC 31243, by phytol may be related 

to the higher binding affinity of this compound than the natural autoinducer, N-(3-

hydroxyhexanoyl)-DL-homoserine lactone with the CviR protein (Table 5). 

The activity of phytol as quorum quenching has been demonstrated in different 

bacteria (Pejin et al., 2014, 2015; Srinivasan et al., 2016; Srinivasan, Santhakumari and 

Ravi, 2017). In subinhibitory concentrations of 0.5, 0.25 and 0.125 of MIC (MIC was 19 

µg/mL), phytol reduced the biofilm formation by P. aeruginosa in the range of 74 to 

84.33% (Pejin et al., 2014). This compound also reduced the production of pyocyanin, 

twitching, and flagella motility on P. aeruginosa, phenotypes recognized as regulated by 

a quorum sensing system (Pejin et al., 2014). Srinivasan et al. (2016) showed that phytol 

interfered with quorum sensing regulated phenotypes in Serratia marcescens, as reduced 

the prodigiosin production and that the ethyl acetate extract of Piper betle, containing 

mainly phytol, at a concentration of 500 µg/mL decreased the prodigiosin production, 

biofilm formation, swarming motility, production of exopolysaccharide, lipase, and 

protease. This extract of P. betle also reduced biofilm formation, swimming motility, and 

exopolysaccharide production, as well as, inhibited the quorum sensing mediated 
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bioluminescence production by Vibrio harveyi, without affecting their cell viability 

(Srinivasan et al., 2016).  

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Inhibition of violacein production of C. violaceum ATCC 12472 (A) and C. violaceum 
CV026 (B) in the presence of plant compounds (OD 585/600 nm; bars) and evaluation of growth 
(OD 600 nm; circle) after 24 h incubation. Control refers to bacterial growth on LB medium. The 
means of OD 585/600 nm and OD 600 nm followed by different letters differ at 5% probability 
(p < 0.05) by Tukey's test. Where a letter is not shown, no statistical difference among samples 
was observed. 
 

Phytol exhibits a broad range of biological activities including anti-inflammatory, 

antiallergic, immunostimulatory, antinociceptive, antimicrobial, antioxidant, anti-

quorum sensing and antitumor effects (De Moraes et al., 2014; Pejin et al., 2014, 2015). 

Phytol is of general occurrence in nature, mainly because it frequently occurs as a 

component of chlorophyll, is one of the meaningful constituents of plant-derived essential 



 34  

 

oils and the presence in human food is mainly restricted to spinach, beans, raw vegetables, 

and asparagus (Vetter and Lehnert, 2012; Islam et al., 2018).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Inhibition of violacein production of C. violaceum ATCC 12472 (A) and C. violaceum 
CV026 (B) in the presence of NSAIDs (OD 585/600 nm; bars) and evaluation of growth (OD 600 
nm; circle) after 24 h incubation. Control refers to bacterial growth on LB medium. The means 
of OD 585/600 nm and OD 600 nm followed by different letters differ at 5% probability (p < 

0.05) by Tukey's test. Where a letter is not shown, no statistical difference among samples was 
observed. 

 

The margaric and palmitic acids also inhibited the quorum sensing mechanism in 

two strains of C. violaceum. Fatty acids and their derivatives have been reported to 

possess antimicrobial properties; specifically, fatty acids containing two double bonds, 

like linoleic acid, is a more potent bacteriostatic compound (Kabara et al., 1972). In other 

studies, linoleic acid, oleic acid, palmitic acid, and stearic acid are capable of inhibiting 

autoinducer-2 activity and consecutively, affecting quorum sensing mechanism (Soni et 

al., 2008). Marathe and Bundale (2018) evaluated the inhibitory effect of linoleic acid 
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upon quorum sensing and showed a reducing urease activity and biofilm formation in 

Proteus mirabilis and also, a decreasing of protease and prodigiosin synthesis and biofilm 

formation in S. marcescens. The margaric acid or heptadecanoic acid is a saturated fatty 

acid and is found as a trace component of the nut and seed oils (Lisa and Holcapek, 2011), 

as well as fat and milk fat of ruminants, but it does not occur in any vegetable fat or animal 

at high concentrations. For example, it only comprises 2.2% of the fats from the fruit of 

the durian species Durio graveolens and 0.32% of fats from cocoa butter (Lisa and 

Holcapek, 2011). On the other hand, the palmitic acid or hexadecanoic acid is a common 

saturated fatty acid found as the major component of palm oil, but significant amounts of 

palmitic acid can also be found in meat and dairy products, as well as cocoa butter and 

olive oil (Carta et al., 2017). The properties as inhibitors of quorum sensing mechanism 

and the ease of obtaining these compounds in nature makes them an attractive source to 

be used to combat pathogenic bacteria. This is the first study reported for the effect of 

anti-quorum sensing mediated by AI-1 by margaric and palmitic acid.  

3.3.2. NSAIDs 

The NSAIDs showed a low effect on inhibition of violacein production by C. 

violaceum ATCC 12472, and the maximum inhibition registered was 32% obtained by 

ketoprofen (p < 0.05) (Figure 3A). This NSAID is classified as propionic acid derivative, 

unlike dipyrone and phenylbutazone, that did not inhibit the pigment production and are 

classified as pyrazolone derivative. On the other hand, the three NSAIDs decreased 

violacein production by C. violaceum CV026 (p < 0.05), dipyrone sodium was the 

compound that most reduced the violacein production with 57.8%, followed by 

ketoprofen with 38.6% and phenylbutazone reduced in 28.6% (Figure 3B). 

The quorum quenching effect of NSAIDs was registered in other bacteria, both in 

studies in silico and in vitro (El-Mowafy et al., 2014; Soheili et al., 2015; Almeida et al., 

2018). El-Mowafy et al. (2014) showed that the aspirin, a widely used NSAID, reduced 

the concentration of C4-HS and 3-OH-C12-HSL in the supernatant of P. aeruginosa 

culture, as well as reduced production of protease, elastase, hemolysin, and pyocyanin. 

No studies were found to show the anti-quorum sensing effect of dipyrone, ketoprofen, 

and phenylbutazone, and this is the first report showing quorum sensing ability inhibitory 

in a phenotype regulated by quorum sensing in C. violaceum. 
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The results of molecular docking described in this study showed that the dipyrone 

and ketoprofen bind in all structures evaluated of CviR proteins of C. violaceum ATCC 

12472 and C. violaceum ATCC 31532. The dipyrone showed the highest binding 

affinities for the CviR protein of C. violaceum ATCC 31532 and the more significant 

inhibition of the quorum sensing of its mutant strain, C. violaceum CV026. In silico, 

phenylbutazone was not able to bind to any of the structures of the CviR protein of C. 

violaceum ATCC 12472 and, in vitro, did not alter its violacein production. On the other 

hand, this NSAID bound in one of four structures of the CviR protein of C. violaceum 

ATCC 31532 and regulated the quorum sensing of C. violaceum CV026. Other previous 

studies have shown that the culture conditions, the presence of other substances and the 

concentrations of the compounds also may interfere in the violacein production by C. 

violaceum (Liu et al., 2013; Choi et al., 2015; Mahmoudi, 2015). 

3.4. Visualization of molecular docking of the quorum quenching compounds in C. 

violaceum  

Molecular docking of the 3QP8 structure of CviR protein of C. violaceum ATCC 

12472 showed that palmitic acid, margaric acid, and ketoprofen were accommodated in 

this structure in a similar fashion to the natural autoinducer 3-OH-C10-HSL (Figures 4A 

to 4H). The 3-OH-C10-HSL bound in Y80, W84, Y88 and S155 residues of 3QP8 (Figure 

4I), margaric acid bound in Y88, N92 and A94 (Figure 4K) and, ketoprofen bound in 

residues Y80 and S155 (Figure 4L). The palmitic acid bound only to L85 residue (Figure 

4J) and showed the highest inhibition of the violacein production in this strain (Figure 2). 

Margaric acid has the Y88 residue as a common binding site with the 3-OH-C10-HSL in 

the 3QP8 structure and, ketoprofen the two residues, Y80 and S155. In these results, it 

can be seen that the compounds bind at near positions in the amino acid sequence, most 

between 80 and 94 similarly with the natural C10-HSL autoinducer, which may indicate 

that these compounds may compete for the binding site with the signaling molecule. 

Moreover, the molecular docking with the CivR protein of C. violaceum ATCC 

31532 showed that dipyrone, Z-phytol, palmitic acid, margaric acid, and ketoprofen were 

accommodated in the 3QP1 structure in a similar fashion to the autoinducer C6-HSL 

(Figures 5A to 5L). The C6-HSL bound in Y80, W84, D97, and S155 residues of the 

CivR protein (Figure 5M). These results of molecular docking of C6-HSL produced by 
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C. violaceum ATCC 31532 are in agreement with Ravichandran et al. (2018) which 

showed the binding of the autoinducer in these same amino acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Molecular docking of 3QP8 structure of CviR protein of C. violaceum ATCC 12472 
with 3-OH-C10-HSL, palmitic acid, margaric acid and ketoprofen. Surface representation of 
3QP8 structure of CviR protein of C. violaceum ATCC 12472 (A, B, C and D), surface and 
backbone representations (E, F, G and H) and backbone representation with a hydrogen bond 
between the amino acid residues and compounds evaluated (I, J, K and L). Gray surface 
representation, CviR protein; Blue surface representation, 3-OH-C10-HSL; Orange surface 
representation, palmitic acid; Yellow surface representation, margaric acid; Purple surface 
representation, ketoprofen; Gray backbone representation, CviR protein; Black arrow indicates 
the binding site; Yellow arrow, 3-OH-C10-HSL or palmitic acid or margaric acid or ketoprofen; 
Blue dashed line, hydrogen bond. 
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Figure 5. Molecular docking of 3QP1 structure of CviR protein of C. violaceum ATCC 31532 
with C6-HSL, dipyrone, Z-phytol, palmitic acid, margaric acid and ketoprofen. Surface 
representation of 3QP1 structure of CviR protein of C. violaceum ATCC 31532 (A, B, C, D, E, 
and F), surface and backbone representations (G, H, I, J, K and L) and backbone representation 
with hydrogen bond between the amino acid residues and compounds evaluated (M, N, O, P, Q 
and R). Gray surface representation, CviR protein; Aquamarine surface representation, C6-HSL; 
Red surface representation, dipyrone; Green surface representation, Z-phytol; Orange surface 
representation, palmitic acid; Yellow surface representation, margaric acid; Purple surface 
representation, ketoprofen; Gray backbone representation, CviR protein; Black arrow indicates 
the binding site; Yellow arrow, C6-HSL or dipyrone or Z-phytol or palmitic acid or margaric acid 
or ketoprofen; Blue dashed line, hydrogen bond. 
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The dipyrone was the NSAID that most inhibited the violacein production by C. 

violaceum CV026 (Figure 3) and bound in W84 and Y88 residues (Figure 5N) whereas 

ketoprofen bound in Y80 and S155 residues in the structure of CivR protein (Figure 5R). 

On the other hand, the Z-phytol, which was the plant compound that most inhibited the 

quorum sensing of this strain (Figure 3) bound only to V75 residue (Figure 5O). The 

palmitic and margaric acids bound in M135 residues (Figure 5P and 5Q). The two 

NSAIDs compounds which showed a greater reduction in the production of violacein for 

this strain (Figure 3), presented a binding at amino acid residues that coincide with the 

binding of the natural C6-HSL autoinducer. These results may also indicate that the 

compounds compete for the binding site with the signal molecule. Plant compounds bind 

to different amino acids compared to autoinducer and, palmitic and margaric acid, which 

showed a small decrease in the production of violacein, bind at a position of the amino 

acid sequence farthest from that shown by C6-HSL. Probably, the competition of these 

compounds with the autoinducer in the CviR protein is affected by the binding distance. 

However, although phytol bound in different amino acid from the auto-inducer, the 

position is in the C6-HSL binding range, indicating a better compete for binding in the 

protein. 

 

Conclusion 

 
The plant compounds and all nonsteroidal anti-inflammatory drugs (NSAIDs) 

evaluated had higher binding affinity in the structures of the CviR proteins, as well as the 

AHLs and furanones tested, which are the inducers and inhibitors of the quorum sensing 

mechanism, respectively, in C. violaceum. These compounds prospected in silico showed 

inhibition violacein production in vitro tests, the phenotype typically regulated by quorum 

sensing in this bacterium. These results show that the combination of tools in silico and 

in vitro tests is a useful methodology for prospecting anti-quorum sensing compounds 

and then validating these data experimentally so that compounds with an anti-quorum 

sensing effect can be found in a more effective way to combat pathogens. 
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Abstract:  

Numerous species of bacteria use an intercellular communication mechanism called 

quorum sensing (QS) mediated by chemical signals to promote the changes necessary for 

adaptation in diverse environments. Salmonella is a relevant foodborne bacterial 

pathogen and is unable to synthesize the autoinducer-1 (AI-1) of the QS system, named 

N-acyl-homoserine lactone (AHL), but can recognize AHLs produced by other 

microorganisms through SdiA protein, a homolog of the LuxR protein. The objectives of 

the present study were to evaluate the influence of AHL, phytol, and furanone on specific 

metabolic products of Salmonella that could be upon the regulation of the quorum sensing 

mechanism. Salmonella growth was not inhibited in the presence of 0.05 µM of N-

dodecanoyl-homoserine lactone (C12-HSL), 0.05 µM of furanone or 600 µg/mL of phytol 

during 24 h of incubation, in anaerobic conditions. In the presence of C12-HSL, the levels 

of free thiol increased at 6 and 7 h of incubation but return to the same level in cells 

growing in the absent of C12-HSL when phytol and furanone were added in the culture 

broth. The levels of NADPH coenzyme were significantly increased in the presence of 

C12-HSL, phytol, and furanone while the glucose consumption was lower at 6 h of 

incubation with C12-HSL. The production of organic acids in anaerobic conditions was 
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not affected by quorum sensing and quorum quenching molecules. These results intend 

to contribute to the understanding of the effects of AHLs and quorum quenching on the 

physiology of Salmonella and opens the way to continue studies that can better clarify the 

mechanism of inhibition of these compounds to be applied in the medical or industrial 

area.  

Keywords: Phytol, furanone, quorum sensing, inhibitors, thiol, NADPH, glucose, 

organic acids. 

1. Introduction  

Numerous species of bacteria use an intercellular communication mechanism 

called quorum sensing (QS) to promote the changes necessary for adaptation in diverse 

environments (Fuqua, Winans, and Greenberg 1994; Fuqua, Parsek, and Greenberg 

2001). This mechanism of communication between cells leads to differential expression 

of genes in response to changes in population density and regulates a range of phenotypes 

in bacteria, such as, production of virulence factors, biofilm formation, protease and 

pigment production, swarming motility, bioluminescence, among others (Fuqua, Parsek, 

and Greenberg 2001; Quécan, Rivera, and Pinto 2018).  

Salmonella is the main foodborne bacterial pathogen and is an important cause of 

gastrointestinal diseases, whose complications can lead to death (Zhao et al. 2008). In this 

pathogen, the communication by QS can be mediated by three types of autoinducers (AI), 

called AI-1, AI-2 and AI-3 (Ahmer 2004). The mechanism of AI-1 communication is 

incomplete in Salmonella due to the absence of LuxI or homologs, responsible for the 

synthesis of the acyl-homoserine lactones signaling molecules (AHLs). However, this 

pathogen is able to internalize and respond to AHLs synthesized by other bacteria or 

added to the medium, because it presents a protein known as SdiA, a homolog of the 

LuxR protein, which allows the detection of AHLs (Michael et al. 2001; Smith and Ahmer 

2003; Steenackers et al. 2012; Campos-Galvão et al. 2015).  

Few genes whose expression is regulated by SdiA protein in Salmonella are 

recognized. Ahmer et al. (1998) suggested a link between SdiA protein and upregulation 

of 10 genes in the virulence plasmid, including the previously characterized rck gene 

responsible for the increased resistance and adhesion to epithelial cells. It was also 
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evidenced that genes related to virulence such as hilA, invA and invF present in the 

pathogenic island PAI-1, and genes involved in the biofilm formation by Salmonella 

Enteritidis were more expressed in the presence of exogenous C12-HSL (Campos-Galvão 

et al. 2016; Almeida et al. 2017). Besides, studies have shown the influence of C12-HSL 

on the abundance of proteins, such as thiol and those related to oxidative stress, and the 

levels of extracellular organic acids of Salmonella Enteritidis (Almeida et al. 2017; 

Almeida et al. 2018b). Carneiro (2017) observed changes in concentrations of 

intracellular metabolites belonging to the glycerolipid, amino acid, and purine nucleotides 

pathways, as well as the glucose uptake between Salmonella Enteritidis cells cultured in 

the presence and absence of C12-HSL. 

The number of Salmonella serovars isolated from humans and animals, resistant 

to antibiotics has increased considerably, making it difficult to control with these 

commercially available antimicrobials (Van et al. 2012). Thus, natural and synthetic 

quorum quenching compounds have gained interest as potential agents for controlling 

bacterial infections. The search for quorum quenching molecules with low toxicity and 

that reduces the virulence of pathogens may aid in the efficacy of antibiotics used in 

medical therapies. 

Different types of compounds extracted from plants and algae can prevent cell 

communication via AHLs and, consequently, inhibit phenotypes associated with the 

presence of these inducer molecules (Khan et al. 2009; Oliveira et al. 2016; Campos-

Galvão et al. 2016). Furanones are compounds extracted from algae and were the first 

molecules quorum quenching studied, but are toxic to eukaryotic cells (Givskov et al. 

1996). Phytol, a natural compound and one of the major constituents of plant-derived 

essential oils has been studied for its ability to inhibit quorum sensing in bacteria (Pejin 

et al. 2014; Srinivasan et al. 2016). Phytol is acyclic diterpene alcohol and has a wide 

range of biological activities, including anti-inflammatory, antimicrobial, anti-allergic, 

antinociceptive, immunostimulatory, and antioxidant effects (Pejin et al. 2014).  

Moreover, several studies have been developed using the molecular docking tool 

suggesting binding sites between the signal receptor proteins and AIs, as well as in the 

search for possible anti-QS compounds from different sources, among which are the 

extracted compounds of vegetables (Packiavathy et al. 2012; El-Mowafy et al. 2014; 

Almeida et al. 2018a). Almeida et al. (2018a) perform molecular docking with plant 
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compounds and nonsteroidal anti-inflammatory drugs (NASIDs) with SdiA of 

Salmonella and observed that many compounds showed higher binding affinities for SdiA 

than the AHLs; among these compounds tested, the Z-phytol was indicated as good 

candidate for the in vitro inhibition tests of quorum sensing mediated by AI-1 in 

Salmonella.  

Considering the importance of the in silico results and the need to look for quorum 

quenching molecules that reduce pathogen virulence, the aims of the present study were 

validated in vitro the influence of AHL, furanone, and phytol on specific metabolic 

products of Salmonella that could be upon the regulation of quorum sensing mechanism. 

2. Materials and methods 

2.1 Bacterial strain and culture medium 

Salmonella enterica serovar Enteritidis phage type 4 (PT4) 578, was isolated from 

chicken meat and donated by the Oswaldo Cruz Foundation-Fiocruz Rio de Janeiro, 

Brazil. The culture was maintained in Luria Bertani broth (LB) (tryptone 1%, yeast extract 

0.5% and NaCl 0.4%) and 20% (v/v) sterile glycerol at -20 °C.  

2.2 Preparation of compounds solution 

The commercially available plant compound phytol (PubChem CID: 6430833; 

Sigma-Aldrich), was dissolved in methanol at stock concentration of 4.36 M. The 

furanone used in experiments, 4-Bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone 

(Furanone C-30; CID: 329757998; Sigma-Aldrich) and AHL used was N-dodecanoyl-

DL-homoserine lactone (C12-HSL; PubChem CID:11565426; Merck, Germany) were 

suspended in acetonitrile (PubChem CID: 6342; Merck, Germany) at a concentration of 

10 mM. The prepared solutions were stored at -20 °C. 

2.3 Culture conditions 

The inoculum was prepared, according to Almeida et al. (2017) with 

modifications. Tryptone soy broth (TSB; Sigma-Aldrich, India) was prepared with CO2 

under O2-free conditions, dispensed in anaerobic bottles and then autoclaved. Before each 

experiment, cells were cultured two consecutive times in anaerobic bottles containing 10 
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mL of anaerobic TSB and incubated for 24 h at 37 °C. Then, 0.1 mL of the previously 

activated inoculum was added to 10 mL of anaerobic TSB and incubated for 4 h at 37 °C. 

The volume of 1 mL of culture was centrifuged at 12,000 g for 10 min at 4 °C (Sorvall, 

USA), the pellet was washed once with 1 mL of saline 0.85% and the pellet resuspended 

in 0.85% saline. The optical density of the cells was adjusted to OD600nm = 0.1 

(approximately 107 CFU/mL), using a spectrophotometer (Thermo Fisher Scientific, 

Finland).  

2.4 Effect of HSL, furanones and phytol on the growth of Salmonella 

The effect of C12-HSL, phytol, and furanone on the growth Salmonella was 

evaluated in bottles containing 10 mL of anaerobic TSB supplemented with 0.05 µM of 

C12-HSL, 0.05 µM of furanone and 600 µg/mL of phytol. The media were inoculated 

with 0.1 mL of the standardized inoculum, and the bottles were incubated at 37 °C for up 

to 24 h in the anaerobic chamber. In established time points, the OD600nm was determined 

using a spectrophotometer (Thermo Fisher Scientific, Finland). 

2.5 Effect of HSL, furanones and phytol on metabolites produced by Salmonella 

Aliquots of 300 μL of the standardized culture were inoculated into 30 mL of TSB 

broth plus 0.05 µM of C12-HSL, 0.05 µM of furanone and 600 µg/mL of phytol, and 

incubated at 37 °C in anaerobic conditions. Aliquots were collected at times of 6 and 7 h 

incubation for analyzes of intracellular and extracellular compounds, according to 

Almeida et al. (2018b).  

2.5.1 Preparation of cellular lysate 

Cells cultivated in the presence of 0.05 µM C12-HSL, 0.05 µM of furanone and 

600 µg/mL of phytol were collected at the different incubation times of treatments and 

were lysed using the protocol described by Almeida et al. (2018b), with modifications. 

Initially, the samples were centrifuged at 10,000 g for 10 min; the pellet was washed once 

with 1 mL of PBS and centrifuged at 10,000 g for 10 min, finally was resuspended in 500 

μL lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 2 mM EDTA, pH 8.0). The suspension 

was kept on ice for 1 min, vortexed for 1 min and treated with ultrasound (400 W, 20 344 

kHz; Sonics & Materials Inc., USA) for 1 min. This cycle was repeated five times. Then, 
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the lysate was centrifuged at 10,000 g for 15 min and the supernatant used for the thiol 

and NADPH analyzes. 

2.5.2 Quantification of free cellular thiol 

The quantification of free cellular thiol was performed according to Ellman (1959) 

and Riddles et al. (1979), with modifications. In a 96-well plate were added 5 μL of 0.4% 

(w/v) 5,50-dithiobis (2-nitrobenzoic acid) (DTNB or Ellman's reagent; Sigma, USA) in 

buffer sodium phosphate 0.1 M pH 8.0 containing 1mM  EDTA, 250 μL of the buffer 

sodium phosphate and 25 μL of the cell lysate, obtained as described in 2.5.1, was added. 

The microplate was incubated at room temperature for 15 min, and absorbance at 412 nm 

was measured using a spectrophotometer (Thermo Fisher Scientific, Finland). The free 

cellular thiol was quantified by using cysteine hydrochloride monohydrate (Sigma, USA) 

as standard at concentrations from 0.0 to 1.5 mM. The obtained equation was as follows: 

absorbance = (0.9421 x concentration) + 0.0432, with R2 = 0.9936. The results of 

quantification of free cellular thiol were normalized by OD600nm. 

2.5.3 Quantification of nicotinamide adenine dinucleotide phosphate (NADPH) 

cellular 

Quantification of NADPH in the cell lysate, obtained as described in 2.5.1, was 

done according to Zhang, Yu and Stanton (2000). Briefly, readings were taken on the 

spectrophotometer based on the measurement of the absorbance of the reduced coenzyme 

at 340 nm. Standard curve for NADPH was performed with different concentrations of 

NADPH ranging from 0.02 to 0.1 mM which were added to a 96-well microplate 

containing a buffer solution (0.1 M Tris–HCl, pH 8.0, 0.01 M EDTA and 0.05% (v/v) 

Triton X-100) to a final volume of 1 mL. The microplates were incubated at 37 °C for 5 

min, and then, the absorbance was measured at 340 nm using a spectrophotometer 

(Thermo Fisher Scientific, Finland). 

2.5.4 Glucose and organic acids quantification in the supernatant  

Glucose concentration and organic acids profile in the cell-free supernatant were 

assessed by high-performance liquid chromatography (HPLC), at 0, 6, and 7 h. An aliquot 

of 2 mL of the culture was removed, immediately frozen in liquid N2 and stored at -80 °C 

until analysis. The sample was centrifuged 12,000 g for 10 min, filtered on 13 mm 
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cellulose nitrate membrane, 22 μm pore, and 1 mL of each sample was analyzed in HPLC 

(Carneiro 2017). The mobile phase contained 5 mmol/L H2SO4 (Sigma-Aldrich, USA), 

the flow was 0.7 mL/min and the injection of 20 μL. The HPLC was calibrated with the 

standard glucose curve, prepared at a concentration of 13 mM and the following organic 

acids were used to calibrate the standard curve: lactic, acetic, succinic, and formic acid. 

All acids were prepared to a final concentration of 10 mM except acetic acid, which was 

at 20 mM.  

2.6 Statistical analyses 

Experiments were carried out in three biological replicates. The values of the 

triplicates were used for the analysis of variance (ANOVA) followed by Tukey's test 

using the Statistical Analysis System and Genetics Software (Ferreira, 2011). A p-value 

of < 0.05 was considered to be statistically significant. 

3. Results and discussion 

3.1 Growth of Salmonella in the presence HSL, furanone and phytol  

The growth of Salmonella Enteritidis PT4 578 was not inhibited in the presence 

0.05 µM of C12-HSL, 600 µg/mL of phytol or 0.05 µM of furanone during 24 h of 

incubation, in anaerobic conditions (Figure 1). The concentration of C12-HSL used in 

this study is in agreement with previous studies to induce sdiA gene expression in 

Salmonella. Michael et al. (2001) showed that depending on the AHL assessed, a 

concentration of 0.001 µM suffices to induce sdiA gene expression in Salmonella 

Typhimurium and confirmed that a 0.1 µM concentration of different AHLs does not 

negatively affect the growth of this microorganism. A similar result was obtained by 

Campos-Galvão et al. (2015) and Almeida et al. (2016), when grew Salmonella 

Enteritidis PT4 578 in the presence of 0.05 µM of C12-HSL. Moreover, results showed 

that low concentrations of furanone do not interfere with the growth of Salmonella (Figure 

1). Janssens et al. (2008) observed that the growth of Salmonella Typhimurium was not 

influenced by the addition of 50, 60, and 100 μM of different furanones. Other study 

showed that in the presence of 0.05 µM of furanones the growth of Salmonella was not 

altered (Almeida et al. 2017) 
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The phytol did not show the inhibitory effect of Salmonella growth, even at higher 

concentrations tested, and the MIC was not established (data not shown). The 

concentration of 600 µg/mL of phytol used in this study was the same used by 

Ramanathan et al. (2018) for growing Acinetobacter baumannii, and these authors 

revealed that no MIC was found for this bacteria. In other studies, smaller concentrations 

of phytol were tested to assess the anti-quorum sensing effect. Pejin et al. (2014) 

evaluated the effect of phytol on Pseudomonas aeruginosa biofilm formation at sub-

inhibitory concentrations of 3.901, 1.95, and 0.97 μg/mL, and no interference with growth 

was detected. Also, Srinivasan et al. (2016) used a concentration of 10 μg/mL of phytol 

to inhibit a prodigiosin production in Serratia marcescens without affecting growth.  

 

 

 

 

 

 

 

 

Figure 1. Growth of Salmonella Enteritidis PT4 578 in the presence of C12-HSL, 

furanone, and phytol. Salmonella was anaerobically cultivated in TSB at 37 °C for 24 h. 

Control ( ), 0.05 µM of C12-HSL ( ), 0.05 µM of furanone ( ), furanone+C12-

HSL ( ), 600 µg/mL of phytol ( ) and phytol+C12-HSL ( ). The dashed line 

indicates the time of collection of cells for experiments. Error bars indicate standard error. 
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3.2 Metabolites produced in the presence of HSL, furanone, and phytol 

The free thiol levels were more abundant at the 6 and 7 h incubation, when the 

quorum sensing C12-HSL autoinducer was added compared to the control (p > 0.05) 

(Figure 2). As demonstrate by Almeida et al. (2018a), the abundance of levels of free 

cellular thiol increased in the presence of C12-HSL at 7 h incubation in Salmonella. 

Subsequently, these authors observed that at 12 and 36 h of incubation, no differences in 

thiol levels were observed related to the control treatment, without C12-HSL. The results 

of the previous study showed that the quorum sensing alters free thiol cellular levels, 

being suggested by the authors that the resistance to possible oxidative stress can be 

mediated by the signaling molecule C12-HSL (Almeida et al. 2018a). When the quorum 

quenching molecules phytol or furanone were added to the media contained C12-HSL the 

free thiol levels return to value found in the controls treatment (Figure 2). The increased 

of free thiol cellular by AHL presence and the inhibition of this phenotype by quorum 

quenching molecules is an important observation to enforce the previous observation of 

Almeida et al. (2018a) that there is a relationship between thiol proteins and levels of a 

free cellular thiol with quorum sensing.  

The fact that C12-HSL increases the free thiol concentration in cells may suggest 

that physiological events relevant to survival occur in the bacterial cell. The electrons 

transfer through the disulfide bond exchange reactions in the cytoplasm recycles essential 

enzymes such as ribonucleotide reductase, which provides deoxyribonucleotides for 

DNA replication in all living cells (Nordlund and Reichard 2006). These proteins are 

important in oxidant environments and can be considered crucial to the maintenance of 

the cellular redox balance, as well as to anticipate resistance to possible oxidative stress 

due to excessive production of reactive oxygen/nitrogen species (ROS/RNS) (Jones 2006; 

Landeta, Boyd, and Beckwith 2018). Changes in the thiol-disulfide redox status of 

proteins are important both for the reactivation of enzymes, well as oxidative protein 

folding and stability and, for the control of protein function (Ritz and Beckwith 2001). 

Oxidation of critical cysteine residues can either activate or inactivate given protein in 

physiologically significant reactions (Ritz and Beckwith 2001). 
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Figure 2. Quantification of free cellular thiol in Salmonella Enteritidis PT4 578 

anaerobically cultivated in TSB at 37 °C for 6 and 7 h in the presence or absence of C12-

HSL and compounds. Averages followed by the same letters do not differ statistically (p 

< 0.05). 

 

However, variations in the abundance of thiol proteins and levels of free cellular 

thiol due to the growth phase of Salmonella and the presence of acyl-homoserine lactone 

can be related to changes in the structure of the SdiA protein (LuxR homolog) which 

could alter its ability to bind DNA and, consequently, activate transcription (Almeida et 

al. 2018a). Contreras-Garcia et al. (2015) evaluated the role of quorum sensing systems 

in stress tolerance (heat, oxidative stress, heavy metals, and hyperosmolarity) in P. 

aeruginosa and showed that single lasR or rhlR mutant survival after stress was 

approximately 3-fold lower than wild-type, while the double mutant was 4.8- to 11.2-fold 

more sensitive. This study revealed that, in addition to oxidative stress, the LasR and 

RhlR quorum sensing systems are related to heat, heavy metal, and salt stress (Garcia-
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Contreras et al. 2015). These previous results show the importance of proteins with thiol 

grouping in metabolic processes in bacterial cells for module their homeostasis and, that 

way, quorum quenching compounds that may interfere with the synthesis of these thiol 

proteins could be an alternative to help fight pathogens. 

The intracellular NADPH concentration did not show significant differences (p> 

0.05) between the different treatments with 6 h incubation (data not shown). However, at 

7 h incubation, an increase in NADPH levels was observed when cells grew in presence 

quorum sensing or quorum quenching molecules (Figure 3). The increased of NADPH 

levels in Salmonella in the presence of phytol (Figure 3) should be attributed, based on 

previous observations of Lee et al. (2016) in P. aeruginosa, that was a response to 

increase of ROS accumulate when treated with phytol. However, the decreased (p > 0.05) 

of NADPH concentration in the presence of C12-HSL and phytol (Figure 3) might 

indicate a disruption of the quorum sensing system. Nevertheless, this same phenomenon 

was not observed in the presence of furanone; a recognize disrupter of quorum sensing 

(Figure 3). A probable explanation could be related to the lower binding affinity of 

furanone with the SdiA of Salmonella. Almeida et al. (2018b) performed a virtual 

screening and established that Z-phytol presented higher binding affinities than the AHLs 

and the furanones to the modeled structures of SdiA proteins of Salmonella Enteritidis 

PT4 578. The 4-Bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone used in this study 

presented a rank varying 24 to 32 among 107 compounds evaluated while Z-phytol 

presented rank varying 1 to 8 (Almeida et al. 2018b). The increase of NADPH promoted 

by C12-AHL may confer adaptive advantage since this coenzyme is involved in a wide 

variety of cellular functions, including energy production, metabolism, cell survival and 

death, transcriptional regulation, and protein modification, and it is also the driving force 

of most biosynthetic enzymatic reactions, including those responsible for the biosynthesis 

of all major cell components, such as DNA and lipids (Arnér and Holmgren 2000; Koh 

et al. 2004; Minard and Mcalister-Henn 2005; Singh et al. 2008). 
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Figure 3. Quantification of NADPH Salmonella Enteritidis PT4 578 anaerobically 

cultivated in TSB at 37 °C for 7 h in the presence or absence of C12-HSL and compounds. 

Averages followed by the same letters do not differ statistically (p < 0.05). 

 

The NADPH-producing enzymes as an activity regulated by a quorum sensing 

system in P. aeruginosa were considered by Contreras-Garcia et al. (2015). Malate 

dehydrogenase activity was two-fold higher for the wild-type strain than mutants lasR 

and rhlR. In contrast, the activities of isocitrate dehydrogenase were not different between 

the wild-type and mutants. However, these authors showed that the addition of furanone 

C-30 to the wild-type strain inhibited 50% of the catalase activity in the absence of H2O2 

and 90% in the presence of 160 mM of H2O2. Furanone C-30 slightly increased the 

activity of isocitrate dehydrogenase in the absence of H2O2 (1.18-fold), but in the presence 

of H2O2, activity was inhibited 57% (Garcia-Contreras et al. 2015). These last 

observations are in agreement with our results, where the addition of furanone to the 

culture medium without oxidative stress, causes an increase in NADPH levels of 

Salmonella. 
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3.3 Glucose and organic acids quantification in Salmonella 

The higher glucose concentration in the extracellular medium in the presence of 

C12-HSL in the sample corresponding to 6 h of cultivation indicated a lower consumption 

of this sugar when compared to the control (Table 1). In accordance with the results 

obtained, Carneiro (2017) showed that the concentration of glucose in the extracellular 

medium in the presence of C12-HSL in 4 and 6 h of cultivation was 26 and 29% higher 

when compared to control, indicating that Salmonella may have optimized its growth, 

opting for more energetically favorable metabolic reactions in the presence of the 

signaling molecule. When evaluating the glucose concentration over time (6 and 7 h) a 

significant difference was shown, indicating the consumption of this carbohydrate by 

Salmonella compared to the initial time at which the concentration was approximately 15 

mM (Table 1). 

Considering that organic acids including succinic, lactic, acetic, and formic acids 

were identified in TSB broth during the growth of Salmonella Enteritidis PT4 in anaerobic 

conditions (Table 1) it could be defined that this pathogen activates the mixed acid 

pathway fermentation. Microbial fermentation of carbohydrates results in the production 

of volatile fatty acids, including acetate, propionate, and butyrate, as well as lactate, and 

lowers the pH of colonic contents (Tellez et al. 1992). Previous study showed that 

Salmonella Typhimurium under anaerobic conditions fermented glucose primarily in 

acetate, ethanol, and formate, and some lactate and succinate; when acetate is formed, 

ethanol and/or succinate have to be formed in order to reoxidise the generated reducing 

equivalents (Driessen, Postma, and Van Dam 1987). The importance of these organic 

acids in the regulation of bacterial cell metabolism and consequently, in pathogenicity 

has been considered (Lawhon et al. 2002; Durant and Corrier 2000; Gantois et al. 2006). 

The quantification of organic acids at 6 and 7 h incubation in the presence of AHL and 

quorum quenching compounds showed no significant difference (p > 0.05) in the levels 

found (Table 1). In previous studies, C12-HSL altered the pattern of protein expression, 

especially proteins related to metabolic processes (Almeida et al. 2017; Almeida et al. 

2018b) but the levels of extracellular organic acids were not altered at 7 h incubation 

(Almeida et al. 2017). 
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Table 1. Concentrations of extracellular organic acids and glucose in Salmonella. 

6 h 

  Control  
C12-
HSL Phytol Furanone 

C12-
HSL+Phytol 

C12-
HSL+Furanone 

Glucose  6.92aB 9.47bB 7.49B 6.61B 7.47B 7.38B 

Succinic acid  3,74B 3.97B 3.74B 4.13B 3.76B 4.02B 

Lactic acid  4.46B 3.89B 3.38B 3.58B 4.08B 3.86B 

Acetic acid  12.42B 11.81B 12.30B 11.40B 10.49B 12.54B 

Formic acid 12.82B 10.69B 12.63B 12.44B 11.90B 12.51B 

7 h 

  Control  
C12-
HSL Phytol Furanone 

C12-
HSL+Phytol 

C12-
HSL+Furanone 

Glucose  5.71A 5.61A 4.95A 5.79A 5.38A 5.53A 

Succinic acid  5.62B 4.73B 4.98B 4.49B 5.27B 4.18B 

Lactic acid  10.99B 5.23B 7.17B 5.98B 7.18B 5.11B 

Acetic acid  13.09B 9.86B 10.33B 10.88B 12.26B 9.81B 

Formic acid 14.35B 13.17B 13.65B 13.22B 13.51B 11.16B 

The comparisons can be drawn between treatments or throughout time. Average followed by different lower 
case letters in the same line (between treatments) and followed by different capital letters in the columns 
(throughout time) differs at 5% probability (p < 0.05) by Tukey's test. Where a lower case letter is not 
shown, no statistical difference between control and C12-HSL was observed. 
 
 
 
Conclusion  

This study revealed that the concentrations of quorum sensing and quorum 

quenching molecules used did not interfere with the growth of Salmonella and allow 

validation of previous in silico study by confirming that phytol acts as a quorum 

quenching AI-1 regulated phenotypes such as free thiol and NADPH coenzyme 

concentration, important for modulating cellular homeostasis. However, more studies are 

needed to determine the specific role of metabolic products of Salmonella growing in the 

presence of AHL and quorum quenching compounds that can be applied in the medical 

or industrial area. 
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