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RESUMO 

 

ALMEIDA, Felipe Alves de, D.Sc., Universidade Federal de Viçosa, fevereiro de 2018. 
Indução do mecanismo de quorum sensing por autoindutor-1 em Salmonella 

enterica e prospecção de inibidores. Orientadora: Maria Cristina Dantas Vanetti. 
Coorientadores: Leandro Licursi de Oliveira e Uelinton Manoel Pinto. 
 

O mecanismo de quorum sensing em Salmonella pode ser mediado por três tipos de 

autoindutores (AI), denominados AI-1, AI-2 e AI-3. Contudo, o mecanismo por AI-1 

neste patógeno é incompleto, pois não há síntese do AI-1, denominado acil homoserina 

lactona (AHL). Porém, Salmonella possui a proteína SdiA, homóloga a proteína LuxR, 

que permite detectar as AHLs produzidas por outras bactérias. A influência da AHL 

sobre a expressão de genes específicos de Salmonella, como os genes do operon rck e 

outros genes de virulência é reconhecida. Entretanto, poucos são os estudos que 

avaliaram a resposta global de Salmonella na presença de AHLs exógenas. Assim, os 

objetivos do presente estudo foram avaliar a influência da AHL sobre a resposta global 

de Salmonella, bem como avaliar a ligação destes AIs-1 à proteína SdiA e realizar a 

prospecção, in silico, de inibidores do mecanismo de quorum sensing por AI-1 em 

Salmonella. As análises globais dos perfis de proteínas, ácidos graxos e ácidos 

orgânicos extracelulares ao longo do tempo de cultivo de Salmonella enterica sorovar 

Enteritidis PT4 em anaerobiose na presença e ausência de N-dodecanoil homoserina 

lactona (C12-HSL), mostraram que estes perfis foram alterados na presença do AI. 

Além disso, os perfis de proteínas e ácidos graxos variaram menos ao longo do tempo 

de cultivo na presença de C12-HSL, ou seja, células cultivadas por 4 h (fase 

logarítmica) e por 36 h (fase estacionária) na presença do AI-1 apresentaram perfis de 

ácidos graxos e proteínas menos dispersos em comparação ao controle sem AHL, onde 

foi detectada grande variação destes perfis. Estes resultados indicam que as células na 

presença de C12-HSL estão mais preparadas para os estresses de fase estacionária, por 

haver a antecipação das alterações celulares que ocorrem nesta fase. Outro fato 

constatado é que as proteínas relacionadas ao processo de oxirredução, principalmente 

proteínas tiol, e a quantidade de tiol celular livre foram maiores em células cultivadas na 

presença de C12-HSL, indicando que este patógeno está mais preparado para uma 

possível condição de estresse oxidativo. A proteína SdiA de Salmonella Enteritidis foi 

modelada e verificou-se que as AHLs com cadeia acila mais longas têm mais afinidade 

a esta proteína, principalmente as AHLs com 12 carbonos. Além disso, as furanonas que 

são conhecidos inibidores do mecanismo de quorum sensing, também foram capazes de 



 

x 

ligar a SdiA de Salmonella com alta afinidade nas análises in silico. A prospecção de 

inibidores entre compostos de planta e anti-inflamatórios não esteroides (AINEs) por 

docking molecular também mostrou que a maioria dos compostos analisados foi capaz 

de ligar a proteína SdiA de Salmonella, com destaque para o Z-fitol e o lonazolaco. Os 

resultados do presente trabalho indicam caminhos para determinar as vias e, ou 

macromoléculas chaves do metabolismo influenciadas pelo mecanismo de quorum 

sensing por AI-1 em Salmonella. Além disso, os resultados obtidos in silico indicam 

potenciais compostos inibidores do quorum sensing para serem avaliados in vitro. 
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ABSTRACT 

 

ALMEIDA, Felipe Alves de, D.Sc., Universidade Federal de Viçosa, February, 2018. 
Induction of quorum sensing mechanism by autoinducer-1 in Salmonella enterica 
and prospection of inhibitors. Adviser: Maria Cristina Dantas Vanetti. Co-Advisers: 
Leandro Licursi de Oliveira and Uelinton Manoel Pinto. 
 

The mechanism of quorum sensing in Salmonella can be mediated by three types of 

autoinducers (AI), denominated AI-1, AI-2 and AI-3. However, the mechanism by AI-1 

in this pathogen is incomplete, since it does not synthesize AI-1, called acyl homoserine 

lactone (AHL). On the other hand, Salmonella codes for the SdiA protein, a homologue 

of LuxR, which allows the detection of AHLs produced by other species of bacteria. 

The influence of AHL on the expression of Salmonella-specific genes such genes of the 

rck operon and other virulence genes is recognized. However, few studies have 

evaluated a global response of Salmonella in the presence of exogenous AHLs. Thus, 

the objectives of this study were to evaluate the influence of AHL on a global response 

of Salmonella, as well as to understand how these AI-1 bind to the SdiA protein and to 

carry out the prospection of inhibitors of the mechanism of quorum sensing by AI-1 in 

Salmonella. The global analyses of the protein, fatty acid and extracellular organic acid 

profiles throughout the cultivation time of Salmonella enterica serovar Enteritidis PT4 

in anaerobic conditions in the presence and absence of N-dodecanoyl homoserine 

lactone (C12-HSL) showed that these profiles were changed in the presence of the AI. 

In addition, the protein and fatty acid profiles vary less throughout the cultivation time 

in the presence of C12-HSL, that is, the fatty acid and protein profiles of cells cultivated 

for 4 h (logarithmic phase) and for 36 h (stationary phase) in the presence of AI-1 were 

less dispersed in comparison to the control without AHL, which had great variation of 

these profiles. These results indicate that cells in the presence of C12-HSL are better 

suited for the stresses of the stationary phase, because there is the anticipation of 

cellular changes occurring at this stage. Another interesting fact is that proteins related 

to the oxidation-reduction process, especially thiol proteins and the levels of thiol were 

higher in cells cultivated in the presence of C12-HSL, indicating that this pathogen is 

more prepared for a possible condition of oxidative stress. The SdiA protein of 

Salmonella Enteritidis was modeled and it was found that AHLs with more carbons 

have more affinity to this protein, especially the AHLs with 12 carbons. In addition, the 

furanones that are known inhibitors of quorum sensing also have been able to bind to 

SdiA protein of Salmonella with high affinity. The prospection of inhibitors among 



 

xii 

plant compounds and non-steroidal anti-inflammatory drugs (NSAIDs) by molecular 

docking also showed that most of the compounds analyzed were able to bind to SdiA 

protein of Salmonella, especially Z-phytol and lonazolac. The results of this work 

indicate ways to determine the key pathways and, or macromolecules of metabolism 

influenced by the mechanism of quorum sensing by AI-1 in Salmonella. These results 

obtained in silico indicate potential inhibitor compounds of the quorum sensing to be 

evaluated in vitro. 
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1. INTRODUÇÃO GERAL 

Salmonella é um dos patógenos mais comumente veiculados por alimentos no 

mundo e alguns fatores de patogenicidade desta bactéria já foram descritos como sendo 

regulados pelo mecanismo de comunicação celular conhecido como quorum sensing. A 

comunicação por quorum sensing em Salmonella pode ser mediada por três tipos de 

autoindutores (AI), denominados AI-1, AI-2 e AI-3. Contudo, o mecanismo por AI-1 

neste patógeno é incompleto, pois o mesmo não sintetiza o AI-1, denominado de acil 

homoserina lactona (AHL). Porém, Salmonella apresenta a proteína SdiA, homóloga a 

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

A influência da AHL sobre a expressão de genes específicos de Salmonella, 

como os genes do operon rck e outros genes de virulência e genes de formação de 

biofilme é reconhecida. Entretanto, poucos são os estudos que avaliaram uma resposta 

global de Salmonella na presença de AHLs exógenas, como mostrado no Capítulo 1. 

Estudos que abordassem análises globais dos metabólitos de Salmonella na presença do 

AI-1 poderiam contribuir para a compreensão das vantagens e desvantagens para este 

patógeno em responder às AHLs. Além disso, contribuiriam para a definição de vias e, 

ou macromoléculas chaves do metabolismo influenciados por estes AIs. Assim, os 

objetivos dos Capítulos 2 e 3 foram realizar análises globais do metabolismo de 

Salmonella na presença do AI-1 do mecanismo de quorum sensing. 

Como genes de virulência e fatores de patogenicidade de Salmonella foram 

influenciados pelo quorum sensing mediado pelo AI-1, entender como as AHLs se 

ligam na proteína SdiA e buscar inibidores deste mecanismo pode ser uma estratégia 

para reduzir a patogenicidade e controlar processos de infecção por este patógeno. 

Assim, os objetivos dos Capítulos 4 e 5 foram o de avaliar a ligação de moléculas de 

quorum sensing e quorum quenching à proteína SdiA de Salmonella, bem como buscar 

compostos de plantas e anti-inflamatórios não esteroides (AINEs) com potencial anti-

quorum sensing utilizando a técnica de docking molecular. 
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CAPÍTULO 1 
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Revisão: Mecanismo de quorum sensing por autoindutor-1 em Salmonella 

 

Salmonella é um dos principais patógenos veiculados por alimentos em todo o 

mundo e, estatísticas do Centro de Controle e Prevenção de Doenças dos Estados 

Unidos (CDC) estimaram que, no período de 2000 a 2011, aproximadamente, 9,4 

milhões das doenças de origem alimentar tiveram o agente etiológico identificado e, 

destas, Salmonella não tifoide foi a causa de 1.027.561 casos, 19.336 hospitalizações e 

378 mortes (SCALLAN et al., 2011). No Brasil, segundo dados do Ministério da Saúde, 

do total de surtos alimentares notificados no mesmo período, 19,16 % estavam 

associados à presença de Salmonella (BRASIL, 2011). 

A capacidade de adaptar às condições estressantes manifestada por este 

patógeno está relacionada aos fatores de patogenicidade. Na maioria das vezes, estes 

fatores são codificados em regiões do DNA bacteriano denominadas de Ilhas de 

Patogenicidade (PAIs ou SPIs) (HUMPHREY et al., 1996, 1998; ONG et al., 2010). No 

gênero Salmonella já foram descritas 23 PAIs, as quais possuem estruturas e funções 

distintas relacionadas com a adaptação e a patogenicidade (HENSEL, 2004; 

HAYWARD et al., 2013). Genes de patogenicidade pertencentes a estas PAIs tiveram 

sua expressão influenciada pelo mecanismo de quorum sensing (AHMER et al., 1998; 

MICHAEL et al., 2001; SMITH e AHMER, 2003; ABED et al., 2014; CAMPOS-

GALVÃO et al., 2015b). 

O quorum sensing é definido como um mecanismo de comunicação entre células 

que leva à expressão diferencial de genes em resposta a mudanças na densidade 

populacional (FUQUA et al., 1994, 1996, 2001; KELLER e SURETTE, 2006; 

READING e SPERANDIO, 2006). Em Salmonella, este mecanismo pode ser mediado 

por três tipos diferentes de autoindutores (AI), AI-1, AI-2 e AI-3 (AHMER, 2004; 

SMITH et al., 2004; WALTERS e SPERANDIO, 2006; AMMOR et al., 2008). Os AIs-
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1 são N-acil homoserina lactonas (AHLs) (MICHAEL et al., 2001; SMITH e AHMER, 

2003; AHMER, 2004; WALTERS e SPERANDIO, 2006), os AIs-2 são (2R, 4S)-2-

metil-2,3,3,4-tetrahidroxitetrahidrofuranos (R-THMF) derivados das 4,5-dihidroxi-2,3-

pentanodionas (DPD) (TAGA et al., 2001) e os AIs-3 são moléculas produzidas pela 

microbiota gastrointestinal normal e hormônios da classe catecolamina, como 

adrenalina e noradrenalina, produzidos pelo hospedeiro (WALTERS e SPERANDIO, 

2006; WALTERS et al., 2006; ASAD e OPAL, 2008; HUGHES et al., 2009; 

MOREIRA et al., 2010). 

A Figura 1 ilustra o sistema de quorum sensing por AI-1 em Salmonella. 

  
 
Figura 1. Sistema de quorum sensing por AI-1 em Salmonella. A AHL sintetizada por outras 
bactérias passa pela membrana e se liga à proteína SdiA, que por sua vez regula a expressão de 
genes alvo (Adaptada de AHMER, 2004; WALTERS e SPERANDIO, 2006). 
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O primeiro sistema quorum sensing mediado por AI-1 descrito no filo 

Proteobacteria depende de um par de proteínas chamadas LuxI (acil homoserina lactona 

sintase) e LuxR (ativador transcricional) ou proteínas homólogas. LuxI sintetiza AHLs, 

que também são chamadas de AI-1. Muitas Proteobacterias pertencentes à família 

Enterobacteriaceae, como Salmonella e Escherichia coli, não sintetizam AHL devido à 

ausência de LuxI ou homólogos (MICHAEL et al., 2001; SMITH e AHMER, 2003; 

SABAG-DAIGLE e AHMER, 2012). Contudo, Carneiro (2017) mostrou que a 

concentração de N-dodecanoil homoserina lactona (C12-HSL) extracelular aumentou 

1,64 vezes (32 nM) quando Salmonella enterica sorovar Enteritidis PT4 foi cultivada na 

presença de 50 nM desta molécula. Entretanto, quando cultivada na ausência deste AI, a 

C12-HSL não foi detectada. Estes dados sugerem que Salmonella pode ter uma sintase 

de AHL, ainda não identificada, com atividade regulada pelo AI. 

Embora reconhecida por não sintetizar AI-1, Salmonella possui um homólogo de 

LuxR, conhecido como SdiA, que permite a detecção de AHLs sintetizadas por outras 

bactérias, como Aeromonas hydrophila e Yersinia enterocolitica, levando à regulação 

gênica (SMITH et al., 2008; DYSZEL et al., 2010). Estes AIs podem entrar e sair da 

célula por difusão ou através de bombas de efluxo dependendo do tipo de AHL 

(KAPLAN e GREENBERG, 1985; FUQUA et al., 1994; PEARSON et al., 1999; 

CASE et al., 2008). Este AI se liga ao domínio N-terminal da proteína SdiA, alterando a 

afinidade de ligação do domínio C-terminal ao DNA e, consequentemente, regula a 

expressão de genes alvo (READING e SPERANDIO, 2006; NG e BASSLER, 2009; 

ATKINSON e WILLIAMS, 2009; NGUYEN et al., 2015, ALMEIDA et al., 2016). 

Michael et al. (2001) evidenciaram que a expressão do gene sdiA em S. enterica sorovar 

Typhimurium cultivada a 37 °C é induzida por uma concentração mínima de 1 nM, 

dependendo da AHL. Entretanto, Nguyen et al. (2015) mostraram que a presença de 

diferentes AHLs não altera a transcrição do gene sdiA de E. coli enterohemorrágica 
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(EHEC). Smith et al. (2008) também mostraram que o gene sdiA de Salmonella 

Typhimurium não foi ativado durante a passagem no trato gastrointestinal de 

camundongo, coelho, galinha, porco, porquinho-da-Índia e vaca, mas foi ativado em 

tartarugas colonizadas por A. hydrophila produtora de AHL. O gene sdiA de Salmonella 

Typhimurium também foi ativado durante a passagem pelo trato gastrointestinal de 

camundongos colonizados por Y. enterocolitica produtora de AHL, mas não quando 

colonizado por mutantes deste micro-organismo incapazes de sintetizar este AI 

(DYSZEL et al., 2010). Quando o gene yenI de Y. enterocolitica, homólogo ao luxI, foi 

clonado em Salmonella Typhimurium, maior e imediata resistência às condições do 

trato gastrointestinal de camundongos foram observadas neste patógeno (DYSZEL et 

al., 2010). Segundo os autores, esta diferença de ativação do gene sdiA no trato 

gastroinstinal dos organismos avaliados pode ser em função da presença ou não de 

bactérias que sintetizam AHLs, bem como em relação às interações e ao tempo de 

contato entre Salmonella Typhimurium e Y. enterocolitica necessário para ativar sdiA. 

O fato de algumas bactérias gram-negativas não sintetizarem AHLs, mas 

responderem àquelas sintetizadas por outras bactérias, desperta a curiosidade sobre a 

função destas moléculas sinalizadoras nas bactérias não produtoras (SCHUSTER et al., 

2013). De acordo com Atkinson e Williams (2009), a ausência da sintase de AHL em 

Salmonella pode estar relacionada com a ecologia, uma vez que evitará a transferência 

de informação para outros micro-organismos presentes no meio. Além disso, não haverá 

o gasto energético com a síntese destas moléculas sinalizadoras. Entretanto, estas 

bactérias são favorecidas com as informações ambientais disponibilizadas no meio pelas 

outras bactérias. Considerando estas informações, ainda falta esclarecer quais seriam as 

alterações e vantagens que o quorum sensing por AI-1 promove em Salmonella. 

Segundo Di Cagno et al. (2011), as análises globais do proteoma e transcriptoma 

ajudariam a elucidar as influências do quorum sensing sobre a fisiologia celular e 
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revelar informações importantes sobre o comportamento microbiano, como vias e, ou 

macromoléculas chaves do metabolismo bacteriano. 

A maioria dos estudos sobre o mecanismo de quorum sensing pelo AI-1 em 

Salmonella confirma a regulação da proteína SdiA, ligada ou não a AHLs, sobre os 

genes pefI, srgD, srgA, srgB, rck e srgC do operon rck (operon de resistência à morte 

mediada pelo sistema complemento) e do próprio operon rck presente no plasmídeo 

pSLT007 de Salmonella Typhimurium (AHMER et al., 1998; MICHAEL et al., 2001; 

SMITH e AHMER, 2003; NESSE et al., 2011; ABED et al., 2014). Ahmer et al. (1998) 

evidenciaram que a proteína SdiA de Salmonella Typhimurium é capaz de ativar 

parcialmente o promotor 2 do operon ftsQAZ e suprimir ftsZ responsável pela 

filamentação celular, ao contrário do que ocorre em E. coli. Estes resultados mostram 

que, apesar das proteínas SdiA de Salmonella e E. coli apresentarem alta similaridade 

(ALMEIDA et al., 2016), elas podem não regular os mesmos genes alvo. Outros genes 

regulados por AHL em Salmonella estão relacionados com a patogenicidade como hilA, 

invA e invF, com a formação de biofilmes como glgC, fliF, lpfA e fimF e tiveram 

aumento na expressão após 7 h de cultivo em anaerobiose em caldo Triptona de Soja 

(TSB) contendo C12-HSL (CAMPOS-GALVÃO et al., 2015b). 

Além de reconhecer genes regulados por AHLs em Salmonella, alguns fenótipos 

são alterados quando o patógeno é cultivado na presença destes AIs. Nesse et al. (2011) 

mostraram que a invasão de células HEp-2 por Salmonella Typhimurium na presença de 

N-hexanoil homoserina lactone (C6-HSL) e N-octanoil homoserina lactone (C8-HSL) a 

37 °C foi aumentada. A adição de C8-HSL juntamente com a presença do plasmídeo 

pRST98 que contém o gene de virulência rck em S. enterica sorovar Typhi, aumentou 

sua adesão em células HeLa após 1 h de incubação a 37 °C com 5 % gás carbônico 

(CO2) (LIU et al., 2014). A formação de biofilme por Salmonella Enteritidis PT4 578 

em poliestireno foi regulada positivamente na presença de C12-HSL após 36 h de 



 

8 

cultivo em anaerobiose (CAMPOS-GALVÃO et al., 2015b; ALMEIDA et al., 2017a). 

Porém, não foi observada influência deste AI-1 sobre a adesão inicial das células em 

poliestireno (ALMEIDA et al., 2017a) e nem sobre o crescimento planctônico 

(CAMPOS-GALVÃO et al., 2015a; ALMEIDA et al., 2017a). A formação de biofilme 

em poliestireno por Salmonella Typhimurium também foi influenciada pela presença de 

N-butiril homoserina lactone (C4-HSL) e C6-HSL, em condições de aerobiose (BAI e 

RAI, 2016). 

Por outro lado, o sobrenadante livre de células de Y. enterocolitica e Serratia 

proteamaculans contendo AHLs, AI-2 e outros compostos não conhecidos alterou o 

crescimento de diferentes fagotipos de Salmonella Enteritidis e Salmonella 

Typhimurium em aerobiose (DOUROU et al., 2011). O sobrenadante de Pseudomonas 

aeruginosa contendo AHLs e outros metabólitos também diminuiu o crescimento de 

nove sorovares de S. enterica (WANG et al., 2013). Já o sobrenadante de Hafnia alvei 

contendo AHLs, bem como a adição de N-3-oxo-hexanoil homoserina lactona (3-oxo-

C6-HSL) ao meio de cultivo em aerobiose não influenciou a formação de biofilme por 

Salmonella Typhimurium (BLANA et al., 2017). Deve-se ressaltar que nestes estudos, 

os sobrenadantes livres de células de diferentes bactérias produtoras de AHLs contêm 

outros metabólitos que podem interferir na detecção do efeito desses AIs. 

Smith e Ahmer (2003) observaram que as condições ambientais influenciaram 

na resposta de SdiA, uma vez que esta proteína apresentou atividade independente de 

AHL quando Salmonella Typhimurium foi cultivada a 30 °C, mas não a 37 °C. De 

acordo com Abed et al. (2014), a ativação do operon rck de Salmonella Typhimurium é 

independente de AI-1 e SdiA a 25 °C, mas dependente a 37 °C. Estes resultados podem 

ser explicados com a descoberta de Nguyen et al. (2015), os quais mostraram que SdiA 

em EHEC pode ser ativada independente da ligação da molécula de AHL e 

identificaram que uma molécula encontrada em procariotos e eucariotos chamada 1-
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octanoil-rac-glicerol (OCL) pode ativar a SdiA. Entretanto, quando ligada a AHL, SdiA 

apresenta maior estabilidade e maior afinidade de ligação ao DNA. Almeida et al. 

(2016) mostraram in silico, que tanto OCL quanto AHLs, com ou sem modificações 3-

oxo e com diferentes tamanhos de cadeia carbônica, são capazes de ligar à proteína 

SdiA modelada de Salmonella Enteritidis. 

A fim de entender quais são as vantagens para este patógeno em responder a 

moléculas que não sintetiza e reconhecer vias e, ou macromoléculas chaves do 

metabolismo bacteriano, estudos tem buscado avaliar a influência do mecanismo de 

quorum sensing por AI-1 sobre uma resposta global em Salmonella. Resultados 

mostraram que as proteínas PheT, HtpG, PtsI, TalB, PmgI (ou GpmI), Eno, PykF e Adi 

foram mais abundantes na presença do AI-1 e as proteínas OmpA, OmpC, OmpD, 

GapA, Tsf, RpsB, RplE, RplB menos abundantes, bem como houve diferença no 

consumo de ácido fórmico extracelular por Salmonella Enteritidis na presença de C12-

HSL, em anaerobiose (ALMEIDA et al., 2017b). Segundo estes autores, as proteínas 

com abundâncias alteradas e a mudança no consumo de ácido fórmico estão 

correlacionadas com a antecipação da fase estacionária deste patógeno na presença da 

molécula do quorum sensing. 

Resultados dos perfis de ácidos graxos e proteínas de Salmonella Enteritidis 

reforçam a hipótese de antecipação da fase estacionária na presença de AHL. Células 

cultivadas na presença de C12-HSL apresentaram o perfil de ácidos graxos e proteínas 

nas primeiras horas de cultivo semelhante aos das células em final de fase logarítmica e 

início de fase estacionária que cresceram na ausência deste AI-1 (ALMEIDA, 2018). 

Estes resultados indicam que a célula na presença de C12-HSL está mais preparada para 

superar os estresses relacionados com a fase estacionária de crescimento já nos períodos 

iniciais de cultivo. Entre as proteínas identificadas, as com função de oxirredução 

aumentaram na presença de AHL. Além disso, o teor de tiol livre celular também 
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aumentou nas fases iniciais de cultivo na presença de AHL e estas alterações podem 

conferir maior resistência ao estresse oxidativo. 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 

cultivadas na presença e na ausência de C12-HSL (CARNEIRO, 2017). 

Considerando que alguns genes e fatores de patogenicidade de Salmonella têm, 

reconhecidamente, suas expressões influenciadas pelo quorum sensing mediado por AI-

1, a prospecção de inibidores deste mecanismo é de interesse. Campos-Galvão et al. 

(2015b) e Almeida et al. (2017a) mostraram que a formação de biofilme em poliestireno 

por Salmonella Enteritidis foi estimulada pela C12-HSL em anaerobiose após 36 h, mas 

reprimida pela presença concomitante de uma mistura de furanonas. Almeida et al. 

(2016) mostraram, através do docking molecular, que a maioria das furanonas com e 

sem bromo são capazes de se ligarem à proteína SdiA deste patógeno. Anteriormente, 

Gnanendra et al. (2013) haviam avaliado, por docking molecular, que C6-HSL 

halogenadas desenhadas por eles se ligaram à proteína SdiA de Salmonella 

Typhimurium e, possivelmente, tem potencial de inibição do mecanismo de quorum 

sensing. 

A prospecção de inibidores do mecanismo de quorum sensing por AI-1 de 

Salmonella em compostos de plantas e anti-inflamatórios não esteroides (AINEs) por 

docking molecular pode consistir em estratégia interessante para redução da virulência 

de Salmonella. Em avaliação in silico, os compostos de plantas como o Z-fitol e os 

compostos classificados como metoxifenol (isoshogaol, shogaol e gingerol) e ácidos 

graxos (ácidos punícico, malválico, margárico e palmítico) destacaram-se como 
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possíveis agentes de quorum quenching (ALMEIDA, 2018). Entre os AINEs, 

destacaram-se o lonazolaco e outros compostos derivados do ácido acético 

(acemetacino, fentiazaco, oxametacino, aceclofenaco e indometacino) (ALMEIDA, 

2018). 

Diante da importância do mecanismo de quorum sensing mediado pelo AI-1 na 

regulação de alguns fenótipos em Salmonella, é necessário ampliar as informações a 

respeito dos processos controlados por essas moléculas. Estes estudos levariam a 

compreensão, de forma global, dos impactos no comportamento deste importante 

patógeno. Assim, a partir desses conhecimentos, será possível buscar estratégias de 

controle e inibição desse micro-organismo de interesse na indústria de alimentos e na 

área médica. 
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a b s t r a c t

Quorum sensing (QS) is cell-cell communication mechanism mediated by signaling molecules known as

autoinducers (AIs) that lead to differential gene expression. Salmonella is unable to synthesize the AI-1

acyl homoserine lactone (AHL), but is able to recognize AHLs produced by other microorganisms

through SdiA protein. Our study aimed to evaluate the influence of AI-1 on the abundance of proteins and

the levels of organic acids of Salmonella Enteritidis. The presence of N-dodecyl-homoserine lactone (C12-

HSL) did not interfere on the growth or the total amount of extracted proteins of Salmonella. However,

the abundance of the proteins PheT, HtpG, PtsI, Adi, TalB, PmgI (or GpmI), Eno, and PykF enhanced while

the abundance of the proteins RplB, RplE, RpsB, Tsf, OmpA, OmpC, OmpD, and GapA decreased when

Salmonella Enteritidis was anaerobically cultivated in the presence of C12-HSL. Additionally, the bacte-

rium produced less succinic, lactic, and acetic acids in the presence of C12-HSL. However, the concen-

tration of extracellular formic acid reached 20.46 mM after 24 h and was not detected when the growth

was in the absence of AI-1. Considering the cultivation period for protein extraction, their abundance,

process and function, as well as the levels of organic acids, we observed in cells cultivated in presence of

C12-HSL a correlation with what is described in the literature as entry into the stationary phase of

growth, mainly related to nitrogen and amino acid starvation and acid stress. Further studies are needed

in order to determine the specific role of the differentially abundant proteins and extracellular organic

acids secreted by Salmonella in the presence of quorum sensing signaling molecules.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Salmonella enterica serovar Enteritidis is the most common
serotype responsible for salmonellosis in many countries and, this
pathogen is primarily transmitted by food [1e4]. The high virulence
of this pathogen is associated with the presence of many

pathogenicity islands encoding virulence factors [5e7].
Quorum sensing (QS) is amechanism of cell-cell communication

mediated by signaling molecules known as autoinducers (AIs) that
leads to differential gene expression in response to changes in the
population density among microbial cells or microbial and host
cells [8e11]. In Salmonella, this mechanism can be achieved
through three types of autoinducers (AIs) called AI-1, AI-2, and AI-3.
Complete sets of QS systems composed of signal synthase and
signal receptors are present in many bacteria [12].

The QS system mediated by AI-1 is present in Gram-negative
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bacteria, but in Salmonella it is incomplete. This pathogen is unable
of synthesizing the AI-1 called acyl homoserine lactone (AHL) since
neither luxI gene nor other homologues that codify for the AI-1
synthase are present in the bacterial genome. However, Salmo-

nella is able to recognize AHLs synthesized by other microorgan-
isms through SdiA protein, a transcriptional regulator homologous
to LuxR which is the signal receptor [13e15]. The AHLs are inter-
nalized and bind to the ligand-binding domain (LBD) of SdiAwhich
dimerizes and binds to DNA by using its DNA-binding domain
(DBD) regulating expression of target genes [16]. The AI-2 is found
in Salmonella where it is synthesized by LuxS and internalized by
using products of the lsr operon [17e19]. In the QSmediated by AI-3
in Salmonella, the signal molecules are the hormones epinephrine
and norepinephrine, synthesized by animal cells, which are sensed
through proteins coded by the qseBC operon and qseE gene [12,20].

Autoinducers influence gene expression and protein abundance
in Salmonella, consequently generating different phenotypes,
including motility, biofilm formation as well as adhesion, invasion
and survival in eukaryotic cells [12,15,21e27]. Campos-Galv~ao et al.
[26] showed enhanced biofilm formation by Salmonella Enteritidis
PT4 578 growing in the presence of 50 nM of AHLs with six, eight,
ten and twelve carbons. However, the effect of N-dodecanoyl-DL-
homoserine lactone (C12-HSL) on this phenotype was statistically
higher than the other AHLs evaluated. These data were reinforced
by the recently published study on molecular docking in which
AHLs with twelve carbons presented greater affinity to SdiA of
Salmonella Enteritidis PT4 578 than AHLs with ten, eight, six and
four carbons side chains [28]. Liu et al. [25] reported that the
presence of AI-1 increased the adhesion of S. enterica serovar Typhi
to HeLa cells and biofilm formation in polystyrene. Similar results
were observed for Salmonella Enteritidis in presence of AI-1, where
biofilm formation in polystyrene was increased when cells were
cultivated in anaerobic conditions [26,27]. Moreover, the rck operon
of Salmonella, which is related to virulence, was more expressed in
presence of the AI-1 as previously observed by other groups [14,29].
So far, only two studies evaluated the influence of QS in the
abundance of proteins in Salmonella. In both cases, the effect of AI-2
on two strains of S. enterica serovar Typhimurium was tested, but
no studies evaluated the influence of AI-1 on this bacterium [30,31].

Proteomics allows the determination of the global picture of
proteins expressed by the genome and gives new insights into the
behavior of bacteria during the QS phenomena [32]. Conventional
two-dimensional gel electrophoresis (2-DE) in combination with
advanced mass spectrometric techniques has facilitated the char-
acterization of thousands of proteins using a single polyacrylamide
gel. The 2-DE procedure allows easy visualization of protein iso-
forms and posttranslational modifications (PTMs) based on protein
separation using two physical parameters such as isoelectric point
and molecular weight, rendering this technology extremely infor-
mative [33].

Thus, considering the scarcity of information about the influ-
ence of AI-1 in Salmonella, our study aimed to evaluate the effect of
this signaling molecule in the abundance of proteins and the levels
of organic acids of Salmonella Enteritidis. The comparative analysis
helps to understand the QS mechanism dependent upon AHL on
the physiology of this pathogen.

2. Materials and methods

2.1. Bacterial strain

Salmonella enterica sorovar Enteritidis PT4 578, isolated from
chicken meat, was provided by Fundaç~ao Oswaldo Cruz (FIOCRUZ,
Rio de Janeiro, Brazil) and has been previously described [26,27,34].
Cultures were stored at �20 �C in Luria-Bertani (LB) broth [35]

supplemented with 20% (v/v) of sterile glycerol.

2.2. Preparation of inoculum

Tryptone soy broth (TSB; Merck, Germany) was prepared under
O2-free conditions with a CO2 filling and was dispensed into
anaerobic bottles that were sealed with butyl rubber stoppers and
then, autoclaved (anaerobic TSB) [36]. Before each experiment, cells
were cultivated in anaerobic bottles containing 20 mL of anaerobic
TSB for 24 h at 37 �C in a static-model anaerobic chamber (Coy
Laboratory, USA) containing a mixture of H2 (3e5%) and CO2

(95e97%). Then, 1 mL of culture was transferred into 10 mL of
anaerobic TSB and incubated at 37 �C in anaerobic chamber. After
incubation for 4 h, exponentially growing cells were harvested by
centrifugation at 5000g at 4 �C for 10 min (Sorvall, USA), washed
with 0.85% saline, and the pellet resuspended in 0.85% saline. The
inoculum was standardized to 0.1 of optical density at 600 nm
(OD600nm), approximately 107 colonies forming units per milliliter
(CFU/mL), using a spectrophotometer (Thermo Fisher Scientific,
Finland).

2.3. Preparation of HSL solution

N-dodecanoyl-DL-homoserine lactone (C12-HSL; PubChem CID:
11565426; Fluka, Switzerland) was suspended in acetonitrile
(PubChem CID: 6342; Merck, Germany) at a concentration of
10 mM and further diluted to a working solution of 10 mM in
acetonitrile. Control experiment was performed using acetonitrile.
The final concentration of acetonitrile in the media was always less
than 1% (v/v) to avoid interference in the growth and response of
Salmonella to C12-HSL [14].

2.4. Effect of HSL on the growth of Salmonella

To evaluate the effect of C12-HSL on the growth of Salmonella,
bottles containing 20 mL of anaerobic TSB supplemented with
50 nM of C12-HSL were inoculated with 2 mL of the standardized
inoculum. Bottles were incubated at 37 �C for up to 12 h in anaer-
obic chamber. In established time points, the OD600nm was deter-
mined using a spectrophotometer (Thermo Fisher Scientific,
Finland).

2.5. Extraction and quantification of proteins of Salmonella

A standardized inoculum was added into anaerobic bottles
containing 30 mL of anaerobic TSB supplemented with 50 nM of
C12-HSL or the equivalent volume of acetonitrile as control and
then, incubated at 37 �C in anaerobic chamber. After 7 h of incu-
bation, the OD600nm and CFU/mL were determined. Concomitantly,
an aliquot of the media was centrifuged at 5000g at 4 �C for 15 min
(Sorvall, USA). The cells in the pellet were resuspended in 1 mL of
sterilized distilled water, transferred to 1.5 mLmicrotubes and once
again centrifuged at 9500g at 4 �C for 30 min (Brikmann In-
struments, Germany). The pellet was resuspended in 50 mM
ammonium bicarbonate, 1 mM phenylmethylsulfonyl fluoride
(PMSF) added of 1 mL of 2:1 trifluoroethanol:chloroform
(TFE:CHCl3), followed by vigorous agitation. Next, the mixture was
kept at 0 �C for 1 h in ultrasound bath (100 W MSE 20 KHz), with
mixing every 10 min. The material was centrifuged at 6500g at 4 �C
for 4min (Brikmann Instruments, Germany) to obtain three phases.
The upper phase (composed by proteins soluble in TFE) and the
central phase (composed by proteins insoluble in TFE) were
collected. The mixture of both phases were dried in SpeedVac
(Genevac, England) and resolubilized in 500 mL of a mixture of 5 M
urea, 2 M tiourea, 4% (w/v) 3-[(3-cholamidopropyl)
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dimethylammonio]-1-propanesulfonate (CHAPS), 40% (v/v) TFE,
and 10 mM Tris-HCl (pH 8.8e9.0). Disulfide bonds of the proteins
were reduced by 50 mM dithiothreitol (DTT) for 1 h at room tem-
perature, and subsequently, alkylation was carried out by adding
100 mM acrylamide [37e39]. The protein extract was precipitated
with 10% (w/v) trichloroacetic acid (TCA) and kept in ice for 30 min
and then the material was centrifuged at 9500g for 10 min. The
supernatant was discarded and the precipitate washed three times
with cold acetone. After evaporation of the residual acetone at
room temperature, the precipitate was resuspended in 700 mL of a
mixture containing 7 M urea, 2 M thiourea, and 2% (w/v) CHAPS.
Proteins were quantified using Coomassie blue dye [40] and then,
the protein extracts were stored at �20 �C.

2.6. Separation of proteins by two-dimensional gel electrophoresis
(2-DE)

2.6.1. Rehydration and sample loading

The protein extracts with 150 mg of proteins were loaded during
the re-swelling process in a rehydration apparatus IPG BOX (GE
Healthcare, Sweden) at 20 �C for 12 h. For the first dimension, 7 cm
gel strips were used with a linear pH gradient ranging from 3 to 10
(Immobiline™ DryStrip; GE Healthcare, Sweden). To rehydrate
each strip,125 mL of a mixture containing the solubilized proteins in
40 mM DTT and 2% (v/v) IPG buffer plus DeStreak solution (GE
Healthcare, Sweden) were used.

2.6.2. Isoelectric focusing (IEF)
The IEF was conducted in the equipment IPGphor III (GE

Healthcare, Sweden). Electrophoresis conditions were: (i) 300 V for
12 h; (ii) 300 Vh in gradient until 1000 V; (iii) 2000 V in gradient for
1 h; (iv) 2000 Vh in one step of 2000 V; (v) 3000 V in gradient for
1.5 h; (vi) 3000 Vh in one step of 3000 V; (vii) 5000 V in gradient for
1.5 h; (viii) 3000 Vh in one step of 5000 V.

2.6.3. Equilibration of the gel strips
After the IEF, the strips were equilibrated in 10 mL equilibrating

buffer 75 mM Tris-HCl pH 8.8, 6 M urea, 29.3% (v/v) glycerol, 2% (w/
v) SDS and 0.002% (w/v) bromophenol blue in two 30 min stages in
order to reduce and alkylate the proteins. In the first stage, 1% (w/v)
DTT was added to the equilibrating buffer. In the second stage, 2.5%
(w/v) iodoacetamide was added to the equilibrating buffer. The
strips were then briefly incubated in running buffer and submitted
to the second dimension of the 2-DE (SDS-PAGE).

2.6.4. Electrophoresis in polyacrylamide gel (SDS-PAGE)
The SDS-PAGE was based on Laemmli [41] in a 12% poly-

acrylamide gel with a Mini-Protean II Electrophoresis System (Bio-
Rad Laboratories, EUA), using the broad range weight marker
(6.5e200.0 kDa, Bio-Rad, USA). Separation was performed at 80 V
for 30 min and then, at 60 V until the bromophenol blue reached
the gel lower limit.

2.6.5. Fixation and staining of the gel
The 2D gels were fixed in solution containing 10% (v/v) acetic

acid and 50% (v/v) methanol for 30 min and were stained in a so-
lution containing 8% (w/v) ammonium sulfate, 0.8% (v/v) phos-
phoric acid, 0.08% (w/v) Coomassie blue G-250, and 30% (v/v)
methanol for 72 h. After this step, the gels were washed and
maintained in 5% (v/v) acetic acid.

2.6.6. Analysis of the protein spots

The 2D stained gels were then photo-digitalized in an Image
Scanner III (GE Healthcare, Sweden) in transparent mode, resolu-
tion of 300 dpi, green color filter and with updated calibration. For

the comparative analysis of the images, the software ImageMaster
2D Platinum 7.5 (GE Healthcare, Sweden) was used. Image analysis
included spot detection, spot measurement, background subtrac-
tion and spot matching of three biological replicate gels. Prior to
performing spot matching between gel images, one gel image was
selected as reference and the used parameters were: contrast equal
to - 1, smooth equal to 2, minimum area equal to 20 and saliency
equal to 30. The amount of protein of each spot was expressed as
the volume of that spot which was defined as the sum of the in-
tensities of all the pixels that make up that spot. To correct the
variability and to reflect the quantitative variations of protein spots,
the spot volumes were normalized as the percentage (%) of the total
volume considering all the spots in the gel. The analysis of variance
(ANOVA) for protein spots were followed by the software Image-
Master 2D Platinum 7.5 (GE Healthcare, USA) and the fold change
was calculated as the ratio of the % volume of the treatment with
C12-HSL by the control. The spots with p-value less than 0.05
(p < 0.05) and intensities less than 0.8-fold or more than 1.2-fold
(fold changed <0.8 or >1.2), as well as when the protein spot was
not detected in one of the treatments, which we defined as less
than 1.0-fold or more than 1.0-fold (fold changed <1.0 or >1.0),
were considered differentially abundant proteins [42].

2.7. Identification of differentially abundant proteins by mass
spectrometry

2.7.1. In-gel protein digestion

The protein spots with significant expression changes were
excised from stained 2D gels and were submitted to trypsinolysis
according to Shevchenko et al. [43] with modifications suggested
by Pereira et al. [44]. For the tryptic digestion Sequencing Grade
Modified Trypsin, Porcine (Promega, USA) was used. The samples,
containing tryptic peptides, were concentrated until about 5 mL in a
SpeedVac Concentrator (Thermo Fisher Scientific, Finland) and
were added of 5 mL of 0.1% (v/v) trifluoroacetic acid (TFA). Subse-
quently, samples were desalted in ZipTip® C18 columns (Millipore,
USA), concentrated in a SpeedVac Concentrator and resuspended in
5 mL of 0.1% (v/v) TFA.

2.7.2. Mass spectrometry
Mass spectra of the tryptic peptides were performed using a

matrix assisted laser desorption/ionization e time of flight/time of
flight (MALDI-TOF/TOF) mass spectrometer, model Ultraflex III
(Bruker Daltonics, Germany). The samples of tryptic peptides were
mixed with a-cyano-4-hydroxycinnamic acid (Bruker Daltonics,
Germany) in a proportion of 1:1.

2.7.3. Identification of proteins
The mass spectra obtained were processed using Flex Analysis

software (version 3.3; Bruker Daltonics, Germany) and the peaks
lists in .xml and .mgf format were generated by BioTools software
(version 3.2; Bruker Daltonics, Germany). These were used for
identification of the proteins by the peptide mass fingerprinting
(PMF) method and by the peptide fragment fingerprinting (PFF)
method using the Mascot software (version 2.4.0; Matrix Science,
United Kingdom) against the knowledgebase UniProtKB (http://
www.uniprot.org/). For the search, the following parameters were
considered: taxonomy Salmonella and all entries (separately),
monoisotopic mass, trypsin, allow up to one missed cleavage site,
peptide tolerance equal to 0.5 Da, MS/MS tolerance equal to 0.5 Da,
peptide charge equal to þ1, fixed modification for carbamidome-
thylation of cysteine residues and variable modification for oxida-
tion of methionine residues. The identifications of the proteins
from the PFF by Mascot software were validated by Scaffold soft-
ware (version 3.6.4; Proteome Software, USA). Peptide
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identifications were accepted if they could be established at greater
than 90% probability as specified by the Peptide Prophet algorithm
[45]. Protein identifications were accepted if they could be estab-
lished at greater than 90% probability and contained at least one
identified peptide by the Protein Prophet algorithm [46].

2.8. Gene ontology (GO) analysis and protein-protein interactions

(PPI) network

The GO annotations for differentially abundant proteins were
acquired by European Bioinformatics Institute (http://www.ebi.ac.
uk/QuickGO/). Then, the PPI network was generated for proteins
of the Salmonella Typhimurium LT2 with the confidence in-
teractions greater than 0.4 using the STRING database version 10.0
(http://string-db.org/ [47]).

2.9. Quantification of extracellular organic acids and ethanol

A standardized inoculum of Salmonella was added into anaer-
obic bottles containing 20 mL of anaerobic TSB supplemented with
50 nM C12-HSL or acetonitrile as control and incubated at 37 �C for
up to 36 h in anaerobic chamber. After incubation for 2, 7, 24, and
36 h, 2 mL samples were centrifuged at 12,000g for 10 min and the
cell-free culture supernatants were treated as described by Sieg-
fried et al. [48]. The extracellular organic acids and ethanol were
determined as described by Bento et al. [49]. The high-performance
liquid chromatography (HPLC) apparatus coupled to a refractive
index (Dionex Corporation, USA) was calibrated with the standard
curve of the following organic acids: succinic, lactic, acetic, formic,
propionic, valeric, isovaleric, butyric, and isobutyric acids as well as
ethanol. All acids were prepared to a final concentration of 10 mM,
except isovaleric acid (5 mM) and acetic acid (20 mM). Ethanol was
prepared to a final concentration of 150 mM.

2.10. Statistics

Experiments were carried out in three biological replicates. All
data were subjected to analysis of variance (ANOVA) followed by
Tukey's test using the Statistical Analysis System and Genetics
Software® [50] and the software ImageMaster 2D Platinum 7.5 (GE
Healthcare, USA) for proteins analysis. A p < 0.05 was considered to
be statistically significant.

3. Results and discussion

3.1. Growth of Salmonella in the presence of HSL

The presence of 50 nM of C12-HSL in the medium did not
interfere on the Salmonella Enteritidis PT4 578 growth during 12 h
of incubation (Fig. 1). The concentration of C12-HSL used in this
study is much higher than the necessary concentration to induce
sdiA gene expression in Salmonella Typhimurium which, according
to Michael et al. [14], can be as low as 1.0 nM. These results
corroborate with those found by Campos-Galv~ao et al. [34] for the
same pathogen growing in the presence of different AHLs. Others
studies have shown that the growth rate of different serovars of
S. enterica during the exponential phase decreased in the presence
of the cell free supernatants (CFSs) of Yersinia enterocolitica and
Serratia proteamaculans [51] or Pseudomonas aeruginosa [52] con-
taining AHLs. However, it is necessary to consider that these CFSs
had other unknownmetabolites and the inhibitory effect cannot be
exclusively attributed to the AHLs.

3.2. HSL changes the abundance of proteins in Salmonella

Changes in the abundance of proteins in Salmonella Enteritidis
PT4 578 were evaluated in anaerobic TSB supplemented with C12-
HSL at 37 �C for 7 h. At this time, Salmonella Enteritidis was in early
stationary phase of growth and the OD600nm and log CFU/mL in the
presence of C12-HSL (0.167 ± 0.008 and 9.1 ± 0.1, respectively) did
not differ (p > 0.05) to the control treatment (0.165 ± 0.001 and
9.1 ± 0.1, respectively) (Fig. 1). The total proteins extracted from the
cells supplemented with C12-HSL (3.98 ± 0.58 mg/mL) did not differ
(p > 0.05) to the control treatment (4.07 ± 0.21 mg/mL), without this
AI-1.

Analysis of the 2-DE gel prepared with protein extracted from
early stationary phase growing cells in the presence or absence of
C12-HSL showed a total of 184 protein spots, with 39 spots differ-
entially abundant between treatments (Fig. 2). Of these, the
abundance of 10 spots was decreased in the presence of C12-HSL
(p < 0.05 and fold changed < 0.8 as well as < 1.0) whereas, the
abundance rate of 29 spots was increased (p < 0.05 and fold
changed > 1.2 as well as > 1.0) when compared with the control
treatment (Table 1). From the 39 differentially abundant protein
spots removed from the gels, 21 were identified (53.8%) and vali-
dated by Scaffold software (Table 2).

Of the 21 identified proteins, 90.5% (19 proteins) had theoretical
and experimental isoeletric points (pI) ranging between 4.0 and 7.0.
However, three proteins were identified inmore than one spot such
as OmpA (spots 41 and 42), Adi (spots 100, 101 and 102), and PykF
(spots 171, 173 and 174) (Table 2). Kint et al. [31] also reported the
identification of the proteins LuxS and FljB, differentially abundant
in wild-type and luxS mutant Salmonella Typhimurium, in two
different spots. These authors observed that the molecular mass
(MM) of LuxS was similar in both spots where the protein was
identified, but the pI values were different and a posteriori analysis
revealed that this protein showed posttranslational modifications
(PTMs) [31]. PTMs of proteins can change their pI and/or their MM
resulting in isoforms that separate in different spots in 2D gels
[31,53].

The abundance of the proteins PheT, HtpG, PtsI, Adi, TalB, PmgI
(or GpmI), Eno, and PykF enhanced while the abundance of the
proteins RplB, RplE, RpsB, Tsf, OmpA, OmpC, OmpD, and GapA
decreased when Salmonella Enteritidis was cultivated in the

Fig. 1. Growth of Salmonella Enteritidis PT4 578 in the presence of C12-HSL. Salmonella

was anaerobically cultivated in TSB at 37 �C for 12 h in the presence of acetonitrile

(open cycle) or 50 nM of C12-HSL (crossed line). The dashed line indicates the time of

collection of cells for protein extraction. Error bars indicate standard error.
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presence of C12-HSL (Fig. 3). We have only found proteomic studies
related to the role of AI-2 mediated QS system in Salmonella. Soni
et al. [30] showed that the LuxS/AI-2-mediated system in Salmo-
nella Typhimurium controls the increased abundance of proteins
such as Tig, YaeT, PhoP, GpmI, TrxB, and an unidentified protein,
while PfkA decreased in wild-type Salmonella Typhimurium when
compared to luxS mutant. On the other hand, when mutant cells
were cultivated in the presence of AI-2, the abundance of PfkA, Tig,
YaeT, PhoP, TalB, GpmI, TrxB, Pta, YiiM, and an unidentified protein
enhanced while the abundance of GroL, OmpF and RpoA
descreased [30]. Kint et al. [31] observed a decrease in the

abundance of FljB in luxS mutant of Salmonella Typhimurium
compared to wild-type cells.

The proteins identified in the present study were classified into
the following four categories, based on their process according to
the GO annotations: (i) translation: PheT, RplB, RplE, RpsB, and Tsf,
(ii) transport: OmpA, OmpC, OmpD, and PtsI (iii) metabolic process:
TalB, GapA, PmgI, Eno, and PykF, and (iv) stress response: HtpG and
Adi. We then grouped the proteins based on their functions (Fig. 3).

Thus, considering the cultivation period for extracting the pro-
teins as well as their abundance and function, we observed a cor-
relationwithwhat isdescribed in the literature for cells entering into

Fig. 2. Representative 2D gels of protein extracts of Salmonella Enteritidis PT4 578 anaerobically cultivated in TSB at 37 �C for 7 h in the absence (A) or presence (B) of 50 nM of C12-

HSL. Proteins with significantly (p < 0.05 and fold changed > 1.2 as well as > 1.0) increased abundance rates following C12-HSL treatment are surrounded by red circle. The green-

encircled spots represent proteins whose abundance was significantly (p < 0.05 and fold changed < 0.8 as well as < 1.0) decreased. The numbers on the circles are the references of

each protein spot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stationary phase, mainly related to nitrogen and amino acid star-
vation and, acid stress. These data corroborate with those reported
for E. coli in response to nutrient limitation in the presence of AHL,
where the ss/38 (RpoS) of RNA polymerase, which is specific in sta-
tionary phase, was more abundant [54,55]. In Burkholderia pseudo-

mallei, 60 genes have been shown to be controlled by AHL andmost
of these genes are also co-regulated by RpoS and associated with
stationary phase [56]. In addition, in three species of the genus
Burkholderia, AHLs have been shown to anticipate the responses to
the stresses of stationary phase leading to increased cellular survival
[57]. VanDelden et al. [58] demonstrated that the expression of both
lasR and rhlR genes and AHL synthesis are prematurely activated
during the stringent response induced by overexpression of relA in
P. aeruginosa PAO1, independently of cell density.

Initially, the abundance of PheT (Phenylalanine-tRNA ligase beta
subunit or Phenylalanine-tRNA synthetase beta subunit) was
enhanced by 2.21 fold in Salmonella Enteritidis PT4 growing in the
presence of the autoinducer (Fig. 3). This protein is the b subunit of
the enzyme a2b2 heterotetrameric and PheS is the a subunit of that
enzyme, responsible for charging the tRNAPhe with the L-phenyl-
alanine [59]. PheS is located in the same operon of PheT. However,
this last protein was not identified in our gels. In E. coli, the

synthesis of phenylalanyl-soluble RNA synthetase enhanced twice
when cells were cultivated under phenylalanine limitation [60].
Putzer and Laalami [61] reported that pheST genes were repressed
2.5 fold under conditions in which the cellular concentration of
charged tRNAPhe was decreased. Thus, the arrival of uncharged
tRNAPhe in the ribosomes enhances the synthesis of nucleotides
guanosine tetraphosphate (ppGpp) and pentaphosphate (pppGpp)
by RelA resulting in stringent response [62e66].

The incapacity of charging tRNA caused by nitrogen and amino
acid starvation leads to a reduction in ribosomal protein synthesis
and rRNA, as well as degradation of rRNA, dimerization, inactiva-
tion and ultimately degradation of the ribosomes [67e70]. Thus,
four proteins related to translation processes were less abundant in
the presence of C12-HSL, namely RplB (50S ribosomal protein L2),
RplE (50S ribosomal protein L5), and RpsB (30S ribosomal protein
S2) with the function of structural constituent of ribosome, and the
Tsf or EF-Ts (Elongation factor Ts) with the function of translational
elongation (Fig. 3). Aseev et al. [71] showed that the promoter of the
operon rpsB-tsf in E. coli was negatively regulated by (p)ppGpp
during amino acid starvation. Moreover, during the stringent
response, the cell blockage of DNA synthesis inhibits stable RNAs
and membrane components as well as leads to a rapid production

Table 1

Differentially abundant protein spots of Salmonella Enteritidis PT4 growing in TSB for 7 h in the presence of C12-HSL.

Spot Experimental Mean % spot volume ± SE Fold changed (% spot's volume with C12-HSL/Control) Total

pI/MM (kDa) Control C12-HSL

184 4.47/33.882 0.409 ± 0.073a NDb
<1.00 10

183 6.27/41.739 0.097 ± 0.016a NDb
<1.00

129 9.52/23.452 0.330 ± 0.079a 0.106 ± 0.027b 0.32

28 6.77/32.188 0.312 ± 0.015a 0.160 ± 0.037b 0.51

41 4.91/38.583 1.805 ± 0.099a 1.061 ± 0.112b 0.59

46 6.73/39.653 2.914 ± 0.118a 1.931 ± 0.147b 0.66

35 4.96/35.910 0.965 ± 0.048a 0.678 ± 0.097b 0.70

42 5.10/38.583 3.992 ± 0.134a 2.909 ± 0.198b 0.73

50 4.03/39.653 7.355 ± 0.407a 5.509 ± 0.538b 0.75

52 3.86/40.475 10.110 ± 0.322a 7.964 ± 0.138b 0.79

37 7.33/36.905 0.059 ± 0.003b 0.079 ± 0.004a 1.34 29

63 5.42/46.910 1.378 ± 0.125b 1.875 ± 0.112a 1.36

77 4.97/58.092 0.575 ± 0.087b 0.843 ± 0.019a 1.47

102 5.21/82.975 0.768 ± 0.069b 1.127 ± 0.126a 1.47

101 5.31/82.975 0.881 ± 0.075b 1.334 ± 0.113a 1.51

84 4.47/65.808 0.353 ± 0.022b 0.555 ± 0.024a 1.57

86 5.09/72.248 0.630 ± 0.061b 1.050 ± 0.097a 1.67

100 5.41/82.975 0.910 ± 0.183b 1.680 ± 0.246a 1.85

164 9.30/51.893 0.028 ± 0.009b 0.055 ± 0.006a 1.99

160 3.84/37.542 0.076 ± 0.003b 0.153 ± 0.024a 2.01

147 5.05/95.991 0.047 ± 0.007b 0.104 ± 0.018a 2.21

117 5.34/28.944 0.096 ± 0.029b 0.216 ± 0.023a 2.25

83 5.07/65.808 0.134 ± 0.013b 0.399 ± 0.035a 2.98

159 5.09/150.199 0.045 ± 0.013b 0.162 ± 0.016a 3.61

180 5.83/35.437 NDb 0.040 ± 0.008a >1.00

175 5.49/62.593 NDb 0.047 ± 0.016a >1.00

174 5.86/62.204 NDb 0.052 ± 0.004a >1.00

178 4.31/35.100 NDb 0.053 ± 0.016a >1.00

172 5.59/62.204 NDb 0.066 ± 0.020a >1.00

171 5.97/62.593 NDb 0.072 ± 0.015a >1.00

181 5.97/35.550 NDb 0.073 ± 0.014a >1.00

176 3.99/43.728 NDb 0.078 ± 0.028a >1.00

173 5.72/62.204 NDb 0.080 ± 0.014a >1.00

168 6.23/40.381 NDb 0.092 ± 0.037a >1.00

179 3.79/35.437 NDb 0.095 ± 0.010a >1.00

170 6.02/40.381 NDb 0.099 ± 0.031a >1.00

182 5.15/40.253 NDb 0.129 ± 0.047a >1.00

177 3.97/34.326 NDb 0.164 ± 0.037a >1.00

169 4.99/37.053 NDb 0.242 ± 0.005a >1.00

Total differentially abundant proteins 39

MM ¼ Molecular Mass; pI ¼ Isoeletric point; Mean ¼ mean of the three biological replicates; SE ¼ Standard Error; ND ¼ not detected.

Average followed by different letters in the same for each spot differ at 5% probability (p < 0.05) by Tukey's test.

< 1.00 or >1.00 indicate that the protein was not detected in one of the conditions.
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Table 2

Identification of differentially abundant proteins by Salmonella Enteritidis PT4 growing for 7 h in the presence of C12-HSL.

No.

Spot

Access

numbera
Identified proteina Protein

namea
Gene

namea
Gene

locusa
Theoreticalb Experimental Peptide mass

fingerprinting (PMF)

Peptide fragment fingerprinting (PFF)

pI/MM (kDa) Score Match Coverage

(%)

Score Match Exclusive

peptide

Coverage

(%)

28 P66541 30S ribosomal protein S2 RpsB rpsB STM0216 6.61/26.741 6.77/32.188 33 12 42 135 3 2 13

35 P64052 Elongation factor Ts Tsf tsf STM0217 5.13/30.338 4.96/35.910 37 9 27 229 4 1 15

41 P02936 Outer membrane protein A OmpA ompA STM1070 5.60/37.491 4.91/38.583 47 18 52 205 3 2 9

42 P02936 Outer membrane protein A OmpA ompA STM1070 5.60/37.491 5.10/38.583 84 15 47 255 4 2 9

46 P0A1P0 Glyceraldehyde-3-phosphate dehydrogenase GapA gapA STM1290 6.33/35.564 6.73/39.653 41 11 38 290 5 2 16

50 P37592 Outer membrane porin protein OmpD OmpD nmpC STM1572 4.66/39.671 4.03/39.653 56 10 32 211 5 2 13

52 P0A263 Outer membrane protein C OmpC ompC STM2267 4.61/41.311 3.86/40.475 35 8 25 440 4 4 14

63 P64076 Enolase Eno eno STM2952 5.25/45.570 5.42/46.910 46 9 26 91 3 1 6

77 Q8ZL56 2,3-bisphosphoglycerate-independent phosphoglycerate

mutase

PmgI or

GpmI

pmgI STM3704 5.05/56.219 4.97/58.092 71 21 50 171 3 2 5

84 P0A249 Phosphoenolpyruvate-protein phosphotransferase PtsI or EI ptsI STM2432 4.75/63.344 4.47/65.808 115 24 40 278 8 2 9

86 P58480 Chaperone protein HtpG HtpG htpG STM0487 5.11/71.457 5.09/72.248 65 22 39 450 6 5 13

100 Q8ZKE3 Arginine decarboxylase Adi adi STM4296 5.24/84.250 5.41/82.975 85 25 38 348 7 4 10

101 Q8ZKE3 Arginine decarboxylase Adi adi STM4296 5.24/84.250 5.31/82.975 90 25 39 262 5 2 7

102 Q8ZKE3 Arginine decarboxylase Adi adi STM4296 5.24/84.250 5.21/82.975 80 18 30 334 8 4 9

129 P62405 50S ribosomal protein L5 RplE rplE STM3428 9.40/20.304 9.52/23.452 102 18 71 392 9 3 38

147 P15434 Phenylalanine-tRNA ligase beta subunit PheT pheT STM1338 5.12/87.226 5.05/95.991 28 16 21 92 2 1 3

169 P66955 Transaldolase TalB talB STM0007 5.10/35.149 4.99/37.053 62 13 47 151 3 1 7

171 P77983 Pyruvate kinase PykF pykF STM1378 5.52/48.622 5.97/62.593 38 11 18 104 3 1 2

173 P77983 Pyruvate kinase PykF pykF STM1378 5.52/48.622 5.72/62.204 36 6 11 117 1 1 2

174 P77983 Pyruvate kinase PykF pykF STM1378 5.52/48.622 5.86/62.204 41 8 19 100 1 1 2

184 P60428 50S ribosomal protein L2 RplB rplB STM3437 10.93/

29.801

4.47/33.882 56 17 50 212 6 2 21

PI/MM ¼ Isoeletric point/Molecular Mass.
a Corresponds to knowledgebase UniProtKB (http://www.uniprot.org/) reference of Salmonella enterica serovar Typhimurium LT2 [96].
b Theoretical pI/MM values for monoisotopic obtained from ExPASy bioinformatics tool “Compute pI/Mw” (http://web.expasy.org/compute_pi/).
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of factors that are crucial for stress resistance, amino acid biosyn-
thesis and directs the cellular energy resources [62,63,65,66].

One way for the cell to obtain energy is by increasing glucose
uptake by the phosphotransferase system (PTS), where the enzyme
I (EI) receives phosphate from phosphoenolpyruvate (PEP) and
then, phosphorylates the histidine protein, HPr. The phosphoryla-
tion cascade continues with the phosphorylation of different do-
mains of the enzyme II (EII) and then, glucose into glucose-6-
phosphate (G6P) [72]. In Salmonella Enteritidis PT4, the presence
of C12-HSL enhanced in 1.57 fold the abundance of PtsI protein
(Phosphoenolpyruvate-protein phosphotransferase) or EI (Phos-
photransferase system, enzyme I) (Fig. 3), suggesting an increase in
the glucose uptake and therefore directing G6P to many metabolic
pathways such as the pentose-phosphate pathway and the glyco-
lytic pathway for amino acid biosynthesis. Nishio et al. [73] showed

that the increased expression of ptsI gene enhanced the uptake rate
and the specific usage of glucose by E. coli.

Interestingly, two proteins that have glyceraldehyde-3-
phosphate (GAP) as a substrate in common in different metabolic
pathways were differentially abundant. TalB (Transaldolase) from
the pentose-phosphate pathway was more abundant in Salmonella

Enteritidis growing in the presence of C12-HSL, while GapA
(Glyceraldehyde-3-phosphate dehydrogenase) from the glycolytic
pathway and related to the oxidation-reduction process was less
abundant (Fig. 3). However, the abundance of the proteins PmgI or
GpmI (2,3-bisphosphoglycerate-independent phosphoglycerate
mutase), Eno (Enolase), and PykF (Pyruvate kinase) all belonging to
the glycolytic pathway, but downstream of GAP, increased in the
presence of C12-HSL (Fig. 3).

In the glycolytic pathway, GAP is transformed by GapA into 1,3-

Fig. 3. Differentially abundant proteins identified and grouped as to the process and function according to Gene Ontology (GO) annotations (European Bioinformatics Institut).

Proteins with enhanced abundance following C12-HSL treatments (p < 0.05 and fold changed > 1.2 as well as > 1.0) are shown in black bars and the proteins which abundance

decreased following C12-HSL treatments (p < 0.05 and fold changed < 0.8 as well as < 1.0) are shown in grey bars.
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bisphospho-D-glycerate (1,3PG), which in turn is transformed into
PEP through the participation of several enzymes including PmgI
(or GpmI) and Eno. Then, two pyruvate kinases, PykA and PykF,
catalyze the conversion of PEP into pyruvate (PYR) coupled to the
synthesis of ATP which is the point of flux control in the glycolytic
pathway. Soni et al. [30] showed that GpmI and TalB were more
abundant in wild-type Salmonella Typhimurium as well as in luxS

mutant cultivated in the presence of AI-2 when compared with the
luxS mutant in the absence of AI-2.

The abundance of outer membrane proteins (OMPs), OmpA
(Outer membrane protein A), OmpC (Outer membrane protein C),
and OmpD (Outer membrane porin protein OmpD) reduced when
Salmonella Enteritidis was cultivated in the presence of C12-HSL
(Fig. 3). The OMPs are involved in the ion transport, adhesion and
invasion ofmacrophages, and are recognized by bacteriophages and
by the immune system. Because of that, this group of proteins is
widely used in the studies for vaccine elaboration [74e79]. Studies
have reported that the level of expression of OMPs is controlled by
membrane and environmental stresses such as nutrient limitation
and concentration of some antibiotics [77,80e82].

The chaperone HtpG (Chaperone protein HtpG or Heat shock
protein HtpG) was 1.67 fold more abundant in the presence of C12-
HSL (Fig. 3). This protein is an hsp90 homologue more abundant in
Salmonella Typhimurium in response to the bactericidal/perme-
ability increasing protein (BPI) from human neutrophils [83], and

the htpG gene was more abundant in Salmonella Typhimurium
following exposure to antimicrobial peptides present in the tonsils,
ileum and/or ileocaecal lymph nodes of pigs [84].

The Adi protein (Arginine decarboxylase) involved in the cellular
amino acid metabolic process was 1.85 fold more abundant in Sal-

monella Enteritidis PT4 in medium supplemented with HSL (Fig. 3).
Thisprotein ispartof the systemof resistance toarginine-dependent
acid stress (AR3) of Salmonella that is activated anaerobically in or-
der to increase intracellular pH, since AdiA or SpeA (Arginine
decarboxylase) decarboxylate L-arginine consuming an intracellular
proton Hþ forming carbon dioxide (CO2) and agmatine [85,86]. Van
Houdt et al. [87] showed that in the presence of 0.5mMC6-HSL, the
gadA promoter (Glutamate decarboxylase A) in E. coli was strongly
upregulated after 8 and 60h of growth in LB broth acidified to pH4.0
(with HCl) at 30 �C. This response is associated with increases in the
acid tolerance dependent on sdiA [87]. Kieboom and Abee [86]
showed that this system is important for the survival of Salmonella

Typhimurium inmineral mediumwith pH 2.5 by adding arginine in
anaerobiosis, inducing an enhancement in the expression of the
gene adiA. Furthermore, this genewas positively controlled by s

S/38

in Salmonella Typhimurium leading to synthesis of polyamines [88].
In addition, the polyamines increased the biofilm formation, stress
resistance and virulence in Salmonella [89e92].

Moreover, the PPI network of these proteins showed a p-value of
1e-09 for enrichment (Fig. 4). This small value indicates that the

Fig. 4. The PPI network in relation to the differentially abundant proteins of Salmonella Enteritidis in the presence of C12-HSL. The boxes with dashed line delimite the proteins of

the same process or with the same functions (written with the same colors of the boxes). (þ), proteins with significantly (p < 0.05 and fold changed > 1.2 as well as > 1.0) increased

abundance rates following C12-HSL treatment; (�), proteins whose abundance was significantly (p < 0.05 and fold changed < 0.8 as well as < 1.0) decreased.
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proteins have more interactions among themselves than what
would be expected for a random set of proteins of similar size as
well as the proteins are at least partially biologically connected as a
group [47].

3.3. HSL changes the levels of organic acids and ethanol of

Salmonella

Although C12-HSL alters the pattern of proteins expression,
especially proteins related to metabolic processes in Salmonella

Enteritidis PT4 growing at 37 �C for 7 h in anaerobic TSB, the levels
of extracellular organic acids and ethanol were not altered in the
same conditions and time cultivation (Table 3). Moreover, consid-
ering that succinic, lactic, acetic, and formic acids were identified in
both conditions, Salmonella Enteritidis PT4 may activate the mixed-
acid pathway fermentation. The organic acids: propionic, valeric,
isovaleric, butyric, and isobutyric acids were not identified in the
samples evaluated.

There was a gradual increase in the concentrations of succinic,
lactic, and acetic acids along the growth of Salmonella (Table 3).
However, the concentration of these acids reached a plateau after
24 h incubation in the presence of C12-HSL. In addition, formic acid
and ethanol concentrations did not follow a regular pattern
throughout time. On the other hand, comparing between the
treatments, only at 36 h of incubation a significantly lower con-
centration of succinic, lactic, and acetic acids were produced in
treatment containing AI-1 in relation to the control without this
signaling molecule. Different to what was observed for the other
extracellular organic acids, the concentration of formic acid had a
pick at 7 h incubation and decreased in later time points. However,
in the control treatment extracellular formic acid was not detected
at 24 h of incubation while for cells treated with C12-HSL, extra-
cellular formic acid reached 20.46 mM (p < 0.05).

Thus, the results show that C12-HSL interferes with energy
metabolism of Salmonella Enteritidis PT4 during its growth and,
consequently, in the extracellular levels of organic acids. These
acids can also be present in the environment as in the mammalian
gastrointestinal tract where they regulate invasion genes [93,94]. In
Salmonella Typhimurium, formic acid enhances the expression of
the regulators hilA and hilD of the Salmonella pathogenicity island 1
(SPI1) that contains genes associated with invasion thereby
enhancing invasion of epithelial cells [94]. Furthermore, Barker
et al. [95] showed that the organic acids, mainly formic acid, protect
E. coli and Salmonella cells in stationary phase from a potent anti-
microbial peptide. It would be interesting to test the infectivity of
Salmonella in vivo in the presence and absence of C12-HSL.

4. Conclusion

The results show that AI-1 changes the abundance of proteins
and the levels of organic acids of Salmonella Enteritidis PT4 in
anaerobic condition. Thus, considering the cultivation period for

extracting the proteins as well as their abundance and function, we
observed a correlation with what is described in the literature for
cells entering into stationary phase, mainly related to nitrogen and
amino acid starvation and, acid stress. In addition, formic acid re-
mains longer in the supernatant of cells growing in the presence of
AHL. However, more studies are needed to determine the specific
role of the differentially abundant proteins and the extracellular
organic acids secreted by Salmonella growing in the presence of
AHL. It is still not clear what is the advantage for Salmonella to
control its proteins and organic acids synthesis through quorum
sensing by exogenous AI-1. However, it is important to know and
understand the effects of AHLs on the physiology of this pathogen
in order to find ways to eliminate it and hence reduce the numbers
of associated foodborne outbreaks.
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Abstract 

Quorum sensing is a communication mechanism among cells that leads to differential 

gene expression in response to changes in population density. Salmonella is unable to 

synthesize the autoinducer-1 (AI-1), N-acyl homoserine lactone (AHL), but is able to 

recognize AHLs produced by other microorganisms through SdiA protein. Our study 

aimed to evaluate the fatty acid and protein profiles of Salmonella enterica serovar 

Enteritidis PT4 578 throughout time of cultivation in the presence and absence of AHL. 

The presence of N-dodecanoyl-homoserine lactone (C12-HSL) altered the fatty acid and 

protein profiles of Salmonella cultivated during 4, 6, 7, 12 and 36 h in anaerobic 

condition. The profiles of Salmonella Enteritidis at logarithmic phase of growth (4 h of 

cultivation), in the presence of C12-HSL, were similar to those of cells at late stationary 

phase (36 h). In addition, these cells have less variation along growth, indicating that 

quorum sensing anticipates a stationary phase response. The presence of C12-HSL 

increased the abundance of thiol proteins such as Tpx, Q7CR42, Q8ZP25, YfgD, AhpC, 

NfsB, YdhD and TrxA, as well as the levels of free cellular thiol after 6 h of cultivation, 

possibly preparing the cells for an oxidative stress response. The LuxS protein of the 

AI-2 quorum sensing mechanism was differentially abundant and may indicate a cross 

response between the communication mechanisms mediated by AI-1 and AI-2 in 

Salmonella, depending on the growth phase. The NfsB protein had its abundance 

increased in the presence of C12-HSL in all the evaluated times, indicating that the cells 
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may be susceptible to the action of nitrofurans or that AHLs present a certain toxicity or 

mutagenicity activity to the cell. 

 
Keywords: acyl homoserine lactone; cyclopropane; oxidation-reduction; sulfhydryl; 

thiol protein. 

 

Author summary 

Salmonella is an enteric pathogen that infects both humans and animals. 

Gastrointestinal diseases of infectious origin caused by the ingestion of food 

contaminated by this pathogen constitute a major public health problem. Quorum 

sensing is a mechanism of communication between cells that leads to differential 

expression of genes in response to changes in population density, mainly genes 

encoding virulence factors. This communication is often mediated by molecules called 

N-acyl homoserine lactone (AHL). Salmonella is unable to synthesize AHLs but able to 

recognize those produced by other bacteria. Our study aimed to evaluate the fatty acids 

and protein profiles of Salmonella enterica serovar Enteritidis PT4 578 throughout time 

of cultivation in the presence and absence of AHL. AHL altered the fatty acids and 

proteins of Salmonella, mimicking conditions of the stationary phase. Thus, the 

presence of AHLs seems to anticipate a stress response to the stationary phase. In 

addition, increased the abundance of thiol proteins and the levels of free cellular thiol 

possibly preparing the cells for an oxidative stress was also related to the presence of 

the AHL. 

 

1. Introduction 

Quorum sensing is a mechanism of inter-cellular communication that leads to 

differential expression of genes in response to changes in population density [1, 2]. In 

the Proteobacteria phylum, a pair of proteins called LuxI (acyl homoserine lactone 
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synthase) and LuxR (transcriptional activator) or homologous proteins are responsible 

for this mechanism. LuxI synthesizes N-acyl homoserine lactones (AHLs) that are also 

called autoinducer-1 (AI-1). In contrast, many Proteobacteria belonging to the 

Enterobacteriaceae family, such as Salmonella and Escherichia coli, do not synthesize 

AHL because they lack LuxI homologues [3-5]. However, a homologue of LuxR, 

known as SdiA, is present and allows the detection of AHLs synthesized by other 

microorganisms such as Aeromonas hydrophila and Yersinia enterocolitica, leading to 

gene regulation [6, 7]. 

According to Atkinson and Williams [8], the absence of AHL synthase in 

Salmonella and E. coli may be related to ecological aspects, since it will avoid the 

transfer of information to other microorganisms present in the medium and there will be 

no energy expenditure with the synthesis of these signalling molecules. However, these 

bacteria are favored by the environmental information provided by others in the 

medium. Thus, what are the real advantages and alterations that quorum sensing 

mediated by AI-1 causes in Salmonella? According to Di Cagno et al. [9], the global 

analyses of the proteome and transcriptome should help to elucidate the influences of 

quorum sensing on the cellular physiology. 

Most of studies have found that the pefI, srgD, srgA, srgB, rck e srgC genes of 

the operon rck (resistant to complement killing) and the rck operon present in plasmids 

and related to the virulence of Salmonella enterica serovar Typhimurium are regulated 

by AHL [3, 5, 10]. Campos-Galvão et al. [11] also showed that the hilA, invA and invF 

genes of the Pathogenicity Islands 1 (SPI-1) of Salmonella enterica serovar Enteritidis 

PT4, and glgC, fliF, lpfA and fimF genes involved in biofilm formation were most 

expressed in the presence of N-dodecanoyl homoserine lactone (C12-AHL). 

Almeida et al. [12] performed global analysis on the influence of AHL on the 

abundance of proteins and the levels of extracellular organic acids of Salmonella 
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Enteritidis. These authors showed that the abundance of the PheT, HtpG, PtsI, TalB, 

PmgI, Eno, PykF and Adi proteins increased and the abundance of the OmpA, OmpC, 

OmpD, GapA, Tsf, RpsB, RplE and RplB proteins decreased at 7 h of cultivation in the 

presence of AI-1, in addition to having changes in consumption of formate. According 

to the authors, these observed changes are correlated with those described in the 

literature as entry into the stationary phase of growth. In other bacteria, this effect was 

confirmed through global analysis during growth, as in the case of the transcriptome 

analysis of Pseudomonas aeruginosa [13] and Burkholderia thailandensis [14], as well 

as the metabolite analysis of Burkholderia glumae, Burkholderia pseudomallei and B. 

thailandensis [15]. 

Knowledge of the changes in overall Salmonella physiology due to the presence 

of AHLs during growth is still virtually unknown. Thus, this work aimed to evaluate 

physiological aspects of Salmonella such as the overall protein profile as well as the 

fatty acid composition of the cells during growth of the organism in the presence and in 

the absence of AHL. This is the first work that carefully examines the effect of AHL 

throughout growth in anaerobic conditions and the first to show that levels of thiol and 

proteins related to the oxidation-reduction stress response are altered by quorum sensing 

in Salmonella. 

 

2. Results and Discussion 

2.1. HSL alters the fatty acid profile of Salmonella throughout time 

The fatty acid profile of Salmonella cells cultivated in the absence and presence 

of C12-HSL was evaluated by gas chromatograph equipped with flame ionization 

detector. The results showed that C12-HSL altered the fatty acid composition of 

Salmonella cultivated during 4, 6, 7, 12 and 36 h in anaerobic TSB, with major changes 

mainly at 4 h of cultivation (Table 1). 
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Table 1. Fatty acid profile of Salmonella Enteritidis PT4 578 anaerobically cultivated in TSB at 37 °C in the presence or absence of C12-
HSL. 

Classification Fatty acids Time (h) 
4  6  7  12  36 

Control C12-HSL  Control C12-HSL  Control C12-HSL  Control C12-HSL  Control C12-HSL 

Saturated 12:00 4.80A 4.72A  4.69AB 4.61AB  4.46C 4.65AB  4.31C 4.38B  4.50BC 4.50AB 
14:00 6.68E 6.85E 

 
9.21D 9.21D 

 
9.82C 10.21C 

 
11.04B 11.46B 

 
11.84A 12.10A 

16:00 35.17D 34.76C 
 

36.28aC 35.66bBC 
 

36.71B 36.68AB 
 

37.72A 37.63A 
 

38.09A 37.87A 
18:00 0.58 0.74 

 
0.50 0.48 

 
0.53a 0.47b 

 
0.47 0.46 

 
0.47 0.47 

19:00 0.49A 0.50 
 

0.52A 0.49 
 

0.44AB 0.48 
 

0.34B 0.41 
 

0.46AB 0.48 

Cyclopropane 17:0 cyclo ɷ7c 15.52aB 14.43bB 
 

16.64AB 17.18A 
 

16.87A 16.86A 
 

17.40A 16.89A 
 

16.38AB 16.22A 
19:0 cyclo ɷ8c 11.21aC 9.42bB 

 
15.18B 15.45A 

 
16.74A 15.88A 

 
16.87A 16.34A 

 
14.47B 14.54A 

Monounsaturated 16:1 ɷ6c/16:1 ɷ7c 2.87bA 3.56aA 
 

0.80B 0.82B 
 

0.75B 0.70B 
 

0.53B 0.57B 
 

0.77B 0.70B 
17:1 ɷ7c 0.00C 0.00B 

 
0.31aA 0.26bA 

 
0.24B 0.30A 

 
0.23B 0.27A 

 
0.28AB 0.30A 

18:1 ɷ6c/18:1 ɷ7c 12.28bA 14.93aA 
 

3.10B 3.31B 
 

2.21C 2.30C 
 

1.39D 1.47D 
 

1.27D 1.23D 
18:1 ɷ7c 11-methyl 0.76AB 0.71 

 
0.93A 0.83 

 
0.76AB 0.84 

 
0.57B 0.69 

 
0.83A 0.86 

Polyunsaturated 20:2 ɷ6,9c 0.58 0.50 
 

0.84 0.71 
 

0.58 0.69 
 

0.75 0.57 
 

0.69 0.67 
Hydroxy 18:1 2OH 0.00C 0.00B 

 
0.35A 0.31A 

 
0.24AB 0.27A 

 
0.20B 0.24A 

 
0.29AB 0.30A 

Unresolved 14:0 3OH/16:1 iso I 8.05BC 7.97BC 
 

9.51A 9.67A 
 

8.74AB 8.68B 
 

7.41bC 7.70aC 
 

8.58B 8.66BC 

18:0 anteiso/18:2 ɷ6,9c 1.01A 0.91  0.89AB 0.78  0.70B 0.77  0.60B 0.71  0.86AB 0.85 
19:1 ɷ6c/19:1 ɷ7c/19:0 cyclo 0.00C 0.00B 

 
0.26A 0.22A 

 
0.21AB 0.23A 

 
0.18B 0.21A 

 
0.21AB 0.24A 

The comparisons can be drawn between treatments or throughout time. Average followed by different lower case letters in the same line (between treatments at the same time) and followed by 
different capital letters in the columns (throughout time for each treatment, separately) differs at 5% probability (p < 0.05) by Tukey's test. Where a letter is not shown, no statistical difference 
between samples was observed; 
Main results discussed in the text are shown in bold. 
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The concentration of the fatty acids 19:00 and 18:1 ɷ7c 11-methyl, as well as, 

an unresolved mixture of the 18:0 anteiso/18:2 ɷ6,9c did not change throughout the 

time in the presence of C12-HSL, while such differences were observed in the control 

samples (Table 1). Also, after 6 h of cultivation, there was no difference in the 

concentration of the fatty acids 17:0 cyclo ɷ7c, 19:0 cyclo ɷ8c, 17:1 ɷ7c and 18:1 

2OH, as well as, an unresolved mixture of the 19:1 ɷ6c/19:1 ɷ7c/19:0 cyclo in the 

treatment with C12-HSL (Table 1). Interestingly, the maintenance of the cyclopropane 

fatty acids 17:0 cyclo ɷ7c and 19:0 cyclo ɷ8c could indicate that the cells are prepared 

for a possible stress condition. It is noteworthy that the cyclopropane fatty acids 17:0 

cyclo and 19:0 cyclo are formed by transmethylation of cis monounsaturated fatty acids 

16:1 ɷ7c and 18:1 ɷ7c, respectively, when the cell enters in stationary phase [16]. This 

modification helps in reducing the impact of environment stresses such as starvation, 

heavy metal addition, organic compound toxicity and increased temperature on 

membrane fluidity [17-21]. An example of the effect of fatty acids modification on 

bacterial cell membrane related to stress condition was presented by Guckert et al. [19] 

who observed an increase in the proportions of cyclopropane fatty acids during nutrient 

deprivation stress in Vibrio cholerae. 

The Principal Component Analysis (PCA) allowed to evaluate the quality of the 

triplicates and to understand the global difference of levels and types of fatty acids 

among samples stimulated by C12-HSL and the controls (Fig 1). The variation between 

the replicates was lower than the variation between times, indicating that saponification, 

methylation, extraction and analysis of fatty acids by gas chromatography were 

adequate (Fig 1). 
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Fig 1. PCA analysis of fatty acids from Salmonella Enteritidis PT4 578 
anaerobically cultivated in TSB at 37 °C in the presence or absence of C12-HSL. 
PCA of the percentages of the triplicates of fatty acid profile of Salmonella with control 
(filled triangle) and C12-HSL (filled circle) treatment. The colors represent the times 4 
h (red), 6 h (blue), 7 h (green), 12 h (orange) and 36 h (black) for each triplicate 
individually. 

 
The PCA analysis also showed that there was a high dispersion between of the 

global profile of fatty acids identified in Salmonella for the control and treatment with 

C12-HSL, in all times under analysis. However, the dispersion tended to reduce over 

time of growth as can be observed on Fig 1. On the other hand, the fatty acids identified 

in Salmonella in the presence of C12-HSL tended to be less dispersed throughout the 

growth than in the absence of the quorum sensing molecule (Fig 1). Thus, the cells in 

the logarithmic (4 h) and stationary (36 h) phases of growth had the fatty acid profile 

more similar in the presence of AI-1, indicating that they might be more prepared for 

possible stress early on during growth in the presence of the signaling molecule, but 

even more so during the stationary phase. This behavior suggests that quorum sensing 

in Salmonella induces an early profile of fatty acids which is typical of stationary phase 

of growth, even in situations where the cell density is low. According to Schuster et al. 

[22], this early preparation of the cells has a high cost of fitness, but leads to more 

resistance should a stress condition arrive. 

Another observation that can be extracted from the data is that the fatty acid 

composition of Salmonella cells growing in the presence of C12-HSL for 4 h is quite 
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similar to cells cultured in the absence of this autoinducer after 7 h of cultivation (Fig 

1). At this time of cultivation (7 h), these cells are already in the stationary phase of 

growth and prepared to support stressful conditions (results not shown). 

 

2.2. HSL alters the protein profile of Salmonella throughout the time 

The protein profile of Salmonella cells cultivated either in the absence or in the 

presence of C12-HSL was evaluated by UPLC coupled with a Q-Tof (UPLC-Q-Tof or 

LC-MS). Similarly to what has been observed in fatty acids composition analysis, the 

presence of C12-HSL altered the protein profile of Salmonella during growth in TSB 

under anaerobic conditions (Fig 2). 

The PCA of the proteomic data showed that the variation among replicates was 

much lower than the variation among times, indicating that the extraction, 

quantification, trypsin digestion and analysis by UPLC-Q-Tof of the proteins were 

suitable for a proper comparison (Fig 2A). The PCA analysis showed a similar 

dispersion of the profile to that one observed with the fatty acid analysis, which 

indicates a higher dispersion of the proteins in the control group compared to the 

treatment with C12-HSL in all the evaluated times (Fig 2A). The identified proteins of 

Salmonella in the presence of C12-HSL tended to be less dispersed throughout growth 

than in the absence of the quorum sensing molecule (Fig 2A). Moreover, a heatmap 

prepared by using the logarithm of average normalized of total ion current (TIC) values 

of the triplicates of each protein showed, in a global way, changes in the relative levels 

of each protein of Salmonella over time of growth forming two major clades (Fig 2B). 

The figure shows that the protein profile of Salmonella cultivated in the absence of 

C12-HSL for 4 h presented more variations and, this observation was confirmed by the 

dendrogram which resulted from cluster analysis by agglomerative hierarchical methods 

(Fig 2C). 
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Fig 2. PCA, heatmap and dendrogram analyses of proteis from Salmonella 
Enteritidis PT4 578 anaerobically cultivated in TSB at 37 °C in the presence or 
absence of C12-HSL. (A) PCA of the logarithm of normalized TIC values of the 
triplicates of protein profile with control (filled triangle) and C12-HSL (filled circle) 
treatment. The colors represent the times 4 h (red), 6 h (blue), 7 h (green), 12 h (orange) 
and 36 h (black) for each triplicate individually. (B) Heatmap of the logarithm of 
average normalized TIC values of the triplicates for each protein identified. Each row 
corresponds to a unique protein, and each column the average of the triplicate values. 
The color scale ranges from low abundance (light blue) to high abundance (dark blue). 
(C) Dendrogram of the logarithm of average normalized TIC values of the triplicates for 
each protein identified. The height of the arms is proportional to the difference in the 
abundance profile of the proteins. 
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Interestingly, the PCA, the heatmap and the dendrogram analyses together 

showed that the addition of C12-HSL at the beginning of Salmonella growth resulted in 

smaller protein profile variations over time of growth when compared with the control. 

These results indicate that the AI-1 regulates proteins which usually have their 

abundance influenced by the growth phase in this pathogen. Thus, the fatty acid and the 

protein profiles presented the same behavior indicating that AI-1 molecule anticipates a 

stationary phase response. These results corroborate with our previous observation 

under identical conditions, in which the differentially abundant proteins and organic 

acids of Salmonella cultivated for 7 h in the presence of C12-HSL correlated with what 

has been described in the literature as entry into the stationary phase of growth, mainly 

in relation to nitrogen and amino acid starvation as well as acid stress [12]. Schuster et 

al. [13] showed that genes with expression influenced by the growth phase in 

Pseudomonas aeruginosa were repressed by quorum sensing during the late logarithmic 

and stationary phases. Goo et al. [15] showed that quorum sensing anticipates and 

influences the survival to the stress of the stationary phase of B. glumae, B. 

pseudomallei and B. thailandensis. In addition, the genes involved in transcription and 

translation of B. pseudomallei in stationary phase were co-regulated by RpoS protein 

(RNA polymerase sigma factor) and quorum sensing [23]. 

The statistical analyses of the identified proteins of Salmonella cultivated in the 

absence and presence of C12-HSL for 4, 6, 7, 12 and 36 h in anaerobic TSB are shown 

in Table 2 and S1 Table (Supporting information). 
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Table 2. Statistical analysis of proteins identified from Salmonella Enteritidis PT4 578 anaerobically cultivated in TSB at 37 °C in the 
presence or absence of C12-HSL. 

Protein Protein name Gene Process Time (h) 

    4  6  7  12  36 

    Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p 

ATP synthase subunit delta Q7CPE5 atpH Biosynthetic -11.566 1.060  8.687 3.470  1.157 2.760  ND ND  ND ND 
Acetyl-CoA carboxylase, BCCP subunit Q7CPM1 accB Biosynthetic 2.049 0.841  ND ND  -10.547 1.542  ND ND  -1.505 1.241 

Acyl carrier protein P0A6B1 acpP Biosynthetic 1.930 1.139  -0.409 0.737  -0.439 0.714  -0.277 1.882  -0.452 1.297 

ATP synthase subunit beta Q7CPE2 atpD Biosynthetic ND ND  ND ND  -7.974 1.357  ND ND  ND ND 

Cell division protein FtsZ Q8ZRU0 ftsZ Cell division ND ND  ND ND  -7.378 1.542  8.561 1.296  ND ND 

Cell division protein ZapB Q8ZKP1 zapB Cell division -9.554 2.451  10.650 2.037  -0.305 0.317  -0.300 0.554  0.912 1.133 

Protein phosphatase CheZ P07800 cheZ Chemotaxis -8.243 4.181  2.733 0.940  3.359 0.506  0.029 0.023  9.365 1.026 

Aspartate ammonia-lyase Q7CPA1 aspA Metabolic process ND ND  ND ND  6.377 1.508  ND ND  ND ND 

Arginine decarboxylase Q8ZKE3 adi Metabolic process ND ND  ND ND  ND ND  ND ND  -8.168 1.714 

Shikimate kinase 1 P63601 aroK Metabolic process -10.245 2.324  7.418 1.665  0.677 0.288  1.517 1.882  ND ND 

2-iminobutanoate/2-iminopropanoate deaminase Q7CP78 ridA Metabolic process 2.789 1.273  -3.083 3.151  -0.235 0.865  -2.437 0.866  -0.781 1.249 

Autonomous glycyl radical cofactor Q7CQ05 grcA Metabolic process 0.816 1.306  0.940 2.063  0.511 1.542  0.072 0.162  -0.513 1.714 

Pyruvate formate lyase I, induced anaerobically Q7CQU1 pflB Metabolic process ND ND  11.573 0.825  -0.159 1.542  ND ND  ND ND 

Lactoylglutathione lyase P0A1Q2 gloA Metabolic process -6.833 0.914  ND ND  ND ND  ND ND  ND ND 

Enolase P64076 eno Metabolic process -1.074 1.640  -0.551 0.328  -0.417 0.506  1.104 0.668  0.180 0.140 

Glyceraldehyde-3-phosphate dehydrogenase P0A1P0 gapA Metabolic process ND ND  ND ND  ND ND  9.405 1.107  ND ND 

Phosphoglycerate kinase P65702 pgk Metabolic process -0.310 0.812  0.108 0.113  0.746 1.988  -0.487 1.719  0.562 1.987 

Triosephosphate isomerase Q8ZKP7 tpiA Metabolic process -11.938 2.806  -11.340 2.011  -0.216 0.169  8.235 0.996  ND ND 

Adenylate kinase P0A1V4 adk Metabolic process 0.221 0.329  1.820 1.810  0.091 0.215  -0.451 1.037  -1.271 1.260 

Deoxyribose-phosphate aldolase Q8ZJV8 deoC Metabolic process -7.031 0.839  ND ND  -0.630 0.925  ND ND  7.796 0.767 

Pyrimidine/purine nucleoside phosphorylase Q8ZRE7 ppnP Metabolic process ND ND  ND ND  ND ND  8.356 1.530  ND ND 

Acetate kinase P63411 ackA Metabolic process -8.530 2.435  9.037 2.391  0.800 0.511  8.469 1.882  ND ND 

Ribose-5-phosphate isomerase A P66692 rpiA Metabolic process -8.886 3.352  ND ND  0.426 0.481  ND ND  -0.871 1.020 

6,7-dimethyl-8-ribityllumazine synthase P66038 ribH Metabolic process -10.296 2.100  8.466 2.208  -0.989 0.842  -0.515 1.415  9.901 1.243 

Flagellar hook protein FlgE P0A1J1 flgE Motility ND ND  ND ND  -8.339 1.048  ND ND  -6.615 1.054 

Flagellar hook-associated protein 3 P16326 flgL Motility -6.794 1.152  ND ND  ND ND  ND ND  ND ND 

Flagella synthesis protein FlgN P0A1J7 flgN Motility -9.157 1.970  ND ND  -0.528 0.735  -0.138 0.125  8.395 4.679 

Flagellar hook-associated protein 2 B5R7H2 fliD Motility ND ND  ND ND  7.292 2.329  ND ND  ND ND 

Flagellin B5R7H3 fljB Motility 0.012 0.034  -0.297 1.298  0.179 1.542  -0.076 0.940  0.316 1.016 
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Table 2. Continuation. 
Protein Protein name Gene Process Time (h) 

    4  6  7  12  36 

    Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p 

[2FE-2S] ferredoxin Q7CQ13 fdx Oxidation-reduction -0.511 0.404  ND ND  10.435 2.995  1.162 1.696  -8.019 1.577 

Flavodoxin 1 Q8ZQX1 fldA Oxidation-reduction ND ND  ND ND  ND ND  9.103 1.504  9.307 1.054 

Glutaredoxin 1 P0A1P8 grxA Oxidation-reduction ND ND  10.883 0.737  ND ND  ND ND  -0.839 0.547 

Glutaredoxin 3 Q7CPH7 grxC Oxidation-reduction ND ND  ND ND  ND ND  ND ND  8.107 1.078 

Hydrogenase-3, iron-sulfur subunit Q7CPY1 hycB Oxidation-reduction -7.993 1.393  ND ND  ND ND  ND ND  ND ND 

Protease involved in processing C-terminal end of HycE Q8ZMJ3 hycI Oxidation-reduction ND ND  ND ND  0.469 0.605  -1.598 1.076  0.655 0.668 

Glutaredoxin Q7CQK9 ydhD Oxidation-reduction -1.224 0.976  9.653 1.513  -0.180 1.357  1.196 1.179  -0.311 1.054 

Alkyl hydroperoxide reductase subunit C P0A251 ahpC Oxidation-reduction -0.080 0.233  0.592 1.393  -0.625 1.154  0.305 0.488  -0.400 0.430 

Thioredoxin dependent thiol peroxidase Q7CQ23 bcp Oxidation-reduction ND ND  ND ND  ND ND  ND ND  8.506 1.054 

Thiol:disulfide interchange protein DsbC P55890 dsbC Oxidation-reduction ND ND  -8.491 0.940  ND ND  ND ND  ND ND 

Oxygen-insensitive NAD(P)H nitroreductase P15888 nfsB Oxidation-reduction 8.325 4.181  9.274 1.111  0.590 1.542  9.311 1.719  1.708 2.151 

Superoxide dismutase [Fe] P0A2F4 sodB Oxidation-reduction ND ND  ND ND  1.417 1.979  -1.254 0.738  ND ND 

Superoxide dismutase [Cu-Zn] 1 P0CW86 sodC1 Oxidation-reduction 11.567 2.324  0.060 0.082  -0.093 0.098  0.866 1.107  0.151 0.747 

Putative thiol-alkyl hydroperoxide reductase Q7CR42 STM0402 Oxidation-reduction -0.931 3.817  1.287 1.810  -0.538 1.542  -0.294 0.689  -0.746 0.767 

Putative thiol-disulfide isomerase and thioredoxin Q8ZP25 STM1790 Oxidation-reduction -9.429 1.436  10.287 2.011  0.629 2.192  1.026 1.719  -0.532 1.000 

Probable thiol peroxidase Q8ZP65 tpx Oxidation-reduction -9.378 1.761  1.394 1.606  0.131 0.434  0.191 0.911  0.295 0.968 

Thioredoxin 1 P0AA28 trxA Oxidation-reduction 0.284 0.274  -0.518 0.812  0.792 1.542  -1.247 1.525  -0.567 1.836 

Arsenate reductase Q8ZN68 yfgD Oxidation-reduction -9.881 1.761  9.480 1.565  -0.553 1.154  -0.854 1.152  -0.491 0.668 

Fimbrial protein P12061 sefA Pathogenesis 1.178 3.123  -0.109 0.677  -0.236 3.658  -0.321 1.359  -0.228 0.747 

Non-specific acid phosphatase P26976 phoN Pathogenesis ND ND  -9.715 2.323  ND ND  ND ND  ND ND 

Major outer membrane lipoprotein 1 Q7CQN4 lpp1 Pathogenesis ND ND  -8.366 1.046  ND ND  ND ND  ND ND 

Ecotin Q8ZNH4 eco Pathogenesis 1.515 1.561  10.403 1.629  0.246 3.740  -0.399 0.571  1.421 3.339 

Peptidyl-prolyl cis-trans isomerase Q8ZLL6 fkpA Protein folding 1.695 2.381  0.213 1.810  -0.265 1.501  0.945 1.415  -0.773 1.304 

Peptidyl-prolyl cis-trans isomerase Q8XFG8 ppiB Protein folding -8.726 2.358  7.501 1.665  ND ND  ND ND  ND ND 

Peptidyl-prolyl cis-trans isomerase Q8ZLL4 slyD Protein folding 0.401 1.152  1.340 1.072  0.691 1.542  0.560 0.883  -0.362 0.404 

Trigger factor P66932 tig Protein folding -1.402 1.238  0.665 0.451  0.708 1.105  -0.426 1.485  -0.730 1.971 

Chaperone protein DnaK Q56073 dnaK Protein folding -2.246 1.390  0.407 0.928  -0.040 0.142  0.166 0.289  -0.627 0.809 

60 kDa chaperonin P0A1D3 groL Protein folding 0.758 0.661  -0.350 0.139  2.690 4.349  -1.241 0.765  -0.108 0.067 

10 kDa chaperonin P0A1D5 groS Protein folding 0.969 1.188  0.433 0.865  0.037 0.178  0.076 0.585  0.182 1.840 

Protein GrpE Q7CPZ4 grpE Protein folding -9.471 1.122  7.826 0.799  8.528 0.842  ND ND  -1.209 1.972 

Small heat shock protein IbpA Q7CPF1 ibpA Protein folding ND ND  ND ND  ND ND  ND ND  -7.675 1.054 

Chaperone protein Skp P0A1Z2 skp Protein folding ND ND  ND ND  -10.241 1.299  9.656 0.990  ND ND 

Chaperone SurA Q7CR87 surA Protein folding -7.111 2.324  ND ND  ND ND  ND ND  ND ND 
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Table 2. Continuation. 
Protein Protein name Gene Process Time (h) 

    4  6  7  12  36 

    Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p 

Iron-sulfur cluster insertion protein ErpA Q7CR66 erpA Protein maturation ND ND  -7.504 1.598  ND ND  ND ND  ND ND 

Fe/S biogenesis protein NfuA Q8ZLI7 nfuA Protein maturation 2.317 1.761  0.908 0.593  -0.996 1.048  -1.033 1.106  -0.700 0.767 

Iron-sulfur cluster assembly scaffold protein IscU Q7CQ11 nifU Protein maturation 9.913 1.176  -1.624 1.512  -8.446 1.151  9.074 1.271  ND ND 

S-ribosylhomocysteine lyase Q9L4T0 luxS Quorum sensing -0.240 0.614  11.588 1.665  0.421 0.914  0.761 1.076  0.039 0.097 

Single-stranded DNA-binding protein 1 P0A2F6 ssb Response to stress -7.772 1.761  ND ND  8.250 1.368  ND ND  ND ND 

UPF0234 protein YajQ Q8ZRC9 yajQ Response to stress -7.420 2.808  8.948 0.625  ND ND  ND ND  ND ND 

Universal stress protein G P67093 uspG Response to stress ND ND  9.407 2.079  0.013 0.039  1.175 1.107  0.198 1.026 

Putative outer membrane protein Q7CPS4 ygiW Response to stress ND ND  6.498 1.320  -7.298 2.011  -6.702 1.296  ND ND 

Putative molecular chaperone (Small heat shock 
protein) 

Q8ZPY6 STM1251 Response to stress ND ND  ND ND  ND ND  9.601 1.882  0.157 0.078 

RNA polymerase-binding transcription factor DksA P0A1G5 dksA Transcription ND ND  ND ND  7.810 2.307  8.954 0.727  -7.468 2.038 

Cold shock-like protein CspC P0A9Y9 cspC Transcription 11.820 1.185  0.813 0.987  2.846 2.329  -1.023 0.571  -0.194 0.767 

RNA chaperone, negative regulator of cspA 
transcription 

Q7CQZ5 cspE Transcription ND ND  -8.997 1.858  ND ND  ND ND  -8.747 1.840 

Transcriptional repressor of emrAB operon Q7CPY9 emrR Transcription -7.967 1.060  7.639 2.079  7.947 1.745  7.095 1.485  ND ND 

Transcriptional repressor of iron-responsive genes (Fur 
family) (Ferric uptake regulator) 

Q7CQY3 fur Transcription 0.175 0.574  8.426 1.998  -0.134 0.248  0.544 1.076  0.459 0.253 

Transcription elongation factor GreA P64281 greA Transcription -1.164 1.352  10.895 1.810  -0.544 0.776  -0.501 1.754  0.006 0.011 

DNA-binding protein H-NS P0A1S2 hns Transcription -3.346 2.381  -1.089 0.898  0.174 0.248  0.042 0.022  -0.278 0.809 

DNA-binding protein HU-alpha P0A1R6 hupA Transcription 1.714 2.363  0.140 0.593  0.646 1.729  0.940 0.990  -0.633 1.826 

Virulence transcriptional regulatory protein PhoP P0DM78 phoP Transcription -10.751 1.390  8.923 1.046  0.758 2.854  0.030 0.019  0.955 5.924 

Regulator of nucleoside diphosphate kinase Q7CQZ7 rnk Transcription -7.467 2.747  ND ND  -0.012 0.019  -6.467 1.037  ND ND 

DNA-directed RNA polymerase subunit alpha P0A7Z7 rpoA Transcription -0.255 2.435  2.402 1.998  -0.135 0.851  -1.706 0.561  -1.425 1.297 

DNA-directed RNA polymerase subunit omega P0A803 rpoZ Transcription -1.482 1.796  8.487 1.998  -1.524 2.995  0.738 0.554  -0.963 2.151 

DNA-binding protein B5RBI8 SG2019 Transcription -7.989 2.381  ND ND  6.415 2.307  0.535 0.328  ND ND 

Transcriptional regulator SlyA P40676 slyA Transcription ND ND  ND ND  -0.341 0.142  -8.648 1.327  -2.417 1.026 

DNA-binding protein StpA P0A1S4 stpA Transcription 0.152 0.125  ND ND  ND ND  8.362 3.372  ND ND 

Nucleoid-associated protein YbaB P0A8B8 ybaB Transcription 0.454 0.416  0.312 0.255  -0.286 0.349  -9.610 1.037  -0.817 1.249 

Transcription modulator YdgT Q7CQK5 ydgT Transcription -9.106 2.324  ND ND  ND ND  ND ND  ND ND 

Inorganic pyrophosphatase P65748 ppa Transcription -10.551 1.376  -2.442 0.737  0.540 0.598  0.730 0.480  -0.911 2.335 

Modulator of Rho-dependent transcription termination Q8ZRN4 rof Transcription ND ND  ND ND  0.720 1.072  -0.815 0.616  -0.751 0.981 

Regulator of ribonuclease activity A P67651 rraA Transcription ND ND  ND ND  7.518 2.329  ND ND  ND ND 

Stringent starvation protein B Q7CPN4 sspB Transcription ND ND  ND ND  7.192 2.063  ND ND  ND ND 
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Table 2. Continuation. 
Protein Protein name Gene Process Time (h) 

    4  6  7  12  36 

    Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p 

Peptide deformylase Q8ZLM7 def Translation -8.092 2.806  ND ND  -8.530 1.503  -8.086 1.719  ND ND 

Ribosome recycling factor P66738 rrf or frr Translation -2.277 3.208  0.989 1.558  0.444 0.506  1.071 1.330  0.602 1.026 

Stationary-phase-induced ribosome-associated protein Q7CQJ0 sra Translation ND ND  -9.400 2.414  -9.252 1.151  0.305 0.238  -2.258 1.840 

Ribosome associated factor Q7CQ00 yfiA Translation ND ND  -7.943 2.079  ND ND  -8.664 2.295  -9.657 1.387 

Translation initiation factor IF-1 P69226 infA Translation ND ND  ND ND  8.689 0.617  7.127 1.719  ND ND 

Translation initiation factor IF-3 P33321 infC Translation -10.818 1.790  8.352 1.512  ND ND  -7.574 1.754  -7.938 2.417 

50S ribosomal protein L1 P0A2A3 rplA Translation -0.903 1.148  -8.794 2.134  9.181 1.039  ND ND  ND ND 

50S ribosomal protein L3 P60446 rplC Translation 9.334 2.324  ND ND  ND ND  ND ND  ND ND 

50S ribosomal protein L6 P66313 rplF Translation 0.593 1.957  -0.186 0.328  ND ND  7.572 0.841  -9.383 1.241 

50S ribosomal protein L9 Q8ZK80 rplI Translation 0.306 2.454  -0.381 1.665  0.147 0.183  -0.995 1.359  -0.361 1.026 

50S ribosomal protein L10 P0A297 rplJ Translation -0.425 0.870  9.051 2.011  0.557 0.637  1.216 1.396  9.329 1.220 

50S ribosomal protein L11 P0A7K0 rplK Translation 0.564 1.152  -9.100 1.288  9.783 0.846  ND ND  -8.354 1.971 

50S ribosomal protein L7/L12 P0A299 rplL Translation 1.043 1.148  0.832 1.665  0.408 0.615  -1.167 0.990  0.692 0.668 

50S ribosomal protein L15 P66073 rplO Translation -10.938 4.151  ND ND  ND ND  ND ND  ND ND 

50S ribosomal protein L17 Q7CPL7 rplQ Translation -0.782 1.990  3.526 4.757  0.467 0.466  9.427 0.677  -0.123 0.055 

50S ribosomal protein L18 Q7CPL6 rplR Translation 1.375 2.324  ND ND  -0.275 0.235  9.705 1.182  ND ND 

50S ribosomal protein L19 P0A2A1 rplS Translation -0.533 0.420  ND ND  ND ND  10.169 0.909  ND ND 

50S ribosomal protein L24 P60626 rplX Translation -0.441 0.873  11.243 3.470  1.216 0.773  -0.730 1.107  0.442 0.305 

50S ribosomal protein L25 Q7CQ71 rplY Translation -0.776 1.230  7.944 1.598  0.984 1.542  0.793 0.382  -0.605 0.707 

50S ribosomal protein L28 P0A2A5 rpmB Translation -1.746 2.358  9.704 1.095  0.537 0.297  8.210 1.025  ND ND 

50S ribosomal protein L29 P66170 rpmC Translation -1.525 1.640  8.702 1.677  1.191 0.481  -0.900 2.043  0.539 0.280 

50S ribosomal protein L30 P0A2A7 rpmD Translation ND ND  ND ND  ND ND  ND ND  -9.619 2.532 

50S ribosomal protein L31 P66191 rpmE Translation ND ND  ND ND  ND ND  10.159 1.074  ND ND 

50S ribosomal protein L33 P0A7P2 rpmG Translation ND ND  8.313 2.037  ND ND  7.849 1.076  ND ND 

50S ribosomal protein L34 P0A7P8 rpmH Translation -7.903 2.324  ND ND  ND ND  9.446 1.053  ND ND 

30S ribosomal protein S1 Q7CQT9 rpsA Translation -3.033 4.181  ND ND  1.901 1.525  -1.215 0.505  ND ND 

30S ribosomal protein S2 P66541 rpsB Translation -7.096 1.761  ND ND  ND ND  ND ND  ND ND 

30S ribosomal protein S4 O54297 rpsD Translation -0.643 0.937  ND ND  ND ND  8.864 0.990  ND ND 

30S ribosomal protein S5 P0A7W4 rpsE Translation -1.050 0.941  -8.356 1.776  ND ND  ND ND  ND ND 

30S ribosomal protein S6 P66593 rpsF Translation -9.552 1.680  6.762 1.521  0.510 0.344  ND ND  ND ND 

30S ribosomal protein S7 P0A2B3 rpsG Translation -0.345 1.761  ND ND  -0.539 0.666  ND ND  ND ND 

30S ribosomal protein S8 P0A7X0 rpsH Translation -1.382 2.297  2.600 2.902  0.735 1.542  0.112 0.285  -2.163 2.532 

30S ribosomal protein S10 P67904 rpsJ Translation 0.303 0.245  -0.520 0.495  0.125 0.142  -1.227 0.585  ND ND 
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Table 2. Continuation. 
Protein Protein name Gene Process Time (h) 

    4  6  7  12  36 

    Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p 

30S ribosomal protein S11 O54296 rpsK Translation 1.423 1.139  ND ND  ND ND  ND ND  ND ND 

30S ribosomal protein S13 Q8ZLM1 rpsM Translation 0.283 0.242  ND ND  ND ND  ND ND  ND ND 

30S ribosomal protein S14 P66409 rpsN Translation -0.353 0.568  7.881 1.810  -0.451 2.036  2.427 0.990  ND ND 

30S ribosomal protein S18 Q8ZK81 rpsR Translation -12.161 2.208  ND ND  ND ND  ND ND  ND ND 

30S ribosomal protein S19 P66491 rpsS Translation 0.149 0.404  ND ND  ND ND  ND ND  ND ND 

30S ribosomal protein S20 P0A2B1 rpsT Translation 1.295 4.181  1.915 1.348  0.834 1.072  1.105 0.776  -1.148 1.054 

Elongation factor P P64036 efp Translation -9.275 1.432  ND ND  ND ND  ND ND  ND ND 

Elongation factor Ts P64052 tsf Translation -0.212 0.451  1.346 1.596  0.609 1.154  -0.872 1.754  -2.134 2.151 

Elongation factor Tu P0A1H5 tufA Translation -3.968 1.957  2.390 2.077  -0.543 0.598  -0.425 0.147  -0.140 0.096 

Histidine-binding periplasmic protein P02910 hisJ Transport -9.017 1.957  -1.073 0.737  -0.934 0.522  9.351 1.331  0.646 0.920 

PTS system glucose-specific EIIA component P0A283 crr Transport -0.304 0.841  -2.267 3.151  -1.073 1.822  -0.399 1.485  0.063 0.257 

Multiphosphoryl transfer protein P17127 fruB Transport ND ND  -7.368 1.542  ND ND  ND ND  ND ND 

Phosphocarrier protein HPr P0AA07 ptsH Transport 8.437 1.230  7.848 3.151  0.504 0.481  1.948 0.711  -9.520 0.737 

Glutamine high-affinity transporter Q7CQW0 glnH Transport ND ND  ND ND  ND ND  -7.105 1.102  ND ND 

Ferritin Q8ZNU4 ftn Transport -10.668 2.044  9.884 2.902  1.148 0.945  ND ND  10.071 1.054 

Protein-export protein SecB Q7CPH8 secB Transport -7.460 1.409  10.905 1.252  ND ND  ND ND  ND ND 

Outer membrane protein A P02936 ompA Transport 1.039 2.044  0.063 0.113  -0.312 0.482  0.140 0.207  0.693 1.987 

Outer membrane channel Q8ZLZ4 tolC Transport ND ND  ND ND  10.139 0.594  ND ND  -0.744 0.767 

BssS protein family A0A1V9AFN8 ABA47_0691 Unclassified -8.706 2.381  ND ND  0.807 0.663  0.364 0.253  ND ND 

Uncharacterized protein A0A1F2JWR0 HMPREF 
3126_08675 

Unclassified ND ND  ND ND  ND ND  -9.642 1.719  ND ND 

Uncharacterized protein A0A1R2IBX3 R567_04560 Unclassified ND ND  ND ND  8.671 0.842  ND ND  -7.007 0.967 

Uncharacterized protein B5RBG9 SG1997 Unclassified -7.908 1.098  -9.302 1.665  ND ND  7.916 0.779  ND ND 

Putative periplasmic protein Q8ZPY8 STM1249 Unclassified ND ND  ND ND  1.332 1.094  7.565 1.882  9.917 1.431 

UPF0253 protein YaeP P67551 yaeP Unclassified ND ND  ND ND  8.765 1.985  ND ND  ND ND 

Putative cytoplasmic protein Q8ZQ41 yccJ Unclassified ND ND  ND ND  9.189 0.663  9.850 1.719  -9.249 2.067 

Uncharacterized protein Q7CQR0 ycfF Unclassified ND ND  ND ND  ND ND  7.127 1.107  ND ND 

Putative cytoplasmic protein Q7CQJ6 ydfZ Unclassified -1.164 1.244  0.884 2.134  0.262 2.329  -0.047 0.221  -0.048 0.063 

Putative cytoplasmic protein Q7CQB7 yecF Unclassified -9.069 0.706  ND ND  ND ND  ND ND  6.772 1.342 

UPF0265 protein YeeX P67605 yeeX Unclassified -12.867 2.813  10.455 1.629  1.293 0.890  -0.540 0.696  8.884 1.714 

Putative cytoplasmic protein Q7CQ33 yfcZ Unclassified 1.467 1.409  -0.175 0.344  0.415 1.314  -0.656 1.562  0.010 0.029 
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Table 2. Continuation. 
Protein Protein name Gene Process Time (h) 

    4  6  7  12  36 

    Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p  Log2 FC -Log10 p 

Putative cytoplasmic protein Q8ZKH3 yjbR Unclassified ND ND  ND ND  ND ND  7.963 1.687  ND ND 

Uncharacterized protein I3W485 - Unclassified ND ND  8.155 1.028  ND ND  8.028 0.859  ND ND 

ND = not detected; 

Log2 FC = logarithm in base two of fold changed (ratio of the average normalized TIC values of the treatment with C12-HSL by the control); 

-Log10 p = negative logarithm of p-value; 

Gray background and black letter = increased abundance of protein in C12-HSL and detected in both treatments (Log2 FC > 0.585 and -Log10 > 1.301); 

Gray background and red letter = increased abundance of protein in C12-HSL and detected only in the treatment with C12-HSL (Log2 FC > 0.585); 

Yellow background and black letter = decreased abundance of protein in C12-HSL and detected in both treatments (Log2 FC < -0.585 and -Log10 > 1.301); 

Yellow background and red letter = decreased abundance of protein in C12-HSL and detected only in the control treatment (Log2 FC < -0.585). 
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The results showed that at 4 and 6 h of incubation, a higher percentage of 

differentially expressed proteins was observed in comparison with other times (Table 

3). 

Table 3. Number and percentage of differentially abundant proteins in comparison 
to the total proteins identified from Salmonella Enteritidis PT4 578 anaerobically 
cultivated in TSB at 37 °C in the presence C12-HSL. 

Time (h) Proteins identified  

Abundance increased 
 

Abundance decreased 
 

Differentially abundant  
 

Total 

Number % 
 

Number % 
 

Number % 
 

Number 

4 17 15.5 
 

55 50.0 
 

72 65.5 
 

110 

6 51 54.8 
 

16 17.2 
 

67 72.0 
 

93 

7 31 28.7 
 

11 10.2 
 

42 38.9 
 

108 

12 36 34.0 
 

14 13.2 
 

50 47.2 
 

106 

36 16 17.8 
 

23 25.6 
 

39 43.4 
 

90 

 

In addition, more proteins had their abundance decreased at 4 h in the presence 

of AHL (50.0%), while an opposite trend was observed at 6 h (54.8%). The greatest 

number of differentially abundant proteins at the initial times can be due to the addition 

of AI-1 at the beginning of the cultivation. In AHL-producing bacteria, such as B. 

thailandensis and P. aeruginosa, the genes were regulated at the end of the logarithmic 

and beginning of the stationary phase of growth due to the accumulation of signaling 

molecules in the medium [13, 14, 24]. Schuster et al. [13] showed that genes involved in 

carbohydrate utilization or nutrient transport were the most repressed by quorum 

sensing and during the late logarithmic and stationary phases of P. aeruginosa. 

The differentially abundant proteins were grouped in order to perform an 

analysis of enrichment of biological processes based on Gene Ontology (GO) 

annotations, as shown on Fig 3. The proteins related to translation, transcription, 

oxidation-reduction, metabolic, unclassified, protein folding and transport processes had 

their abundance affected by C12-HSL in all the studied time points. 
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Fig 3. Number of differentially abundant proteins grouped according to the 
process on Gene Ontology (GO) annotations (European Bioinformatics Institute). 
The colors represent the times 4 h (red), 6 h (blue), 7 h (green), 12 h (orange) and 36 h 
(black). The Y-axis represents the number of differentially abundant proteins identified: 
above zero the number the proteins in which the abundance increased in the presence of 
C12-HSL compared to the control and below zero represents the proteins in which the 
abundance decreased in the presence of C12-HSL. 
 

An important protein identified is the LuxS protein (S-ribosylhomocysteine 

lyase) which participates in the quorum sensing mechanism through production of 

autoinducer-2 (Table 2 and Fig 3). This protein was identified only in the presence of 50 

nM of the C12-HSL at 6 h of cultivation, that is, at the end of the logarithmic phase of 

growth of Salmonella. This result indicates that there can be a cross response between 

quorum sensing mechanisms mediated by AI-1 and AI-2 in Salmonella depending of 

the growth phase. Interactions between the different mechanisms of quorum sensing 

present in P. aeruginosa have been described leading to a hierarchical activation of 

these mechanisms [25-27] and also to the synthesis of inductive and inhibitory 

molecules [28]. The existence of multiple arrangements between the different 
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mechanisms of quorum sensing might play important role in processing of 

environmental cues and thus, dictating desired and robust collective response [29]. 

Among the identified proteins, a greater number of proteins involved in 

transcription process showed a variation of their abundance in the presence of C12-HSL 

(Fig 3). Since transcription is an essential step in gene expression and the transcriptional 

regulation determines the molecular machinery for developmental plasticity, 

homeostasis and adaptation [30], a network of interaction between the proteins related 

to the transcription process and “regulation of transcription, DNA-templated” was 

generated (Fig 4A). 

The PPI network showed an average local clustering coefficient of 0.636 and a 

p-value of <1.06e-10 for enrichment indicating that the proteins have more interactions 

among themselves than what would be expected for a random set of proteins of similar 

size. This result also indicates that these proteins are, at least, partially biologically 

connected as a group [31]. The RpoA (DNA-directed RNA polymerase subunit alpha) 

and Hns (DNA-binding protein H-NS) proteins were the central nodes of two networks 

that are connected through them (Fig 4A). The RpoA protein had its abundance 

increased at 6 h of cultivation of Salmonella Enteritidis in the presence of C12-HSL 

(Fig 4B). Soni et al. [32] showed that the abundance this protein decreased in late 

logarithmic phase of growth of Salmonella Typhimurium in the presence of AI-2. In 

addition, these proteins were identified in all the time points evaluated in this study (Fig 

4B). Thus, the variations of the abundance of proteins with a "regulation of 

transcription, DNA-templated" function between the treatments and throughout the time 

of cultivation of Salmonella can be responsible for regulating the abundance of the other 

proteins that have been identified (Figs 3 and 4B). 
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Fig 4. Proteins related to transcription process and “regulation of transcription, 
DNA-templated” function from Salmonella Enteritidis PT4 578, anaerobically 
cultivated in TSB at 37 °C in the presence or absence of C12-HSL. (A) The network 
of interactions among the proteins of the transcription process and “regulation of 
transcription, DNA-templated” function and (B) the logarithm in base two of fold 
changed of the proteins that were identified at all times and in at least one of the 
treatments. * averages significant difference (p < 0.05). 

 

2.3. Levels of thiol and proteins related to the oxidation-reduction process are 

altered by HSL in Salmonella 

The proteins of oxidation-reduction process had their abundance affected by the 

presence of C12-HSL in all times of cultivation (Fig 3). In fact, at 4 h of cultivation 

with in the signaling molecule, a greater number of proteins with decreased abundance 

was observed in comparison to the control treatment (Fig 3). Conversely, an inverse 

relationship was observed at 6 h of cultivation, indicating that cells cultivated in this 
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period in the presence of C12-HSL are more prepared to resist to an oxidative stress 

condition than cells cultivated in the absence of this molecule. The proteins related to 

the oxidative process can be considered crucial to maintenance of the cellular redox 

balance, as well as to anticipate resistance to a possible oxidative stress due to excessive 

production of reactive oxygen/nitrogen species (ROS/RNS) [33-35]. 

In other bacteria, quorum sensing has been associated to oxidative stress 

response. For instance, in P. aeruginosa, the expression of katA (catalase) and sodA 

(superoxide dismutase) genes and, concomitantly, the activities of the catalase and 

superoxide dismutase enzymes were up-regulated by quorum sensing [36]. In addition, 

Garcia-Contreras et al. [37] showed that resistance of P. aeruginosa to oxidative stress 

by the addition of hydrogen peroxide (H2O2) was enhanced by quorum sensing, 

increasing the production of catalase and NADPH dehydrogenases. In our study, the 

SodC1 (Superoxide dismutase [Cu-Zn] 1) also had its abundance increased at 4 h of 

incubation, while SodB (Superoxide dismutase [Fe]) protein had its abundance 

increased at 7 h when in the presence of C12-HSL (Table 2). The quorum sensing via 

BpsIR (a system homologous to LuxIR) and N-octanoyl-homoserine lactone (C8-HSL) 

also inscreased resistance to oxidative stress of B. pseudomallei, as well as the 

expression of the dpsA gene (DNA-binding protein from starved cells) [38]. The Dps is 

a non-specific DNA-binding protein involved in resistance to oxidative stress and it is 

an abundant protein in stationary phase of growth in E. coli [39, 40]. 

Afterwards, a network of interaction between the proteins of the oxidation-

reduction process was generated (Fig 5A). The PPI network showed an average local 

clustering coefficient of 0.609 and a p-value of <1e-16 for enrichment. These results 

indicate that the proteins have more interactions among themselves than what would be 

expected for a random set of proteins of similar size and also that these proteins are at 

least partially biologically connected as a group [31].  
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Fig 5. Identified proteins related to the oxidation-reduction process and 
quantification of free cellular thiol in Salmonella Enteritidis PT4 578 anaerobically 
cultivated in TSB at 37 °C in the presence or absence of C12-HSL. (A) The network 
of interactions among the proteins of oxidation-reduction process and (B) the logarithm 
in base two of fold changed of the proteins that were identified at all times and in at 
least one of the treatments, as well as (C) the quantification of free cellular thiol in 
absence (filled bars) and presence of C12-HSL (striped bars). * averages significant 
difference (p < 0.05); Black arrows show the NfsB protein; Averages of the levels of 
thiol followed by asterisk (between treatments at the same time) and followed by 
different capital letters (throughout time for each treatment, separately) differs at 5% 
probability (p < 0.05) by Tukey's test. Where an asterisk or letter is not shown, no 
statistical difference between samples was observed; Error bars indicate standard error. 



 

53 

Interestingly, the TrxA protein (Thioredoxin 1) stands out as being a central 

node of the main edge by interacting with most of the proteins used to generate the 

network (Fig 5A). This protein also had its increased abundance at 7 h of cultivation of 

Salmonella Enteritidis in the presence of 50 nM C12-HSL in anaerobic conditions, but 

its abundance was lower at 12 h (Fig 5B). The TrxA protein had its increased 

abundance in planktonic and biofilm cells of Salmonella Enteritidis exposed to 

benzalkonium chloride [41, 42]. This protein is known to be essential to activate the 

gene transcription of the pathogenicity island 2 (SPI-2) of Salmonella Typhimurium and 

consequently, for resistance during infection of mice [43-45]. In addition, the srgA gene 

(Thiol: disulfide interchange protein) is located in the rck operon (Resistance to 

complement killing) regulated by SdiA protein of Salmonella Typhimurium binding to 

AHLs [5]. The SgrA protein contains regions conserved among other oxidoreductases 

in the thioredoxin superfamily, such as TrxA [46]. 

Thioredoxin is an oxidoreductase that participates in redox reactions by 

oxidation of its thiol active-sites which are then reduced by NADPH. It also exerts 

control over the activity of target proteins via reversible thiol-disulfide exchange 

reactions by the thioredoxin and glutaredoxin systems [35, 47-50]. This protein also has 

a regulatory mechanism independent of thiol redox activity, which thioredoxin interacts 

with other proteins and forms a functional complex [48]. The thiol, also known as 

mercaptan or sulfhydryl, –SH side chain of cysteine is susceptible to reactions with 

ROS or RNS species, giving rise to a range of post-translational oxidative modifications 

by thiol proteins, including reversible (intra-protein disulfides, inter-protein disulfides, 

S-sulfenation, S-nitrosation, S-thiolation, S-sulfhydration, S-sulfenamidation) and non-

reversible hyper-oxidized (S-sulfination, S-sulfonation) redox states. In addition, in 

some cases it can alter the structure and activity of proteins that contain cysteine 

residues [34, 35, 51]. 
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From nine proteins used for the generation of the network (Fig 5A), eight are or 

have some relation with thiol proteins such as: Tpx (Probable thiol peroxidase), 

Q7CR42 (Putative thiol-alkyl hydroperoxide reductase), Q8ZP25 (Putative thiol-

disulfide isomerase and thioredoxin), YfgD (Arsenate reductase), AhpC (Alkyl 

hydroperoxide reductase subunit C), NfsB (Oxygen-insensitive NAD(P)H 

nitroreductase), YdhD (Glutaredoxin) and TrxA (Thioredoxin 1) proteins. The thiol 

proteins: Tpx, Q7CR42, Q8ZP25 and YfgD had their abundance decreased at 4 h of 

cultivation of Salmonella Enteritidis in the presence of the 50 nM C12-HSL (Fig 5B). 

On the other hand, at 6 h of cultivation, the Tpx, Q7CR42, Q8ZP25, YfgD, AhpC, NfsB 

and YdhD proteins had their abundance increased, as well as Q8ZP25, NfsB and TrxA 

proteins at 7 h (Fig 5B). In addition, more thiol proteins had their abundances altered at 

4, 6 and 7 h of culture, which refer to the logarithmic phase up to the early stationary 

phase of growth compared to the times of 12 and 36 h where the cells were in stationary 

phase for a long time (Fig 5B). 

The quantification of free cellular thiol showed a correlation with the abundance 

of thiol proteins at each time and treatment (Figs 5B and 5C). At 4 h of cultivation, a 

lower level of thiol was observed in the treatment with the quorum sensing molecule as 

well as a lower abundance of the thiol proteins in comparison to the control treatment. 

Subsequently, at 6 and 7 h a reverse situation was observed and the highest level of thiol 

observed in cells cultivated in presence of C12-HSL at 7 h (59.53 μM) (Fig 5C). Then, 

at 12 and 36 h no differences in the levels of thiol were observed correlating with the 

number of differentially abundant thiol proteins which was greatly reduced. In addition, 

for the same treatment throughout the time of cultivation of Salmonella, the levels of 

thiol increased up to 7 h of cultivation in the presence of C12-HSL and decreased after 

this time (Fig 5C). On the other hand, in the absence of this AHL, the level of thiol 

varied throughout the time without a trend (Fig 5C). These results showed that quorum 



 

55 

sensing alters not only the abundance of thiol proteins but also the levels of thiol, 

indicating that resistance to possible oxidative stress can be mediated by thiol proteins 

and thiol depending on the period of growth in the presence of the signaling molecule. 

This is the first time that the relationship between thiol proteins and levels of free 

cellular thiol with quorum sensing is reported. 

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 homologue) which could 

alter its ability to bind DNA and, consequently, activate transcription. On the other 

hand, the thiol proteins and thiol could prevent structural alterations of the SdiA protein 

caused by ROS/RNS. This rationale is possible because the cysteine residues (C) and 

their respective positions (C45, C122, C142, and C232) present in the SdiA protein of 

Salmonella Enteritidis PT4 578 could be susceptible to oxidative stress [52]. The C232 

is the main conserved residue among LuxR family proteins [53] and it is involved in the 

interaction between the Ligand-binding domain (LBD) with DNA-binding domain 

(DBD) and DBD-DBD [54]. 

Kafle et al. [55] evaluated all cysteine residues of the LasR protein (a LuxR 

homologue) of P. aeruginosa to infer their redox sensitivity and to probe the connection 

between stress response and the activity of that protein. The C79 residue is important 

for ligand recognition and folding of this domain which further potentiates DNA 

binding, but it does not seem to be sensitive to oxidative stress when bound to its native 

ligand. The C201 and C203 residues in the DBD form a disulfide bond when treated 

with hydrogen peroxide, and this bond appears to disrupt the DNA binding activity of 

the transcription factor. Mutagenesis of either of these cysteines leads to expression of a 

protein that no longer binds DNA. Thus, these authors provided a possible mechanism 

for oxidative stress response by the cysteine residues of the LasR protein in P. 
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aeruginosa and indicated that multiple cysteines within the protein can be useful targets 

for disabling its activity. 

The presence of C12-HSL increased the abundance of thiol proteins, such as 

oxidoreductases, which can change the structure of this AHL and inactivate it. Some 

oxidoreductases synthesized by Rhodococcus erythropolis and Bacillus megaterium, as 

well as by eukaryotic cells, are able to inactivate AHLs by oxidation or reduction of its 

acyl side chain [56-59]. In fact, this is one of the known mechanisms of quorum 

quenching [56]. 

Finally, the NfsB protein (or NfnB or NfsI) was the only protein that had its 

abundance increased at all cultivation times in the presence of C12-HSL compared to 

the control treatment in Salmonella (Fig 5B). This result indicates that Salmonella 

cultivated in the presence of this quorum sensing molecule can be susceptible to the 

action of nitrofurans or C12-HSL has a certain toxicity or mutagenicity activity to the 

cell. The NfsB protein is a flavin mononucleotide-containing flavoprotein that can use 

either NADH or NADPH as a source of reducing power in order to reduce the nitro 

moiety of nitrofurans, yielding biologically inactive end products. This process occurs 

through a sequence of intermediates, including nitroso and hydroxylamine states, which 

are assumed to be responsible for toxicity [60, 61]. E. coli and Salmonella 

Typhimurium containing the nfsA and nfsB genes are more sensitive to nitrofurans, 

which are widely used as antimicrobial agents [62, 63]. Carroll et al. [64] also showed 

that the introduction of plasmids carrying the nfsA and nfsB genes into Salmonella 

Typhimurium increased sensibility to nitrofuran compounds with mutagenic potential. 

Gomi et al. [65] showed that 10 μg/mL of C12-HSL derived from 

Chromobacterium violaceum induced the production of tumor necrosis factor-α (TNF-

α) and interleukin-1β (IL-1β) by mouse RAW264.7 cells and IL-8 by human THP-1 

cells, while C4, C6, C7, C8, C10 and C14-HSL did not induce. The C12-HSL and C12-
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oxo-HSL also decreased the levels of putrescine of human epidermal cells (HaCat) and, 

consequently, decreased the rate of cell proliferation [66]. John et al. [67] showed that 

N-3-oxo-tetradecanoyl-homoserine lactone (3-oxo-C14-HSL) produced by 

Acinetobacter baumannii had a dose-dependent cytotoxic effect on human cervical 

cancer cells (HeLa), adenocarcinoma human alveolar basal epithelial cells (A549), 

Dukes’ type C colorectal adenocarcinoma cells (HCT15) and Dukes’ type B colorectal 

adenocarcinoma cells (SW480), with induction of apoptosis and reduced viability and 

proliferation of these cells in the presence of AHL. In addition, these authors showed 

that 3-oxo-C14-HSL was able to decrease the growth and to induce the enhancement of 

biofilm by of Staphylococcus aureus, but had no effect on Staphylococcus epidermidis, 

coagulase-negative Staphylococcus and E. coli. 

In addition, the NfsB protein can be used with a biomarker for the presence of 

the AI-1 in Salmonella, due to being more abundant in the presence of this molecule in 

all the evaluated times. This result can be extrapolated to other microorganisms because 

nitroreductases homologous to NfsA and NfsB are found in many members of the 

Enterobacteriaceae family [68]. 

In conclusion, the fatty acid and protein profiles of Salmonella Enteritidis PT4 

578 in logarithmic phase of growth at 4 h of cultivation were similar to the profiles of 

cells in late stationary phase at 36 h in the presence of C12-HSL. These profiles varied 

less along their growth in the presence of AI-1, indicating that quorum sensing 

anticipates a stationary phase response. In addition, the presence of this signaling 

molecule increased the abundance of thiol proteins and the levels of free cellular thiol 

after 6 h of cultivation which can prepare the cells for a possible oxidative stress. On the 

other hand, this increase may lead to modifications in the structure of the AHL or SdiA 

protein which, consequently, could alter the binding affinities in SdiA or DNA. 



 

58 

It is necessary to highlight two proteins identified in all evaluated times. The 

LuxS protein of the AI-2 quorum sensing mechanism was differentially abundant at one 

of the times and may indicate a cross response between the quorum sensing mechanisms 

mediated by AI-1 and AI-2 in Salmonella depending on the growth phase. The NfsB 

protein had its abundance increased in the presence of C12-HSL in all the evaluated 

times, indicating that the cells may be susceptible to the action of nitrofurans or this 

molecule has a certain toxicity or mutagenicity to the cell. Further studies are needed in 

order to determine the specific role of the thiol proteins, as well as the LuxS and NfsB 

proteins of Salmonella in the presence of AI-1. 

 

3. Materials and methods 

3.1. Bacterial strain 

Salmonella enterica serovar Enteritidis phage type 4 (PT4) 578 (GenBank: 

MF066708.1), isolated from chicken meat, was provided by Fundação Oswaldo Cruz 

(FIOCRUZ, Rio de Janeiro, Brazil). Cultures were stored at −20 °C in Luria-Bertani 

(LB) broth [69] supplemented with 20% (v/v) of sterilized glycerol. 

 

3.2. Preparation of inoculum 

Inoculum was preparated according to Almeida et al. [12, 70]. Tryptone soy 

broth (TSB; Sigma-Aldrich, India) was prepared with CO2 under O2-free conditions, 

dispensed in anaerobic bottles that were sealed with butyl rubber stoppers and then 

autoclaved (anaerobic TSB). Before each experiment, cells were cultivated in 20 mL of 

anaerobic TSB for 24 h at 37 °C. Then, 1.0 mL was transferred into 10 mL of anaerobic 

TSB and incubated at 37 °C. After 4 h of incubation, exponentially growing cells were 

harvested by centrifugation at 5000 g at 4 °C for 10 min (Sorvall, USA), washed with 

0.85% saline, and the pellet resuspended in 0.85% saline. The inoculum was 
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standardized to 0.1 of optical density at 600 nm (OD600nm) (approximately 107 CFU/mL) 

using a spectrophotometer (Thermo Fisher Scientific, Finland). 

 

3.3. Preparation of HSL solution 

N-dodecanoyl-DL-homoserine lactone (C12-HSL; PubChem CID: 11565426; 

Fluka, Switzerland) was suspended in acetonitrile (PubChem CID: 6342; Merck, 

Germany) at a concentration of 10 mM and further diluted to a working solution of 10 

µM in acetonitrile. Control experiment was performed using acetonitrile with final 

concentration in the media less than 1% (v/v) to avoid interference in the growth and 

response of Salmonella to C12-HSL [3]. 

 

3.4. Fatty acid profile analysis of Salmonella 

3.4.1. Saponification, methylation and extraction of fatty acids 

An aliquot of 10 mL of the standardized inoculum was added into anaerobic 

bottles containing 90 mL of anaerobic TSB supplemented with 50 nM of C12-HSL or 

the equivalent volume of acetonitrile as control and then, incubated at 37 °C. After 4, 6, 

7, 12, 24 and 36 h of incubation, the OD600nm was determined. Concomitantly, 10 mL of 

the media was centrifuged at 5000 g at 4 °C for 15 min (Sorvall, USA). The cells in the 

pellet were resuspended in 1 mL of sterilized distilled water, and once again, 

centrifuged at 5000 g at 4 °C for 10 min. The pellet was transferred to glass tubes free 

of fatty acids and then, the fatty acids were saponified, methylated, and extracted by the 

procedure of the Sherlock® Analysis Manual (version 6.2; MIDI, USA) [71]. 

 

3.4.2. Analysis and identification of fatty acids 

The cellular fatty acid composition was determined by 7890A gas 

chromatograph equipped with flame ionization detector (Agilent Technologies, USA). 
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Afterwards, the fatty acids were identified in the Sherlock® Microbial Identification 

System software by the procedure of the Sherlock® Analysis Manual (version 6.2; 

MIDI, USA) [71]. 

 

3.4.3. Statistical analysis 

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

triplicates were used for Principal Component Analysis (PCA) using RStudio software 

(version 1.0.143; USA). All data were subjected to analysis of variance (ANOVA) 

followed by Tukey's test using the Statistical Analysis System and Genetics Software® 

[72]. A p < 0.05 was considered to be statistically significant. 

 

3.5. Protein profile analysis of Salmonella 

3.5.1. Extraction and quantification of proteins 

An aliquot of 10 mL of the standardized inoculum was added into anaerobic 

bottles containing 90 mL of anaerobic TSB supplemented with 50 nM of C12-HSL or 

the equivalent volume of acetonitrile as control and then, incubated at 37 °C. After 4, 6, 

7, 12 and 36 h of incubation, the OD600nm was determined and 10 mL of the media was 

centrifuged at 5000 g at 4 °C for 15 min (Sorvall, USA). The cells in the pellet were 

resuspended in 1 mL of sterilized distilled water, transferred to 1.5 mL microtubes and 

once again centrifuged at 9500 g at 4 °C for 30 min (Brikmann Instruments, Germany). 

The pellet was resuspended in 1 mL of Tris-HCl 50 mM, pH 8.0 added of 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 1 mM dithiothreitol (DTT). Next, the 

mixture was kept in ice for 1 min, then 1 min in ultrasound bath (154 W, 37 KHz; 

Unique, Brazil) and this cycle was repeated five times. Posteriorly, five cycles of 1 min 

in ice, 1 min in vortex and 8 min in ultrasound bath were performed. The mixture was 

centrifuged at 9500 g at 4 °C for 30 min, the supernatant containing the intracellular 
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proteins was transferred to 1.5 mL microtube and were stored at −20 °C. The pellet was 

resuspended in 100 µL of ammonium bicarbonate 50 mM and 1 mL of 2:1 

trifluoroethanol:chloroform (TFE:CHCl3) was added. Then, the mixture was submitted 

again for five cycles on ice and ultrasound bath and five cycles on ice, vortex and 

ultrasound bath as previously described. The mixture was centrifuged at 9500 g at 4 °C 

for 4 min to obtain three phases. The upper phase, composed by proteins soluble in 

TFE, was transferred to 1.5 mL microtubes and was dried in SpeedVac (Genevac, 

England). The supernatant with intracellular proteins was transferred to microtube 

containing the proteins soluble in TFE. The protein extract was precipitated with 10% 

(w/v) trichloroacetic acid (TCA) and kept on ice for 30 min and after that, the material 

was centrifuged at 9500 g at 4 °C for 10 min. The supernatant was discarded and the 

precipitate washed three times with cold acetone. After evaporation of the residual 

acetone at room temperature, the precipitate was resuspended in 400 µL of ammonium 

bicarbonate 50 mM. Proteins were quantified using Coomassie blue dye [73] and the 

protein extracts were stored at -20 °C. 

 

3.5.2. In-solution protein digestion 

The trypsin digestion of proteins in solution was performed according to Villen 

and Gygi [74], with modifications. An aliquot of the extract containing 10 µg of protein 

was transferred to 1.5 mL microtube and the final volume was adjusted to 150 µL with 

ammonium bicarbonate 50 mM and 150 µL of urea 8 M were added. The disulfide 

bonds of the proteins were reduced by 5 mM DTT for 25 min at 56 °C and the protein 

mixture was cooled to room temperature. Then, the alkylation was carried out by adding 

14 mM iodoacetamide and followed by incubation for 30 min at room temperature in 

the dark. The free iodoacetamide was quenched by adding 5 mM DTT with further 

incubated for 15 min at room temperature in the dark. The concentration of urea in the 
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protein mixture was reduced to 1.6 M by diluting it in 1:5 in ammonium bicarbonate 50 

mM with the addition of 1mM calcium chloride. An aliquot containing 20 ng of trypsin 

(Sequencing grade modified trypsin; Promega, USA) in ammonium bicarbonate 50 mM 

was added to a final ratio of 1:50 of trypsin:protein and it was incubated for 16 h at 37 

°C. After the incubation, the solution was cooled to room temperature and the 

enzymatic reaction was quenched with 1% (v/v) trifluoroacetic acid (TFA) until pH 2.0. 

After centrifugation at 2500 g for 10 min at room temperature, the supernatant 

containing the peptides was collected. 

 
3.5.3. Peptide desalting 

The supernatant containing the peptides was desalted according to Rappsilber et 

al. [75], with modifications. Two membranes of octadecyl (C18; 3M EMPORE™, USA) 

were packed in each stage tip to load 10 µg of digested proteins. The stage tip was 

conditioned with 100 μL of 100% (v/v) methanol and was equilibrated with 100 μL 

0.1% (v/v) formic acid. After that, the supernatant containing the peptides was loaded 

two times onto the stage tip and this was washed 10 times with 100 μL of 0.1% (v/v) 

formic acid. The peptides were eluted with 200 μL of 80% (v/v) acetonitrile containing 

0.1% (v/v) formic acid. In each previous step, the stage tip was centrifuged at 400 g for 

2 min (Eppendorf, Germany). The eluate was dried in SpeedVac (Thermo Fisher 

Scientific, Finland), resuspended in 22.5 µL of 0.1% (v/v) formic acid and stored at -20 

°C. 

 
3.5.4. Mass spectrometric analysis 

The solution containing the peptides was centrifuged at 9000 g for 5 min and 15 

µL of the supernatant was transferred to vials. An aliquot of 4.5 µL of peptides, 

equivalent to 2 µg of protein, was separated by C18 (100 mm x 100 mm) RP-

nanoUPLC (nanoAcquity; Waters, USA) coupled with a Q-Tof Premier mass 
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spectrometer (Waters, USA) with nanoelectrospray source at a flow rate of 0.6 µL.min-

1. The gradient was 2 – 90% (v/v) acetonitrile in 0.1% (v/v) formic acid over 45 min. 

The nanoelectrospray voltage was set to 3.0 kV, a cone voltage of 50 V and the source 

temperature was 80 °C. The instrument was operated in the ‘top three’ mode, in which 

one MS spectrum is acquired followed by MS/MS of the top three most-intense peaks 

detected. After MS/MS fragmentation, the ion was placed on exclusion list for 60 s. 

 
3.5.5. Identification and quantification of proteins 

The spectra were acquired using software MassLynx (version 4.1; Waters) and 

the .raw data files were converted to a peak list format .mgf without summing the scans 

by the software Mascot Distiller (version 2.3.2.0; Matrix Science, United Kingdom) and 

searched against the knowledgebase UniProtKB using the Mascot software (version 

2.4.0; Matrix Science, United Kingdom). For the search, the following parameters were 

considered: taxonomy Salmonella and all entries (separately), monoisotopic mass, 

trypsin, allow up to one missed cleavage site, peptide charge +2, +3 and +4, fixed 

modification for carbamidomethylation of cysteine residues and variable modification 

for oxidation of methionine residues, peptide tolerance equal to 0.1 Da, MS/MS 

tolerance equal to 0.1 Da, ESI-QUA-TOF for instrument. The identifications of the 

proteins by Mascot software were validated and the proteins were quantified by 

Scaffold software (version 4.7.2; Proteome Software, USA). For the protein validation, 

peptide and protein identifications were accepted if they could be established at greater 

than 90% probability as specified by the Peptide Prophet algorithm [76] and by the 

Protein Prophet algorithm [77], respectively. In addition, the proteins should contain at 

least one identified peptide. For the protein quantitation, the quantitative value of total 

ion current (TIC) of each protein was normalized by sum total of TIC. For the 

unidentified proteins, a TIC value of 0.05 was adopted (cut off of method sensibility). 
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3.5.6. Statistical analysis 

Experiments were carried out in three biological replicates. The logarithms of 

normalized TIC values of the triplicates were used for Principal Component Analysis 

(PCA) as well as the logarithms of average normalized TIC values of the triplicates of 

each protein which were used to construct the heatmap and dendrogram using RStudio 

software. The significance of difference of normalized TIC values between the samples 

were calculated by T-test with correction for multiple hypotheses by false discovery rate 

(FDR) using RStudio software. The fold changed was calculated as the ratio of the 

average normalized TIC values of the treatment with C12-HSL by the control and the 

result was showed as logarithm in base two. The proteins with p-value less than 0.05 (p 

< 0.05; negative logarithm of p-value > 1.301) and fold changed less than 0.667-fold or 

more than 1.500-fold (logarithm in base two of fold changed < -0.585 or > 0.585) were 

considered differentially abundant proteins [78]. Moreover, when the protein was not 

detected in one of the treatments, the p-value was not considered and the fold-changed 

was calculated by adopting a TIC value of 0.05 (cut off of method sensibility) for the 

sample in which the protein was not identified, being this protein also considered 

differentially abundant. 

 

3.5.7. Bioinformatics analysis 

The Gene Ontology (GO) annotations of the process and function of the 

differentially abundant proteins were acquired with the tool QuickGO implemented by 

European Bioinformatics Institute (http://www.ebi.ac.uk/QuickGO/). Then, the PPI 

network was generated for some proteins of the Salmonella Typhimurium LT2 with the 

confidence interactions greater than 0.4 using the STRING database version 10.5 

(http://string-db.org/, [31]). 
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3.6. Quantification of free cellular thiol 

3.6.1. Extraction of free cellular thiol 

The pellet was obtained as described in item 3.5.1. The pellet was resuspended 

in 250 µL of sterilized distilled water. Next, the mixture was kept on ice for 1 min, 1 

min mixed by vortex for 1 min and treated with ultrasound (400 W, 20 KHz; Sonics & 

Materials Inc., USA) for 30 s; and this cycle was repeated five times. The mixture was 

then centrifuged at 9500 g at 4 °C for 15 min and the supernatant containing the free 

cellular thiol was used immediately. 

 

3.6.2. Quantification of free cellular thiol 

The quantification of free cellular thiol was performed according to Ellman [79] 

and Riddles et al. [80], with modifications. For each 25 µL of the supernatant or 

standard, 5 µL of 0.4% (w/v) 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB or Ellman’s 

reagent; Sigma, USA) in buffer sodium phosphate 0.1 M pH 8.0 containing 1mM 

EDTA and 250 µL of the buffer sodium phosphate were added in microplate. The 

microplate was incubated at room temperature for 15 min and the absorbance at 412 nm 

measured by using a spectrophotometer (Thermo Fisher Scientific, Finland). The free 

cellular thiol was quantified by using cysteine hydrochloride monohydrate (Sigma, 

USA) as standard at concentrations of 0.0 to 1.5 mM. The obtained equation was as 

follows: absorbance = (0.9421 x concentration) + 0.0432, with R2 = 0.9936. 

 

3.6.3. Statistical analysis 

Experiments were carried out in three biological replicates and the quantification 

of free cellular thiol was normalized by OD600nm. All data were subjected to analysis of 

variance (ANOVA) followed by Tukey's test using the Statistical Analysis System and 

Genetics Software® [72]. A p < 0.05 was considered to be statistically significant. 
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Supporting information 

S1 Table. Organism, gene, protein, molecular mass (MM), isoeletric point (pI), process and function of proteins identified from Salmonella 
Enteritidis PT4 578 anaerobically cultivated in TSB at 37 °C in the presence or absence of C12-HSL. 

Organism Gene Gene name Protein Protein name MM 
(KDa) 

pI Process Function 

Salmonella Typhimurium str. LT2 atpH STM3868 ATP synthase subunit delta Q7CPE5 19.514 4.89 Biosynthetic ATP 
Salmonella Typhimurium str. LT2 accB STM3379 Acetyl-CoA carboxylase, BCCP subunit Q7CPM1 16.733 4.66 Biosynthetic Fatty acid 

Salmonella Typhimurium str. LT2 acpP STM1196 Acyl carrier protein P0A6B1 8.634 3.98 Biosynthetic Fatty acid 

Salmonella Typhimurium str. LT2 atpD STM3865 ATP synthase subunit beta Q7CPE2 50.309 4.90 Biosynthetic Unclassified 

Salmonella Typhimurium str. LT2 ftsZ STM0133 Cell division protein FtsZ Q8ZRU0 40.299 4.66 Cell division FtsZ-dependent cytokinesis 

Salmonella Typhimurium str. LT2 zapB STM4088 Cell division protein ZapB Q8ZKP1 9.307 4.59 Cell division FtsZ-dependent cytokinesis 

Salmonella Typhimurium str. LT2 cheZ STM1915 Protein phosphatase CheZ P07800 23.905 4.39 Chemotaxis Phosphoprotein phosphatase 

Salmonella Typhimurium str. LT2 aspA STM4326 Aspartate ammonia-lyase Q7CPA1 52.880 5.15 Metabolic process Aspartate ammonia-lyase 

Salmonella Typhimurium str. LT2 adi STM4296 Arginine decarboxylase Q8ZKE3 84.837 5.17 Metabolic process Cellular amino acid metabolic 

Salmonella Typhimurium str. LT2 aroK STM3487 Shikimate kinase 1 P63601 19.458 5.27 Metabolic process Cellular amino acid metabolic 

Salmonella Typhimurium str. LT2 ridA STM4458 2-iminobutanoate/2-iminopropanoate deaminase Q7CP78 13.624 5.13 Metabolic process Cellular amino acid metabolic 

Salmonella Typhimurium str. LT2 grcA STM2646 Autonomous glycyl radical cofactor Q7CQ05 14.392 5.10 Metabolic process Formate C-acetyltransferase 

Salmonella Typhimurium str. LT2 pflB STM0973 Pyruvate formate lyase I, induced anaerobically Q7CQU1 85.293 5.75 Metabolic process Formate C-acetyltransferase 

Salmonella Typhimurium str. LT2 gloA STM1435 Lactoylglutathione lyase P0A1Q2 14.869 4.90 Metabolic process Glutathione metabolic process 

Salmonella Typhimurium str. LT2 eno STM2952 Enolase P64076 45.627 5.25 Metabolic process Glycolytic process 

Salmonella Typhimurium str. LT2 gapA STM1290 Glyceraldehyde-3-phosphate dehydrogenase P0A1P0 35.735 6.33 Metabolic process Glycolytic process 

Salmonella Typhimurium str. LT2 pgk STM3069 Phosphoglycerate kinase P65702 41.278 5.09 Metabolic process Glycolytic process 

Salmonella Typhimurium str. LT2 tpiA STM4081 Triosephosphate isomerase Q8ZKP7 26.900 5.68 Metabolic process Glycolytic process 

Salmonella Typhimurium str. LT2 adk STM0488 Adenylate kinase P0A1V4 23.530 5.53 Metabolic process Nucleotide biosynthetic 

Salmonella Typhimurium str. LT2 deoC STM4567 Deoxyribose-phosphate aldolase Q8ZJV8 27.895 5.87 Metabolic process Nucleotide biosynthetic 

Salmonella Typhimurium str. LT2 ppnP STM0391 Pyrimidine/purine nucleoside phosphorylase Q8ZRE7 10.152 5.01 Metabolic process Nucleotide biosynthetic 

Salmonella Typhimurium str. LT2 ackA STM2337 Acetate kinase P63411 43.572 5.93 Metabolic process Organic acid metabolic 

Salmonella Typhimurium str. LT2 rpiA STM3063 Ribose-5-phosphate isomerase A P66692 22.938 5.08 Metabolic process Pentose-phosphate shunt 

Salmonella Typhimurium str. LT2 ribH STM0417 6,7-dimethyl-8-ribityllumazine synthase P66038 15.998 5.10 Metabolic process Riboflavin biosynthetic process 

Salmonella Typhimurium str. LT2 flgE STM1177 Flagellar hook protein FlgE P0A1J1 42.185 4.77 Motility Bacterial-type flagellum-dependent cell motility 

Salmonella Typhimurium str. LT2 flgL STM1184 Flagellar hook-associated protein 3 P16326 34.154 4.83 Motility Bacterial-type flagellum-dependent cell motility 

Salmonella Typhimurium str. LT2 flgN STM1171 Flagella synthesis protein FlgN P0A1J7 15.979 5.34 Motility Bacterial-type flagellum-dependent cell motility 

Salmonella Gallinarum str. 287/91 fliD SG1095 Flagellar hook-associated protein 2 B5R7H2 49.926 5.12 Motility Bacterial-type flagellum-dependent cell motility 

Salmonella Gallinarum str. 287/91 fljB SG1096 Flagellin B5R7H3 52.950 4.90 Motility Bacterial-type flagellum-dependent cell motility 
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S1 Table. Continuation. 
Organism Gene Gene name Protein Protein name MM 

(KDa) 
pI Process Function 

Salmonella Typhimurium str. LT2 fdx STM2538 [2FE-2S] ferredoxin Q7CQ13 12.780 4.40 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 fldA STM0694 Flavodoxin 1 Q8ZQX1 19.796 4.22 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 grxA STM0872 Glutaredoxin 1 P0A1P8 10.089 5.63 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 grxC STM3702 Glutaredoxin 3 Q7CPH7 9.301 6.70 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 hycB STM2852 Hydrogenase-3, iron-sulfur subunit Q7CPY1 22.610 6.63 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 hycI STM2845 Protease involved in processing C-terminal end of HycE Q8ZMJ3 17.097 4.00 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 ydhD STM1433 Glutaredoxin Q7CQK9 13.071 4.84 Oxidation-reduction Electron carrier 

Salmonella Typhimurium str. LT2 ahpC STM0608 Alkyl hydroperoxide reductase subunit C P0A251 20.848 5.03 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 bcp STM2491 Thioredoxin dependent thiol peroxidase Q7CQ23 17.769 5.16 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 dsbC STM3043 Thiol:disulfide interchange protein DsbC P55890 26.047 7.11 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 nfsB STM0578 Oxygen-insensitive NAD(P)H nitroreductase P15888 23.997 5.40 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 sodB STM1431 Superoxide dismutase [Fe] P0A2F4 21.352 5.58 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 sodC1 STM1044 Superoxide dismutase [Cu-Zn] 1 P0CW86 18.529 6.48 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 STM0402 STM0402 Putative thiol-alkyl hydroperoxide reductase Q7CR42 22.417 5.24 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 STM1790 STM1790 Putative thiol-disulfide isomerase and thioredoxin Q8ZP25 15.052 4.69 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 tpx STM1682 Probable thiol peroxidase Q8ZP65 18.185 4.93 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 trxA STM3915 Thioredoxin 1 P0AA28 11.913 4.67 Oxidation-reduction Oxidoreductase 

Salmonella Typhimurium str. LT2 yfgD STM2495 Arsenate reductase Q8ZN68 13.426 5.60 Oxidation-reduction Oxidoreductase 

Salmonella Enteritidis sefA sefA Fimbrial protein P12061 16.524 9.65 Pathogenesis Cell adhesion 

Salmonella Typhimurium str. LT2 phoN STM4319 Non-specific acid phosphatase P26976 18.478 9.01 Pathogenesis Dephosphorylation 

Salmonella Typhimurium str. LT2 lpp1 STM1377 Major outer membrane lipoprotein 1 Q7CQN4 8.443 9.36 Pathogenesis Lipid modification 

Salmonella Typhimurium str. LT2 eco STM2262 Ecotin Q8ZNH4 18.320 6.59 Pathogenesis Serine-type endopeptidase inhibitor 

Salmonella Typhimurium str. LT2 fkpA STM3453 Peptidyl-prolyl cis-trans isomerase Q8ZLL6 28.927 8.39 Protein folding Peptidyl-prolyl cis-trans isomerase 

Salmonella Typhimurium str. LT2 ppiB STM0536 Peptidyl-prolyl cis-trans isomerase Q8XFG8 18.243 5.52 Protein folding Peptidyl-prolyl cis-trans isomerase 

Salmonella Typhimurium str. LT2 slyD STM3455 Peptidyl-prolyl cis-trans isomerase Q8ZLL4 21.117 4.77 Protein folding Peptidyl-prolyl cis-trans isomerase 

Salmonella Typhimurium str. LT2 tig STM0447 Trigger factor P66932 48.037 4.84 Protein folding Peptidyl-prolyl cis-trans isomerase 

Salmonella Typhimurium str. LT2 dnaK STM0012 Chaperone protein DnaK Q56073 69.273 4.83 Protein folding Unfolded protein binding 

Salmonella Typhimurium str. LT2 groL STM4330 60 kDa chaperonin P0A1D3 57.421 4.85 Protein folding Unfolded protein binding 

Salmonella Typhimurium str. LT2 groS STM4329 10 kDa chaperonin P0A1D5 10.312 5.36 Protein folding Unfolded protein binding 

Salmonella Typhimurium str. LT2 grpE STM2681 Protein GrpE Q7CPZ4 21.827 4.69 Protein folding Unfolded protein binding 

Salmonella Typhimurium str. LT2 ibpA STM3809 Small heat shock protein IbpA Q7CPF1 15.740 5.23 Protein folding Unfolded protein binding 

Salmonella Typhimurium str. LT2 skp STM0225 Chaperone protein Skp P0A1Z2 17.894 9.76 Protein folding Unfolded protein binding 

Salmonella Typhimurium str. LT2 surA STM0092 Chaperone SurA Q7CR87 47.221 6.73 Protein folding Unfolded protein binding 
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S1 Table. Continuation. 
Organism Gene Gene name Protein Protein name MM 

(KDa) 
pI Process Function 

Salmonella Typhimurium str. LT2 erpA STM0204 Iron-sulfur cluster insertion protein ErpA Q7CR66 12.263 4.15 Protein maturation Iron-sulfur cluster assembly 

Salmonella Typhimurium str. LT2 nfuA STM3511 Fe/S biogenesis protein NfuA Q8ZLI7 21.152 4.52 Protein maturation Iron-sulfur cluster assembly 

Salmonella Typhimurium str. LT2 nifU STM2542 Iron-sulfur cluster assembly scaffold protein IscU Q7CQ11 13.983 4.78 Protein maturation Iron-sulfur cluster assembly 

Salmonella Typhimurium str. LT2 luxS STM2817 S-ribosylhomocysteine lyase Q9L4T0 19.467 5.71 Quorum sensing S-ribosylhomocysteine lyase 

Salmonella Typhimurium str. LT2 ssb STM4256 Single-stranded DNA-binding protein 1 P0A2F6 19.062 5.46 Response to stress Cellular response to DNA damage stimulus 

Salmonella Typhimurium str. LT2 yajQ STM0435 UPF0234 protein YajQ Q8ZRC9 18.308 5.60 Response to stress Cellular response to DNA damage stimulus 

Salmonella Typhimurium str. LT2 uspG STM0614 Universal stress protein G P67093 15.891 6.18 Response to stress Protein autoadenylation and autophosphorylation 

Salmonella Typhimurium str. LT2 ygiW STM3176 Putative outer membrane protein Q7CPS4 13.993 5.03 Response to stress Protein, cellulose and peptidoglycan binding 

Salmonella Typhimurium str. LT2 STM1251 STM1251 Putative molecular chaperone (Small heat shock protein) Q8ZPY6 17.540 5.42 Response to stress Unclassified 

Salmonella Typhimurium str. LT2 dksA STM0186 RNA polymerase-binding transcription factor DksA P0A1G5 17.733 5.06 Transcription Amino acid biosynthesis 

Salmonella Typhimurium str. LT2 cspC STM1837 Cold shock-like protein CspC P0A9Y9 7.398 6.54 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 cspE STM0629 RNA chaperone, negative regulator of cspA 
transcription 

Q7CQZ5 7.447 8.09 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 emrR STM2813 Transcriptional repressor of emrAB operon Q7CPY9 20.752 6.07 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 fur STM0693 Transcriptional repressor of iron-responsive genes (Fur 
family) (Ferric uptake regulator) 

Q7CQY3 17.229 5.56 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 greA STM3299 Transcription elongation factor GreA P64281 17.702 4.75 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 hns STM1751 DNA-binding protein H-NS P0A1S2 15.590 5.32 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 hupA STM4170 DNA-binding protein HU-alpha P0A1R6 9.515 9.57 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 phoP STM1231 Virulence transcriptional regulatory protein PhoP P0DM78 25.617 5.28 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 rnk STM0616 Regulator of nucleoside diphosphate kinase Q7CQZ7 15.042 4.47 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 rpoA STM3415 DNA-directed RNA polymerase subunit alpha P0A7Z7 36.717 4.98 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 rpoZ STM3741 DNA-directed RNA polymerase subunit omega P0A803 10.230 4.87 Transcription Regulation of transcription, DNA-templated 

Salmonella Gallinarum str. 287/91 SG2019 SG2019 DNA-binding protein B5RBI8 14.956 5.63 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 slyA STM1444 Transcriptional regulator SlyA P40676 16.469 6.23 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 stpA STM2799 DNA-binding protein StpA P0A1S4 15.478 7.93 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 ybaB STM0485 Nucleoid-associated protein YbaB P0A8B8 12.064 5.01 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 ydgT STM1461 Transcription modulator YdgT Q7CQK5 8.375 6.03 Transcription Regulation of transcription, DNA-templated 

Salmonella Typhimurium str. LT2 ppa STM4414 Inorganic pyrophosphatase P65748 19.778 5.01 Transcription RNA degradation 

Salmonella Typhimurium str. LT2 rof STM0237 Modulator of Rho-dependent transcription termination Q8ZRN4 9.778 4.48 Transcription RNA degradation 

Salmonella Typhimurium str. LT2 rraA STM4089 Regulator of ribonuclease activity A P67651 17.478 4.07 Transcription RNA degradation 

Salmonella Typhimurium str. LT2 sspB STM3341 Stringent starvation protein B Q7CPN4 18.210 4.36 Transcription RNA degradation 
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Salmonella Typhimurium str. LT2 def STM3406 Peptide deformylase Q8ZLM7 19.384 5.02 Translation Peptide deformylase 

Salmonella Typhimurium str. LT2 rrf or frr STM0219 Ribosome recycling factor P66738 20.600 7.77 Translation Ribosome binding 

Salmonella Typhimurium str. LT2 sra STM1565 Stationary-phase-induced ribosome-associated protein Q7CQJ0 5.366 11.33 Translation Ribosome binding 

Salmonella Typhimurium str. LT2 yfiA STM2665 Ribosome associated factor Q7CQ00 12.645 6.59 Translation Ribosome binding 

Salmonella Typhimurium str. LT2 infA STM0953 Translation initiation factor IF-1 P69226 8.244 9.22 Translation RNA binding 

Salmonella Typhimurium str. LT2 infC STM1334 Translation initiation factor IF-3 P33321 20.638 9.54 Translation RNA binding 

Salmonella Typhimurium str. LT2 rplA STM4150 50S ribosomal protein L1 P0A2A3 24.713 9.64 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplC STM3440 50S ribosomal protein L3 P60446 22.291 9.79 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplF STM3425 50S ribosomal protein L6 P66313 18.905 9.71 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplI STM4394 50S ribosomal protein L9 Q8ZK80 15.774 6.75 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplJ STM4151 50S ribosomal protein L10 P0A297 17.846 9.04 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplK STM4149 50S ribosomal protein L11 P0A7K0 14.923 9.64 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplL STM4152 50S ribosomal protein L7/L12 P0A299 12.291 4.60 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplO STM3421 50S ribosomal protein L15 P66073 14.957 11.18 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplQ STM3414 50S ribosomal protein L17 Q7CPL7 14.443 11.05 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplR STM3424 50S ribosomal protein L18 Q7CPL6 12.762 10.46 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplS STM2673 50S ribosomal protein L19 P0A2A1 13.122 10.80 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplX STM3429 50S ribosomal protein L24 P60626 11.309 10.21 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rplY STM2224 50S ribosomal protein L25 Q7CQ71 10.535 9.52 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpmB STM3728 50S ribosomal protein L28 P0A2A5 9.102 11.42 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpmC STM3432 50S ribosomal protein L29 P66170 7.256 9.98 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpmD STM3422 50S ribosomal protein L30 P0A2A7 6.510 10.96 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpmE STM4096 50S ribosomal protein L31 P66191 7.942 9.51 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpmG STM3727 50S ribosomal protein L33 P0A7P2 6.368 10.25 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpmH STM3839 50S ribosomal protein L34 P0A7P8 5.377 13.00 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsA STM0981 30S ribosomal protein S1 Q7CQT9 61.250 4.89 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsB STM0216 30S ribosomal protein S2 P66541 26.799 6.62 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsD STM3416 30S ribosomal protein S4 O54297 23.528 10.02 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsE STM3423 30S ribosomal protein S5 P0A7W4 17.592 10.11 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsF STM4391 30S ribosomal protein S6 P66593 15.163 5.26 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsG STM3447 30S ribosomal protein S7 P0A2B3 17.579 10.30 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsH STM3426 30S ribosomal protein S8 P0A7X0 14.175 9.44 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsJ STM3441 30S ribosomal protein S10 P67904 11.759 9.85 Translation Structural constituent of ribosome 
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Salmonella Typhimurium str. LT2 rpsK STM3417 30S ribosomal protein S11 O54296 13.936 11.33 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsM STM3418 30S ribosomal protein S13 Q8ZLM1 13.210 10.78 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsN STM3427 30S ribosomal protein S14 P66409 11.658 11.16 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsR STM4393 30S ribosomal protein S18 Q8ZK81 9.123 10.78 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsS STM3436 30S ribosomal protein S19 P66491 10.410 10.52 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 rpsT STM0043 30S ribosomal protein S20 P0A2B1 9.649 11.18 Translation Structural constituent of ribosome 

Salmonella Typhimurium str. LT2 efp STM4334 Elongation factor P P64036 20.667 4.90 Translation Translation elongation factor 

Salmonella Typhimurium str. LT2 tsf STM0217 Elongation factor Ts P64052 30.453 5.13 Translation Translation elongation factor 

Salmonella Typhimurium str. LT2 tufA STM3445 Elongation factor Tu P0A1H5 43.427 5.30 Translation Translation elongation factor 

Salmonella Typhimurium str. LT2 hisJ STM2354 Histidine-binding periplasmic protein P02910 28.476 6.03 Transport Amino acid transport 

Salmonella Typhimurium str. LT2 crr STM2433 PTS system glucose-specific EIIA component P0A283 18.236 4.73 Transport Carbohydrate transport 

Salmonella Typhimurium str. LT2 fruB STM2206 Multiphosphoryl transfer protein P17127 39.569 4.87 Transport Carbohydrate transport 

Salmonella Typhimurium str. LT2 ptsH STM2431 Phosphocarrier protein HPr P0AA07 9.114 5.65 Transport Carbohydrate transport 

Salmonella Typhimurium str. LT2 glnH STM0830 Glutamine high-affinity transporter Q7CQW0 27.245 8.44 Transport Ionotropic glutamate receptor 

Salmonella Typhimurium str. LT2 ftn STM1935 Ferritin Q8ZNU4 19.324 4.89 Transport Iron ion transport 

Salmonella Typhimurium str. LT2 secB STM3701 Protein-export protein SecB Q7CPH8 17.462 4.26 Transport Protein transport 

Salmonella Typhimurium str. LT2 ompA STM1070 Outer membrane protein A P02936 37.606 5.60 Transport Structural molecule 

Salmonella Typhimurium str. LT2 tolC STM3186 Outer membrane channel Q8ZLZ4 53.653 5.42 Transport Structural molecule 

Salmonella Enteritidis ABA47_0691 ABA47_0691 BssS protein family A0A1V9AFN8 9.256 4.66 Unclassified Unclassified 

Salmonella sp. str. HMSC13B08 HMPREF 
3126_08675 

HMPREF 
3126_08675 

Uncharacterized protein A0A1F2JWR0 - - Unclassified Unclassified 

Salmonella Enteritidis R567_04560 R567_04560 Uncharacterized protein A0A1R2IBX3 8.597 10.29 Unclassified Unclassified 

Salmonella Gallinarum str. 287/91 SG1997 SG1997 Uncharacterized protein B5RBG9 8.584 10.37 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 STM1249 STM1249 Putative periplasmic protein Q8ZPY8 12.681 6.21 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 yaeP STM0238 UPF0253 protein YaeP P67551 7.266 4.66 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 yccJ STM1118 Putative cytoplasmic protein Q8ZQ41 8.684 4.74 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 ycfF STM1205 Uncharacterized protein Q7CQR0 13.261 5.74 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 ydfZ STM1509 Putative cytoplasmic protein Q7CQJ6 7.275 9.09 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 yecF STM1949 Putative cytoplasmic protein Q7CQB7 8.234 4.85 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 yeeX STM2059 UPF0265 protein YeeX P67605 13.065 9.10 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 yfcZ STM2390 Putative cytoplasmic protein Q7CQ33 10.281 4.13 Unclassified Unclassified 

Salmonella Typhimurium str. LT2 yjbR STM4251 Putative cytoplasmic protein Q8ZKH3 13.377 6.05 Unclassified Unclassified 

Salmonella Salamae - - Uncharacterized protein I3W485 38.615 9.29 Unclassified Unclassified 



 

78 

CAPÍTULO 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

Novel insights from molecular docking of SdiA from Salmonella Enteritidis and 

Escherichia coli with quorum sensing and quorum quenching molecules 

 

Article published in Microbial Pathogenesis 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



Novel insights from molecular docking of SdiA from Salmonella

Enteritidis and Escherichia coli with quorum sensing and quorum
quenching molecules

Felipe Alves de Almeida a, Uelinton Manoel Pinto b, Maria Cristina Dantas Vanetti a, *

a Department of Microbiology, Laboratory of Food Microbiology, Universidade Federal de Viçosa, Viçosa, MG, 36570-900, Brazil
b Food Research Center, Department of Food and Experimental Nutrition, Faculty of Pharmaceutical Sciences, Universidade de S~ao Paulo, S~ao Paulo, SP,

Brazil

a r t i c l e i n f o

Article history:

Received 24 May 2016
Received in revised form
4 July 2016
Accepted 22 August 2016
Available online 24 August 2016

Keywords:

1-Octanoyl-rac-glycerol
Acyl homoserine lactone
Autoinducer
Furanone
LuxR family proteins
Molecular modeling

a b s t r a c t

Quorum sensing is a cell-to-cell communication mechanism leading to differential gene expression in
response to high population density. The autoinducer-1 (AI-1) type quorum sensing system is incomplete
in Escherichia coli and Salmonella due to the lack of the AI-1 synthase (LuxI homolog) responsible for acyl
homoserine lactone (AHL) synthesis. However, these bacteria encode the AHL receptor SdiA (a LuxR
homolog) leading to gene regulation in response to AI-1 produced by other bacteria. This study aimed to
model the SdiA protein of Salmonella enterica serovar Enteritidis PT4 578 based on three crystallized SdiA
structures from Enterohemorrhagic E. coli (EHEC) with different ligands. Molecular docking of these
predicted structures with AHLs, furanones and 1-octanoyl-rac-glycerol were also performed. The avail-
able EHEC SdiA structures provided good prototypes for modeling SdiA from Salmonella. The molecular
docking of these proteins showed that residues Y63, W67, Y71, D80 and S134 are common binding sites
for different quorum modulating signals, besides being conserved among other LuxR type proteins. We
also show that AHLs with twelve carbons presented better binding affinity to SdiA than AHLs with
smaller side chains in our docking analysis, regardless of the protein structures used. Interestingly, the
conformational changes provided by AHL binding resulted in structural models with increased affinities
to brominated furanones. These results suggest that the use of brominated furanones to inhibit phe-
notypes controlled by quorum sensing in Salmonella and EHEC may present a good strategy since these
inhibitors seem to specifically compete with AHLs for binding to SdiA in both pathogens.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Quorum sensing is a mechanism of communication among cells
leading to differential gene expression in response to changes in
population density [1,2]. In phylum Proteobacteria, a pair of pro-
teins LuxI (acyl homoserine lactone synthase) and LuxR (tran-
scription activator) or their homologous proteins is responsible for
this mechanism in which LuxI derivatives synthesizes the
autoinducer-1 (AI-1) called N-acyl homoserine lactones (AHLs)
[1,3e5]. Some proteobacteria belonging to the family Enterobac-
teriaceae, such as Escherichia coli and Salmonella, do not synthesize
AHL due to the absence of LuxI homologues. However, these

microorganisms encode a transcription factor of the LuxR family,
named SdiA [6], which responds to AHLs produced by other bac-
terial species and synthetic AHLs [7e11]. In this regard, quorum
sensing in Salmonella and E. coli resembles the paracrine signaling
found in mammalian systems [12].

In AI-1 type quorum sensing system, when the population
reaches a high density, the AHLs are internalized and bind to the
ligand-binding domain (LBD) of the LuxR type proteins which
dimerize and bind to DNA by using their DNA-binding domain
(DBD) regulating expression of target genes [13e16]. In Salmo-

nella, AHLs regulate phenotypes such as adhesion to HeLa cells,
biofilm formation on polystyrene, invasion of HEp-2 epithelial
cells and survival in rabbit and guinea pig serum [17e19]. Simi-
larly in E. coli, these molecules regulate adhesion to HEp-2
epithelial cells, biofilm formation on polystyrene and resistance
to acidic pH [20e22].* Corresponding author.
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On the other hand, there have been reports of phenotypes
regulated by SdiA protein in the absence of AHLs in Salmonella and
E. coli [8,10,16,23,24]. For instance, SdiA of Enterohemorrhagic
E. coli O157:H7 (EHEC) is constitutively activated by the binding of
molecule 1-octanoyl-rac-glycerol (OCL) in the absence of AHLs [16].
The OCL molecule is a monoglycerol present in prokaryotes and
eukaryotes and is used as an energy source, and substrate for the
synthesis of membrane and a signaling molecule [25,26]. However,
the activation of SdiA fromEHEC by AHLs conferred greater stability
and affinity to DNA, albeit not affecting sdiA gene transcription [16].
Additionally, these authors observed conformational changes of
EHEC SdiA protein complexed with different ligands such as: OCL in
the absence of AHLs; N-(3-oxo-hexanoyl)-L-homoserine lactone (3-
oxo-C6-HSL) and; N-(3-oxo-octanoyl)-L-homoserine lactone (3-
oxo-C8-HSL). More studies are needed to elucidate the exact
functions of AHLs on the physiology of these microorganisms since
a great level of complexity is seen as revealed by these previous
works.

The structures of SdiA protein of EHEC crystallized with
different ligands contain information about the atomic coordinates,
structural factors, ligands and cofactors [16]. For this reason, these
structures become interesting prototypes for the modeling of SdiA
protein from Salmonella which has not been crystallized yet, and
subsequently conduct studies of molecular docking with quorum
sensing and quorum quenching molecules.

Molecular docking and protein modeling prediction are
commonly used in quorum sensing studies in the search for auto-
inducer and inhibitors as well as to predict their binding sites
[27e41]. Gnanendra et al. [30] performed molecular modeling of
Salmonella enterica serovar Typhimurium SdiA protein by using the
structure of CviR from Chromobacterium violaceum, which was the
available model at the time. These authors then used molecular
docking to predict the AHL binding sites. Gnanendra et al. [32] also
conducted a molecular docking study with halogenated AHLs,
suggesting that those could be potential quorum sensing inhibitors
in Salmonella Typhimurium.

Furanones are AHL antagonistic compounds in gram-negative
bacteria, since they present structural similarity to these auto-
inducers due to the homoserine lactone ring, but hinder tran-
scriptional regulation by a mechanism still not fully understood
[42e48]. The inhibitory effect of different brominated and non-
brominated furanones on biofilm formation by Salmonella Typhi-
murium [47], Salmonella enterica serovar Agona [48] and Salmonella

enterica serovar Enteritidis [19] has been reported as well as their
effect on biofilm formation and motility in E. coli [49].

In the present study, SdiA protein of Salmonella Enteritidis PT4
578 has been modeled on the basis of three crystallized SdiA
structures from EHEC with different ligands. We then performed
molecular docking of these different structures with OCL, AHLs
and furanones in order to predict their binding affinity and to
identify the potential binding residues. Due to the importance of
the phenotypes regulated by AHLs in Salmonella and EHEC, this
study provides insights for the guided search for quorum sensing
inhibitors as well as contributes to the understanding of the in-
hibitor and autoinducer binding mechanisms in Salmonella

Enteritidis.

2. Materials and methods

The experimental strategy employed in this study in order to
create the SdiA molecular model of Salmonella Enteritidis, from
available EHEC SdiA crystal structures, and to evaluate the molec-
ular docking of different quorum sensing and quorum quenching
molecules is depicted on Fig. 1 and fully described herein.

2.1. Target amino acid sequence of SdiA protein

The amino acid sequence of SdiA of Salmonella enterica serovar
Enteritidis PT4 578 (GenBank: AGZ95694.1 [50]) was obtained from
the National Centre for Biotechnology Information database (NCBI;
http://www.ncbi.nlm.nih.gov/).

2.2. Search of homologous proteins to Salmonella Enteritidis SdiA

The tools “BLAST” and “Find and Model Structure” of the CLC
Drug Discovery Workbench 2.5 software (http://www.clcbio.com/
products/clc-drug-discovery-workbench/) were used to search
homologous amino acid sequences with the SdiA protein of Sal-
monella Enteritidis PT4 578 (GenBank: AGZ95694.1) in the RCSB
Protein Data Bank database (PDB; http://www.rcsb.org/pdb/home/
home.do). The five parameters: resolution (Å), free R-value, E-
value, percentage of identity and coverage were evaluated in this
step. The amino acid sequences of proteins with more than 50%
identity were extracted and aligned by “ClustalW” tool of the CLC
Drug Discovery Workbench 2.5 software.

2.3. Molecular modeling and validation of Salmonella Enteritidis

SdiA protein

Themolecular modeling of SdiA protein of Salmonella Enteritidis
was performed by the CLC Drug Discovery Workbench 2.5 software
based on the protein with the higher percentage of convergence.
The structures of Salmonella Enteritidis PT4 578 modeled from
EHEC were identified with their template code of PDB plus the
letter “S”. Then, the generated macromolecular structure of SdiA
protein of Salmonella Enteritidis (4Y13-S, 4Y15-S and 4Y17-S) and
its template from EHEC (PDB: 4Y13, 4Y15 and 4Y17 [16]) were su-
perposed and validated by using three different approaches. First
we validated the structures by using the Ramachandran Plot
Analysis (RAMPAGE [51]) at Crystallography and Biocomputing
Group of the University of Cambridge, Department of Biochemistry
server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php), then
at the Verify3D [52], and finally by ERRAT [53] at Structure Analysis
and Verification server version 4 (SAVES server; http://services.
mbi.ucla.edu/SAVES/).

2.4. Comparison the generated macromolecular structure of SdiA

protein with its template

The generated macromolecular structures of SdiA protein of
Salmonella Enteritidis and their templates of EHEC [16] were su-
perposed to compare the ligand-binding domain (LBD) and the
DNA-binding domain (DBD).

2.5. Amino acid conservation of SdiA proteins

The amino acid sequences of SdiA protein of Salmonella Enter-
itidis PT4 578 (GenBank: AGZ95694.1) and EHEC (UniProtKB:
Q8XBD0) were aligned by “ClustalW” tool of the CLC Drug Dis-
covery Workbench 2.5 software.

2.6. Molecular docking of SdiA proteins with different molecules

The molecular docking of SdiA proteins of Salmonella Enteritidis
and EHEC were performed with quorum sensing and quorum
quenching molecules (Table 1) by using the “Dock Ligands” tool of
the CLC Drug Discovery Workbench 2.5 software, with 1000 in-
teractions for each ligand being performed. The generated score
mimics the potential energy change when the protein and the
ligand come together based on hydrogen bonds, metal ions and
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steric interactions, where lower scores (more negative) correspond
to higher binding affinities. The five best scores of the docking were
used in each macromolecular structure, allowing the inspection of
the binding sites of SdiA with ligands and cofactors.

2.7. Mutagenesis prediction of SdiA binding sites

An in silico leucine scanning mutagenesis was performed for
each binding site of SdiA proteins with ligands and cofactors in the
CLC Drug Discovery Workbench 2.5 software. Mutated proteins
were docked with quorum sensing and quorum quenching mole-
cules by using the above described software in order to confirm the
binding sites as performed in previous studies [54e56].

3. Results and discussion

3.1. SdiA homologous proteins

The search for homologous proteins to the SdiA protein of Sal-
monella Enteritidis PT4 578 (GenBank: AGZ95694.1) by the “Find
and Model Structure” and “BLAST” tools showed that 10 proteins
from the PDB database have more than 63.7% identity, all of which
are SdiA proteins from E. coli (Table 2). It is noteworthy that Sal-
monella SdiA structure is not available in the PDB database. The
amino acid sequences of the C chains of 4Y15 and 4Y17 structures
and the A chain of 4Y13 structure of EHEC had the highest per-
centage of coverage, 99.58%, and greater than 69.04% identity with
SdiA protein of Salmonella Enteritidis PT4 578 (Table 2). This result
was confirmed by alignment of the amino acid sequences of all
proteins listed in Table 1 (please see Fig. S1, supplementary
material). Gnanendra et al. [30] previously showed that the A

chain of CviR, a LuxR type protein from C. violaceum (PDB: 3QP5),
was the sequence available at that time with the most homology to
SdiA protein of Salmonella Typhimurium, exhibiting 40% identity
and E-value of 4e-15 by “BLASTP” tool.

Thus, the A chain of 4Y13 structure and the C chains of 4Y15 and
4Y17 structures of EHEC were selected for the molecular modeling
of SdiA protein of Salmonella Enteritidis because they had the
highest percentage of coverage, providing more refined informa-
tion about the atomic coordinates, structural factors, ligands and
cofactors. These structures are SdiA protein of EHEC (UniProtKB:
Q8XBD0) complexed with different ligands. For instance, 4Y13
structure is bound to OCL; the 4Y15 structure is bound to 3-oxo-C6-
HSL; and the 4Y17 structure is bound to 3-oxo-C8-HSL [16].

3.2. Molecular modeling and validation of SdiA predicted structures

The generated macromolecular structures of SdiA protein of
Salmonella Enteritidis from molecular modeling were superposed
to the respective template of EHEC, which showed a good align-
ment of both the LBD in N-terminal end and DBD in C-terminal end
(Fig. 2). Furthermore, these structures were validated by checking
the stereo chemical parameters with three softwares: RAMPAGE,
Verify3D and ERRAT (Table 3). The Ramachandran Plot Analysis
showed that more than 95.9% of the residues of all structures
analyzed were in favored region (Table 3 and Fig. 3). In addition, all
the structures had more than 85.7% of the amino acid residues with
scores greater than or equal to 0.2 in the Verify3D (Table 3). These
results indicate that there is compatibility between an atomic
model (3D) with its own amino acid sequence (1D) by assigning a
structural class based on its location, environment and comparing
the results to good structures [52].

Fig. 1. Experimental strategy used to evaluate the molecular docking of SdiA from Salmonella Enteritidis and Escherichia coliwith quorum modulating molecules. Different steps are
color coded as: purple - molecular modeling, blue - comparison of the structures and the amino acid sequences and, yellow - molecular docking. The databases, tools and softwares
used in the different steps are indicated in brackets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Moreover, all the structures showed a threshold higher than the
cut off of 91% in ERRAT, except the generated 4Y15-S structure of
SdiA protein from Salmonella that showed 87.0% of the protein
above the acceptable limit (Table 3). Gnanendra et al. [30] consid-
ered values of 92.6% at Verify3D and 73.2% at ERRAT as reliable and
with good quality in the validation of generated structure of SdiA
protein of Salmonella Typhimurium based on the CviR protein from
C. violaceum. Furthermore, the results of the structures of SdiA of
EHEC used as template in molecular modeling of the present study
are in agreement with those found by Nguyen et al. [16]. Thus, all
the results of validation by Ramachandran Plot Analysis, Verify-3D
and ERRAT confirm that the generated macromolecular structures
of SdiA from Salmonella Typhimurium and their templates were
acceptable to be used in further studies.

3.3. Comparison the generated macromolecular structures of SdiA

proteins with their templates

All the generated macromolecular structures of the SdiA protein
of Salmonella Enteritidis (Fig. 4A and B) and their EHEC templates
(Fig. 4C and D) were superposed separately. These superpositions
showed that the LBD and DBD had slight conformational changes
depending upon the presence or absence of AHL, as well as in
relation to the size of the AHL carbon chain (Fig. 4). These results
corroborate with those found for the same protein of EHEC [16] and
for TraR, another LuxR type protein [57,58]. In addition, Nguyen
et al. [16] showed the conformational change of DBD of SdiA protein

of EHEC in the presence of AHLs increased its stability and affinity
for DNA. In fact, they showed that this stability and DNA affinity
were even greater for AHLs with longer carbon chains. However,
these authors reported that the conformation of the DBD in the
presence of OCL and the absence of AHLs is also capable of regu-
lating gene expression, confirming previous studies performed in
the absence of AHLs [8,10,23,24,59,60].

3.4. Amino acid conservation of SdiA proteins

The amino acid sequences of SdiA protein of Salmonella Enter-
itidis PT4 578 and EHEC were aligned (Fig. 5). This comparison
showed that 71.66% (172) of the amino acid residues were
conserved between SdiA protein of Salmonella Enteritidis and
EHEC. Besides, many of these conserved residues were also
described as conserved among other LuxR type proteins partici-
pating in interactions between the domains of these proteins
(Fig. 5) [6,16,30,50,61]. In addition, 15 amino acid residues were
described by Gnanendra et al. [30], Yao et al. [62] and Nguyen et al.
[16] as binding sites for different ligands between SdiA protein of
Salmonella Enteritidis, E. coli and EHEC, respectively (Fig. 5). How-
ever, only the residues W67, Y71, and D80 were common binding
sites among these studies while residue Y63 was common among
E. coli studies. Moreover, it is noteworthy that the binding of OCL in
the SdiA protein of EHEC may be mediated by glycerol as a cofactor
[16].

Table 1

Quorum sensing and quorum quenching molecules used in the molecular docking of SdiA proteins.

Group Type Molecule IUPAC nomenclature PubChem
CIDa

Reference

OCL e 1-octanoyl-rac-glycerol 2,3-dihydroxypropyl octanoate 3033877 [16]
AHL Unmodified in 3-

oxo
N-butyryl-DL-homoserine lactone N-(2-oxooxolan-3-yl)butanamide 443433 [44]
N-hexanoyl-DL-homoserine lactone N-(2-oxooxolan-3-yl)hexanamide 3462373 [19,44,50]
N-octanoyl-DL-homoserine lactone N-(2-oxooxolan-3-yl)octanamide 3474204 [19,44,50]
N-decanoyl-DL-homoserine lactone N-(2-oxooxolan-3-yl)decanamide 11644562 [19,44,50]
N-dodecanoyl-DL-homoserine lactone N-(2-oxooxolan-3-yl)dodecanamide 11565426 [19,50]

Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone 3-oxo-N-[(3S)-2-oxooxolan-3-yl]hexanamide 688505 [16,44,45,64]
N-(3-oxooctanoyl)-L-homoserine lactone 3-oxo-N-[(3S)-2-oxooxolan-3-yl]octanamide 127293 [16,44]
N-(3-oxodecanoyl)-L-homoserine lactone 3-oxo-N-[(3S)-2-oxooxolan-3-yl]decanamide 10221060 [44]
N-(3-oxododecanoyl)-L-homoserine lactone 3-oxo-N-[(3S)-2-oxooxolan-3-yl]dodecanamide 3246941 [64]

Furanone Non-brominated 3-methyl-2(5H)-furanone 3-Methyl-2(5H)-furanone 30945 [19]
3-butyl-2(5H)-furanone 4-butyl-2H-furan-5-one 11768654 [47]
2-methyl tetrahydro-3-furanone 2-methyloxolan-3-one 18522 [19]
2,2-dimethyl-3(2H)-furanone 2,2-dimethylfuran-3-one 147604 [19]
2(5H)-furanone 2H-furan-5-one 10341 [19]

Brominated 4-bromo-5-(bromomethylene)-2(5H)-furanone 4-bromo-5-(bromomethylidene)furan-2-one 67228456 [45,47,64]
5-bromomethylene-2(5H)-furanone 5-(bromomethylidene)furan-2-one 67228360 [44,45,47,64]
5-dibromomethylene-2(5H)-furanone 5-(dibromomethylidene)furan-2-one 315069 [47]
3-ethyl-5-(dibromomethylene)furan-2(5H)-one 5-(dibromomethylidene)-3-ethylfuran-2-one 11140550 [47]
4-bromo-3-butyl-5-(dibromomethylene)furan-
2(5H)-one

4-bromo-3-butyl-5-(dibromomethylidene)furan-2-one 362385 [47]

4-bromo-5-(bromomethylene)-3-ethyl-2(5H)-
furanone

(5Z)-4-bromo-5-(bromomethylidene)-3-ethylfuran-2-
one

12051732 [47]

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

(5Z)-4-bromo-5-(bromomethylidene)-3-butylfuran-2-
one

9839657 [47]

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

(5Z)-4-bromo-5-(bromomethylidene)-3-hexylfuran-2-
one

16127328 [47]

4-bromo-5-(bromomethylene)-3-octyl-2(5H)-
furanone

(5Z)-4-bromo-5-(bromomethylidene)-3-octylfuran-2-
one

52950214 [47]

4-bromo-5-(bromomethylene)-3-decyl-2(5H)-
furanone

(5Z)-4-bromo-5-(bromomethylidene)-3-decylfuran-2-
one

52946441 [47]

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

(5Z)-4-bromo-5-(bromomethylidene)-3-dodecylfuran-
2-one

10180544 [47]

International Union of Pure and Applied Chemistry (IUPAC).
1-octanoyl-rac-glycerol (OCL).
Acyl homoserine lactone (AHL).

a Compound Identifier of PubChem database (PubChem CID; https://pubchem.ncbi.nlm.nih.gov/).

F.A. Almeida et al. / Microbial Pathogenesis 99 (2016) 178e190 181

82



3.5. Molecular docking of SdiA proteins of Salmonella Enteritidis

and EHEC

The generated 4Y13-S structure of SdiA protein of Salmonella

Enteritidis modeled from the SdiA protein of EHEC complexed with
OCL, in the absence of AHL, showed the highest binding affinity to
N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) with
a score of �70.32 (Table 4). This molecule bound to Y63 and S134
residues of the protein and with glycerol (Fig. 6A). The molecules
with greater affinity to this structure were AHLs with twelve car-
bons with or without 3-oxo modification, followed by AHLs with
ten and eight carbons (Table 4). These data corroborate those found
by Campos-Galv~ao et al. [19] that showed enhanced biofilm for-
mation by Salmonella Enteritidis PT4 578 growing in the presence
of 50 nM of AHLs with six, eight, ten and twelve carbons. However,
the effect of N-dodecanoyl-DL-homoserine lactone (C12-HSL) on
this phenotype was statistically higher than the other AHLs eval-
uated. Gnanendra et al. [30] showed that 3-oxo AHLs with six
carbons had higher binding affinities to SdiA of Salmonella Typhi-
murium when compared AHLs with eight carbons without 3-oxo
modification. This result might reflect the use of CviR structure by
those authors when modeling SdiA, since CviR is more specific to
AHLs with shorter carbon side chains, which would likely interfere
in the modeled SdiA structure. We, however, have modeled Sal-

monella SdiA from a more conserved protein from EHEC which
supposedly generates a more robust model. Moreover, Gnanendra
et al. [30] showed that the R60, W67, Y71, D80 and W95 residues
were conserved binding sites of the different AHLs unlike what we
have observed in this study, where the Y63 residue was the most
conserved (Table 4).

The brominated furanones with twelve, ten, eight, six and four
carbons had higher scores in relation to all other furanones
(Table 4). Furthermore, four out of five non-brominated furanones
bound to W67 residue of 4Y13-S structure Salmonella Enteritidis
PT4 578 (Table 4). Campos-Galv~ao et al. [19] showed that when a
mixture of four non-brominated furanones was added concurrently
with C12-HSL, biofilms by Salmonella Enteritidis PT4 578 were not
observed. Thus, the results of the molecular docking showed that
three of these four furanones used by Campos-Galv~ao et al. [19]
bound in the modeled 4Y13-S structure of SdiA protein of

Salmonella Enteritidis. This result indicates a competition between
the AHL and furanones for the W67 residue which is a common
binding site for these molecules, despite furanones havin lower
score than C12-HSL. Similar results were found by Yang et al. [27]
and Husain et al. [41] in which the molecular docking of LasR of
Pseudomonas aeruginosa presented free binding energy higher with
3-oxo-C12-HSL than with quorum sensing inhibiting compounds
such as chlorzoxazone, ceftazidime, nifuroxazide, and salicylic acid.

Corroborating our previous results, the 4Y15-S and 4Y17-S
structures of SdiA protein of Salmonella Enteritidis PT4 578
modeled from the SdiA protein of EHEC complexed with 3-oxo-C6-
HSL and 3-oxo-C8-HSL showed a similar pattern of binding affin-
ities to the molecules evaluated in comparison with 4Y13-S struc-
ture (Table 4). The modeled 4Y15-S and 4Y17-S Salmonella

structures also showed higher binding affinities to AHL with twelve
carbons, such as �85.00 between 4Y15-S structure and C12-HSL
and �86.30 between 4Y17-S structure and 3-oxo-C12-HSL
(Table 4). The molecules with the second highest score affinity to
these structures were brominated furanones with twelve carbons,
followed by those AHL with ten, eight and six carbons and finally
OCL (Table 4). In addition, theW67 and Y71 residues were the most
common binding sites for brominated furanones in these structures
(Table 4). Thus, the conformational changes of 4Y15-S and 4Y17-S
structures of Salmonella Enteritidis resulting from the binding
with AHLs resulted in structures with higher predicted affinities to
brominated furanones. This is likely due to optimization of the
binding site in the presence of AHL which forms a tight pocket in
these structures as compared with that model with OCL which
would show an open chamber formation in the absence of AHL [16]
and possibly not perfectly accommodating the bulky inhibitor. The
Y63, W67, Y71, D80 and S134 residues were common binding sites
when the five best scores of each molecule resulting from molec-
ular docking with the three structures of SdiA protein of Salmonella

Enteritidis were compared (Table 4). The only difference was the
presence of glycerol in the 4Y13-S structure as a binding site, which
may bind at Q72 residue. Gnanendra et al. [30] also showed by
molecular docking that the R60, W67, Y71, D80, V82, L83, W95 and
V119 residues of modeled structure of SdiA protein of Salmonella

Typhimurium were binding sites of different AHLs. Thus, the W67,
Y71 and D80 residues are common binding sites between that and

Table 2

SdiA homologous proteins to Salmonella Enteritidis PT4 578 obtained from PDB database.

Number
PDB

Chain Protein complex Organism Resolution
(Å)

Free R-
value

Tools

“BLAST” “Find and model structure”

E-value %
Identity

E-value %
Identity

%
Coverage

4Y15 C SdiA in complex with 3-oxo-C6-homoserine lactone EHEC 2.84 0.25 2.20e-
109

71.55 1.34e-
129

71.55 99.58

4Y17 C SdiA in complex with 3-oxo-C8-homoserine lactone EHEC 2.84 0.27 2.38e-
109

71.55 1.83e-
129

71.55 99.58

4Y13 A SdiA in complex with 1-octanoyl-rac-glycerol EHEC 3.10 0.24 4.58e-
103

69.04 1.10e-
122

69.04 99.58

4Y15 B SdiA in complex with 3-oxo-C6-homoserine lactone EHEC 2.84 0.25 1.25e-
108

72.03 9.22e-
129

72.03 98.33

4Y17 B SdiA in complex with 3-oxo-C8-homoserine lactone EHEC 2.84 0.27 1.25e-
108

72.03 9.22e-
129

72.03 98.33

4Y15 A SdiA in complex with 3-oxo-C6-homoserine lactone EHEC 2.84 0.25 1.56e-
108

72.03 1.04e-
128

72.03 98.33

4Y17 A SdiA in complex with 3-oxo-C8-homoserine lactone EHEC 2.84 0.27 1.56e-
108

72.03 1.04e-
128

72.03 98.33

4LFU A Crystal structure of Escherichia coli SdiA in the space group C2 E. coli 2.26 0.28 1.62e-
108

72.03 1.30e-
128

72.03 98.33

4LGW A Crystal structure of Escherichia coli SdiA in the space group
P6522

E. coli 2.70 0.27 1.35e-
108

72.03 1.49e-
128

72.03 98.33

2AVX A Solution structure of E. coli SdiA1-171 E. coli Pending Pending 3.48e-67 63.74 3.41e-78 63.74 71.25
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the present study. These residues would present great targets for
site directed mutagenesis studies.

The 4Y13, 4Y15 and 4Y17 structures of SdiA proteins of EHEC

used as templates in this study showed the highest binding affinity
to 3-oxo-C12-HSL with scores of �75.66, �82.30 and �86.16,
respectively (Table 5). This molecule bound to S43 and S134

Fig. 2. Superposition of the generated macromolecular structures of SdiA protein of Salmonella Enteritidis PT4 578 with their respective templates of EHEC. The structures 4Y13-S of
Salmonella Enteritidis (gray) and 4Y13 of EHEC (orange) (A and B), the structures 4Y15-S of Salmonella Enteritidis (blue) and 4Y15 of EHEC (green) (C and D), and the structures
4Y17-S of Salmonella Enteritidis (pink) and 4Y17 of EHEC (yellow) (E and F). Ligand-binding domain (LBD); DNA-binding domain (DBD). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Validation of the generated macromolecular structures of SdiA proteins and their templates of EHEC.

Organism Structure a Chain Ramachandran plot analysis Verify3D (%) d ERRAT (%) e

Residues in the region (%)

Favored b Allowed c Outlier

Salmonella Enteritidis PT4 578 4Y13-S A 96.2 3.8 0.0 89.17 92.672
Salmonella Enteritidis PT4 578 4Y15-S C 97.7 2.1 0.0 93.31 87.013
Salmonella Enteritidis PT4 578 4Y17-S C 97.0 3.0 0.0 92.89 91.775
EHEC 4Y13 A 95.9 4.1 0.0 85.78 95.413
EHEC 4Y15 C 98.3 1.7 0.0 89.58 91.379
EHEC 4Y17 C 95.9 3.7 0.4 91.36 91.845

a The structures of Salmonella Enteritidis PT4 578 modeled from EHEC were identified with their template code of PDB plus the letter “S”.
b Approximately 98.0% expected.
c Approximately 2.0% expected.
d At least 80% of the amino acid residues with score � 0.2 indicating compatibility between an atomic model (3D) with its own amino acid sequence (1D) [52].
e Expressed as the percentage of the protein for which the calculated error value falls below the 95% rejection limit. Good high resolution structures generally produce

values around 95% or higher. For lower resolutions (2.5 to 3 Å) the average overall quality factor is around 91% [53].
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Fig. 3. Ramachandran Plot Analysis of the generated macromolecular structures of SdiA protein of Salmonella Enteritidis PT4 578: A chain of 4Y13-S structure (A), C chain of 4Y15-S
structure (B), C chain of 4Y17-S structure (C) and their templates of EHEC: A chain of 4Y13 structure (D), C chain of 4Y15 structure (E), C chain of 4Y17 structure (F). Black square
with dark blue background, general amino acid in favored region; black triangle with dark blue background, pre and pro-proline in favored region; black cross with dark pink
background, glycine in favored region; orange square with light blue background, general amino acid in allowed region; orange triangle with light blue background, pre and pro-
proline in allowed region; orange cross with light pink background, glycine in allowed region; Red square or triangle or cross, general amino acid or pre and pro-proline or glycine in
outlier region, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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residues of the protein and with glycerol bounded at Q72 residue
(Fig. 6B). Moreover, the S43, Y63, W67, D80 and S134 residues of
4Y15 and 4Y17 structures were common binding sites for 3-oxo-
C12-HSL (Table 5). In addition, the binding affinity of the AHLs by
4Y13 structure of SdiA protein of EHEC was similar to 4Y13-S
structure of SdiA protein of Salmonella Enteritidis (Table 5).
Differently, Kim et al. [61] showed that the binding affinity of C8-
HSL to SdiA of E. coli is stronger than that of C4-HSL and C10-HSL.
Furthermore, only one brominated furanone and another non-
brominated furanone were not predicted to bind to EHEC SdiA
(Table 5).

The molecules with greater binding affinities to 4Y15 and 4Y17
structures of EHEC SdiA were AHLs with twelve and ten carbons
with or without 3-oxo modification as well as brominated fur-
anones with twelve and ten carbons, following by same molecules
with eight carbons and OCL (Table 5). Moreover, the conformational
changes of 4Y15 and 4Y17 structures of EHEC resulting from the
binding with AHLs also increased the affinity to brominated fur-
anones as observed in Salmonella Enteritidis predicted structures.
The S43, Y63, W67, Y71, D80 and S134 residues were common
binding sites when comparing the five best scores of each molecule
resulting from the molecular docking with the three structures of
SdiA protein of EHEC (Table 5). Yao et al. [62] showed that the Y63,
W67, Y71, D80 and W95 residues of SdiA protein of the E. coli were
binding sites for C8-HSL. Moreover, Nguyen et al. [16] also showed
that the S43, F59, T61, Y63, W67, Y71, L77, D80, W107 and S134
residues of SdiA protein of the EHEC were binding sites for different
AHLs and OCL, with Y63 being the most specific and presenting the
highest affinity. Thus, all binding residues found in this study
corroborate with those described Yao et al. [62] and Nguyen et al.
[16]. In addition, we show that AHLs with longer acyl chains may
also be good activators of SdiA in EHEC, and to our knowledge, this
has not been tested. Interestingly, AHLs with longer chain are more
stable in slightly alkaline environment such as that found in the gut
where these microorganisms cause infection [63]. It would be
interesting to test whether EHEC SdiA responds to C12-HSL or 3-
oxo-C12-HSL as Salmonella does.

In general, the comparison of molecular docking results of
different structures of SdiA protein of Salmonella Enteritidis and
EHEC with the results of Gnanendra et al. [30], Yao et al. [62] and
Nguyen et al. [16] showed that the W67, Y71 and D80 residues are
common binding sites for different quorum sensing and quorum
quenching molecules. In addition, the Y63 and S134 residues are
common binding sites for SdiA proteins as described by Nguyen
et al. [16], as well as the Y63 residue for Yao et al. [62]. Furthermore,
these residues are conserved among many LuxR type proteins
[6,16,30,50,61].

3.6. Site directed mutagenesis of predicted binding sites of the SdiA

All SdiA residues of Salmonella Enteritidis and EHEC found as
binding sites for OCL, AHLs and furanones were point mutated to
leucine residues. Then, new molecular docking for each mutant
protein was performed and we finally showed that the signaling
molecules did not bind to the proteins with mutated residues.
These results confirm that the Y63, W67, Y71, Q72, D80 and S134
residues of the SdiA protein of Salmonella Enteritidis are binding
sites for quorum sensing and quenching molecules (Fig. 7A and B).
In EHEC, the S43, Y63, W67, Y71, Q72, D80, R111, F132 and S134
residues were also confirmed as binding sites in this mutagenic
approach (Fig. 7C and D).

4. Conclusion

We have shown that the available structures of SdiA protein of
EHEC provided good prototypes for modeling SdiA from Salmonella

Enteritidis PT4 578. The molecular docking of these proteins
showed that the Y63,W67, Y71, D80 and S134 residues are common
binding sites for different quorum sensing and quorum quenching
molecules and these residues are conserved among LuxR type
proteins. In addition, the S43 residue of EHEC SdiA is a common
binding site, but this residue is not conserved. The AHLs with
twelve carbons have better binding affinities to SdiA, regardless of
the evaluated structure. The models generated from SdiA bound to
AHLs presented increased affinity to brominated furanones, indi-
cating strong possibility for competition for binding to SdiA among

Fig. 4. Superposition of all the generated macromolecular structures of SdiA protein of
Salmonella Enteritidis PT4 578 and their templates of EHEC separately. The 4Y13-S
(gray), 4Y15-S (blue) and 4Y17-S (pink) structures of Salmonella (A and B), and 4Y13
(orange), 4Y15 (green) and 4Y17 (yellow) structure of EHEC (C and D). Ligand-binding
domain (LBD); DNA-binding domain (DBD); Black arrows show conformational
changes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 5. Alignment of the amino acid sequences of SdiA protein of Salmonella Enteritidis PT4 578 (GenBank: AGZ95694.1) and EHEC (UniProtKB: Q8XBD0). Black letter, conserved
amino acid residue; Red letter, non-conserved amino acid residue; asterisk, conserved amino acid residue between LuxR family protein described by Ahmer et al. [6], Gnanendra
et al. [30], Kim et al. [61], Nguyen et al. [16] and Campos-Galv~ao et al. [50]; Gray background, amino acid residues involved in the interaction between two LBD described by Nguyen
et al. [16]; Blue background, amino acid residue involved in the interaction between two DBD described by Nguyen et al. [16]; Yellow background, amino acid residue involved in the
interaction between LBD-DBD described by Nguyen et al. [16]; Green background, amino acid residue involved in the interaction between DBD-DBD and LBD-DBD described by
Nguyen et al. [16]; Boxed residue, amino acid residue involved in the interaction between LBD-ligand described by Gnanendra et al. [30], Yao et al. [62] and Nguyen et al. [16].
Ligand-binding domain (LBD); DNA-binding domain (DBD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Table 4

Results from molecular docking of generated macromolecular structures of SdiA protein of Salmonella Enteritidis PT4 578 with quorum sensing and quorum quenching
molecules.

Molecule Generated macromolecular structures of SdiA protein of Salmonella Enteritidis

4Y13-S 4Y15-S 4Y17-S

Binding residue Score Rank Binding residue Score Rank Binding residue Score Rank

N-(3-oxododecanoyl)-L-homoserine lactone Y63, S134, Glycerol ¡70.32 1 Y71, S134 �83.28 3 Y63, W67, D80,

S134

¡86.30 1

N-dodecanoyl-DL-homoserine lactone Y63, W67 �69.67 2 Y63, W67, S134 ¡85.00 1 Y63, W67, D80 �83.89 3
N-decanoyl-DL-homoserine lactone Y71 �69.29 3 Y63, W67, S134 �80.68 4 W67, S134 �80.05 4
N-(3-oxodecanoyl)-L-homoserine lactone Y63, W67, D80,

S134
�66.76 4 Y63, W67, S134 �79.21 5 W67, S134 �78.85 5

N-(3-oxooctanoyl)-L-homoserine lactone Y63 �65.65 5 Y63, W67, Y71, D80,
S134

�72.13 7 Y63, W67, Y71, D80 �72.03 7

N-octanoyl-DL-homoserine lactone Y63 �64.26 6 Y63, W67, D80, S134 �71.34 8 Y63, W67, D80 �70.89 8
1-octanoyl-rac-glycerol W67, D80, Glycerol �60.82 7 Y63, D80, S134 �62.16 11 Y63, D80 �62.94 11
4-bromo-5-(bromomethylene)-3-decyl-2(5H)-furanone Y71 �60.55 8 Y71 �76.82 6 Y71 �74.48 6
4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone W67 �60.50 9 W67 �64.85 10 W67 �63.59 10
4-bromo-5-(bromomethylene)-3-octyl-2(5H)-furanone S134 �59.40 10 Y71 �66.33 9 Y71 �68.29 9
3-butyl-2(5H)-furanone W67 �57.55 11 e e e e e e

N-(3-oxohexanoyl)-L-homoserine lactone Y63 �57.39 12 Y63, W67 �60.66 12 Y63, W67 �60.71 12
N-hexanoyl-DL-homoserine lactone Y63, W67 �56.38 13 Y63, W67 �60.42 13 Y63, W67, D80 �60.50 13
4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-

furanone
Glycerol (Q72) �55.52 14 Y71 �83.51 2 Y71 �84.02 2

4-bromo-3-butyl-5-(dibromomethylene)furan-2(5H)-
one

W67 �53.62 15 W67 �58.39 14 W67 �57.69 14

4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone W67 �52.17 16 Y71 �53.49 15 W67 �54.61 15
N-butyryl-DL-homoserine lactone Y63 �45.43 17 e e e e e e

5-bromomethylene-2(5H)-furanone W67 �35.45 18 e e e e e e

3-methyl-2(5H)-furanone W67 �35.14 19 e e e e e e

2(5H)-furanone W67 �31.41 20 e e e e e e

2-methyl tetrahydro-3-furanone W67 �30.14 21 e e e e e e

4-bromo-5-(bromomethylene)-2(5H)-furanone e e e Y71 �40.87 16 Y71 �42.32 16
4-bromo-5-(bromomethylene)-3-ethyl-2(5H)-furanone e e e e e e e e e

5-dibromomethylene-2(5H)-furanone e e e e e e e e e

3-ethyl-5-(dibromomethylene)furan-2(5H)-one e e e e e e e e e

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

All binding residues of the five best score Y63, W67, Y71, D80, S134, Glycerol
(Q72), Glycerol

Y63, W67, Y71, D80, S134 Y63, W67, Y71, D80, S134

No binding (�). The best result of all in bold.
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these molecules. Therefore, brominated furanones may be used to
inhibit phenotypes controlled by quorum sensing in Salmonella and
EHEC whenever external AHLs are present, since these inhibitors
may compete with AHLs for binding to SdiA. The modeled protein

from Salmonella as well as the approach here described may be
used to test different types of quorum sensing inhibitors and guide
future laboratory works.

Fig. 6. Representative inspection of the binding sites the 4Y13-S structure of SdiA protein of Salmonella Enteritidis PT4 578 (A) and the 4Y13 structure of EHEC (B) with 3-oxo-C12-
HSL and glycerol. Black arrow, the binding sistes; Gray arrow, glycerol; Yellow arrow, 3-oxo-C12-HSL; Blue dashed line, hydrogen bond. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 5

Results from molecular docking of macromolecular structures of SdiA protein of EHEC with quorum sensing and quenching molecules.

Molecule Macromolecular structures of SdiA protein of EHEC

4Y13 4Y15 4Y17

Binding residue Score Rank Binding residue Score Rank Binding residue Score Rank

N-(3-oxododecanoyl)-L-homoserine lactone S43, S134, Glycerol

(Q72)

¡75.66 1 S43, Y63, W67, D80,

S134

¡82.30 1 S43, Y63, W67, D80,

S134

¡86.16 1

N-(3-oxodecanoyl)-L-homoserine lactone S43, S134, Glycerol
(Q72)

�72.78 2 S43, Y63, W67, D80,
S134

�77.65 4 S43, Y63, W67, D80 �80.46 3

N-dodecanoyl-DL-homoserine lactone Y63, D80, Glycerol
(R111)

�72.17 3 Y63, W67, D80 �81.88 2 Y63, W67, D80 �85.53 2

N-decanoyl-DL-homoserine lactone Y71 �72.13 4 Y63, W67, D80, S134 �78.04 3 Y63, W67, D80 �79.25 4
N-(3-oxooctanoyl)-L-homoserine lactone S43, Y63 �67.96 5 S43, Y63, W67, D80 �70.13 7 S43, Y63, W67 �71.22 7
N-octanoyl-DL-homoserine lactone Y63 �67.12 6 Y63, W67, S134 �68.68 8 Y63 �69.04 9
1-octanoyl-rac-glycerol W67, D80, Glycerol

(R111)
�63.20 7 W67, Y71, D80 �60.52 11 Y71, D80 �61.86 11

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

S43 �62.19 8 W67 �72.98 5 W67 �78.97 5

4-bromo-5-(bromomethylene)-3-octyl-2(5H)-
furanone

W67 �60.84 9 W67 �65.90 9 S43 �71.19 8

4-bromo-5-(bromomethylene)-3-decyl-2(5H)-
furanone

W67 �60.68 10 S43 �72.58 6 S43 �78.75 6

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

W67 �60.52 11 W67 �60.54 10 S43 �59.95 12

N-(3-oxohexanoyl)-L-homoserine lactone Y63, W67, Glycerol
(Q72)

�60.24 12 S43, Y63, W67 �60.28 12 S43, Y63, W67 �61.96 10

N-hexanoyl-DL-homoserine lactone Glycerol (Q72) �58.12 13 Y63, W67 �58.46 13 Y63, W67 �59.87 13
4-bromo-3-butyl-5-(dibromomethylene)furan-

2(5H)-one
W67 �57.01 14 e e e e e e

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

W67 �56.17 15 e e e e e e

3-butyl-2(5H)-furanone W67 �49.75 16 e e e Q72 �52.42 14
N-butyryl-DL-homoserine lactone S43 �48.33 17 S43, Y71 �45.81 14 e e e

3-methyl-2(5H)-furanone Glycerol (Q72) �38.01 18 e e e e e e

5-dibromomethylene-2(5H)-furanone W67 �37.99 19 S43 �40.41 17 S43 �40.02 18
2,2-dimethyl-3(2H)-furanone Glycerol (Q72) �37.32 20 e e e S43 �33.27 20
4-bromo-5-(bromomethylene)-2(5H)-furanone Glycerol (Q72) �36.64 21 S43 �40.52 16 S43 �41.03 17
5-bromomethylene-2(5H)-furanone W67 �34.62 22 S43 �34.30 18 Q72 �36.60 19
2(5H)-furanone Glycerol (Q72) �33.43 23 e e e Q72 �32.02 21
2-methyl tetrahydro-3-furanone Glycerol (Q72) �32.61 24 S43 �29.58 19 e e e

4-bromo-5-(bromomethylene)-3-ethyl-2(5H)-
furanone

e e e S43 �45.04 15 S43 �48.77 15

3-ethyl-5-(dibromomethylene)furan-2(5H)-one e e e e e e S43 �47.99 16
All binding residues of the five best score S43, Y63, W67, Y71, Q72, D80, S134,

Glycerol (Q72 and R111)
S43, Y63, W67, Y71, Q72, D80, F132,
S134

S43, Y63, W67, Y71, D80, S134

No binding (�). The best result of all in bold.
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Fig. S1. Alignment of the amino acid sequences of the SdiA proteins at PDB database 

with more than 50 % identity with the SdiA protein of Salmonella Enteritidis PT4 578 

(GenBank: AGZ95694.1). White background, conserved amino acid residue; black 

background, non-conserved amino acid residue; dash, gap. 
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Abstract 

Salmonella belongs to the Enterobacteriaceae family which is widely distributed in the 

environment due to its adaptive capacity to stress conditions. In addition, Salmonella is 

able to perform a type of cell-to-cell communication called quorum sensing, which 

leads to the differential gene expression. The quorum sensing system mediated by AI-1, 

acyl homoserine lactones (AHLs), is incomplete in Salmonella because the luxI 

homolog gene, which encodes for AI-1 synthase, is missing in the genome. However, a 

homologue of LuxR, known as SdiA, is present and allows the detection of signaling 

molecules produced by other species of bacteria, leading to the regulation of gene 

expression, mainly related to virulence and biofilm formation. Thus, in view of the 

importance of quorum sensing on the physiology regulation of microorganisms, the aim 

of the present study is to perform a virtual screening of plant compounds and 

nonsteroidal anti-inflammatory drugs (NASIDs) for inhibition of quorum sensing by 

molecular docking and biofilm formation in Salmonella. In general, most the plant 

compounds and all NSAIDs bound in, at least, one of the three structures of SdiA 

proteins of Salmonella Enteritidis PT4 578 modeled. In addition, many compounds 

tested had higher binding affinity than the AHLs and the furanones that are the inducers 

and inhibitors of the quorum sensing mechanism, respectively. The Z-phytol and 

lonazolac were good candidates for the in vitro tests of inhibition of the quorum sensing 

by AI-1 and biofilm formation in Salmonella. Thus, this study directs future prospecting 

of plant extracts for inhibition of quorum sensing mechanism depending on AHL and 

biofilm formation. In addition, the use of inhibitors of quorum sensing and biofilm 

formation can be combined with antibiotics for better treatment efficacy as well as the 

use of these compounds to design new drugs. 

 

Keywords: anti-biofilm; lonazolac; quorum quenching; SdiA protein; Z-phytol. 
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1. Introduction 

Salmonella belongs to the Enterobacteriaceae family which is widely distributed 

in the environment due to its adaptive capacity to stress conditions. This characteristic is 

related to the virulence factors that, in most cases, are coded in regions of the bacterial 

genome denominated Pathogenicity Islands (SPIs) [1-3]. In addition, Salmonella is able 

to perform a type of cell-to-cell communication called quorum sensing, which leads to 

the differential gene expression [4-8]. In Salmonella, there are different quorum sensing 

mechanisms depending on the type of signaling molecule used. These signaling 

molecules are also known as autoinducers (AIs) and the three main types used by 

Salmonella are AI-1, AI-2 and AI-3 [9, 10]. 

The quorum sensing system mediated by AI-1, acyl homoserine lactones 

(AHLs), is incomplete in Salmonella because the luxI homolog gene, which encodes for 

AI-1 synthase, is missing in the genome. However, a homologue of LuxR, known as 

SdiA, is present and allows the detection of signaling molecules produced by other 

species of microorganisms, leading to the regulation of gene expression [11-13]. 

Liu et al. [14] showed that the addition of N-octanoyl-DL-homoserine lactone 

(C8-HSL) associated with the presence of pRST98 plasmid in Salmonella enterica 

serovar Typhi, which contains the rck gene, increased its adhesion in HeLa cells and 

biofilm formation in polystyrene. Abed et al. [15] also showed that the promoter region 

of the rck operon, located on the S. enterica serovar Typhimurium ATCC 14018 

plasmid, is regulated by the SdiA protein in the presence of AHL. The hilA, invA and 

invF genes of SPI-1 of S. enterica serovar Enteritidis PT4, and glgC, fliF, lpfA and fimF 

which are genes involved in biofilm formation were most expressed in the presence of 

N-dodecanoyl homoserine lactone (C12-AHL) [16]. The C12-HSL also increased 

abundance of the PheT, HtpG, PtsI, TalB, PmgI, Eno, PykF and Adi proteins and 

decreased the abundance of OmpA, OmpC, OmpD, GapA, Tsf, RpsB, RplE and RplB 
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proteins, besides altering the consumption of formate [17]. In addition, biofilm 

formation after 36 h of culturing in the presence of C12-HSL induced biofilm on 

polystyrene, under anaerobic conditions by this pathogen [16, 18]. 

Thus, in view of the importance of quorum sensing on the physiology regulation 

of microorganisms, the search for inhibitors of this mechanism became a research 

target. Molecules known as furanones were the first inhibitors of quorum sensing 

discovered and present similar structures to AHLs [19-25]. Almeida et al. [26] 

demonstrated, by molecular docking, that the non-brominated and brominated furanones 

can bind to the SdiA proteins of Salmonella Enteritidis and Enterohemorrhagic 

Escherichia coli (EHEC). Biofilm formation by Salmonella Enteritidis which was 

shown to be induced by C12-HSL, was then inhibited by a mixture of non-brominated 

furanones if added concomitantly [16, 18]. Additionally, when different furanones were 

added without signaling molecules, biofilm formation by Salmonella Typhimurium [23] 

and S. enterica serovar Agona [24] was also inhibited. 

Plant compounds with quorum sensing inhibitory activity also known as quorum 

quenching have become an intense target of research [27-48]. Kumar et al. [36] showed 

that ginger compounds such as [6]-gingerol and [6]-shogaol inhibited quorum sensing in 

Chromobacterium violaceum and Pseudomonas aeruginosa. In addition, Kim et al. [34] 

showed that [6]-gingerol bound to LasR protein (homologous to LuxR) of P. 

aeruginosa by molecular docking. 

Additionally, substances used in the medical field for other purposes, such as 

nonsteroidal anti-inflammatory drugs (NSAIDs), have been studied in relation to their 

ability to inhibit the quorum sensing [28, 45, 48, 49-52]. El-Mowafy et al. [49] showed 

by molecular docking that aspirin bound to LasR protein of P. aeruginosa. Soheili et al. 

[51] also used the same tool to search for NSAIDs capable of binding to LasR protein of 
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P. aeruginosa and suggested that piroxicam and meloxicam have anti-quorum sensing 

potential for this microorganism. 

Thus, the aim of the present study is to perform a virtual screening of plant 

compounds and nonsteroidal anti-inflammatory drugs (NASIDs) for inhibition of 

quorum sensing and biofilm formation in Salmonella. 

 

2. Materials and methods 

The experimental strategy employed in this study for virtual screening of plant 

compounds and nonsteroidal anti-inflammatory drugs (NSAIDs) for inhibition of 

quorum sensing by AI-1 and biofilm formation by Salmonella is depicted on Fig. 1 and 

fully described herein. 

 
Fig. 1. Experimental strategy used for virtual screening of plant compounds and 
nonsteroidal anti-inflammatory drugs (NSAIDs) for inhibition of quorum sensing and 
biofilm formation by Salmonella. The databases, tools, softwares and reference used in 
the different steps are indicated in brackets. 
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2.1. Quorum sensing, quorum quenching and anti-biofilm compounds 

The compounds selected for this study were 1-octanoyl-rac-glycerol (OCL), 

seven acyl homoserine lactones (AHLs), five furanones, 107 plant compounds and 73 

NSAIDs, totaling 193 compounds (Table 1). These compounds were selected based on 

previous studies or structural similarity to compounds already studied with anti-quorum 

sensing activity. The structures of these molecules were obtained from the Compound 

Identifier of PubChem database (PubChem CID; https://pubchem.ncbi.nlm.nih.gov/). In 

addition, the plant componds were classified according to their main funcional group 

and the classification of NSAIDs was obtained from KEGG Drug database 

(http://www.genome.jp/kegg/drug/) (Table 1). 
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Table 1. Quorum sensing and quorum quenching compounds used for virtual screening of the inhibitors of quorum sensing and biofilm formation 
by Salmonella. 

Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

OCL OCL 1-octanoyl-rac-glycerol 3033877 [26, 53] 1 

AHL Unmodified in 3-oxo N-butyryl-DL-homoserine lactone 443433 [21, 26] 7 

N-hexanoyl-DL-homoserine lactone 3462373 [16, 21, 26, 54]  

N-octanoyl-DL-homoserine lactone 3474204 [16, 21, 26, 54]  

N-dodecanoyl-DL-homoserine lactone 11565426 [16, 26, 54]  

Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone 688505 [21, 25, 26, 53, 55]  

N-(3-oxooctanoyl)-L-homoserine lactone 127293 [21, 26, 53]  

N-(3-oxododecanoyl)-L-homoserine lactone 3246941 [26, 55]  

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone 147604 [26, 54] 5 

3-butyl-2(5H)-furanone 11768654 [23, 26]  

Brominated 4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 9839657 [23, 26]  

4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone 16127328 [23, 26]  

4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone 10180544 [23, 26]  

Plant Ajoene E-ajoene 5386591 [32, 42] 107 

 Z-ajoene 9881148 [32, 42]  

 Alcohol 1-hydroxyoctane 957 [31]  

 1-methylcyclohexanol 11550 [31]  

 2-methylcyclohexanol 11418 [31]  

 3-methylcyclohexanol 11566 [31]  

 4-methylcyclohexanol 11524 [31]  

 Trans-2-methylcyclohexanol 24004 [31]  

 Amino acid 2-amino-4-chlorobenzoic acid (4CABA) 66646 [27, 37]  

 2-amino-6-chlorobenzoic acid (6CABA) 75071 [27, 37]  

 2-amino-6-fluorobenzoic acid (6FABA) 521142 [27, 37]  

 Anthranilic acid (AA) 227 [27, 37]  

 R-canavanine 222546 [33]  

 S-canavanine 439202 [33]  

 RS-canavanine 275 [33]  

 
 
 



 

 

101 

Table 1. Continuation. 
Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

Plant Aminobenzoic ester Methyl anthranilate (MA) 8635 [27, 37]  

 Aromatic aldehyde Vanillin 1183 [45]  

 Aromatic ether Butyl trityl ether 348962 [41]  

 C13-norisoprenoid E-alfa-damascenone 68473438 [41]  

 Z-alfa-damascenone 91668178 [41]  

 E-beta-damascenone 5366074 [41]  

 Z-beta-damascenone 12309006 [41]  

 Chalcone Cardamonin 641785 [41]  

 Coumarin Coumarin 323 [41]  

 Cyclitol R-quinic acid 6508 [41]  

 S-quinic acid 37439 [41]  

 Fatty acid Linolenic acid 5280934 [41]  

 Malvalic acid 10416 [41]  

 Margaric acid  10465 [41]  

 Palmitic acid 985 [41]  

 Punicic acid 5281126 [41]  

 Flavonoid 7,8-dihydroxy-4'-methoxyisoflavone (Isoflavone) 5481240 [41]  

 Acacetin 5280442 [41]  

 Astragalin 5282102 [41]  

 R-catechin 73160 [40, 47]  

 S-catechin 9064 [40, 47]  

 RS-catechin 1203 [47]  

 Chrysin 5281607 [46]  

 R-epicatechin 72276 [44]  

 S-epicatechin 182232 [44]  

 Isosakuranetin  160481 [46]  

 Kaempferol 5280863 [46]  

 Luteolin 5280445 [46]  

 Myricetin 5281672 [46]  

 Pinobanksin 73202 [46]  

 Pinocembrin 68071 [46]  

 Poriol 301798 [41]  
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Table 1. Continuation. 
Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

Plant Flavonoid Quercetin 5280343 [46]  

 Retusin (Flavonol) 5352005 [41]  

 Rutin 5280805 [35, 44]  

 Tricetin  5281701 [46]  

 Furanocoumarin Imperatorin (Ammidin) 10212 [41]  

 Isothiocyanate Iberin 10455 [32]  

 Methoxy phenol [6]-gingerol  442793 [34, 36]  

  [8]-gingerol 168114 This study  

  [10]-gingerol 168115 This study  

  [6]-isoshogaol 11694761 This study  

  [8]-isoshogaol 91715793 This study  

  [10]-isoshogaol 53379231 This study  

  [12]-isoshogaol 91715817 This study  

  [6]-shogaol 5281794 [36]  

  [8]-shogaol 6442560 This study  

  [10]-shogaol 6442612 This study  

  Zingerone (Vanillylacetone) 31211 [36]  

 Monoterpene R-limonene 440917 [31]  

 S-limonene 439250 [31]  

 RS-limonene 22311 [31]  

 Oxygenated diterpene E-phytol 5280435 [41]  

 Z-phytol 6430833 [41]  

 Oxygenated monoterpene R-isomenthone 70962 [31]  

 S-isomenthone 6432469 [31]  

 R-isopulegol 170833 [31]  

 S-isopulegol 1268090 [31]  

 RS-isopulegol 24585 [31]  

 R-lavandulol 5464156 [31]  

 S-lavandulol 68133 [31]  

 RS-lavandulol 94060 [31]  
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Table 1. Continuation. 
Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

Plant Oxygenated monoterpene R-menthol 16666 [31]  

 S-menthol 165675 [31]  

 RS-menthol 1254 [31]  

 R-menthone 26447 [31]  

 S-menthone 443159 [31]  

 RS-menthone 6986 [31]  

 R-menthyl acetate 220674 [31]  

 S-menthyl acetate 62335 [31]  

 RS-menthyl acetate 27867 [31]  

 R-neoisomenthol 19244 [31]  

 S-neoisomenthol 1715097 [31]  

 R-piperitone 107561 [31]  

 S-piperitone 61362 [31]  

 RS-piperitone 6987 [31]  

 Oxygenated sesquiterpene E,E-farnesol 445070 [29, 30]  

 E,Z-farnesol 1549109 [29, 30]  

 Z,E-farnesol 1549108 [29, 30]  

 Z,Z-farnesol 1549107 [41]  

 R-norpatchoulenol 57124935 [41]  

 S-norpatchoulenol 14682250 [41]  

 Phenolic Pyrogallol 1057 This study  

 Phenolic acid Ellagic acid 5281855 [44]  

 Gallic acid 370 [44]  

 Salicylic acid 338 [28, 45, 48]  

 Phenylpropanoid Caffeic acid 689043 [44, 46]  

 Cinnamic acid 444539 [41]  

 Ferulic acid 445858 [44, 46]  

 p-coumaric acid 637542 [40, 46]  

 Trans-cinnamaldehyde 637511 [28]  

 Terpenoid Callicarpenal 11107286 [31]  
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Table 1. Continuation. 
Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

NSAID Acetic acid derivative Aceclofenac 71771 This study 73 

 Acemetacin 1981 This study  

 Alclofenac 30951 This study  

 Bufexamac 2466 This study  

 Diclofenac 3033 [51, 52]  

 Difenpiramide 100472 This study  

 Etodolac 3308 This study  

 Fentiazac 28871 This study  

 Glucametacin 46174088 This study  

 Indomethacin 3715 [51]  

 Ketorolac 3826 [51]  

 Lonazolac 68706 [50]  

 Oxametacin 33675 This study  

 Sulindac 1548887 [51]  

 Tolmetin 5509 [51]  

 Zomepirac 5733 This study  

 Anilide derivative Paracetamol (Acetaminophen) 1983 This study  

 Anilinonicotinic acid derivative Clonixin 28718 This study  

 Flunixin 38081 This study  

 Morniflumate 72106 This study  

 Niflumic acid 4488 This study  

 Enolic acid derivative (Oxicam)  Droxicam 65679 This study  

 Isoxicam 54677972 This study  

 Lornoxicam 54690031 This study  

 Meloxicam 54677470 [51]  

 Piroxicam 54676228 [51, 52]  

 Tenoxicam 54677971 This study  

 Fenamic acid derivative Flufenamic acid 3371 This study  

 Meclofenamic acid 4037 This study  

 Mefenamic acid 4044 This study  

 Tolfenamic acid 610479 This study  
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Table 1. Continuation. 
Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

NSAID Propionic acid derivative Alminoprofen 2097 This study  

 Benoxaprofen 39941 This study  

 Dexibuprofen 39912 This study  

 Dexketoprofen 667550 This study  

 Fenbufen 3335 This study  

 Fenoprofen 3342 This study  

 Flunoxaprofen 68869 This study  

 Flurbiprofen 3394 This study  

 Ibuprofen 3672 [51, 52]  

 Ibuproxam 68704 This study  

 Indoprofen 3718 This study  

 Ketoprofen 3825 [52]  

 Loxoprofen 3965 This study  

 Naproxen 156391 [51, 52]  

 Oxaprozin 4614 This study  

 Suprofen 5359 This study  

 Tiaprofenic acid 5468 This study  

 Pyrazolone derivative Aminopyrine (Aminophenazone) 6009 This study  

 Azapropazone 26098 This study  

 Dipyrone (Metamizole) 3111 This study  

 Feprazone 35455 This study  

 Ketophenylbutazone (Kebutazone) 3824 This study  

 Mofebutazone 16639 This study  

 Nifenazone 4487 This study  

 Oxyphenbutazone 4641 This study  

 Phenylbutazone 4781 This study  

 Suxibuzone 5362 This study  
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Table 1. Continuation. 
Group Classification Molecule Pubchem CID References of studies with quorum sensing in bacteria Total 

NSAID Salicylic acid derivative Aspirin (Acetylsalicylic acid) 2244 [49, 51]  

 Benorilate 21102 This study  

 Diflunisal 3059 This study  

 Olsalazine 6003770 This study  

 Salicylamide 5147 This study  

 Salicylic acid 338 [28, 45, 48]  

 Selective COX2 inhibitor (Coxibs) Celecoxib 2662 [51]  

 Etoricoxib 123619 This study  

 Firocoxib 208910 This study  

 Lumiracoxib 151166 This study  

 Nabumetone 4409 This study  

 Parecoxib 119828 This study  

 Rofecoxib 5090 This study  

 Valdecoxib 119607 This study  

 Sulfonamide derivative Nimesulide 4495 This study  

Total     193 

The number in brackets indicates the size of the carbon chain. 
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2.2. Search for inhibitors of AI-1 type quorum sensing in Salmonella 

2.2.1. Macromolecular structures of SdiA protein of Salmonella Enteritidis 

The SdiA protein of S. enterica serovar Enteritidis PT4 578 (GenBank: 

AGZ95694.1) was modeled and validated (4Y13-S, 4Y15-S and 4Y17-S) from the SdiA 

protein of Enterohemorrhagic E. coli (EHEC; PDB: 4Y13, 4Y15 and 4Y17; [53]) using 

CLC Drug Discovery Workbench 2.5 software (http://www.clcbio.com/products/clc-

drug-discovery-workbench/) by Almeida et al. [26] and was used for molecular 

docking. 

 

2.2.2. Molecular docking of SdiA protein of Salmonella Enteritidis with different 

compounds 

The molecular docking of SdiA protein of Salmonella Enteritidis PT4 578 was 

performed with quorum sensing and potential quorum quenching compounds of the AI-

1 QS system (Table 1) by using the “Dock Ligands” tool of the CLC Drug Discovery 

Workbench 3.0.2 software (http://www.clcbio.com/products/clc-drug-discovery-

workbench/), with 1,000 interactions for each compound being performed. The 

generated score mimics the potential energy change when the protein and the compound 

come together based on hydrogen bonds, metal ions and steric interactions, where lower 

scores (more negative) correspond to higher binding affinities. The five best scores of 

the docking were used in each macromolecular structure, allowing the inspection of the 

binding sites of SdiA with compounds and cofactors [26]. 

 

2.3. Search for inhibitors of biofilm formation 

The search for inhibitors of biofilm formation was performed with compounds 

of Table 1 by using the “Predictor” tool of the “aBiofilm” resource 

(http://bioinfo.imtech.res.in/manojk/abiofilm/; [56]). The compounds were classified 
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according to the "inhibition efficiency color gradient" scale which describes the activity 

of inhibiting biofilm formation as high in shades of green (60-100%) or low in shades of 

pink (< 20%), as well as the confidence score of the result with high confidence in dark 

green (H2) and dark pink (L2), medium confidence in green (H1) and pink (L1) or low 

confidence in light green (H0) and light pink (L0). 

 

2.4. Prediction of absorption, solubility and permeability of evaluated compounds 

All compounds from Table 1 were also classified according the “rule of 5”. This 

classification establishes four parameters of the compounds as molecular weight 

(weight), octanol-water partition coefficient (log P), the number of H-bond donors (H-

bond donors) and the number of H-bond acceptors (H-bond acceptors) which are 

associated with their absorption, solubility and permeability. It is noteworthy that there 

are not five parameters, but the cutoffs for each of the four parameters are all close to 5 

or a multiple of 5. Thus, the compounds with better absorption, solubility and 

permeability are more likely when the weight is less than 500, the LogP is less than 5, 

H-bond donors less than 5 and H-bond acceptors 10. If two or more parameters are out 

of range, it is possible that the compound exhibits poor absorption, solubility and 

permeability [57]. 

 

3. Results and discussion 

3.1. Potential inhibitors of AI-1 type quorum sensing in Salmonella 

In this study, three macromolecular structures of SdiA protein of Salmonella 

Enteritidis PT4 578 were used on molecular docking. It is noteworthy that Salmonella 

SdiA structure is not available in the PDB database and the macromolecular structures 

used in this study were generated by us based on structures of SdiA protein of EHEC 

[26]. Nguyen et al. [53] observed conformational changes of SdiA protein of EHEC 
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when complexed with different compounds. They named the SdiA structure of E. coli as 

4Y13 when the protein was bound to 1-octanoyl-rac-glycerol (OCL), 4Y15 structure for 

this protein bound to N-(3-oxo-hexanoyl)-L-homoserine lactone (3-oxo-C6-HSL) and, 

4Y17 structure for the protein bound to N-(3-oxo-octanoyl)-L-homoserine lactone (3-

oxo-C8-HSL). Likewise, the modeled structures of SdiA of Salmonella were named 

4Y13-S, 4Y15-S and 4Y17-S. Then, considering three different macromolecular 

structure arrangements of SdiA protein of Salmonella Enteritidis, it was observed that 

binding affinities with the evaluated compounds were different (Tables 2 and 3). In our 

previous study it was also shown, by molecular docking, that these structures have 

different affinities for different AHLs and furanones [26]. 

 

3.1.1. Plant compounds 

The farnesol isomers (-70.17, -69.46, -69.20 and -68.32) and malvalic acid (-

69.39) showed the highest binding affinities with the modeled 4Y13-S structure which 

was complexed with OCL, among the 107 compounds of plants tested (Table 2). 
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Table 2. Results of molecular docking of macromolecular structures of SdiA protein of Salmonella Enteritidis PT4 578 with plant compounds. 
Group Classification Molecule Structures of modeled SdiA protein of Salmonella Enteritidis PT4 578  

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

Plant Oxygenated diterpene Z-phytol Q72, Glycerol (Q72) -67.90 8  F132, S134 -82.63 6  F132, S134 -87.89 1 
AHL Modified in 3-oxo N-(3-oxododecanoyl)-L-homoserine lactone Y63, W67, S134 -67.99 6  Y63, W67, D80, S134 -86.07 1  W67, S134 -86.15 2 

AHL Unmodified in 3-oxo N-dodecanoyl-DL-homoserine lactone Y63, W67 -67.61 9  Y63, W67 -85.38 2  Y63, W67, D80 -85.75 3 

Plant Methoxy phenol [12]-isoshogaol T61, Glycerol (Q72) -57.63 29  Y71, S134 -85.31 3  Y71, D80, S134 -85.70 4 

Plant Methoxy phenol [8]-gingerol Y63, W67 -60.51 23  D80, S134 -81.52 9  D80, S134 -84.64 5 

Plant Oxygenated diterpene E-phytol Q72, Glycerol (Q72) -67.33 11  A43, F132, S134 -82.45 7  M106 -84.34 6 

Plant Methoxy phenol [10]-gingerol Y63, F132, S134, Glycerol -56.29 32  Y63, S134 -81.61 8  D80, S134 -83.17 7 

Plant Methoxy phenol [8]-shogaol Y71, Glycerol -64.77 16  A43, F132, S134 -80.61 11  Y71 -82.82 8 

Plant Methoxy phenol [8]-isoshogaol Glycerol -60.75 21  A43, W67, F132, S134 -76.82 15  W67 -82.66 9 

Plant Fatty acid Punicic acid Q72, Glycerol (Q72) -64.87 14  A43, F132, S134 -80.66 10  D80 -81.65 10 

Plant Methoxy phenol [10]-shogaol Y71, Glycerol -54.10 36  A43, F132, S134 -83.39 5  S134 -80.80 11 

Plant Fatty acid Malvalic acid Y63, W67 -69.39 3  Y63, S134 -79.20 12  D80, S134 -80.07 12 

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

Y71 -60.31 25  Y71 -83.64 4  Y71 -80.04 13 

Plant Methoxy phenol [10]-isoshogaol Y71, Glycerol (Q72) -57.88 27  S134 -75.94 16  D80, S134 -79.81 14 

Plant Methoxy phenol [6]-gingerol D80, S134 -61.34 20  D80, S134 -77.28 13  Y63, S134 -78.60 15 

Plant Fatty acid Margaric acid Glycerol -67.57 10  A43, F132, S134 -74.93 18  Y63, W67 -78.52 16 

Plant Methoxy phenol [6]-shogaol S134 -67.94 7  S134 -77.20 14  S134 -78.22 17 

Plant Methoxy phenol [6]-isoshogaol Glycerol (Q72), Glycerol -61.81 19  A43, Y63, W67, F132, S134 -74.98 17  Y63 -76.38 18 

Plant Fatty acid Palmitic acid D80, Glycerol -64.19 17  Y63, S134 -74.24 19  Y63, W67 -74.16 19 

Plant Furanocoumarin Imperatorin (Ammidin) W67, S134 -62.31 18  W67 -72.26 22  W67 -73.39 20 

Plant Oxygenated 
sesquiterpene 

E,Z-farnesol Q72, Glycerol (Q72) -69.46 2  M106 -71.73 24  L44, R60 -72.38 21 

AHL Modified in 3-oxo N-(3-oxooctanoyl)-L-homoserine lactone Y63 -65.60 13  Y63, W67, Y71, D80, S134 -72.61 20  Y63, W67, Y71, D80 -72.03 22 

AHL Unmodified in 3-oxo N-octanoyl-DL-homoserine lactone Y63 -66.19 12  Y63, W67, D80, S134 -71.90 23  Y63, W67, D80 -71.07 23 

Plant Flavonoid Pinobanksin Y63, V68, W67 -53.75 37  W67, D80 -69.02 27  S134 -68.98 24 

Plant Flavonoid Poriol M106, S134, Glycerol -50.36 44  M106, S134 -68.12 29  S134 -68.15 25 

Plant Flavonoid Retusin (Flavonol) Glycerol -35.53 90  W67 -63.95 35  S134 -66.39 26 

Plant Chalcone Cardamonin V68, Q72 -54.12 35  L44, R60, Y71 -66.37 31  L44, R60, Y71 -66.15 27 

Plant Flavonoid Kaempferol W67 -46.98 56  W67, D80 -66.26 32  S134 -65.99 28 

Plant Flavonoid R-epicatechin W67, D80, Glycerol -55.31 33  Y71 -60.23 43  Y71, D80 -63.72 29 

Plant Flavonoid RS-catechin W67, D80, Glycerol -55.27 34  Y71 -60.21 44  Y71, D80 -63.71 30 
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Table 2. Continuation. 
Group Classification Molecule Structures of SdiA protein of Salmonella Enteritidis PT4 578 modeled 

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

OCL Monoacylglycerol 1-octanoyl-rac-glycerol Y63, D80, Glycerol -60.68 22  D80, S134 -61.30 38  Y63, W67, D80, S134 -63.62 31 

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

W67 -60.37 24  W67 -64.03 34  W67 -63.53 32 

Plant Flavonoid S-catechin Y63, W67, V68, D80 -52.55 39  W67, D80 -60.93 40  D80, S134 -63.32 33 

Plant Flavonoid Quercetin Y63, W67, V68, D80, Glycerol -46.59 58  W67, D80 -63.16 36  D80, S134 -63.30 34 

Plant Ajoene E-ajoene Y63 -57.84 28  Y71 -62.16 37  W67 -62.95 35 

Plant Flavonoid R-catechin D80, Glycerol -49.69 45  W67, D80 -68.69 28  S134 -62.94 36 

Plant Flavonoid S-epicatechin Y63, Glycerol -48.16 53  Y63, W67 -64.61 33  Y63 -62.81 37 

Plant Flavonoid 7,8-dihydroxy-4'-methoxyisoflavone 
(Isoflavone) 

W67, Glycerol -38.28 82  A43, L44, S134 -60.64 41  W67, Y71 -61.12 38 

AHL Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone Y63 -57.45 30  Y63, W67 -60.57 42  Y63, W67 -60.87 39 

AHL Unmodified in 3-oxo N-hexanoyl-DL-homoserine lactone Y63, W67 -56.37 31  Y63, W67 -60.00 45  Y63, W67, D80 -60.57 40 

Plant Ajoene Z-ajoene W67 -58.24 26  Y63, W67 -61.10 39  Y63, W67 -60.27 41 

Plant Oxygenated monoterpene RS-menthyl acetate - - -  Y71 -58.27 46  Y71 -59.69 42 

Plant Flavonoid Myricetin Y63, W67, V68, D80, Glycerol -40.94 75  D80, S134 -52.02 56  D80, S134 -59.53 43 

Plant Oxygenated monoterpene S-menthyl acetate Y63, W67 -51.37 43  Y63, W67 -57.08 48  Y63, W67 -58.83 44 

Plant Oxygenated monoterpene R-menthyl acetate W67 -52.81 38  Y71 -54.45 53  Y71 -57.93 45 

Plant Flavonoid Tricetin M106, Glycerol -42.56 68  M106 -56.68 49  D80 -57.17 46 

Plant Oxygenated monoterpene R-lavandulol D80 -48.76 49  Y71, D80 -54.49 52  L44, R60 -56.91 47 

Plant Methoxy phenol Zingerone (Vanillylacetone) Glycerol (Q72), Glycerol -52.53 40  A43, F132, S134 -57.51 47  A43, S134 -56.35 48 

Plant Oxygenated monoterpene S-lavandulol Y63 -48.90 48  Y71, D80 -54.87 50  Y71, D80 -56.26 49 

Plant Oxygenated monoterpene RS-lavandulol D80 -48.65 50  Y71, D80 -54.85 51  L44, R60 -55.89 50 

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

W67 -52.34 41  Y71 -53.56 54  W67 -54.65 51 

Plant Terpenoid Callicarpenal Glycerol -48.35 52  - - -  Y63 -54.47 52 

Plant Alcohol 1-hydroxyoctane Q72, Glycerol (Q72) -44.76 64  L44, R60 -49.19 62  L44, R60 -50.62 53 

Plant Phenylpropanoid p-coumaric acid Y63, D80 -46.25 61  D80 -49.56 61  Y63, D80 -49.94 54 

Plant Phenylpropanoid Cinnamic acid D80 -46.55 59  D80 -50.28 59  D80, S134 -49.90 55 

Plant Phenolic acid Ellagic acid W67, F132, S134 -30.03 97  W67, S134 -47.73 67  W67, S134 -49.83 56 

Plant Coumarin Coumarin W67 -47.52 55  W67 -50.91 57  W67 -49.40 57 

Plant Phenylpropanoid Ferulic acid D80, Glycerol -46.77 57  A43, F132, S134 -49.70 60  D80 -49.15 58 
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Table 2. Continuation. 
Group Classification Molecule Structures of SdiA protein of Salmonella Enteritidis PT4 578 modeled 

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

Plant Oxygenated monoterpene R-piperitone W67 -43.99 67  Y71 -48.61 66  Y71 -47.42 59 

Plant Oxygenated monoterpene RS-piperitone W67 -44.02 66  Y71 -48.62 65  Y71 -47.33 60 

Plant Oxygenated monoterpene R-isomenthone W67 -41.48 73  Y71 -47.38 69  Y71 -47.19 61 

Plant Oxygenated monoterpene S-isomenthone W67 -41.59 72  - - -  Y71 -46.58 62 

Plant Oxygenated monoterpene RS-menthone W67 -41.80 71  - - -  Y71 -46.46 63 

Plant Phenylpropanoid Caffeic acid Glycerol -45.78 62  A43, F132, S134 -46.14 70  V68, Y71, D80, S134 -45.21 64 

Plant Amino acid 2-amino-4-chlorobenzoic acid (4CABA) W67 -42.43 69  Y71, D80 -45.64 71  Y71, D80 -44.53 65 

Plant Aromatic aldehyde Vanillin W67, D80 -40.90 76  W67 -43.53 73  Y71, D80, S134 -43.98 66 

Plant Phenolic acid Salicylic acid Y71, D80, Glycerol (Q72) -38.80 80  W67, Y71, D80 -43.91 72  W67, Y71, D80 -43.23 67 

Plant Amino acid Anthranilic acid (AA) Y71, D80, Glycerol (Q72) -38.89 79  Y71, D80 -42.31 77  Y71, D80 -42.74 68 

Plant Amino acid 2-amino-6-chlorobenzoic acid (6CABA) W67, D80 -35.55 89  Y71, D80 -42.96 75  W67 -42.67 69 

Plant Amino acid 2-amino-6-fluorobenzoic acid (6FABA) W67, D80 -37.28 83  Y71, D80 -42.82 76  W67 -41.46 70 

Plant Phenolic acid Gallic acid D80, S134, Glycerol -36.21 87  Y71, D80 -39.80 78  Y71, D80 -39.93 71 

Plant Cyclitol R-quinic acid Y63, D80, Glycerol -38.28 81  Y63, W67, Y71, D80, S134 -36.41 84  Y63, W67, D80, S134 -38.61 72 

Plant Flavonoid Astragalin Y63, W67, Q72, D80, S134, 
Glycerol (Q72), Glycerol 

-13.42 100  L44, W67, F132, S134 -36.15 85  A43, L44, R60, W67, 
Y71, D80, S134 

-38.25 73 

Plant Cyclitol S-quinic acid Y63, W67, Y71, D80, S134, 
Glycerol 

-35.89 88  Y63, Y71, D80, S134 -37.87 81  Y63, Y71, D80 -37.68 74 

Plant Alcohol 4-methylcyclohexanol D80 -35.09 91  D80 -38.51 80  Y71, D80 -37.42 75 

Plant Phenolic Pyrogallol Glycerol (Q72) -34.86 94  W67 -36.82 83  Y63, W67, D80 -36.95 76 

Plant Amino acid RS-canavanine W67, V68, Glycerol (Q72) -34.91 93  F132, S134 -34.50 88  D80 -36.22 77 

Plant Amino acid S-canavanine W67, V68, Glycerol (Q72) -35.05 92  S134 -35.49 86  D80 -36.21 78 

Plant Amino acid R-canavanine W67, D80, Glycerol -36.39 86  Y71, S134 -35.25 87  Y71, S134 -34.89 79 

Plant Oxygenated sesquiterpene S-norpatchoulenol Y71, D80 -20.92 99  Y71, D80 -29.28 89  Y63 -31.17 80 

Plant Oxygenated sesquiterpene R-norpatchoulenol Y71, D80 -20.94 98  Y71, D80 -29.15 90  Y63 -31.04 81 

Plant Flavonoid Rutin A43, C45, L59, Y71, Q72, S134, 
Glycerol (Q72), Glycerol 

43.77 101  I57, W67, V68, Y71, 
Q72, D80, S134 

23.37 91  I57, T61, V68, Y71, 
Q72, D80, S134 

5.12 82 

Plant Oxygenated 
sesquiterpene 

Z,E-farnesol Q72, Glycerol (Q72) -69.20 4  L44, R60 -72.30 21  - - - 

Plant Oxygenated 
sesquiterpene 

Z,Z-farnesol Q72, Glycerol (Q72) -70.17 1  L44, R60 -70.68 25  - - - 

Plant Flavonoid Chrysin - - -  W67 -69.94 26  - - - 

Plant Flavonoid Pinocembrin - - -  S134 -67.81 30  - - - 
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Table 2. Continuation. 
Group Classification Molecule Structures of SdiA protein of Salmonella Enteritidis PT4 578 modeled 

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

Plant C13-norisoprenoid E-alfa-damascenone W67 -48.62 51  Y71 -52.60 55  - - - 

Plant C13-norisoprenoid Z-alfa-damascenone W67 -44.72 65  Y63 -50.86 58  - - - 

Plant Phenylpropanoid Trans-cinnamaldehyde S134 -45.17 63  W67 -49.14 63  - - - 

Plant Oxygenated 
monoterpene 

S-Isopulegol Glycerol (Q72) -46.49 60  W67 -48.83 64  - - - 

Plant C13-norisoprenoid E-beta-damascenone - - -  Y71 -47.53 68  - - - 

Plant Oxygenated monoterpene S-menthone W67 -38.97 78  Y71 -43.28 74  - - - 

Plant Isothiocyanate Iberin Glycerol -40.48 77  S134 -39.52 79  - - - 

Plant Alcohol 3-methylcyclohexanol - - -  Y63 -37.71 82  - - - 

Plant Oxygenated 
sesquiterpene 

E,E-farnesol Q72, Glycerol (Q72) -68.32 5  - - -  - - - 

Plant Fatty acid Linolenic acid D80, Glycerol -64.82 15  - - -  - - - 

Plant Flavonoid Luteolin Glycerol -51.56 42  - - -  - - - 

Plant Flavonoid Acacetin Glycerol -49.62 46  - - -  - - - 

Plant Flavonoid Isosakuranetin Glycerol -49.43 47  - - -  - - - 

Furanone Non-brominated 3-butyl-2(5H)-furanone W67 -47.66 54  - - -  - - - 

Plant Oxygenated monoterpene S-piperitone W67 -42.41 70  - - -  - - - 

Plant Oxygenated monoterpene R-menthone W67 -40.98 74  - - -  - - - 

Plant Alcohol 2-methylcyclohexanol Glycerol (Q72) -36.67 84  - - -  - - - 

Plant Alcohol Trans-2-methylcyclohexanol Glycerol (Q72) -36.64 85  - - -  - - - 

Plant Aromatic ether Butyl trityl ether Y71 -34.84 95  - - -  - - - 

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone W67 -34.08 96  - - -  - - - 

Plant Alcohol 1-methylcyclohexanol - - -  - - -  - - - 

Plant Aminobenzoic ester Methyl anthranilate (MA) - - -  - - -  - - - 

AHL Unmodified in 3-oxo N-butyryl-DL-homoserine lactone - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

R-isopulegol - - -  - - -  - - - 

Plant Monoterpene R-limonene - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

R-menthol - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

R-neoisomenthol - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

RS-isopulegol - - -  - - -  - - - 

Plant Monoterpene RS-limonene - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

RS-menthol - - -  - - -  - - - 
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Table 2. Continuation. 
Group Classification Molecule Structures of SdiA protein of Salmonella Enteritidis PT4 578 modeled 

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

Plant Monoterpene S-limonene - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

S-menthol - - -  - - -  - - - 

Plant Oxygenated 
monoterpene 

S-neoisomenthol - - -  - - -  - - - 

Plant C13-norisoprenoid Z-beta-damascenone - - -  - - -  - - - 

No binding (-); 
Main results discussed in the text are shown in bold.  
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The scores were -70.17 for Z,Z-farnesol, -69.46 for E,Z-farnesol, -69.39 for 

malvalic acid, -69.20 for Z,E-farnesol and -68.32 for E,E-farnesol, which were actually 

greater than the score of -60.68 for OCL. In addition, the scores were higher than those 

of the AI-1 quorum sensing molecules that, preferentially, bind to this structure with -

67.99 for N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) and -67.61 for 

C12-HSL. Furanones, that are recognized competitors of AHLs, also showed affinities 

lower than farnesol isomers for structures of SdiA protein, -60.37 for 4-bromo-5-

(bromomethylene)-3-hexyl-2(5H)-furanone and -60.31 for 4-bromo-5-

(bromomethylene)-3-dodecyl-2(5H)-furanone. Interestingly, farnesol is produced by 

Candida albicans and acts as an intra and interspecies signaling molecule [29, 30, 58, 

59]. This compound inhibits the production of Pseudomonas aeruginosa quinolone 

signal (PQS; 2-heptyl-3-hydroxy-4-quinolone) by inhibiting transcription of the pqs 

operon [29], but it increases the levels of N-butyryl-homoserine lactone (C4-HSL) in 

this same species [30]. 

On the other hand, the modeled 4Y15-S structure which is complexed with 3-

oxo-C6-HSL showed the highest binding affinities with 3-oxo-C12-HSL (-86.07) and 

C12-HSL (-85.38) (Table 2). Interestingly, the plant compound with the highest affinity 

for this structure was isoshogaol with 12 carbons (-85.31), which is the size of the 

AHLs carbon chains presenting higher affinity. In general, the compounds classified as 

methoxy phenol as isoshogaol (-85.31, -76.82, -75.94 and -74.98), shogaol (-83.39, -

80.61 ando -77.20) and gingerol (-81.61, -81.52 and -77.28) with carbon chain size 

ranging from six to 10 or 12, as well as the fatty acids as punicic (-80.66), malvalic (-

79.20), margaric (-74.93) and palmitic (-74.24) acids had high binding affinities to the 

4Y15-S structure. However, these compounds had no greater affinity than that of the 4-

bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone (-83.64). 
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The modeled 4Y17-S structure complexed with 3-oxo-C8-HSL showed the 

highest binding affinity with the Z-phytol (-87.89) followed by the 3-oxo-C12-HSL (-

86.15), C12-HSL (-85.75) and [12]-isoshogaol (-85.70), similarly to what was observed 

in 4Y15-S structure (Table 2). In addition, the compounds classified as methoxy phenol 

and fatty acid had high binding affinities to the 4Y17-S structure as to the 4Y15-S. 

Interestingly, compounds classified as methoxy phenol such as [6]-gingerol and [6]-

shogaol, components of ginger (Zingiber officinale Roscoe), inhibited quorum sensing 

in Chromobacterium violaceum and P. aeruginosa [36]. In addition, Kim et al. [60] has 

demonstrated binding between [6]-gingerol and LasR protein of P. aeruginosa by 

molecular docking. It is noteworthy that no studies evaluating the inhibition of quorum 

sensing by compounds classified as methoxy phenol such as isoshogaol, shogaol and 

gingerol with different carbon chain sizes have been reported so far (Table 1). On the 

other hand, Priyanka et al. [41] showed, by molecular docking, that the binding scores 

between phytol and fatty acids such as punicic, malvalic, margaric and palmitic acids 

with two proteins homologous to LuxR, SdiA protein of Enterobacter aerogens and 

CviR protein of C. violaceum, were low. These authors used the pseudo phytol structure 

(Pubchem CID 6437979) and in the present study we used the Z-phytol and E-phytol 

structures. However, the differences in binding affinity between the same compounds 

with different proteins homologous to LuxR may be related to the variations in primary 

sequence of the proteins [16, 26, 53, 60-62]. 

The molecule C4-HSL was the only AHL that did not bind to any of the SdiA 

protein structures under study, as well as, the plant compounds: methyl anthranilate 

(MA), 1-methylcyclohexanol, Z-beta-damascenone, RS-limonene, S-limonene, R-

limonene, RS-menthol, R-menthol, S-menthol, R-neoisomenthol, S-neoisomenthol, RS-

isopulegol and R-isopulegol (Table 2). However, the isomers of two of these 

compounds were able to bind with low binding affinity in at least one of the structures, 
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such as E-beta-damascenone which bound to 4Y15-S structure (-47.53) and S-

isopulegol which bound to 4Y13-S and 4Y15-S structures (-46.49 and -48.83, 

respectively). Priyanka et al. [41] also showed that E-beta-damascenone bound to the 

SdiA protein of E. aerogens and the CviR protein of C. violaceum, confirming our 

findings. 

The global analysis of the binding affinities between plant compounds with the 

three structures of SdiA protein showed that Z-phytol is a good candidate for in vitro 

studies of quorum sensing inhibition in Salmonella, since it was ranked in eighth for the 

structure 4Y13-S (-67.90), sixth for the structure 4Y15-S (-82.63) and first for the 

structure 4Y17-S (-87.89) (Table 2), showing consistency of high binding affinities 

across all modeled strucutres. This compound bound to Q72 residue of the 4Y13-S 

structure and with glycerol (Fig. 2A). On the other hand, this molecule bound to F132 

and S134 residues in the 4Y15-S and 4Y17-S structures (Fig. 2B and 2C). In addition, 

the S134 residue was also the binding site of the 3-oxo-C12-HSL in the three structures 

evaluated and could compete with the Z-phytol to bind to this residue (Fig. 2D, 2E, 2F). 

The compounds methoxy phenol and fatty acids had high binding affinities to 

the 4Y15-S and 4Y17-S structures and, therefore, also become good candidates for in 

vitro quorum quenching studies (Table 2). In addition, these compounds with higher 

binding affinity most often bind to hydrophobic amino acid residues of the SdiA protein 

such as alanine (A43), methionine (M106), phenylalanine (F132), tryptophan (W67) 

and tyrosine (Y63 and Y71) (Table 2). Priyanka et al. [41] also showed that the amino 

acid residues tryptophan, aspartate and tyrosine of the CviR protein from E. aerogens 

were the major binding sites of plant compounds. 
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Fig. 2. Molecular docking of 4Y13-S (A and D), 4Y15-S (B and E) and 4Y17-S (C 
and F) structures of SdiA protein of Salmonella Enteritidis PT4 578 with Z-phytol and 
3-oxo-C12-HSL, respectively. Black arrow indicates the binding site; Gray arrow, 
glycerol; Yellow arrow, Z-phytol or 3-oxo-C12-HSL; Blue dashed line, hydrogen bond. 

 

3.1.2. NSAIDs 

The 73 NSAIDs compounds evaluated were able to bind to at least one of the 

modeled structures of the SdiA protein of Salmonella Enteritidis PT4 578. Thus, all 

NSAIDs could able to compete with OCL, AHLs and furanones for binding to this 

protein (Table 3). 

The dipyrone (metamizole) showed the highest binding affinity (-70.32) with the 

modeled 4Y13-S structure complexed with OCL among the 73 NSAIDs tested 

compounds. In addition, the score for dypirone was higher than that for C12-HSL (-

70.07) and 3-oxo-C12-HSL (-68.87), as well as for the furanone 4-bromo-5-

(bromomethylene)-3-hexyl-2(5H)-furanone (-64.69). However, other NSAIDs such as 

niflumic acid (-69.52) and lonazolac (-69.20) also showed high binding affinity to this 

structure, comparable to that of the C12-HSL (-70.07) which showed the highest 
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affinity (Table 3). Interestingly, the lonazolac which is classified as acetic acid 

derivative was the compound that showed the highest binding affinity to 4Y15-S and 

4Y17-S structures (-86.90 and -87.33, respectively) (Table 3). 

Another compound classified as acetic acid derivative, the acemetacin (-85.71), 

also showed binding affinity to 4Y15-S structure greater than 3-oxo-C12-HSL (-85.18), 

C12-HSL (-82.89) and furanone 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-

furanone (-82.35) (Table 3). Other NSAIDs classified as acetic acid derivative such as 

fentiazac (-84.03), oxametacin (-80.32), aceclofenac (-77.67), sulindac (-75.62) and 

indomethacin (-74.27), as well as some classified as pyrazolone derivative including 

feprazone (-83.47), phenylbutazone (-79.49), ketophenylbutazone (-78.37), dipyrone (-

73.25) and aminopyrine (-73.11) showed good binding affinities to 4Y15-S structure 

(Table 3). 

The binding affinities observed between the 4Y17-S structure and the NSAIDs 

resemble those found for the 4Y15-S structure, except for azapropazone of the class of 

pyrozalone derivatives which does not bind to the 4Y15-S, but showed good binding 

affinity to 4Y17-S (-75.46) (Table 3). Soheili et al. [51] also showed by molecular 

docking that sulindac presented good inhibition constant against LasR protein of P. 

aeruginosa. On the other hand, indomethacin was not active against either LasR protein. 
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Table 3. Results from molecular docking of macromolecular structures of SdiA protein of Salmonella Enteritidis PT4 578 with nonsteroidal anti-
inflammatory drugs (NSAIDs). 

Group Classification Molecule Structures of modeled SdiA protein of Salmonella Enteritidis PT4 578  

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

NSAID Acetic acid derivative Lonazolac S134 -69.20 4  W67, Y71, D80 -86.90 1  W67, Y71, D80 -87.33 1 
AHL Unmodified in 3-oxo N-dodecanoyl-DL-homoserine lactone Y63, D80, Glycerol -70.07 2  Y63, W67, D80 -82.89 6  Y63, W67, D80 -86.53 2 

NSAID Acetic acid derivative Acemetacin Q72, Glycerol (Q72) -50.07 58  L44, R60, Y63, W67 -85.71 2  L44, R60, Y63, W67 -86.36 3 

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

Y63, W67, S134 -68.87 5  Y63, W67, D80, S134 -85.18 3  Y63, W67, Y71, D80, S134 -85.66 4 

NSAID Acetic acid derivative Fentiazac S134 -64.68 15  A43, S134 -84.03 4  A43, S134 -85.41 5 

NSAID Pyrazolone derivative Feprazone W67 -49.31 60  W67 -83.47 5  W67 -83.66 6 

NSAID Propionic acid derivative*? Oxaprozin W67, D80, Glycerol -68.15 7  W67, D80 -79.71 9  W67, D80 -82.57 7 

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

Glycerol (Q72) -57.26 38  Y71 -82.35 7  Y71 -80.30 8 

NSAID Acetic acid derivative Oxametacin A43, Y63, W67, F132, S134 -55.21 47  A43, Y63, W67, F132, S134 -80.32 8  A43, Y63, W67, F132, S134 -79.93 9 

NSAID Pyrazolone derivative Ketophenylbutazone (Kebutazone) W67 -49.76 59  W67 -78.37 11  W67 -79.22 10 

NSAID Pyrazolone derivative Phenylbutazone W67 -48.85 63  S134 -79.49 10  W67 -79.02 11 

NSAID Anilinonicotinic acid derivative Morniflumate Y63, W67, S134 -49.19 61  W67 -73.12 17  Y71 -78.64 12 

NSAID Propionic acid derivative Flunoxaprofen D80, Glycerol -53.45 51  W67, M106 -71.50 24  W67, V68 -76.18 13 

NSAID Acetic acid derivative Aceclofenac Y63, D80, Glycerol -62.56 24  Y63, W67, D80 -77.67 12  Y63, W67, D80 -75.65 14 

NSAID Pyrazolone derivative Azapropazone W67, S134 -54.38 49  - - -  W67 -75.46 15 

NSAID Acetic acid derivative Sulindac V68, Glycerol (Q72), Glycerol -42.83 70  L44, R60 -75.62 13  L44, R60 -74.95 16 

NSAID Propionic acid derivative Fenbufen V68, Glycerol (Q72) -67.66 9  L44, R60 -72.99 19  L44, R60 -74.29 17 

NSAID Anilinonicotinic acid derivative Niflumic acid Y63, S134 -69.52 3  Y71, D80 -71.19 25  Y63, S134 -74.04 18 

NSAID Acetic acid derivative Indomethacin L44, R60, T61, S134 -56.46 43  L44, R60, S134 -74.27 14  L44, R60, S134 -73.93 19 

NSAID Pyrazolone derivative Dipyrone (Metamizole) W67 -70.32 1  W67 -73.25 16  W67 -73.78 20 

NSAID Pyrazolone derivative Aminopyrine (Aminophenazone) - - -  W67 -73.11 18  W67 -73.34 21 

NSAID Propionic acid derivative Ketoprofen Y71, D80, Glycerol -68.09 8  Y71, D80 -71.80 23  D80 -72.64 22 

AHL Modified in 3-oxo N-(3-oxooctanoyl)-L-homoserine lactone Y63 -65.60 13  Y63, W67, Y71, D80, S134 -72.61 20  Y63, W67, Y71, D80 -72.03 23 

NSAID Salicylic acid derivative Benorilate Y63, W67, Glycerol (Q72) -43.80 69  Y71 -71.11 26  Y71 -72.00 24 

AHL Unmodified in 3-oxo N-octanoyl-DL-homoserine lactone Y63 -66.19 11  Y63, W67, D80, S134 -71.90 21  Y63, W67, D80 -71.07 25 

NSAID Propionic acid derivative Benoxaprofen Glycerol -52.75 52  W67, L115 -68.19 30  W67, V68 -69.79 26 

NSAID Pyrazolone derivative Mofebutazone W67, S134 -63.73 19  W67 -68.80 29  W67 -67.78 27 

NSAID Propionic acid derivative Tiaprofenic acid D80, Glycerol -63.91 17  Y71 -69.85 28  D80 -67.60 28 
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Table 3. Continuation. 
Group Classification Molecule Structures of SdiA protein of Salmonella Enteritidis PT4 578 modeled 

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

NSAID Enolic acid derivative Lornoxicam Y63, S134, Glycerol (Q72) -39.53 76  Y63, W67, Y71 -73.80 15  Y63, W67, Y71 -67.35 29 

NSAID Propionic acid derivative Loxoprofen D80, Glycerol -62.76 22  D80 -62.99 44  D80 -67.10 30 

NSAID Acetic acid derivative Zomepirac D80, Glycerol -52.66 53  - - -  L44 -67.08 31 

NSAID Acetic acid derivative Diclofenac D80, Glycerol -60.01 29  Y63, W67 -67.14 33  Y63, W67 -66.77 32 

NSAID Fenamic acid derivative Mefenamic acid S134 -57.20 39  Y71, D80 -66.23 36  Y71, D80 -66.56 33 

NSAID Acetic acid derivative Etodolac Q72, Glycerol (Q72) -55.92 46  A43, S134 -58.17 59  V68 -66.12 34 

NSAID Propionic acid derivative Fenoprofen D80, Glycerol -65.85 12  W67 -66.75 34  D80 -66.05 35 

NSAID Propionic acid derivative Dexketoprofen Y71, D80, Glycerol -65.05 14  Y63, S134 -67.86 32  Y63, S134 -65.90 36 

NSAID Pyrazolone derivative Nifenazone - - -  Y63, W67 -62.97 45  W67 -65.41 37 

NSAID Anilinonicotinic acid derivative Clonixin W67, S134 -54.73 48  Y71, D80 -63.09 43  Y71, D80 -65.33 38 

NSAID Propionic acid derivative Naproxen D80. Glycerol (Q72). Glycerol -63.37 20  Y63, W67 -63.52 41  D80 -64.90 39 

NSAID Selective COX2 inhibitor Celecoxib V68, Glycerol (Q72) -52.42 54  A43, F132, S134 -58.19 58  W67, V68 -64.86 40 

NSAID Enolic acid derivative Tenoxicam Y63, S134, Glycerol (Q72) -39.96 75  Y63, Y71 -70.88 27  Y63, W67, Y71 -64.85 41 

NSAID Fenamic acid derivative Tolfenamic acid S134 -56.41 44  Y71, D80 -64.46 39  Y71, D80 -64.67 42 

NSAID Enolic acid derivative Piroxicam Y63, W67, S134 -46.52 65  W67, Y71 -63.79 40  W67, Y71 -64.30 43 

OCL OCL 1-octanoyl-rac-glycerol Y63, D80, Glycerol -59.31 33  Y63, W67, D80 -61.94 46  W67, D80, S134 -64.17 44 

NSAID Enolic acid derivative Isoxicam Glycerol -32.73 78  - - -  W67 -63.92 45 

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

W67 -60.40 27  W67 -64.69 37  W67 -63.85 46 

NSAID Propionic acid derivative Ibuproxam V68 -59.75 31  A43, F132, S134 -61.50 47  A43, F132, S134 -63.51 47 

NSAID Enolic acid derivative Meloxicam Y63, S134, Glycerol (Q72) -40.37 74  Y71 -63.28 42  W67, Y71 -63.42 48 

NSAID Propionic acid derivative Dexibuprofen D80 -58.95 34  W67 -61.27 48  Y71, D80, S134 -63.34 49 

NSAID Selective COX2 inhibitor Valdecoxib S134, Glycerol (Q72) -50.64 57  D80 -58.82 56  D80 -63.22 50 

NSAID Pyrazolone derivative Oxyphenbutazone V82, T120 -45.61 67  F132, S134 -64.51 38  F132, S134 -62.64 51 

NSAID Acetic acid derivative Alclofenac D80, Glycerol -56.14 45  Y63, D80, S134 -61.00 50  S134 -62.15 52 

NSAID Acetic acid derivative Bufexamac Glycerol -58.31 36  A43, W67, F132, S134 -61.25 49  A43, W67, F132, S134 -61.46 53 

NSAID Enolic acid derivative Droxicam Glycerol (Q72) -31.76 79  W67 -58.25 57  W67 -61.01 54 

AHL Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone Y63 -57.70 37  Y63, W67 -60.17 52  Y63, W67 -60.79 55 

AHL Unmodified in 3-oxo N-hexanoyl-DL-homoserine lactone Y63, W67 -56.47 42  Y63, W67 -60.43 51  Y63, W67 -60.62 56 

NSAID Propionic acid derivative Ibuprofen Glycerol (Q72) -59.71 32  Y71, D80 -59.70 55  Y63, D80 -60.37 57 

NSAID Selective COX2 inhibitor Lumiracoxib W67, S134 -59.79 30  D80, S134 -59.88 54  D80, S134 -58.84 58 
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Table 3. Continuation. 
Group Classification Molecule Structures of SdiA protein of Salmonella Enteritidis PT4 578 modeled 

4Y13-S  4Y15-S  4Y17-S 

Binding residue Score Rank  Binding residue Score Rank  Binding residue Score Rank 

NSAID Sulfonamide derivative Nimesulide S134 -60.19 28  Y63, S134 -59.98 53  W67, S134 -57.92 59 

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

W67 -52.18 55  Y71 -53.52 60  W67 -54.70 60 

NSAID Salicylic acid derivative Olsalazine D80, Glycerol -53.56 50  Y71 -52.17 61  Y71 -54.16 61 

NSAID Selective COX2 inhibitor Etoricoxib S134, Glycerol (Q72) -51.15 56  S134 -47.80 64  S134 -54.15 62 

NSAID Fenamic acid derivative Meclofenamic acid Y71, Glycerol (Q72) -49.07 62  D80, S134 -50.05 63  D80, S134 -53.82 63 

NSAID Salicylic acid derivative Aspirin (Acetylsalicylic acid) W67, S134 -41.10 71  Y71 -50.45 62  Y71, D80 -51.62 64 

NSAID Salicylic acid derivative Salicylamide W67, Y71, D80 -40.38 72  W67 -45.01 65  W67 -44.84 65 

NSAID Anilide derivative Paracetamol (Acetaminophen) W67 -40.37 73  W67 -44.42 66  W67 -44.11 66 

NSAID Acetic acid derivative Glucametacin T61, Q72 -28.75 81  Y63, D80, S134 -40.46 69  Y71, L115 -43.79 67 

NSAID Pyrazolone derivative Suxibuzone Q72, Glycerol (Q72) -21.73 82  Y63, W67, Y71, M106, S134 -41.03 68  W67, Y71, S134 -43.65 68 

NSAID Salicylic acid derivative Salicylic acid Y71, D80, Glycerol (Q72) -38.69 77  W67, Y71, D80 -43.90 67  W67, Y71, D80 -43.12 69 

NSAID Fenamic acid derivative Flufenamic acid Y63, W67, S134 -67.05 10  Y71, D80 -71.84 22  - - - 

NSAID Propionic acid derivative Flurbiprofen V68, Glycerol (Q72) -63.73 18  Y71 -68.10 31  - - - 

NSAID Anilinonicotinic acid derivative Flunixin Y63, S134 -63.98 16  Y71, D80 -66.45 35  - - - 

NSAID Selective COX2 inhibitor Nabumetone Glycerol -68.60 6  - - -  - - - 

NSAID Propionic acid derivative Alminoprofen V68, D80, Glycerol (Q72) -62.94 21  - - -  - - - 

NSAID Propionic acid derivative Indoprofen V68, Glycerol (Q72) -62.66 23  - - -  - - - 

NSAID Propionic acid derivative Suprofen V68, Glycerol (Q72) -61.92 25  - - -  - - - 

NSAID Acetic acid derivative Tolmetin Glycerol (Q72) -60.97 26  - - -  - - - 

NSAID Acetic acid derivative Ketorolac V68, Glycerol (Q72) -58.50 35  - - -  - - - 

NSAID Acetic acid derivative Difenpiramide Glycerol (Q72) -56.81 40  - - -  - - - 

NSAID Salicylic acid derivative Diflunisal Glycerol -56.62 41  - - -  - - - 

Furanone Non-brominated 3-butyl-2(5H)-furanone W67 -47.65 64  - - -  - - - 

NSAID Selective COX2 inhibitor Rofecoxib Glycerol -45.98 66  - - -  - - - 

NSAID Selective COX2 inhibitor Firocoxib Y63, W67, Glycerol (Q72) -44.01 68  - - -  - - - 

NSAID Selective COX2 inhibitor Parecoxib S134 -30.54 80  - - -  - - - 

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone - - -  - - -  - - - 

AHL Unmodified in 3-oxo N-butyryl-DL-homoserine lactone - - -  - - -  - - - 

No binding (-); 
*?Main results discussed in the text are shown in bold. 
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The global analysis of the binding affinities between NSAIDs with the three 

structures of SdiA protein showed that lonazolac is a good candidate for the in vitro 

study of inhibition of quorum sensing in Salmonella, since it showed consistent good 

ranking across all modeled structures being ranked in fourth for the structure 4Y13-S (-

69.20), first for 4Y15-S (-86.90) and 4Y17-S (-87.33) structures (Table 3). This 

compound bound to S134 residue of the 4Y13-S structure (Fig. 3A), and to W67, Y71 

and D80 residues in the 4Y15-S and 4Y17-S structures (Fig. 3B and 3C). In addition, 

the D80 residue was also the binding site of the C12-HSL in the three structures 

evaluated and could compete with the lonazolac to bind to this residue (Fig. 3D, 3E, 

3F). The potential for lonazolac for inhibition of quorum sensing has never been 

evaluated neither in silico nor in vitro. However, it was cited in a patent for studies of 

inhibitors of quorum sensing in bacteria deposited by Mathee et al. [50] in the United 

States of America. 

 
Fig. 3. Molecular docking of 4Y13-S (A and D), 4Y15-S (B and E) and 4Y17-S (C 
and F) structures of SdiA protein of Salmonella Enteritidis PT4 578 with lonazolac and 
C12-HSL, respectively. Black arrow, the binding site; Yellow arrow, lonazolac or C12-
HSL; Gray arrow, glycerol; Blue dashed line, hydrogen bond. 
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Interestingly, NSAIDs with higher binding affinity for the SdiA protein of 

Salmonella Enteritidis also had hydrophobic amino acid residues such as alanine (A43), 

leucine (L44), phenylalanine (F132), tryptophan (W67) and tyrosine (Y63 and Y71) as 

well as observed for the plant compounds (Table 3). 

 

3.2. Potential inhibitors of Salmonella biofilm formation  

3.2.1. OCL, AHLs and furanones 

The molecules OCL and C4-HSL were the only compounds classified in OCL, 

AHLs and furanones groups that showed low activity at inhibiting biofilm formation 

based on in silico results as shown in Table 4 and Fig. S1 (Supplementary material). 

Some AHL molecules have shown an abitility to enhance biofilm formation by 

Salmonella. The presence of C12-HSL or a mixture of AHLs with carbon chains 

ranging from six to 12 induced biofilm formation on a polystyrene surface by 

Salmonella Enteritidis PT4 578 in anaerobic TSB [16]. On the other hand, when a 

mixture of the non-brominated furanones including 3-methyl-2(5H)-furanone, 2-

methyltetrahydro-3-furanone, 2(5H)-furanone and 2,2-dimethyl-3(2H)-furanone were 

added to the growth medium, there was no biofilm formation under the same conditions. 

These results corroborate with those found by us showing that C12-HSL does not 

stimulate initial adhesion on polystyrene but enhanced biofilm formation after 36 h 

incubation [18]. Janssens et al. [23] showed that the presence of different brominated 

furanones inhibited biofilm formation by Salmonella Typhimurium on polystyrene after 

48 h of incubation at 16 °C in aerobic conditions, when compared to the control 

treatment. In addition, Vestby et al. [24] also reported the inhibitory effect of a synthetic 

furanone on the biofilm formation by Salmonella Agona on polystyrene without 

bactericidal effect. 
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Table 4. Results of the in silico inhibition potential of biofilm formation and the 
violation of “rule of 5” for plant compounds and nonsteroidal anti-inflammatory drugs 
(NSAIDs) grouped according to their classification. 

Group Classification Number of compounds 

Inhibition of the biofilm Violation of "rule of 5" 

High Low 
 

OCL Monoacylglycerol 0 1 - 

AHL Unmodified in 3-oxo 3 1 1 

Modified in 3-oxo 3 0 - 

Furanone Non-brominated 2 0 - 

Brominated 3 0 2 

Plant Ajoene 0 2 - 

Alcohol 5 1 - 

Amino acid 0 7 3 

Aminobenzoic ester 0 1 - 

Aromatic aldehyde 0 1 - 

Aromatic ether 1 0 1 

C13-norisoprenoid 4 0 - 

Chalcone 1 0 - 

Coumarin 1 0 - 

Cyclitol 2 0 - 

Fatty acid 4 1 5 

Flavonoid 20 0 3 

Furanocoumarin 1 0 1 

Isothiocyanate 0 1 - 

Methoxy phenol 11 0 6 

Monoterpene 3 0 - 

Oxigenated diterpene 2 0 2 

Oxigenated monoterpene 22 0 - 

Oxigenated sesquiterpene 6 0 - 

Phenolic 0 1 - 

Phenolic acid 1 2 - 

Phenylpropanoid 4 1 - 

Terpenoid 1 0 - 

NSAID Acetic acid derivative 15 1 1 

Anilide derivative 1 0 - 

Anilinonicotinic acid derivative 3 1 - 

Enolic acid derivative  4 2 - 

Fenamic acid derivative 3 1 1 

Propionic acid derivative 11 6 6 

Pyrazolone derivative 2 8 - 

Salicylic acid derivative 3 3 - 

Selective COX2 inhibitor 7 1 - 

Sulfonamide derivative 0 1 - 

Not violated the “rule of 5” (-). 
 

3.2.2. Plant compounds 

Of the 107 plant compounds under investigation, 89 (83.2%) showed high 

activity for inhibiting the formation of biofilm and 18 (16.8%) showed low activity on 

this phenotype (Table 4 and Fig. S1). Among the compounds with high inhibitory 

activity are those classified as flavonoids, methoxy phenol and monoterpene 
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oxygenated. The activity of compound classified as methoxy phenol such as [6]-

gingerol on reduced biofilm formation and virulence of P. aeruginosa has already been 

demonstrated [34]. 

Among the compounds with low inhibitory activity upon biofilm formation are 

those classified as ajoene, alcohol, amino acid, aminobenzoic ester, aromatic aldehyde, 

fatty acid, isothiocyanate, isothiocyanate, phenolic, phenolic acid and phenylpropanoid. 

All compounds classified as amino acid such as 2-amino-4-chlorobenzoic acid 

(4CABA), 2-amino-6-chlorobenzoic acid (6CABA), 2-amino-6-fluorobenzoic acid 

(6FABA), anthranilic acid (AA) and three isomers of canavanine showed low activity in 

silico as inhibitors of biofilm formation. Jakobsen et al. [32] showed that the treatment 

of the P. aeruginosa biofilm with ajoene did not kill the cells, but when associated with 

tobramycin, it caused cell death. However, treatment with ajoene altered the synthesis 

of C4-HSL and 3-oxo-C12-HSL by P. aeruginosa, likewise the expression of genes 

controlled by quorum sensing was decreased. 

 

3.2.3. NSAIDs 

Of the 73 NSAIDs, 49 (67.1%) showed high activity for inhibiting biofilm 

formation (Table 4 and Fig. S1). Among the 16 NSAIDs classified as acetic acid 

derivative only one presented low activity, and of the 17 compounds derived from 

propionic acid, six presented low activity. On the other hand, among the 10 NSAIDs 

classified as pyrazolone derivative only two presented high activity. Reslinski et al. [63] 

showed that biofilm formation by 70 strains of Staphylococcus aureus and 70 strains of 

E. coli on the surface of monofilament polypropylene mesh was reduced in the presence 

of diclofenac and ibuprofen. These results differ from those predicted in this study, 

since the diclofenac showed high activity for inhibiting biofilm formation and ibuprofen 

showed low activity (Table 4 and Fig. S1). 
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3.3. Prediction of absorption, solubility and permeability of compounds 

3.3.1. OCL, AHLs and furanones 

The molecule C12-HSL and two brominated furanones, 4-bromo-5-

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

dodecyl-2(5H)-furanone violated the LogP parameter of the "rule of 5" (Table 4 and 

Fig. S1). The compounds with LogP greater than 5 indicate their lipolytic character, in 

other words, they have a greater ability to dissolve in non-aqueous solutions. According 

to the Cayman Chemical Company (Ann Arbor, Michigan, United States of America), 

the solubility of C12-HSL in organic solvents such as dimethyl sulfoxide (DMSO) and 

dimethyl formamide (DMF) is approximately 30 mg.mL-1. However in phosphate-

buffered saline (PBS), pH 7.2, is approximately 10 mg.mL-1. Nevertheless, only when 

the compound violates two or more parameters from "rule of 5" that it is possible to 

exhibit poor absorption, solubility and permeability [57]. 

 

3.3.2. Plant compounds 

Of the 107 plant compounds being tested, 86 (80.4%) did not violate any of the 

parameters from "rule of 5" and 19 (17.8%) violated the LogP or the H-bond donors 

(Table 4 and Fig. S1). Among the compounds that violated the LogP are those classified 

as aromatic ether, furanocoumarin, methoxy phenol and oxygenated diterpene, and all 

fatty acids such as linolenic, malvalic, margaric, palmitic and punicic acids. The 

compounds that violated the H-bond donors are three isomers of canavanine and 

myricetin. On the other hand, only two compounds classified as flavonoid as astragalin 

and rutin violated two and three parameters, respectively (Table 4 and Fig. S1). These 

compounds can exhibit poor absorption, solubility and permeability because they 

violate two or more parameters from "rule of 5". 
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3.3.3. NSAIDs 

Of the 73 NSAIDs, 71 (97.3%) did not violate any of the parameters from "rule 

of 5" and 2 (2.7%) violated the LogP or the weight, exemplified by meclofenamic acid 

and glucametacin, respectively (Table 4 and Fig. S1). The higher number of compounds 

that did not violate the parameters of the “rule of 5” is probably explained by the fact 

that many of these molecules are already used in the clinic, confirmed by many previous 

studies that they, do not present solubility problems. This actually gives us confidence 

that our results are reliable. 

 

3.4. Compilation of the data 

3.4.1. Z-phytol is a good candidate 

In general, most of the plant compounds that showed higher binding affinities 

with of structures of SdiA protein of Salmonella Enteritidis PT4 578 violated the LogP 

parameter of the "rule of 5", but were predicted to have high inhibition efficiency of 

biofilm formation (Table 5). It is noteworthy that C12-HSL, which has higher binding 

affinity to the structures of the SdiA protein, also violated the LogP parameter. 

The plant compound Z-phytol is a promising candidate for the in vitro quorum 

sensing inhibition tests and biofilm formation. In addition, the compounds classified as 

methoxy phenol such as isoshogaol, shogaol and gingerol, with the carbon chain size 

ranging from six to 12, as well as the fatty acids as punicic, malvalic, margaric and 

palmitic acids are also good candidates for in vitro studies (Table 5). Such binding 

affinity between compounds with low water solubility, that is, high octanol-water 

partition coefficient, can be correlated with the characteristics of the ligand-binding 

domain (LDB) of the SdiA protein of Salmonella Enteritidis. In the SdiA protein of 

EHEC, the acyl chain of the AHLs is stabilize by hydrophobic residues of the LDB 

[53]. Chai and Winans [64] reported that the binding pocket of TraR protein (a 
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homologue of LuxR) of Agrobacterium tumefaciens is hydrophobic. Ponce-Rossi et al. 

[65] also showed that the AHL bound in hydrophobic pocket of the modeled structure 

of AhyR protein (a homologue of LuxR) of Aeromonas hydrophila by molecular 

docking. Thus, the most hydrophobic compounds are the better candidates for inhibition 

of the quorum sensing mechanism and for biofilm formation, indicating that the use of 

non-polar solvents in the process of extracting plant material is more indicative for 

success in the in vitro tests. 

The molecule phytol is found in all green vegetables and is present in vitamin K, 

vitamin E, and other tocopherols [66]. This compound has shown antimicrobial activity 

against S. aureus [67] and Mycobacterium tuberculosis [68, 69], as well as against 

Schistosomiasis mansoni [70]. In addition, phytol and its derivatives have no cumulative 

inflammatory or toxic effects even in immuno-compromised mice [71]. Thus, phytol 

obtained from vegetables could be used for inhibition of quorum sensing and biofilm 

formation in Salmonella based on the results of the present study and described in the 

literature. 
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Table 5. Compilation of the data of inhibition potential in silico of the quorum sensing 
and biofilm, as well as the characteristic of plant compounds. 
Group Classification Molecule Molecular doking of 

structures 
aBiofilm Parameter violated 

from the "rule of 5" 
4Y13-S 4Y15-S 4Y17-S 

Plant Oxygenated diterpene Z-phytol 8 6 1 H0 LogP 

AHL Modified in 3-oxo N-(3-oxododecanoyl)-L-homoserine lactone 6 1 2 H2 - 

AHL Unmodified in 3-oxo N-dodecanoyl-DL-homoserine lactone 9 2 3 H2 LogP 

Plant Methoxy phenol [12]-isoshogaol 29 3 4 H2 LogP 

Plant Methoxy phenol [8]-gingerol 23 9 5 H2 - 

Plant Oxygenated diterpene E-phytol 11 7 6 H0 LogP 

Plant Methoxy phenol [10]-gingerol 32 8 7 H2 LogP 

Plant Methoxy phenol [8]-shogaol 16 11 8 H2 LogP 

Plant Methoxy phenol [8]-isoshogaol 21 15 9 H2 LogP 

Plant Fatty acid Punicic acid 14 10 10 L2 LogP 

Plant Methoxy phenol [10]-shogaol 36 5 11 H2 LogP 

Plant Fatty acid Malvalic acid 3 12 12 H2 LogP 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone 25 4 13 H2 LogP 

Plant Methoxy phenol [10]-isoshogaol 27 16 14 H2 LogP 

Plant Methoxy phenol [6]-gingerol  20 13 15 H2 - 

Plant Fatty acid Margaric acid  10 18 16 H1 LogP 

Plant Methoxy phenol [6]-shogaol 7 14 17 H2 - 

Plant Methoxy phenol [6]-isoshogaol 19 17 18 H2 - 

Plant Fatty acid Palmitic acid 17 19 19 H1 LogP 

Plant Furanocoumarin Imperatorin (Ammidin) 18 22 20 H2 LogP 

Plant Oxygenated sesquiterpene E,Z-farnesol 2 24 21 H0 - 

AHL Modified in 3-oxo N-(3-oxooctanoyl)-L-homoserine lactone 13 20 22 H2 - 

AHL Unmodified in 3-oxo N-octanoyl-DL-homoserine lactone 12 23 23 H2 - 

Plant Flavonoid Pinobanksin 37 27 24 H2 - 

Plant Flavonoid Poriol 44 29 25 H2 - 

Plant Flavonoid Retusin (Flavonol) 90 35 26 H2 - 

Plant Chalcone Cardamonin 35 31 27 H2 - 

Plant Flavonoid Kaempferol 56 32 28 H2 - 

Plant Flavonoid R-epicatechin 33 43 29 H2 - 

Plant Flavonoid RS-catechin 34 44 30 H2 - 

OCL Monoacylglycerol 1-octanoyl-rac-glycerol 22 38 31 L1 - 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone 24 34 32 H2 LogP 

Plant Flavonoid S-catechin 39 40 33 H2 - 

Plant Flavonoid Quercetin 58 36 34 H2 - 

Plant Ajoene E-ajoene 28 37 35 L2 - 

Plant Flavonoid R-catechin 45 28 36 H2 - 

Plant Flavonoid S-epicatechin 53 33 37 H2 - 

Plant Flavonoid 7,8-dihydroxy-4'-methoxyisoflavone (Isoflavone) 82 41 38 H2 - 

AHL Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone 30 42 39 H2 - 

AHL Unmodified in 3-oxo N-hexanoyl-DL-homoserine lactone 31 45 40 H2 - 

Plant Ajoene Z-ajoene 26 39 41 L2 - 

Plant Oxygenated monoterpene RS-menthyl acetate - 46 42 H2 - 

Plant Flavonoid Myricetin 75 56 43 H2 H-bond donors 

Plant Oxygenated monoterpene S-menthyl acetate 43 48 44 H2 - 

Plant Oxygenated monoterpene R-menthyl acetate 38 53 45 H2 - 

Plant Flavonoid Tricetin 68 49 46 H2 - 

Plant Oxygenated monoterpene R-lavandulol 49 52 47 H0 - 

Plant Methoxy phenol Zingerone (Vanillylacetone) 40 47 48 H2 - 

Plant Oxygenated monoterpene S-lavandulol 48 50 49 H0 - 

Plant Oxygenated monoterpene RS-lavandulol 50 51 50 H0 - 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 41 54 51 H2 - 

Plant Terpenoid Callicarpenal 52 - 52 H2 - 

Plant Alcohol 1-hydroxyoctane 64 62 53 H2 - 

Plant Phenylpropanoid p-coumaric acid 61 61 54 H2 - 

Plant Phenylpropanoid Cinnamic acid 59 59 55 H2 - 

Plant Phenolic acid Ellagic acid 97 67 56 H2 - 

Plant Coumarin Coumarin 55 57 57 H2 - 

Plant Phenylpropanoid Ferulic acid 57 60 58 H2 - 

Plant Oxygenated monoterpene R-piperitone 67 66 59 H2 - 

Plant Oxygenated monoterpene RS-piperitone 66 65 60 H2 - 

Plant Oxygenated monoterpene R-isomenthone 73 69 61 H2 - 
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Table 5. Continuation. 
Group Classification Molecule Molecular doking of 

structures 
aBiofilm Parameter violated 

from the "rule of 5" 
4Y13-S 4Y15-S 4Y17-S 

Plant Oxygenated monoterpene S-isomenthone 72 - 62 H2 - 

Plant Oxygenated monoterpene RS-menthone 71 - 63 H2 - 

Plant Phenylpropanoid Caffeic acid 62 70 64 H2 - 

Plant Amino acid 2-amino-4-chlorobenzoic acid (4CABA) 69 71 65 L0 - 

Plant Aromatic aldehyde Vanillin 76 73 66 L1 - 

Plant Phenolic acid Salicylic acid 80 72 67 L1 - 

Plant Amino acid Anthranilic acid (AA) 79 77 68 L1 - 

Plant Amino acid 2-amino-6-chlorobenzoic acid (6CABA) 89 75 69 L2 - 

Plant Amino acid 2-amino-6-fluorobenzoic acid (6FABA) 83 76 70 L0 - 

Plant Phenolic acid Gallic acid 87 78 71 L0 - 

Plant Cyclitol R-quinic acid 81 84 72 H0 - 

Plant Flavonoid Astragalin 100 85 73 H2 H-bond donors and 
acceptors 

Plant Cyclitol S-quinic acid 88 81 74 H0 - 

Plant Alcohol 4-methylcyclohexanol 91 80 75 L1 - 

Plant Phenolic Pyrogallol 94 83 76 L0 - 

Plant Amino acid RS-canavanine 93 88 77 L1 H-bond donors 

Plant Amino acid S-canavanine 92 86 78 L1 H-bond donors 

Plant Amino acid R-canavanine 86 87 79 L1 H-bond donors 

Plant Oxygenated sesquiterpene S-norpatchoulenol 99 89 80 H2 - 

Plant Oxygenated sesquiterpene R-norpatchoulenol 98 90 81 H2 - 

Plant Flavonoid Rutin 101 91 82 H2 Weight, H-bond 
donors and acceptors 

Plant Oxygenated sesquiterpene Z,E-farnesol 4 21 - H0 - 

Plant Oxygenated sesquiterpene Z,Z-farnesol 1 25 - H0 - 

Plant Flavonoid Chrysin - 26 - H2 - 

Plant Flavonoid Pinocembrin - 30 - H2 - 

Plant C13-norisoprenoid E-alfa-damascenone 51 55 - H2 - 

Plant C13-norisoprenoid Z-alfa-damascenone 65 58 - H2 - 

Plant Phenylpropanoid Trans-cinnamaldehyde 63 63 - L2 - 

Plant Oxygenated monoterpene S-isopulegol 60 64 - H2 - 

Plant C13-norisoprenoid E-beta-damascenone - 68 - H2 - 

Plant Oxygenated monoterpene S-menthone 78 74 - H2 - 

Plant Isothiocyanate Iberin 77 79 - L0 - 

Plant Alcohol 3-methylcyclohexanol - 82 - H2 - 

Plant Oxygenated sesquiterpene E,E-farnesol 5 - - H0 - 

Plant Fatty acid Linolenic acid 15 - - H1 LogP 

Plant Flavonoid Luteolin 42 - - H2 - 

Plant Flavonoid Acacetin 46 - - H2 - 

Plant Flavonoid Isosakuranetin  47 - - H2 - 

Furanone Non-brominated 3-butyl-2(5H)-furanone 54 - - H1 - 

Plant Oxygenated monoterpene S-piperitone 70 - - H2 - 

Plant Oxygenated monoterpene R-menthone 74 - - H2 - 

Plant Alcohol 2-methylcyclohexanol 84 - - H2 - 

Plant Alcohol Trans-2-methylcyclohexanol 85 - - H2 - 

Plant Aromatic ether Butyl trityl ether 95 - - H2 LogP 

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone 96 - - H1 - 

Plant Alcohol 1-methylcyclohexanol - - - H2 - 

Plant Aminobenzoic ester Methyl anthranilate (MA) - - - L1 - 

AHL Unmodified in 3-oxo N-butyryl-DL-homoserine lactone - - - L0 - 

Plant Oxygenated monoterpene R-isopulegol - - - H2 - 

Plant Monoterpene R-limonene - - - H2 - 

Plant Oxygenated monoterpene R-menthol - - - H2 - 

Plant Oxygenated monoterpene R-neoisomenthol - - - H2 - 

Plant Oxygenated monoterpene RS-isopulegol - - - H2 - 

Plant Monoterpene RS-limonene - - - H2 - 

Plant Oxygenated monoterpene RS-menthol - - - H2 - 

Plant Monoterpene S-limonene - - - H2 - 

Plant Oxygenated monoterpene S-menthol - - - H2 - 

Plant Oxygenated monoterpene S-neoisomenthol - - - H2 - 

Plant C13-norisoprenoid Z-beta-damascenone - - - H2 - 

Molecular docking = Binding affinity scale between SdiA protein and the plant compounds with a color ramp ranging from dark pink (higher affinity) 
to dark green (lower affinity) and hyphen for no binding; 
aBiofilm = High (H) or low inhibition of biofilm formation (L) and high (H2 or L2), medium (H1 or L1) or low confidence (H0 or L0); 
Parameter violated from the "rule of 5" = - (not violated any of the parameters), yellow (violated one parameter), orange (violated two parameters) and 
red (violated three parameters); 
The best plant compound in bold.  
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3.4.2. Lonazolac is a good candidate 

The compound lonazolac was the NSAID acetic acid derivative that showed 

good binding affinities with the three modeled structures of the SdiA and was predicted 

to have high inhibition efficiency of biofilm formation, without violating any of the 

"rule of 5" parameters (Table 6). 

Based on the results of the present study, lonazolac was considered a good 

candidate for the in vitro tests as a quorum quenching substance and for inhibition of 

biofilm formation by Salmonella. In addition, other acetic acid derivatives including 

acemetacin, fentiazac, oxametacin, aceclofenac and indomethacin may be good 

candidates, considering their binding affinity to the SdiA protein structures as well as 

the predicted high inhibition of biofilm formation efficiency (Table 6). On the other 

hand, the NSADIs classified as pyrazolone derivative as feprazone, phenylbutazone, 

ketophenylbutazone, dipyrone and aminopyrine, which exhibit high binding affinity, 

have been predicted to have low inhibition of biofilm formation (Table 6). 

Lonazolac is a nonsteroidal anti-inflammatory acetic acid derivative which has a 

50% effective dose (ED 50) equivalent to diclofenac [72]. Ismail et al. [73] created new 

molecules from the structure of lonazolac and could be used in future studies. This 

compound also was cited in a patent for studies of inhibitors of quorum sensing in 

bacteria [50], but there are few studies with this compound. 
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Table 6. Compilation of the data of inhibition potential in silico of the quorum sensing 
and biofilm, as well as the characteristic of NSAIDs. 
Group Classification Molecule Molecular doking of 

structures 
aBiofilm Parameter 

violated from 
the "rule of 5" 4Y13-S 4Y15-S 4Y17-S 

NSAID Acetic acid derivative Lonazolac 4 1 1 H0 - 
AHL Unmodified in 3-oxo N-dodecanoyl-DL-homoserine lactone 2 6 2 H2 LogP 

NSAID Acetic acid derivative Acemetacin 58 2 3 H0 - 

AHL Modified in 3-oxo N-(3-oxododecanoyl)-L-homoserine lactone 5 3 4 H2 - 

NSAID Acetic acid derivative Fentiazac 15 4 5 H2 - 

NSAID Pyrazolone derivative Feprazone 60 5 6 L2 - 

NSAID Propionic acid derivative Oxaprozin 7 9 7 L2 - 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone 38 7 8 H2 LogP 

NSAID Acetic acid derivative Oxametacin 47 8 9 H2 - 

NSAID Pyrazolone derivative Ketophenylbutazone (Kebutazone) 59 11 10 L2 - 

NSAID Pyrazolone derivative Phenylbutazone 63 10 11 L1 - 

NSAID Anilinonicotinic acid derivative Morniflumate 61 17 12 H0 - 

NSAID Propionic acid derivative Flunoxaprofen 51 24 13 H1 - 

NSAID Acetic acid derivative Aceclofenac 24 12 14 H2 - 

NSAID Pyrazolone derivative Azapropazone 49 - 15 H1 - 

NSAID Acetic acid derivative Sulindac 70 13 16 L0 - 

NSAID Propionic acid derivative Fenbufen 9 19 17 L1 - 

NSAID Anilinonicotinic acid derivative Niflumic acid 3 25 18 H0 - 

NSAID Acetic acid derivative Indomethacin 43 14 19 H2 - 

NSAID Pyrazolone derivative Dipyrone (Metamizole) 1 16 20 L2 - 

NSAID Pyrazolone derivative Aminopyrine (Aminophenazone) - 18 21 L2 - 

NSAID Propionic acid derivative Ketoprofen 8 23 22 H0 - 

AHL Modified in 3-oxo N-(3-oxooctanoyl)-L-homoserine lactone 13 20 23 H2 - 

NSAID Salicylic acid derivative Benorilate 69 26 24 H0 - 

AHL Unmodified in 3-oxo N-octanoyl-DL-homoserine lactone 11 21 25 H2 - 

NSAID Propionic acid derivative Benoxaprofen 52 30 26 H1 - 

NSAID Pyrazolone derivative Mofebutazone 19 29 27 L2 - 

NSAID Propionic acid derivative Tiaprofenic acid 17 28 28 H2 - 

NSAID Enolic acid derivative (Oxicam)  Lornoxicam 76 15 29 L0 - 

NSAID Propionic acid derivative Loxoprofen 22 44 30 H1 - 

NSAID Acetic acid derivative Zomepirac 53 - 31 H0 - 

NSAID Acetic acid derivative Diclofenac 29 33 32 H1 - 

NSAID Fenamic acid derivative Mefenamic acid 39 36 33 L2 - 

NSAID Acetic acid derivative Etodolac 46 59 34 H1 - 

NSAID Propionic acid derivative Fenoprofen 12 34 35 H0 - 

NSAID Propionic acid derivative Dexketoprofen 14 32 36 H0 - 

NSAID Pyrazolone derivative Nifenazone - 45 37 L2 - 

NSAID Anilinonicotinic acid derivative Clonixin 48 43 38 H1 - 

NSAID Propionic acid derivative Naproxen 20 41 39 H1 - 

NSAID Selective COX2 inhibitor (Coxibs) Celecoxib 54 58 40 H0 - 

NSAID Enolic acid derivative (Oxicam)  Tenoxicam 75 27 41 L0 - 

NSAID Fenamic acid derivative Tolfenamic acid 44 39 42 H1 - 

NSAID Enolic acid derivative (Oxicam)  Piroxicam 65 40 43 H0 - 

OCL OCL 1-octanoyl-rac-glycerol 33 46 44 L1 - 

NSAID Enolic acid derivative (Oxicam)  Isoxicam 78 - 45 H1 - 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone 27 37 46 H2 LogP 

NSAID Propionic acid derivative Ibuproxam 31 47 47 L0 - 

NSAID Enolic acid derivative (Oxicam)  Meloxicam 74 42 48 H2 - 

NSAID Propionic acid derivative Dexibuprofen 34 48 49 L0 - 

NSAID Selective COX2 inhibitor (Coxibs) Valdecoxib 57 56 50 H1 - 

NSAID Pyrazolone derivative Oxyphenbutazone 67 38 51 H1 - 

NSAID Acetic acid derivative Alclofenac 45 50 52 H0 - 

NSAID Acetic acid derivative Bufexamac 36 49 53 H1 - 

NSAID Enolic acid derivative (Oxicam)  Droxicam 79 57 54 H2 - 

AHL Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone 37 52 55 H2 - 

AHL Unmodified in 3-oxo N-hexanoyl-DL-homoserine lactone 42 51 56 H2 - 

NSAID Propionic acid derivative Ibuprofen 32 55 57 L0 - 

NSAID Selective COX2 inhibitor (Coxibs) Lumiracoxib 30 54 58 L1 - 

NSAID Sulfonamide derivative Nimesulide 28 53 59 L1 - 

Furanone Brominated 4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone 55 60 60 H2 - 

NSAID Salicylic acid derivative Olsalazine 50 61 61 H0 - 
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Table 6. Continuation. 
Group Classification Molecule Molecular doking of 

structures 
aBiofilm Parameter 

violated from 
the "rule of 5" 4Y13-S 4Y15-S 4Y17-S 

NSAID Selective COX2 inhibitor (Coxibs) Etoricoxib 56 64 62 H0 - 

NSAID Fenamic acid derivative Meclofenamic acid 62 63 63 H2 LogP 

NSAID Salicylic acid derivative Aspirin (Acetylsalicylic acid) 71 62 64 L1 - 

NSAID Salicylic acid derivative Salicylamide 72 65 65 L1 - 

NSAID Anilide derivative Paracetamol (Acetaminophen) 73 66 66 H2 - 

NSAID Acetic acid derivative Glucametacin 81 69 67 H1 Weight 

NSAID Pyrazolone derivative Suxibuzone 82 68 68 L1 - 

NSAID Salicylic acid derivative Salicylic acid 77 67 69 L1 - 

NSAID Fenamic acid derivative Flufenamic acid 10 22 - H0 - 

NSAID Propionic acid derivative Flurbiprofen 18 31 - H1 - 

NSAID Anilinonicotinic acid derivative Flunixin 16 35 - L2 - 

NSAID Selective COX2 inhibitor (Coxibs) Nabumetone 6 - - H1 - 

NSAID Propionic acid derivative Alminoprofen 21 - - H0 - 

NSAID Propionic acid derivative Indoprofen 23 - - L2 - 

NSAID Propionic acid derivative Suprofen 25 - - H1 - 

NSAID Acetic acid derivative Tolmetin 26 - - H1 - 

NSAID Acetic acid derivative Ketorolac 35 - - H2 - 

NSAID Acetic acid derivative Difenpiramide 40 - - H2 - 

NSAID Salicylic acid derivative Diflunisal 41 - - H2 - 

Furanone Non-brominated 3-butyl-2(5H)-furanone 64 - - H1 - 

NSAID Selective COX2 inhibitor (Coxibs) Rofecoxib 66 - - H1 - 

NSAID Selective COX2 inhibitor (Coxibs) Firocoxib 68 - - H0 - 

NSAID Selective COX2 inhibitor (Coxibs) Parecoxib 80 - - H0 - 

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone - - - H1 - 

AHL Unmodified in 3-oxo N-butyryl-DL-homoserine lactone - - - L0 - 

Molecular docking = Binding affinity scale between SdiA protein and the NSAIDs with a color ramp ranging from dark pink (higher affinity) to dark 
green (lower affinity) and hyphen for no binding; 
aBiofilm = High (H) or low inhibition of biofilm formation (L) and high (H2 or L2), medium (H1 or L1) or low confidence (H0 or L0); 
Parameter violated from the "rule of 5" = - (not violated any of the parameters) and yellow (violated one parameter); 
The best plant compound in bold. 

 

4. Conclusions and perspectives 

In general, most the plant compounds and all nonsteroidal anti-inflammatory 

drugs (NSAIDs) bound in at least one of three structures of the SdiA proteins of 

Salmonella Enteritidis PT4 578 modeled. In addition, many compounds tested had 

higher binding affinity than the AHLs and the furanones, that are, the inducers and 

inhibitors of the quorum sensing mechanism, respectively. The Z-phytol and lonazolac 

were good candidates for the in vitro tests of inhibition of the quorum sensing by AI-1 

and biofilm formation in Salmonella. 

Thus, this study directs future prospecting of plant extracts for inhibition of 

quorum sensing mechanism depending on AHL and biofilm formation. The physico-

chemical characteristics of the compounds with the greatest in silico potential will 

inform which type of separation and solvent will be more likely to be able to extract 
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them, and even which part of the plant or which kind of plant to choose. In addition, the 

use of inhibitors of quorum sensing and biofilm formation can be combined with 

antibiotics for better treatment efficacy until the use of these compounds to design new 

drugs. 
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Supplementary material 

Fig. S1. Results of the in silico inhibition potential of biofilm formation and the “rule of 5” for plant compounds and nonsteroidal anti-inflammatory 
drugs (NSAIDs). 

Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

OCL OCL 1-octanoyl-rac-glycerol Low L1  218.29 1.81 2 4 - 

AHL Unmodified in 3-oxo N-butyryl-DL-homoserine lactone Low L0  171.20 1.01 1 4 - 

N-hexanoyl-DL-homoserine lactone High H2  199.25 2.10 1 4 - 

N-octanoyl-DL-homoserine lactone High H2  227.30 3.18 1 4 - 

N-dodecanoyl-DL-homoserine lactone High H2  283.41 5.35 1 4 LogP 

Modified in 3-oxo N-(3-oxohexanoyl)-L-homoserine lactone High H2  213.23 0.31 1 5 - 

N-(3-oxooctanoyl)-L-homoserine lactone High H2  241.29 1.39 1 5 - 

N-(3-oxododecanoyl)-L-homoserine lactone High H2  297.39 3.56 1 5 - 

Furanone Non-brominated 2,2-dimethyl-3(2H)-furanone High H1  112.13 0.65 0 2 - 

3-butyl-2(5H)-furanone High H1  140.18 2.11 0 2 - 

Brominated 4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone High H2  309.98 4.92 0 2 - 

4-bromo-5-(bromomethylene)-3-hexyl-2(5H)-furanone High H2  338.04 6.00 0 2 LogP 

4-bromo-5-(bromomethylene)-3-dodecyl-2(5H)-furanone High H2  422.20 9.25 0 2 LogP 

Plant Ajoene E-ajoene Low L2  234.39 1.72 0 1 - 

 Z-ajoene Low L2  234.39 1.72 0 1 - 

 Alcohol 1-hydroxyoctane High H2  130.23 2.96 1 1 - 

 1-methylcyclohexanol High H2  114.19 1.54 1 1 - 

 2-methylcyclohexanol High H2  114.19 1.79 1 1 - 

 3-methylcyclohexanol High H2  114.19 1.79 1 1 - 

 4-methylcyclohexanol Low L1  114.19 1.60 1 1 - 

 Trans-2-methylcyclohexanol High H2  114.19 1.79 1 1 - 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

Plant Amino acid 2-amino-4-chlorobenzoic acid (4CABA) Low L0  171.58 2.66 3 3 - 

 2-amino-6-chlorobenzoic acid (6CABA) Low L2  171.58 2.66 3 3 - 

 2-amino-6-fluorobenzoic acid (6FABA) Low L0  155.13 2.13 3 3 - 

 Anthranilic acid (AA) Low L1  137.14 2.03 3 3 - 

 R-canavanine Low L1  176.18 -1.31 7 7 H-bond donors 

 S-canavanine Low L1  176.18 -1.31 7 7 H-bond donors 

 RS-canavanine Low L1  176.18 -1.31 7 7 H-bond donors 

 Aminobenzoic ester Methyl anthranilate (MA) Low L1  151.17 2.15 2 3 - 

 Aromatic aldehyde Vanillin Low L1  152.15 1.00 1 3 - 

 Aromatic ether Butyl trityl ether High H2  316.44 6.00 0 1 LogP 

 C13-norisoprenoid E-alfa-damascenone High H2  190.29 3.18 0 1 - 

 Z-alfa-damascenone High H2  190.29 3.18 0 1 - 

 E-beta-damascenone High H2  190.29 3.19 0 1 - 

 Z-beta-damascenone High H2  190.29 3.19 0 1 - 

 Chalcone Cardamonin High H2  270.28 2.95 2 4 - 

 Coumarin Coumarin High H2  146.15 3.17 0 2 - 

 Cyclitol R-quinic acid High H0  192.17 -1.82 5 6 - 

 S-quinic acid High H0  192.17 -1.82 5 6 - 

 Fatty acid Linolenic acid High H1  278.44 6.46 1 2 LogP 

 Malvalic acid High H2  280.45 6.53 1 2 LogP 

 Margaric acid  High H1  270.46 8.22 1 2 LogP 

 Palmitic acid High H1  256.43 7.68 1 2 LogP 

 Punicic acid Low L2  278.44 6.95 1 2 LogP 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

Plant Flavonoid 7,8-dihydroxy-4'-methoxyisoflavone (Isoflavone) High H2  284.27 4.02 2 5 - 

 Acacetin High H2  284.27 4.61 2 5 - 

 Astragalin High H2  448.38 1.57 7 11 H-bond donors and acceptors 

 R-catechin High H2  290.27 1.41 5 6 - 

 S-catechin High H2  290.27 1.41 5 6 - 

 RS-catechin High H2  290.27 1.41 5 6 - 

 Chrysin High H2  254.24 4.64 2 4 - 

 R-epicatechin High H2  290.27 1.41 5 6 - 

 S-epicatechin High H2  290.27 1.41 5 6 - 

 Isosakuranetin  High H2  286.28 2.71 2 5 - 

 Kaempferol High H2  286.24 3.93 4 6 - 

 Luteolin High H2  286.24 3.93 4 6 - 

 Myricetin High H2  318.24 3.22 6 8 H-bond donors 

 Pinobanksin High H2  272.26 1.64 3 5 - 

 Pinocembrin High H2  256.26 2.74 2 4 - 

 Poriol High H2  286.28 2.20 3 5 - 

 Quercetin High H2  302.24 3.57 5 7 - 

 Retusin (Flavonol) High H2  358.35 4.88 1 7 - 

 Rutin High H2  610.52 0.12 10 16 Weight, H-bond donors and 
acceptors 

 Tricetin  High H2  302.24 3.57 5 7 - 

 Furanocoumarin Imperatorin (Ammidin) High H2  270.28 5.04 0 4 LogP 

 Isothiocyanate Iberin Low L0  163.25 1.05 0 2 - 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

Plant Methoxy phenol [6]-gingerol  High H2  294.39 3.65 2 4 - 

  [8]-gingerol High H2  322.44 4.74 2 4 - 

  [10]-gingerol High H2  350.50 5.82 2 4 LogP 

  [6]-isoshogaol High H2  276.38 4.15 1 3 - 

  [8]-isoshogaol High H2  304.43 5.23 1 3 LogP 

  [10]-isoshogaol High H2  332.48 6.32 1 1 LogP 

  [12]-isoshogaol High H2  360.54 7.40 1 3 LogP 

  [6]-shogaol High H2  276.38 4.33 1 3 - 

  [8]-shogaol High H2  304.43 5.42 1 3 LogP 

  [10]-shogaol High H2  332.48 6.50 1 3 LogP 

  Zingerone (Vanillylacetone) High H2  194.23 1.45 1 3 - 

 Monoterpene R-limonene High H2  136.24 3.36 0 0 - 

 S-limonene High H2  136.24 3.36 0 0 - 

 RS-limonene High H2  136.24 3.36 0 0 - 

 Oxygenated diterpene E-phytol High H0  296.54 8.19 1 1 LogP 

 Z-phytol High H0  296.54 8.19 1 1 LogP 

 Oxygenated monoterpene R-isomenthone High H2  154.25 2.74 0 1 - 

 S-isomenthone High H2  154.25 2.74 0 1 - 

 R-isopulegol High H2  154.25 2.95 1 1 - 

 S-isopulegol High H2  154.25 2.95 1 1 - 

 RS-isopulegol High H2  154.25 2.95 1 1 - 

 R-lavandulol High H0  154.25 3.02 1 1 - 

 S-lavandulol High H0  154.25 3.02 1 1 - 

 RS-lavandulol High H0  154.25 3.02 1 1 - 

 R-menthol High H2  156.27 3.02 1 1 - 

 S-menthol High H2  156.27 3.02 1 1 - 

 RS-menthol High H2  156.27 3.02 1 1 - 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

Plant Oxygenated monoterpene R-menthone High H2  154.25 2.74 0 1 - 

 S-menthone High H2  154.25 2.74 0 1 - 

 RS-menthone High H2  154.25 2.74 0 1 - 

 R-menthyl acetate High H2  198.31 3.59 0 2 - 

 S-menthyl acetate High H2  198.31 3.59 0 2 - 

 RS-menthyl acetate High H2  198.31 3.59 0 2 - 

 R-neoisomenthol High H2  156.27 3.02 1 1 - 

 S-neoisomenthol High H2  156.27 3.02 1 1 - 

 R-piperitone High H2  152.24 2.18 0 1 - 

 S-piperitone High H2  152.24 2.18 0 1 - 

 RS-piperitone High H2  152.24 2.18 0 1 - 

 Oxygenated sesquiterpene E,E-farnesol High H0  222.37 4.76 1 1 - 

 E,Z-farnesol High H0  222.37 4.76 1 1 - 

 Z,E-farnesol High H0  222.37 4.76 1 1 - 

 Z,Z-farnesol High H0  222.37 4.76 1 1 - 

 R-norpatchoulenol High H2  206.33 3.46 1 1 - 

 S-norpatchoulenol High H2  206.33 3.46 1 1 - 

 Phenolic Pyrogallol Low L0  126.11 0.85 3 3 - 

 Phenolic acid Ellagic acid High H2  302.19 3.61 4 8 - 

 Gallic acid Low L0  170.12 0.58 4 5 - 

 Salicylic acid Low L1  138.12 1.84 2 3 - 

 Phenylpropanoid Caffeic acid High H2  180.16 1.58 3 4 - 

 Cinnamic acid High H2  148.16 2.29 1 2 - 

 Ferulic acid High H2  194.19 1.91 2 4 - 

 p-coumaric acid High H2  164.16 1.94 2 3 - 

 Trans-cinnamaldehyde Low L2  132.16 1.81 0 1 - 

 Terpenoid Callicarpenal High H2  234.38 4.17 0 1 - 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

NSAID Acetic acid derivative Aceclofenac High H2  354.18 4.10 2 5 - 

 Acemetacin High H0  415.83 3.92 1 7 - 

 Alclofenac High H0  226.66 3.18 1 3 - 

 Bufexamac High H1  223.27 2.42 2 4 - 

 Diclofenac High H1  296.15 4.74 2 3 - 

 Difenpiramide High H2  288.35 4.14 1 3 - 

 Etodolac High H1  287.36 3.37 2 4 - 

 Fentiazac High H2  329.80 4.96 1 3 - 

 Glucametacin High H1  518.95 1.89 5 10 Weight 

 Indomethacin High H2  357.79 4.76 1 5 - 

 Ketorolac High H2  255.27 2.25 1 4 - 

 Lonazolac High H0  312.75 4.20 1 4 - 

 Oxametacin High H2  372.80 3.82 2 6 - 

 Sulindac Low L0  356.41 4.41 1 3 - 

 Tolmetin High H1  257.29 2.76 1 4 - 

 Zomepirac High H0  291.73 3.38 1 4 - 

 Anilide derivative Paracetamol (Acetaminophen) High H2  151.17 1.34 2 3 - 

 Anilinonicotinic acid derivative Clonixin High H1  262.69 3.99 2 4 - 

 Flunixin Low L2  296.25 4.25 2 4 - 

 Morniflumate High H0  395.38 3.68 1 6 - 

 Niflumic acid High H0  282.22 3.89 2 4 - 

 Enolic acid derivative Droxicam High H2  357.34 1.78 0 8 - 

 Isoxicam High H1  335.33 1.89 2 8 - 

 Lornoxicam Low L0  371.81 2.10 2 7 - 

 Meloxicam High H2  351.39 2.47 2 7 - 

 Piroxicam High H0  331.35 1.97 2 7 - 

 Tenoxicam Low L0  337.37 1.13 2 7 - 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

NSAID Fenamic acid derivative Flufenamic acid High H0  281.23 4.62 2 3 - 

 Meclofenamic acid High H2  296.15 5.36 2 3 LogP 

 Mefenamic acid Low L2  241.29 4.47 2 3 - 

 Tolfenamic acid High H1  261.70 4.73 2 3 - 

 Propionic acid derivative Alminoprofen High H0  219.28 3.52 2 3 - 

 Benoxaprofen High H1  301.73 4.40 1 4 - 

 Dexibuprofen Low L0  206.29 3.86 1 2 - 

 Dexketoprofen High H0  254.29 3.61 1 3 - 

 Fenbufen Low L1  254.29 3.22 1 3 - 

 Fenoprofen High H0  242.27 3.80 1 3 - 

 Flunoxaprofen High H1  285.27 3.87 1 4 - 

 Flurbiprofen High H1  244.27 4.00 1 2 - 

 Ibuprofen Low L0  206.29 3.86 1 2 - 

 Ibuproxam Low L0  221.30 3.12 2 3 - 

 Indoprofen Low L2  281.31 3.06 1 4 - 

 Ketoprofen High H0  254.29 3.61 1 3 - 

 Loxoprofen High H1  246.31 2.73 1 3 - 

 Naproxen High H1  230.26 3.49 1 3 - 

 Oxaprozin Low L2  293.32 4.01 1 4 - 

 Suprofen High H1  260.31 3.63 1 3 - 

 Tiaprofenic acid High H2  260.31 3.66 1 3 - 
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Fig. S1. Continuation. 
Group Classification Molecule Inhibition of the biofilm  The “rule of 5” 

Low/High Confidence  Weight LogP H-bond donors H-bond acceptors Parameter violated 

NSAID Pyrazolone derivative Aminopyrine (Aminophenazone) Low L2  231.30 2.32 0 4 - 

 Azapropazone High H1  300.36 4.31 0 6 - 

 Dipyrone (Metamizole) Low L2  311.36 1.30 1 7 - 

 Feprazone Low L2  320.39 4.75 0 4 - 

 Ketophenylbutazone (Kebutazone) Low L2  322.36 2.80 0 5 - 

 Mofebutazone Low L2  232.28 3.02 1 4 - 

 Nifenazone Low L2  308.34 2.16 1 6 - 

 Oxyphenbutazone High H1  324.38 4.41 1 5 - 

 Phenylbutazone Low L1  308.38 4.76 0 4 - 

 Suxibuzone Low L1  438.48 4.65 1 8 - 

 Salicylic acid derivative Aspirin (Acetylsalicylic acid) Low L1  180.16 1.40 1 4 - 

 Benorilate High H0  313.31 2.85 1 6 - 

 Diflunisal High H2  250.20 3.67 2 3 - 

 Olsalazine High H0  302.24 4.71 4 8 - 

 Salicylamide Low L1  137.14 0.64 3 3 - 

 Salicylic acid Low L1  138.12 1.84 2 4 - 

 Selective COX2 inhibitor Celecoxib High H0  381.37 3.32 2 5 - 

 Etoricoxib High H0  358.84 3.33 0 4 - 

 Firocoxib High H0  336.40 2.15 0 5 - 

 Lumiracoxib Low L1  293.72 4.57 2 3 - 

 Nabumetone High H1  228.29 3.06 0 2 - 

 Parecoxib High H0  370.42 3.83 1 6 - 

 Rofecoxib High H1  314.35 2.27 0 4 - 

 Valdecoxib High H1  314.36 2.54 2 5 - 

 Sulfonamide derivative Nimesulide Low L1  308.31 2.83 1 7 - 

High (H) or low inhibition of biofilm formation (L) and high (H2 or L2), medium (H1 or L1) or low confidence (H0 or L0); 
Not violated the “rule of 5” (-). 
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CONCLUSÕES GERAIS 

As análises globais dos perfis de proteínas, ácidos graxos e ácidos orgânicos 

extracelulares ao longo do tempo de cultivo de S. enterica sorovar Enteritidis PT4 578 

em anaerobiose na presença e ausência de N-dodecanoil homoserina lactona (C12-

HSL), mostrou que estes perfis foram alterados na presença da molécula autoindutora. 

Além disso, os perfis de proteínas e ácidos graxos variam menos ao longo do tempo de 

cultivo na presença de C12-HSL, ou seja, os perfis de ácidos graxos e proteínas de 

células cultivadas por 4 h (fase logarítmica) e por 36 h (fase estacionária) na presença 

do AI-1 foram menos dispersos. Estes resultados indicam que as células na presença de 

C12-HSL estão mais preparadas para os estresses de fase estacionária, por haver a 

antecipação das alterações celulares que ocorrem nesta fase. Um outro fato interessante 

é que as proteínas relacionadas ao processo de oxirredução, principalmente proteínas 

tiol, e a quantidade de tiol celular livre foram maiores em células cultivadas na presença 

de C12-HSL, indicando que este patógeno está mais preparado para uma possível 

condição de estresse oxidativo. 

Considerando que AHL parece preparar as células para possíveis condições de 

estresse, entender como estes AI-1 se ligam à proteína SdiA e também realizar a 

prospecção de inibidores deste mecanismo se torna necessário. Assim, a proteína SdiA 

de Salmonella Enteritidis foi modelada e verificou-se que as AHLs com mais carbonos 

têm mais afinidade a esta proteína, principalmente as AHLs com 12 carbonos. Além 

disso, as furanonas que são inibidores do mecanismo de quorum sensing conhecidos 

também foram capazes de ligar a SdiA de Salmonella com alta afinidade. A prospecção 

de inibidores entre compostos de planta e anti-inflamatórios não esteroides (AINEs) por 

docking molecular também mostrou que a maioria dos compostos analisados foi capaz 

de ligar a proteína SdiA de Salmonella, com destaque para o Z-fitol e o lonazolaco. 
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PERSPECTIVAS 

Os resultados do presente trabalho indicam caminhos para determinar as vias e, 

ou macromoléculas chaves do metabolismo influenciadas pelo mecanismo de quorum 

sensing por AI-1 em Salmonella. Além disso, os resultados obtidos in silico indicam 

potenciais compostos inibidores do quorum sensing para serem avaliados in vitro. 


