
Pallaval Veera Bramhachari    Editor

Implication of Quorum 
Sensing and Bio� lm 
Formation in Medicine, 
Agriculture and Food 
Industry



Implication of Quorum Sensing and Biofilm 
Formation in Medicine, Agriculture and 
Food Industry



Pallaval Veera Bramhachari
Editor

Implication of Quorum 
Sensing and Biofilm 
Formation in Medicine, 
Agriculture and Food 
Industry



Editor
Pallaval Veera Bramhachari
Department of Biotechnology
Krishna University
Machilipatnam, Andhra Pradesh, India

ISBN 978-981-32-9408-0        ISBN 978-981-32-9409-7  (eBook)
https://doi.org/10.1007/978-981-32-9409-7

© Springer Nature Singapore Pte Ltd. 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, 
Singapore

https://doi.org/10.1007/978-981-32-9409-7


v

Preface

In the last decade, progress on the knowledge of bacterial quorum sensing and bio-
film formation has been advanced exponentially. Bacteria have intriguing and 
diverse social lives. It is a unique phenomenon where microbes communicate and 
synchronize their behavior by the accumulation of (AHL) signaling molecules. A 
reaction occurs when AHL accumulates to an adequate concentration. They exhibit 
coordinated group behaviors regulated by QS systems that detect the density of 
other bacteria around them. Explicitly, QS is the chemical communication process 
wherein bacteria coordinate changes in their collective behavior in response to pop-
ulation density. The regulation of social behavior in several bacteria is fundamental 
to QS phenomenon in medicine, food industry, and agriculture including biofilm 
formation and the expression of virulence in dreadful pathogens to symbiotic 
relationships.

A contemporary challenge in the field is to comprehend how QS works in sce-
narios that mimic real host environments. The current research suggests that it must 
accumulate into large colonies or aggregate into “biofilms.” To do this, it uses a 
microbial trick called QS, where chemical signals are employed by the bacterium to 
gather and sense a critical mass of cells and then act in harmony to exert virulence 
and pathogenesis, which in human patients and animals can manifest itself in the 
form of infectious diseases. When working as a group, they initiate typical behav-
iors different from those observed in an individual cell. They have the ability to take 
on more complex tasks, and many pathogens use QS to initiate certain specific 
group behaviors. Through QS and biofilm formation, the bacterium resists to most 
antibiotics, is seemingly immune to several antibiotics, chemicals, and can survive 
extreme environments at ease. Interestingly, the QS compounds are shown to thwart 
stubborn bacterial pathogen’s social propensity.

QS regulates interactions both in signal-producing organisms and between dif-
ferent species present in surrounding medium, disease-causing and useful microbes, 
and higher organisms (symbiosis, growth promotion, pathogenicity). This Book 
“Implication of Quorum Sensing and Biofilm Formation in Medicine, Food Industry 
and Agriculture” brings a variety of chapters reporting the quorum sensing and bio-
film formation and their importance in agriculture (in the areas of plant-microbe 
interactions in connection with pathogenicity (plant growth promotion, biocontrol), 
ecology (behavior of microbes), medicine (colonization and causing disease to 
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animal hosts), food industry (food production, preservation, and spoilage), aquatic 
industry, and industrial plant biofouling).

Our understanding of QS mechanisms currently restricts applications for quorum 
sensing. Though there has been progress made in the use of QS, more understanding 
of quorum functionality is necessary before the control of this tool can be com-
pletely raised. However, the full-scale management of the bacterial quorum circuit 
in a biotechnological application is still an unconvinced goal. These strategies are 
only in a preliminary phase and several questions on the exact nature of biofilms 
both in terms of implicated microbes and composition of the extracellular matrix 
remain, but undoubtedly this field bears high hopes for future applications. However, 
more of such QS compounds remain to be found and next-generation agents may 
then be ready to tackle the tricky microbes that have rapidly evolved resistance in 
medicine, food industry, and agriculture.

Primarily microbiologists discovered QS quite unconnectedly, not relating it to 
biofilm formation. Later on, it was revealed that QS is a molecular system based on 
regulation and expression of RNA genes, whereas biofilm formation is the quantita-
tive community network for the microbes. The knowledge and information about 
quorum sensing and biofilm have skyrocketed since then. Rapid advances in molec-
ular biology, biochemistry, and genetics have revolutionized the study of QS in 
microbes and enhanced the understanding of intra- and inter-species and inter-king-
dom communications among microbial communities and eukaryotes. Additionally, 
the advent of next-generation sequencing technologies and bioinformatics has 
offered a number of revolutionary new insights into the QS research in microbes.

We now have an in-depth knowledge of how bacteria employ QS signals to com-
municate with each other and to coordinate their activities. In recent years there 
have been extraordinary advances in the recent understanding of genetics, genom-
ics, biochemistry, and signal diversity of QS. The world has started to understand 
the connections between QS and bacterial social propensity. This foundation places 
us at the beginning of a new era in which researchers will be able to work toward 
new medicines to treat devastating infectious diseases and use bacteria to under-
stand the biology of sociality. The application of QS as a target for the development 
of novel anti-infective agents is the major activity in providing “quality of life 
enhancement” from the public funding of research.

We strongly believe that this book would provide enough insights into the amaz-
ing world of microbial QS. The present book is an attempt to compile the novel 
information available on recent advancements on various functional aspects of QS 
systems in different gram-positive and gram-negative organisms. It is essential read-
ing for the novice and expert in the field of QS including researchers, industrialists, 
as well as students. With these objectives in mind, the content of this book has been 
arranged in a logical progression from fundamental to more advanced concepts. We 
hope that this book stimulates your creativity and wish you success in your 
experiments.

These observations, and our involvement through the years in quorum sensing 
research led us to the conclusion that such a book is timely. Accordingly, this book 
provides the reader with the latest research advances with insights into the 
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implications of QS and biofilm formation in medicine, food industry, and agricul-
ture. This book is written by a team of experts who represent the best in the field of 
microbiology and cell biology. We strongly affirm that the topics presented here will 
stimulate future innovative research studies. We successfully compiled our creative 
and thoughtful work with genuine concern and painstaking effort of many well-
wishers whose names are not mentioned, but they are still in our hearts. So, the 
reward is surely worth their efforts. I want to dedicate this book to my mother 
S. Jayaprada (late). I and contributing authors hope from the bottom of our hearts 
that this book will be a good guidebook and compass for research studies in bacte-
rial quorum sensing. Bon voyage, all!

Machilipatnam, Andhra Pradesh, India� Pallaval Veera Bramhachari 
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About the Book

This book illustrates the importance and applications of quorum sensing and its 
critical roles in regulating diverse cellular functions in microbes, including viru-
lence, pathogenesis, controlled gene expression systems, antibiotic resistance, and 
biofilm formation in medicine, food industry, and agriculture. Microbes can coordi-
nate population behavior with small molecules called autoinducers (AHL) which 
serve as a signal of cellular population density, triggering new patterns of gene 
expression for mounting virulence and pathogenesis. Therefore these microbes have 
the competence to coordinate and regulate explicit sets of genes by sensing and 
communicating among themselves utilizing a variety of signals. A diverse range of 
bacterial behaviors, which have a noteworthy impact upon a wide range of fields 
including medicine, agriculture, and industry, are regulated by QS systems. 
Therefore, the ability to modulate quorum sensing systems using small molecules 
could have tremendous real-world implications. Unsurprisingly, for that reason, this 
field has garnered noteworthy interest in recent years; a range of potent activators 
and inhibitors of quorum sensing systems have been developed, endowed with an 
expansive set of chemical tools to investigate and manipulate this complex signaling 
process. Nonetheless, these intricate quorum communications raise numerous fun-
damental questions that are increasingly attracting the attention of scientists in the 
food industry, agriculture, and medicine. Thus, understanding the microbial QS 
applications with an outcome has essential implications which may eventually 
endow with innovative novel communication networks. This book covers the emerg-
ing concepts of quorum sensing-controlled gene expression systems in bacteria, 
algae, plants, and other eukaryotes and inter-kingdom molecular cross-talk. The 
chapters describe the recent advancements in various functional aspects of QS sys-
tems and their applications, namely, survival behavior, antibiotic resistance, and 
application of quorum sensing inhibitors to counter antibiotic resistance. Finally, 
the book also elucidates a comprehensive yet representative description of basic and 
applied aspects of quorum sensing inhibitors and a large number of challenges asso-
ciated with medicine, food industry, and agriculture.
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Abstract
Microbes accustom to an array of behaviors and coordinate population signaled 
by AHL molecules to determine population density, trigger new patterns of gene 
expression, and mount virulence and pathogenesis. Diverse bacterial behaviors 
regulated by quorum sensing systems have a noteworthy impact on different 
fields of medicine, industry, and agriculture. Therefore, the ability of AHL mol-
ecules to modulate QS systems has remarkable real-world implications. This 
book exemplifies the magnitude and applications of QS and quorum sensing 
inhibitors (QSI) and its critical role in regulating diverse cellular functions. QS 
regulates interactions in both signal-producing organisms and between different 
species, viz., pathogenic, beneficial, and symbiotic microbes and higher organ-
isms (symbiosis, growth promotion, pathogenicity). Its importance in agriculture 
(in the areas of plant–microbe interactions in connection to symbiosis and patho-
genicity (plant growth promotion, biocontrol, virulence, and pathogenesis) ecol-
ogy (microbial habitats), medicine (colonization of medical devices and disease 
causing human and animal hosts), food industry (food production, spoilage, and 
preservation), aquatic, industrial plant biofouling and activated sludge digestion. 
Nonetheless, complete management of bacterial quorum circuit in a biotechno-
logical application is yet to be an incredulous goal. These strategies that are only 
in a preface and pose quite a lot of questions on exact nature of biofilms both in 
terms of implicated microbes and composition of extracellular matrix will remain 
a great task, but unquestionably this field stands high hope for future 
applications.
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1.1	 �Introduction

Microbes accustom to an array of behaviors and coordinate population behavior 
signaled by AHL molecules to determine population density, trigger new patterns of 
gene expression, and mount virulence and pathogenesis (Waters and Bassler 2005). 
However, biofilms are formed by one or more species engrossed in an extracellular 
matrix of diverse compositions varying in the nature of each ecosystem and coloniz-
ing species. Formation of biofilm is a critical outcome to persistent changes, for 
instance, transition from liquid environment to a surface. Toggling from one envi-
ronment to another needs coordinated regulation and cross-talk among regulatory 
systems (Huang et al. 2019). Nevertheless, biofilm formation in medicine has vari-
ous advantages to bacteria as they turn into resistant phenotype to disinfectants, 
antimicrobials, and unfavorable environmental conditions and they also swap over 
metabolic substances and genetic materials among the group members so that it 
becomes tricky to exterminate nonpathogenic organisms. Biofilm formation is 
mechanistically reliant on QS and acts as shield for microbes; thus, averting quorum 
sensing (QS)-based signaling is anticipated to prevent biofilms. The QS allows bac-
teria to coordinate with the quickly altering environmental conditions for their sur-
vival. These responses take account of adaptation with the existing nutrients, defense 
against other microorganisms which in turn compete for same nutrients, and protect 
them against the rapid changing environmental conditions.

Under these circumstances, microbes utilize certain chemicals to communi-
cate among each other which is represented as QS. Notably, quorum sensing is one 
of the most incredible microbiological discoveries deemed to be global gene regula-
tory pathway for diverse traits in bacteria (van Bodman et al. von Bodman et al. 
2008). QS process allows single-cell organisms, viz., bacteria, to communicate, 
cooperate, and act collectively. By QS process, microbes produce, release, and 
detect small chemical molecules called autoinducers to establish fiddly connections 
between friends and foes. Moreover, bacterial species that synthesize biofilm can 
possess wide genomic variants apropos involved in the formation of biofilms with 
different characteristics under diverse conditions (Waters and Bassler 2005). 
Furthermore, complexity of different biofilms together with diverse environments 
and wide range of colonizing species set hard tasks for biofilm eradication in medi-
cine, food industry, and agriculture. However, as these biofilms are complex com-
munities, their exceptional characteristics enhance the viewpoint of chemical and 
physical resistances, assembling their sticky structures incredibly intricate in some 
cases, and favoring their diligence.

Additionally, the association between QS and biofilm piloted a flurry of studies 
to appraise how microbial social behaviors affect the vital mode of growth; 

P. V. Bramhachari



5

nevertheless, it was revealed quickly that this connection solely differs with envi-
ronmental conditions (Shrout et al. 2006). Therefore, based on the recent develop-
ments, new antibacterial approaches are currently directed onto biofilm formation 
inhibition, as substitute for its riddance is very significant in every sector (Gopal 
et al. 2015). This slimy matrix plays a structural role that is conscientious for strong 
perseverance of these biofilms in medicine and food industry in particular. This cre-
ates complex gradients with regard to oxygen diffusion and nutrients that hold 
extracellular enzymes utilized for nutritional purposes, allows for transfer of cell 
communication molecules, and protects embedded cells against toxic compounds. 
In short, biofilm formation facilitates physical resistance, mechanical resistance, 
and chemical protection to microbial cells (Flemming et al. 2016; Galiè et al. 2018).

1.2	 �Quorum Sensing and Its Importance in Biotechnology

In this book, we illustrate some significant QS-regulated behaviors that have note-
worthy impact in medicine, food industry, and agriculture. The vital applications of 
QS inhibitors (QSI) comprise usage of QS components for upstream synthesis of 
natural or engineered bacterial products, furanone-like blockers, and therapeutic 
and industrial usage of acyl homoserine lactones (AHLs) and its analogues. There 
are three basic ways of reducing of biofouling and bacterial QS: (i) by blockage of 
AHL production, (ii) interference with signal receptor, and (iii) inactivation of AHL 
signal molecules. In addition, QS also plays a pivotal role in regulating the diversity 
of cellular activities (prokaryotic–prokaryotic–eukaryotic), for instance, virulence 
and biofilm formation considerably affect agriculture, human health, antibiotic syn-
thesis, transport systems, activated sludges, biofouling on ships, commercial pro-
duction, sporulation, virulence factor induction, cell differentiation, nutrient flux in 
pathogenic bacterial infections, bioluminescence, pigment production, plant–
microbe interactions, starvation–genetic competence, and stress responses (Fig. 1.1).

QS mechanism regulates production of biosurfactants and was previously shown 
to reduce surface tension activities. Additionally, disruption of QS-based regulatory 
circuits proved to be efficient strategy for impediment of bacterial disease outbreaks 
(Mangwani et al. 2012). Furthermore, this is a promising alternative for antibiotics 
to combat bacterial infections which holds immense significance in aquaculture 
industry. A connection between QS and biofilm formation and virulence factor syn-
thesis in numerous aquatic pathogens is undeniably a great threat to aquatic indus-
try, which was an established fact (Defoirdt et al. 2004). It has been suggested that 
QS signals alone can be used as pathogenic diagnostics and therapeutic markers for 
the presence of pathogenic bacteria in environmental and clinical samples (Köhler 
et  al. 2009). QS-based bioremediation of organic pollutants are identified to be 
employed in environmental restoration (Kothari et al. 2018). QS-regulated biofilm-
based processes enhanced ability of biofuel production (Mangwani et  al. 2012). 
Additionally, few advantages of this mechanism comprise concentration of cell-
associated hydrolytic enzymes at the biofilm–substrate interface to augment reac-
tion rates and the possibility of fungal–bacterial symbioses that consent to real-time 
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delignification and saccharification (Wang and Chen 2009). Remarkably, a small 
number of AHL molecules were depicted to have metal-chelating properties and are 
employed for scavenging metals by many microbes. It is noteworthy that microbial 
biosensors were also designed to recognize cancer cell aggregation in vivo and can 
be subjugated to create biosensors that can target cancer cells (Mangwani et  al. 
2012).

1.3	 �Quorum Sensing and Biofilm Formation in Medicine

Bacterial biofilms have unique significance from a therapeutic perspective. Likewise, 
in the clinical perspective viewpoint, quite a few aspects of pathogenesis are 
unswervingly associated with progression of biofilms. There are abundant types of 
surfaces that contained types of clinical settings that can hold up biofilm develop-
ment. Escalating antibiotic resistance among the pathogenic bacteria is anticipated 
as a nerve-racking dilemma as bacteria develop escape strategies against traditional 
and conventional antimicrobials. Cell-to-cell communication amid various bacterial 
pathogens is a population-dependent phenomenon used by several bacteria for regu-
lating broad range of activities together with adaptation to numerous altering envi-
ronmental conditions during growth for their better survival and characteristic 

Fig. 1.1   Application of Quorum Sensing Systems in Agriculture, Medicine and Food Industry

P. V. Bramhachari
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expression of phenotypes by synchronized gene regulation. Bacteria groups evolv-
ing as a biofilm have augmented resistance to antibiotic treatments, antiseptics, host 
immune defenses, and other cleansing agents proportionate to their planktonic 
counterparts (Welch et al. 2005). Nevertheless, disrupting the QS strategy against 
bacterial pathogens is devoid of giving rise to the development of antibiotic resis-
tance. In general, technology innovations have propelled development and discov-
ery of novel QSI molecules in medical use. However, QS signaling pathway 
impeding QS mechanism through QS inhibitors would be a novel approach undoubt-
edly. Formation of biofilm on medical appliances has resulted in the characteriza-
tion of new infectious disease causing clones. It is not only the medical field which 
experiences the problem caused by biofilm formation, food processing industry and 
agriculture production also face similar problem where biofilms formed over the 
utensils act as a constant source of pathogen that contaminate the food products 
(Brooks and Flint 2008a; Bai and Vittal 2014a).

1.4	 �Quorum Sensing and Biofilm Formation in Agriculture

Bacterial QS shapes rhizosphere community in plants and important component for 
plant growth and development. Production of QS molecule has been established in 
bacterial isolates of numerous genera associated to plants, both beneficial and 
pathogenic types, respectively (Cao et  al. 2009). However, stimulation of QS in 
plant microbes regulates and enhances indispensable actions in beneficial and 
pathogenic rhizosphere bacteria, including biofilm formation, antibiotic production, 
nitrogen fixation, integration of virulence genes, and disease establishment 
(Sanchez-Contreras et al. 2007). This strategy can also be extended to genetically 
engineer pathogen-specific AHL secretion into beneficial rhizosphere bacteria. 
Interestingly, these transgenic bacteria when supplemented to farm soil would antic-
ipate augmenting crop defense against certain specific plant pathogens. Researchers 
also employed quorum quenching (QQ) enzymes to lessen bacterial virulence 
against plants. This study implies that engineering production and secretion of QQ 
enzymes into plants and plant-associated microbes may also serve as a unique crop 
protection strategy. However, despite the prospective agricultural benefits associ-
ated with AHL modulation of QS systems, this field, in general, has received plau-
sibly modest attention. In principle, therefore, stimulation of these systems using 
small molecules could be desirable in an agricultural context (de Kievit et al. 2009).

1.5	 �Quorum Sensing and Biofilm Formation in Food 
Industry

QS signals are also implicated in food spoilage and affects food industry. Several 
studies reported the relationship between QS and biofilm formation in food con-
tamination, persistent infections by food-related bacteria. Furthermore, it is quiet 
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complex to control the biofilm development for the reason that microorganisms in 
biofilm evolve diverse mechanisms in different nutritional and environmental con-
ditions (Bramhachari 2018). Nonetheless, approaches to limit biofilm are yet inad-
equate. Yet, comprehensive understanding of the genetics in biofilm development 
can facilitate to improve preventive strategies. Thus, blocking QS signaling mole-
cules in food-related bacteria possibly prevent QS-regulated phenotypes and is 
enormously conscientious for food spoilage. QS inhibitors may avert colonization 
of food surfaces, toxin formation, and proliferation of pathogenic microbes in food. 
For that reason, discovery of QSI/QQ compounds from plethora of natural sources 
and their evaluation for toxicological status may perhaps assist their use as food 
biopreservatives linked with reduction in food spoilage, economic losses, and pave 
way for the inventive methods in food preservation (Bai and Rai 2011).

1.6	 �Significance

The QS regulates communications in both signal producing organisms and amid 
different species, disease-causing and useful microbes, and higher organisms 
(growth promotion, pathogenicity, and symbiosis). It has importance in agriculture 
(in the areas of plant–microbe interactions in connection to symbiosis and pathoge-
nicity (plant growth promotion, biocontrol and virulence) ecology (microbial habi-
tats), medicine (colonization in medical devices and disease causing human and 
animal hosts, virulence, and pathogenesis), food industry (food spoilage, food pro-
duction, and preservation), aquatic, industrial biofouling. Unsurprisingly, for that 
reason, QS field has gained remarkable concern in recent years. The range of potent 
activators and inhibitors of QS systems have been employed, endowed with an 
extensive set of chemical tools to investigate and maneuver this intricate signaling 
process. The book focuses on how bacteria orchestrate their responses to external 
signals and coordinate an activity by employing various applications. The concept 
of the book spins with the contemplation of QS systems controlling several physi-
ological behaviors in bacteria and fungi. The chapter clearly illustrated the recent 
advancements on various functional aspects of QS systems and its applications, 
viz., survival behavior, antibiotic resistance, and application of QS inhibitors to 
counter antibiotic resistance. In summary, the book also explicates a complete yet 
an elaborative portrayal of basic and applied aspects of QS inhibitors/quorum 
quenchers, and large number of challenges associated with medicine, food industry, 
and agriculture. Nevertheless, these intricate quorum communications raise numer-
ous fundamental questions which are progressively catching the attention of scien-
tists in medicine, agriculture, and food industry (Bramhachari 2019).

Much research on QS is presented in the literature, but still result and application-
oriented studies warrant the comprehensive mechanism of anti-QS and antibiofilm 
action of QSI/QQ against variety of bacterial pathogens. The identification and 
characterization of anti-QS compounds as new antipathogenic and antibacterial 
candidates might play imperative role in reducing the virulence and pathogenicity 
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of bacteria including drug-resistant bacteria, in reducing the biofilm hazard for safe 
infection-free health, and in combating the food-borne pathogens for safe food pro-
duction. There are abundant opportunities for novel biotechnological applications to 
hinder/boost QS-controlled functions in bacteria. Natural anti-quorum sensing mol-
ecules and strategies already subsist, but more QSI/QQ molecules are yet to be 
uncovered. Numerous QS systems are discovered and established, along with sev-
eral notable model systems that include regulation of genes essential for successful 
establishment of symbiotic and pathogenic microbial interactions. Thus, under-
standing the microbial QS machinery and outcome has indispensable implications 
to comprehend the diverse host–pathogen symbiotic interactions and may perhaps 
conceivably bestow with ground-breaking targets for antimicrobial therapies that 
block or interfere with their crisscross microbial communication networks 
(Bramhachari 2019).
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2Quorum Sensing-Controlled Gene 
Expression Systems in Gram-Positive 
and Gram-Negative Bacteria

Meghanath Prabhu, Milind Naik, and Veda Manerikar

Abstract
In this chapter, quorum sensing (QS)-controlled gene expression systems in 
Gram-positive and Gram-negative bacteria  is particularly emphasized. Acyl 
homoserine lactone (AHL) autoinducer (AI)-mediated signalling is a communi-
cation system in Gram-negative bacteria that control specific genes expression 
imparting physiological characteristics such as biofilm formation, biolumines-
cence, antibiotic synthesis, plasmid transfer, virulence factor, metal resistance 
and hydrocarbon degradation. AI concentrations reach a threshold level when 
adequate bacterial density is present that allows sensing a critical cell mass and 
in response they activate or repress target genes expression. Strikingly, AI binds 
the LuxR-type proteins, triggering them bind DNA and activate transcription of 
target genes. Synthesis of the AHL is dependent on a luxI homologue and a luxR 
homologue encoding a transcriptional activator protein, which is accountable for 
recognition of the cognate AHL and expression of correct gene. Gram-positive 
bacterial QS systems typically use secreted small oligopeptides via a dedicated 
ABC (ATP-binding cassette) exporter protein and two-component systems, 
which involve membrane-bound sensor kinase receptors and transcription fac-
tors present in cytoplasm which is responsible for alterations in gene expression. 
The process of signal transduction takes place as a phosphorelay cascade.

Keywords
Quorum sensing (QS) · Acyl homoserine lactone (AHL) · Autoinducer (AI) · 
ABC (ATP-binding cassette) · Controlled gene expression
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2.1	 �Introduction

Quorum sensing (QS) is a mechanism by which bacteria ‘talk’ with one another in 
response to population density through signalling molecules by controlling gene 
expression, thereby coordinating their behaviour. A process of bacterial QS depends 
on the production of extracellular chemical signalling molecules known as ‘autoin-
ducers’ (AIs) (Nealson et  al. 1970; Rutherford and Bassler 2012; LaSarre and 
Federle 2013; Naik et al. 2017; Mukherjee et al. 2017; Syal 2017). It is well docu-
mented that QS is used to coordinate global pattern of gene expression and regula-
tion in bacteria  (Turovskiy et  al. 2007). It is used by both Gram-positive and 
Gram-negative bacteria to regulate expression of characters that permit bacteria to 
exploit particular niche. Such collective gene expression helps pathogenic bacteria 
to save energy during its host attack process which is otherwise energetically very 
expensive when taken up by individual cell (LaSarre and Federle 2013). QS is used 
to coordinate gene expression and regulation that promote invasion, defence and 
spread among local populations and is well documented particularly in human bac-
terial pathogens (LaSarre and Federle 2013; Papenfort and Bassler 2016).

In order to tolerate environmental changes, bacterial population have evolved QS 
mechanism to sense the adjacent environment, assimilate these signals and acclima-
tize their physiology to survive under changing conditions. The bacterial population 
in community perceive, respond and collectively modify behaviour through AIs, the 
concentration of which increases as bacterial population increases (Fuqua et  al. 
2001; Camilli and Bassler 2006; Papenfort and Bassler 2016). Through QS mole-
cules, a species-specific cell-to-cell communication is achieved which plays impor-
tant role in effective pathogenic or symbiotic interactions of diversity of bacteria 
with plant and animal hosts (Rutherford and Bassler 2012). Noteworthy  that, AI 
relay mechanisms and target genes regulated by bacterial signalling systems vary in 
each case that allow bacteria to synchronize the gene expression and behaviour of 
the complete bacterial community. Bacterial community shows distinct characteris-
tics due to QS such as biofilm formation, exopolysaccharide (EPS) production, bio-
luminescence, pigment and siderophores production, secretion of the virulence 
factor (toxin, hemolysin, enzymes, antibiotic resistance), metal resistance and aro-
matic hydrocarbon degradation (Fuqua et al. 2001; Rutherford and Bassler 2012; 
LaSarre and Federle 2013; Papenfort and Bassler 2016).

In a nutshell, all of the identified QS systems rely on three principles:

	1.	 The members of the bacterial population synthesize AIs (signalling molecules).
	2.	 AIs are sensed by the receptors that are present inside the bacterial cytoplasm or 

on the membrane.
	3.	 Expression of genes essential for cooperative behaviours are triggered as well as 

detection of AIs results in activation of AI synthesis. Autoinduction loop appar-
ently endorses synchrony in the population.

In this chapter, we describe the QS-controlled gene expression systems in Gram-
negative and Gram-positive bacteria.

M. Prabhu et al.
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2.2	 �Gram-Negative and Gram-Positive Bacterial Quorum 
Sensing

2.2.1	 �AHL-Based Gene Expression Controlling System in Gram-
Negative Bacteria

Different types of signalling systems are present in Gram-positive and Gram-
negative bacteria. In the most described cases, N-acyl homoserine lactones (AHLs) 
(also referred as autoinducer-1, i.e. AI-1) signalling system is exclusively used by 
Gram-negative bacteria and is one of the best-investigated signalling mechanisms. 
The V. fischeri LuxR/LuxI bioluminescence system (R/I system) was first ever bac-
terial communication system investigated, after which many QS systems were stud-
ied in different Gram-negative bacteria (Lazdunski et al. 2004). The LuxI-like AHL 
synthases synthesize a specific AHL by joining the acyl side chain of a particular 
acyl–acyl carrier protein (acyl-ACP) from the fatty acid biosynthetic apparatus to 
the homocysteine moiety of S-adenosylmethionine (SAM) (Papenfort and Bassler 
2016). These moieties are made up of homoserine lactone (HSL) ring attached to an 
acyl chain. The acyl side chain can vary in length from 4 to 16 (or up to18) carbons 
atoms, can be completely saturated and possess hydroxyls or carbonyls on the third 
carbon (Fuqua et al. 2001; LaSarre and Federle 2013). Some AHLs are also reported 
to be detected by membrane-bound sensor kinases, e.g. LuxN of V. harveyi, that 
start phosphorelay signalling cascades after ligand binding. After a threshold level 
of the AHL concentration is achieved in the surrounding, there is interaction between 
the AHL and a LuxR-type receptor in the cytosol of the bacteria. LuxR receptors are 
important transcriptional regulators whose DNA-binding properties initiate upon 
interaction with the AHL, resulting in target gene expression regulation in response 
to the AHL accumulation. A well known  example of LuxI/R signalling is 
Chromobacterium violaceum, which utilizes CviI, CviR and AHL (C6HSL) to con-
trol violacein production (Stauff and Bassler 2011).

2.2.1.1	 �Pseudomonas aeruginosa
P. aeruginosa is a Gram-negative, opportunistic bacterial human pathogen associ-
ated with various kinds of serious illnesses such as respiratory infections, gastro-
intestinal infection, urinary tract infection, septic shock, etc. (Gupta et al. 2011; 
Prabhu et al. 2014). P. aeruginosa secrete various kinds of siderophores such as 
pyocyanin, pyoverdine, pyochelin and phenazine derivatives as well as pyorubin, 
pyomelanin, chloraphin or various combinations of these molecules (Prabhu et al. 
2014). These siderophores are secreted as secondary metabolites when popula-
tions reach threshold level and also regulate growth of virulence factors in P. 
aeruginosa (Lamont et al. 2002). P. aeruginosa regulates several gene expressions 
via QS and employs three interconnected QS systems – LasRl, RhlRl and PQS – 
that each produces unique signalling molecules. P. aeruginosa possesses two rec-
ognized QS systems: LuxI/R-type QS systems produce and recognize 
N-3-oxododecanoyl-l-homoserine lactone (3OC12-HSL), whereas LasI/R and 
RhlI/R synthesize and detect C4-homoserine lactone. These dictate synchronous 
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synthesis of virulence factors and production of biofilms that are crucial in infec-
tions by P. aeruginosa (Mukherjee et al. 2017). The LasR:3OC12–HSL complex 
triggers transcription of numerous genes including RhlR.  RhlR attaches to the 
autoinducer N-butanoyl-l-homoserine lactone (C4-HSL), the product of the RhlI 
synthase. RhlR:C4-HSL regulates a large genes cluster as well as those encoding 
virulence factors, viz. pyocyanin, elastases and rhamnolipids. RhlR is dependent 
on C4-HSL, but in the absence of C4-HSL, it is also able to work as a transcrip-
tional regulator. QS-activated genes encoding products, viz. Pel and Psl exopoly-
saccharides, rhamnolipids and phenazines play important role in biofilms 
(Mukherjee et al. 2017). Biofilm enables horizontal gene transfer (HGT) between 
bacteria and thereby conferring resistance and metabolic benefit to the whole bio-
film community (Syal 2017).

2.2.1.2	 �Vibrio cholerae
In V. cholerae, QS regulates genes accountable for the development of over 70 viru-
lence factors such as cholera toxin. QS also regulates pilus formation and the 
expression of genes responsible for biofilm formation. QS activates type VI secre-
tion, resulting in lysis of neighbouring non-kin cells which carry out the scavenging 
of DNA from lysed cells and HGT. Molecule (S)-3-hydroxytriecan-4-one was iden-
tified as an AI in V. cholerae, which is similar to (Z)-3-aminoundec-2-en-4-one as in 
V. harveyi (Papenfort and Bassler 2016). These molecules collectively are referred 
as cholera AI-1 (CAI-1). In V. cholerae, the CAI-1 AI synthase (CqsA) acts on SAM 
and decanoyl-CoA to produce amino-CAI-1 that may be spontaneously converted 
into CAI-1. Both amino-CAI-1 and CAI-1 are biologically active. Amino-CAI-1 is 
more stable than CAI-1 which increases the possibility that CAI-1 promotes a rapid 
response to fluctuations of AI (LaSarre and Federle 2013). The uncharacterized 
CAI-1 is made by CqsA (cholerae quorum sensing) and sensed by its similar sensor 
CqsS. AI-2 and CAI-1 are responsible for downregulation of several genes while 
upregulating the expression of Hap protease, the enzyme enabling the removal of V. 
cholerae from the intestine (Federle and Bassler 2003; Turovskiy et al. 2007).

2.2.2	 �Peptide-Based Gene Regulation System in Gram-Positive 
Bacteria

Peptide signals or oligopeptide-two-component-type QS system is used by Gram-
positive bacteria which are comprised of membrane-bound sensor kinase receptors 
and cytoplasmic transcription factors that regulate alterations in gene expression 
(Papenfort and Bassler 2016). Many peptide AIs known till today are sensed by a 
membrane-bound sensor kinase, which changes its kinase/phosphatase activity in 
reply to communication with peptide, which changes the phosphorylation state of 
the response regulator. The final outcome is activation or repression of QS target 
genes. The agr QS system of S. aureus and the fsr system of Enterococcus faecalis 
both involve utilizing extracellular detection and both control virulence factor pro-
duction like hemolysins (hly), Panton–Valentine leukocidin (pvl), enterotoxin A 
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(entA), coagulase (coa) and immune-modulatory factors encoding genes (Qazi et al. 
2006; Oogai et al. 2011; Rutherford and Bassler 2012).

2.2.2.1	 �S. aureus
S. aureus is the normal flora of the human skin but is a foremost reason of nosoco-
mial infections globally and leads to diseases from minor skin infections to fatal 
systemic disorders which include pneumonia, bacteraemia and sepsis (David and 
Daum 2010). Ability to cause disease by S. aureus based on expression of various 
adhesion molecules, toxins and compounds that hamper the immune system (Qazi 
et al. 2006). Staphylococcus aureus and various Streptococci have peptide-mediated 
QS systems (Qazi et al. 2006). Peptide signals in S. aureus are detected at the sur-
face of the cell or intracellularly. Expression of genes encoding virulence factors are 
regulated by peptide-based QS (Garmyn et al. 2011; Oogai et al. 2011; Rutherford 
and Bassler 2012). Free-living S. aureus does not cause infection, for instance, 
endocarditis, osteomyelitis and foreign body-related infections, but are triggered by 
biofilms. Surface-associated adhesins, hemolysin, toxins and autolysins, the viru-
lence factors important for staphylococcal infections, are regulated via the acces-
sory gene regulator (agr) system (Oogai et  al. 2011). The transcription of two 
different transcription units present on the agr locus in S. aureus is controlled by P2 
and P3 promotors. agrBDCA is a P2 promotor which encodes four proteins that 
establish the Agr-sensing mechanism. In S. aureus, agr QS centres around cyclic 
autoinducing peptides (AIPs) belonging to four distinct groups that cooperate with 
cognate AgrC sensor kinases of the same group and control exotoxin production 
and biofilm production (Li and Tian 2016). Octapeptide is an AIP molecule in S. 
aureus with an exceptional thioester ring structure. As levels of AIP rises in extra-
cellular atmosphere, it binds to the histidine kinase receptor (AgrC), which results 
in its autophosphorylation. The response regulator AgrA is further activated due to 
autophosphorylation, which along with SarA regulates the transcription at promo-
tors (P2 and P3), resulting in increased intracellular concentration of RNAII (QS 
amplification) and RNAIII (exoproteins). Fascinatingly, Kaufmann et  al. (2008) 
reported that AIP from S. aureus has the capacity for activating the agr regulon on 
its own and is also capable of inhibiting the agr activation of other strains. Such 
cross-strain inhibition of the agr response has been used to cure staphylococcal skin 
infections in animals. The peptide-based agr QS system is crucial for the progress 
of aggressive infections and disease, viz. subcutaneous abscesses, pneumonia, rab-
bit osteomyelitits and endocarditis (Kaufmann et al. 2008; Li and Tian 2016).

2.2.2.2	 �Listeria monocytogenes (Lm)
Gram-positive Lm is well-recognized bacterial pathogen causing listeriosis both in 
humans and animals (McGann et al. 2007). Sources of Lm infection are very diverse 
and range from contaminated foods, such as raw meat, raw milk, milking utensils, 
vegetables, dairy products, sausages, fruit juices, to ready-to-eat, packed foods and 
various environmental sources (Rieu et al. 2007). Lm is placed first in the list of 
emerging pathogens of concern for the public health and, therefore, for the food 
industry (Rantsiou et al. 2012). Lm is known to synthesize several virulence factors 
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such as invasion-associated proteins, internalin A, listeriolysin O (LLO), biofilm 
formation (Rieu et  al. 2007; Naik et  al. 2017) and various transcription factors 
(Rantsiou et al. 2012). Virulence factors encoding genes are under the control of the 
only QS mechanism involving agr peptide-sensing system as a complex controlling 
network for directing gene expression (Garmyn et al. 2009; Garmyn et al. 2011; 
Zetzmann et al. 2016). The virulence ability of an agrD deletion mutant was studied 
by Riedel et al. (2009), which approves the role played by agr QS system during the 
virulence of Lm. This report confirms that AgrD-dependent QS affects biofilm 
development, invasion, virulence and universal gene expression in Lm (Riedel et al. 
2009). Production of AI-2 by Pfs and LuxS pathways in Lm has only been hypoth-
esized, as genes pfs (lmo1494) and luxS (lmo1288) are existing in the genome of 
Lm. The Lm’s agr operon is similar to the S. aureus that comprises the four-gene 
operon agrBDCA system. Despite the resemblances at protein level, genetic orga-
nization and phenotypic characteristics regulation, agr systems vary about their 
mechanisms of target gene controlling in Lm (Zetzmann et al. 2016).

2.2.2.3	 �Bacillus cereus
B. cereus causes intestinal and non-intestinal infections in humans and is generally 
linked to food poisoning. QS regulates the ability of this bacteria to cause acute 
diarrheal disease through controlling the gene expression for the synthesis and 
secretion of a diversity of hemolysins, toxins, degradative enzymes and phospholi-
pases (Rutherford and Bassler 2012). B. cereus members show the PlcR/PapR sig-
nalling system. PlcRa is a quorum sensing regulator with a signalling heptapeptide 
for PlcRa activity. 3D structural paralog of PlcR is PlcRa and bound explicitly to the 
abrB2 promoter. Inside the cells, PapR cooperates with PlcR, this results in complex 
formation which binds PlcR target spot on DNA leading to the stimulation of the 
PlcR regulon, which consists of 48 genes (Huillet et al. 2012).

2.3	 �Factors Affecting Quorum Sensing

The characteristics of surrounding physical environment of bacteria could influence 
QS (Decho et al. 2010). Similarly, diffusion of the signal through a specified envi-
ronment will impact signal concentrations, with low flow rates encouragement and 
high flow rates controlling the AHL molecule build-up, respectively. In alkaline 
conditions generally, the AHL molecules are chemically unstable, thus accelerating 
the signal degradation under high pH environment (Fuqua et al. 2001). This effec-
tively upsurge the concentration of quorum needed to trigger the associated quorum 
sensor. Interactions of the AHLs with extracellular reactants that weaken or seques-
ter the signal molecules may also affect quorum build up. Expression of the AHLs 
synthase genes are directly affected and regulated by diverse environmental and 
physiological conditions, therefore directly affecting the production of signal.
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2.4	 �Cross-Talk Between Different Bacterial Species

Gram-positive and Gram-negative microorganisms produce the AHL signal mole-
cules and peptide signal molecules, respectively (LaSarre and Federle 2013; 
Papenfort and Bassler 2016; Naik et al. 2017). Signalling pathways from various 
bacterial communities collide resulting in interspecies communication (Qazi et al. 
2006; Biswa and Doble 2013; Naik et al. 2017). LuxS-encoded autoinducer-2 (AI-2) 
system were reported to be used by both Gram-negative and Gram-positive bacteria 
that is major QS signalling systems involved in gene regulation. Also, there are QS 
signals which go beyond these classes, including Pseudomonas quinolone signal 
(PQS), diffusible signal factor (DSF) and autoinducer-3 (AI-3) (Lazdunski et  al. 
2004; Walters et al. 2006; Papenfort and Bassler 2016). Gram-negative bacterium 
Salmonella enteritidis was never reported to produce the AHL, but lately de Almeida 
et al. (2017) reported exogenous AHL stimulates biofilm formation in Salmonella 
enteritidis. Gram-negative bacteria producing peptide signal molecules has previ-
ously been reported (Han et al. 2011). Gram-negative bacteria such as Proteus mira-
bilis, Pseudomonas aeruginosa, Citrobacter freundii and Enterobacter agglomerans 
were reported to produce cyclic dipeptides which are capable of activating the AHL 
biosensor (Holden et  al. 1999). Holden et  al. (1999) confirmed that the Gram-
negative bacteria were also capable of producing cyclic peptide molecules for quo-
rum sensing cross-talk apart from the AHL. The AHL molecules produced by other 
bacteria are also believed to cross the bacterial cell envelope through diffusion, and 
existence of Gram-positive bacteria producing and responding to the AHL molecule 
has also been reported in marine Exiguobacterium sp. (Biswa and Doble 2013). 
Chromobacterium violaceum showed inhibition in the presence of C3-oxo-octanoyl 
homoserine lactone (OOHL) molecule produced by Exiguobacterium sp. (Biswa 
and Doble 2013); however, Exiguobacterium sp. was not inhibited by even at 
100 μM of standard OOHL suggesting that the AHL molecules might be well rec-
ognized in the system of Gram-positive bacteria. This strain possesses a LuxR 
homolog designated as ExgR and also has LuxI homolog downstream to ExgR. Thus, 
suggesting a probability that bacteria might respond to the cross signal produced by 
another bacterium. The general observation was that the LuxR-type proteins can be 
activated by exogenous addition of the AHL molecules in heterologous hosts (Fuqua 
et al. 2001). S. aureus was reported to respond negatively to external AHL mole-
cules. It has never been reported to harbour the AHL quorum sensing system. 
External N-acyl homoserine lactone was reported to antagonise virulence gene 
expression and QS in S. aureus. Also 3-oxo-C12-HSL was reported to inhibit agr 
QS expression in S. aureus (Qazi et al. 2006). In a very recent study by Naik et al. 
(2017), it was shown that Gram-positive Lm does not produce the AHL but responds 
to the AHL-forming biofilm. Naik et al. (2017) also observed the increase in biofilm 
formation by Lm with increasing concentration of the AHL molecule. The numbers 
of QS molecules will undoubtedly increase due to discovery of new QS molecules 
in novel bacteria. This will further reveal cross-talk between Gram-positive and 
Gram-negative bacteria.
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2.5	 �Concluding Remarks

QS enables bacteria to coordinate communal behaviours. It is a very important gene 
expression and controlling mechanism used by various bacteria to regulate collec-
tive traits that permit bacteria to successfully exploit particular niches such as 
human gut and also in causing chronic infections in humans. Although through 
explosive research data in biochemistry, genetics, genomics and signal diversity of 
QS, we know the mechanism of QS systems and how it functions at the molecular 
level, but the correct biological function of many QS systems remains as a great 
scope. There are surely numerous QS systems to be discovered and there is a chance 
to separate out important differences between these QS systems. We are just starting 
to understand the cross-talk and bacterial sociality between various bacterial species 
via QS. The regulations of QS system open up a new area for treating infectious 
diseases and also use bacteria to realize the biology of sociality (Whiteley et  al. 
2017).
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3Bacterial Quorum Sensing: Biofilm 
Formation, Survival Behaviour 
and Antibiotic Resistance
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Abstract
Biofilms are association of microorganisms that attach to each other to a surface 
enclosed in a self-generated extracellular matrix. Virtually (99.9%) all microor-
ganisms have the competence to form biofilm. The formation of biofilm is a 
complex process, in which bacterial cells transform from planktonic cells to ses-
sile mode of growth. The biofilm development results from the expression of 
specific genes. Biofilms have been developed as an adaptive strategy of bacterial 
species to survive in adverse environmental conditions as well as to establish 
antagonistic or beneficial interactions with their host. Molecular interaction and 
details of biofilm formation are not well-understood as bacteria in the biofilm 
have several orders of magnitude, more resistant to antibiotics compared to 
planktonic bacteria. Thus, the currently available drugs typically failed to target 
bacterial biofilms. Quorum sensing (QS) is a process of intercellular signalling 
or cell-cell communication and a vital regulatory mechanism for coordinating 
biofilm formation including common activities and physiological processes such 
as symbiosis, formation of spores or fruiting bodies, antibiotics synthesis, genetic 
competence, apoptosis and virulence in many bacterial species using extracellu-
lar QS signalling molecules, which is often referred to as autoinducers (AIs). 
Microorganisms produce a wide variety of QS signalling molecules that can be 
self-recognized in a concentration-dependent manner and subsequently induce 
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or suppress expression of QS-controlled genes. Bacterial QS regulation is 
established through a wide range of signals such as oligopeptides, N-acyl homo-
serine lactones (AHLs), furanosyl borate, hydroxy palmitic acid methyl ester and 
methyldodecanoic acid. In this chapter, we highlight the current understanding 
of the processes that lead to bacterial biofilm formation, survival behaviours and 
mechanisms of antimicrobial resistance in bacteria.

Keywords
Biofilm · Quorum sensing · Antibiotic resistance · Quorum quenchers · Acyl 
homoserine lactone · Microbial communication

3.1	 �Introduction

Biofilms are ubiquitous in nature and can occur on both animate and inanimate sur-
faces. Biofilms have been recognized as aggregates of many bacteria and simple 
eukaryotes growth on natural aquatic surfaces, clinical, industrial and domestic 
domains (Irie and Parsek 2008). The natural and clinical biofilms are formed by differ-
ent types of microbial species with wide range of structural characteristics, however, 
majority of the biofilms are encased in self-produced extracellular matrix or extracel-
lular polysaccharide (EPS) layer (Sutherland 2001a; Irie and Parsek 2008). The com-
position of extracellular matrix can differ between organisms, but are commonly 
abundant in proteins (<1–2%) including enzymes, polysaccharides (1–2%), nucleic 
acids (<1%) including DNA and RNA and water (up to 97%) (Lu and Collins 2007). 
The phenotype of matrix generally depends on environmental stress such as tempera-
ture, pH, osmolarity, UV radiation, desiccation, oxygen tension and nutrient availabil-
ity (Staley et al. 2014). Bacterial communities in biofilm can switch from planktonic 
form to sessile form. The planktonic bacteria have relatively high cell growth and 
reproduction rate but low EPS production (Rabin et al. 2015). However, the sessile 
form exhibits slower growth of bacteria yet increased EPS production which is useful 
to form biofilms (Chadha 2014). It should be noted that biofilm forming bacterial 
mutants are unable to produce the EPS (Watnick and Kolter 1999). The synthesis of 
EPS matrix intends the bacterial cells to attach to a surface. Biofilm forms a thin layer 
eventually building to a thick layer (>100 layers) establishes a ‘mushroom-’ or ‘tower’-
shaped structure (Rabin et al. 2015). The bacterial arrangement in the biofilm depends 
on their metabolism and aero-tolerance; aerobic bacteria live in the upper layers, while 
anaerobic bacteria prefer to live in deeper layers of biofilm (Rabin et al. 2015).

Bacteria form biofilms for numerous advantages: enhance the tolerance of bacte-
ria to harsh environmental conditions, avoid being washed away by water flow or 
blood stream and protection from antimicrobial agents and disinfectants (Jefferson 
2004; Rabin et al. 2015). Further, the biofilm retards bacterial motility and increases 
cell density providing a suitable environment for plasmid exchange between bacte-
rial communities by conjugation process. Some of these plasmids encode for antibi-
otic resistance (Hausner and Wuertz 1999; Rabin et al. 2015) and also enable them 

R. Subramani and M. Jayaprakashvel



23

to overcome different environmental stresses (Chadha 2014). The bacteria in a bio-
film may communicate their presence to each other using chemical communication 
known as quorum sensing (QS). QS is a mechanism by which bacteria apparently 
regulate collective behaviours in response to cell density (Lyon and Muir 2003; 
West et al. 2012). The bacteria produce and release small diffusible signal mole-
cules for cell-cell signalling. Diffusing of these small molecules into cells regulates 
(autoinduction) totally different behaviours including the production of a variety of 
small molecules that are released from bacterial cells to help growth, mobility, com-
petence, sporulation, bioluminescence emission, symbiosis, antibiotic production 
and biofilm formation (West et al. 2012; Li and Tian 2012). In addition, the diffu-
sion of these small molecules also contributes to an increase in the production of the 
signal molecule itself (autoregulation). Therefore, the production of these signalling 
or autoinducing molecules leads to high cell densities, which afford a considerable 
increase in the production of signal and QS-controlled factors (West et al. 2012; 
Darch et al. 2012). Generally, in infectious diseases, the invading bacteria need to 
reach a critical cell density before they show virulence and defeat the host defence 
mechanisms (Costerton et al. 2003; Li and Tian 2012). It is now apprehended that 
quorum sensing mechanisms occur in both unicellular prokaryotic and single-celled 
eukaryotic organisms such as fungi (Miller and Bassler 2001; Waters and Bassler 
2005; van Bodman et al. 2008; Sordi and Muhlschlegal 2009; Li and Tian 2012). 
Furthermore, the cell-cell communication is apparent between microbial human 
pathogens through QS having important implications in the infections.

3.2	 �Structure, Biofilm Formation, Survivability and Quorum 
Sensing

Microbial biofilm formation is a dynamic process that floating (planktonic) cells 
transform to immobile (sessile) form of growth (Okada et al. 2005). Still contro-
versy exists in QS involved in biofilm formation (Parsek and Greenberg 2005). 
However, it is demonstrated that QS are influencing the biofilm formation in several 
species (Parsek and Greenberg 2005). Further, it has been suggested that biofilm 
formation depends on the specific gene expression (Okada et al. 2005; Sauer et al. 
2004). Biofilm formation is generally considered to occur through series of stages 
(Fig. 3.1): (1) adsorption or accumulation of organisms on an aggregator surface, 
i.e. substrate (deposition); (2) attachment to a surface or the desegregation of the 
interface between organisms and aggregator for formation of polymer bridges; (3) 
cell proliferation or growth of organisms on the aggregator’s surface; (4) biofilm 
formation and maturation; and (5) detachment or dispersal (O’Toole et al. 2000; 
Garrett et al. 2008; Joo and Otto 2012).

In the accumulation step, microorganisms form initial conditioning layer com-
posed of organic or inorganic molecules creating the foundation for biofilm growth. 
This layer provides a favourable environment for growth, nutrients and anchorage 
of the bacterial community (Characklis and Marshal 1990; Garrett et al. 2008). The 
attachment step is categorized as a two-stage process such as reversible attachment 
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and irreversible attachment (Garrett et al. 2008; Renner and Weibel 2011). Bacteria 
should get closer enough to a surface for biofilm formation as bacterial cell meeting 
has both attractive and repulsive forces. When the bacterial cells have distance 
between 10 and 20 nm to a surface, the negative charges are repelled; however, van 
der Waals forces between the bacterial cells overcome the repulsion by attraction to 
a surface. Besides, fimbriae and flagella also provide the mechanical attachment to 
the surface (Palmer et al. 2007; Rabin et al. 2015). If the repulsive forces are higher 
than the attractive forces, the bacterial cells will disperse from the surface; this 
probably would occur before conditioning of a substrate (Garrett et al. 2008). In the 
early attachment, planktonic microbial cells are transferred from aqueous to the 
conditioned surface by either physical forces or bacterial flagella. Many environ-
mental factors contribute to the reversible attachment of biofilm to a surface such as 
surface nature, temperature, pressure, available energy and bacterial orientation 
(Garrett et al. 2008). Besides, the reversibly attached cells persist immobilized and 
become irreversibly attached cells. The irreversibly attached biofilm can withstand 
greater physical or chemical forces (Sutherland 2001b; Liu et al. 2004; Rabin et al. 
2015). The flagella and type IV pili play crucial role in irreversible attachment of 
cells to a surface and form microcolonies (Garrett et al. 2008; Rabin et al. 2015).

During the lag phase, the bacterial cells adapt to a surface or an environment 
for  accumulation and attachment process. However, the rapid propagation in the 
population occurs in exponential phase or log phase. The bacterial rapid growth in 
the biofilm takes place with the sufficient nutrients accessible from the bulk fluid 
and the substrate surface depending on the nature of the environment (Garrett et al. 
2008). During the cell division in the biofilm, daughter cells move outward and 
upward from the attachment point to form clusters, such interactions and growth 
provides mushroom-like structure (Hall-Stoodley and Stoodley 2002). It is believed 
that mushroom-like structure support the passage of nutrients to bacterial communi-
ties that lives in bottom of a biofilm. The secretions of extracellular matrix by bac-
teria in a biofilm aid to form bonding between cells due to interaction of 
polysaccharide, intercellular adhesion polymers and the presence of divalent cations 
(Dunne 2002; Garrett et al. 2008). Certain biofilm-related differential gene expres-
sion involved in the bacterial species for transforming planktonic to sessile form 

Fig. 3.1  Development process of biofilm
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aids the cells for adhesion in the population. The motility of the sessile species is 
arrested and synthesis of external flagella is inhibited during this stage (Garrett et al. 
2008). Meanwhile, the expression of number of genes in sessile species ameliorates 
the production of cell surface porin proteins and extracellular polysaccharides.

The cell surface porin proteins such as OprC and OprE provide the path of trans-
portation of bacterial extracellular polysaccharides (homopolysaccharides or het-
eropolysaccharides) into the cell (Hancock et al. 1990; Sutherland 2001c). These 
polysaccharides play a key role in adhesion and cohesion of cells to form extracel-
lular matrix. More than 50 cell surface proteins encoded for biofilm formation was 
found in the sessile cells which are absent in planktonic cells (Hall-Stoodley and 
Stoodley 2002). The fluid-filled matrix supports the distribution of nutrients consis-
tently inside the biofilm (Parsek and Singh 2003). A cascade of cell signalling 
mechanisms are involved during high cell concentration in the biofilm. These sig-
nalling molecules or autoinducers (e.g. homoserine lactones and small peptides) are 
used to trigger gene expression by enzymatic process for developing and maturation 
of biofilm (Bassler 1999) (Fig. 3.2). The biofilm will break down during death phase 
by secreting of enzymes by the microbial community within the biofilm. The lytic 
enzymes produced by surface bacteria to break down the polysaccharides aggregate 
the biofilm for colonization of new substrates. Alginate lyase, N-acetyl-heparosan 
lyase and hyaluronidase are found to be generally used in the breakdown of the 
biofilm matrix in Pseudomonas spp., Escherichia coli and Streptococcus equi, 
respectively (Sutherland 1999). Concurrently, the gene coding proteins are up-
regulated for organisms’ motility, pathogenicity, luminance and metabolites pro-
duction (Garrett et al. 2008; Rabin et al. 2015) (Fig. 3.2).

3.3	 �Quorum Sensing in Bacteria

All microorganisms have the capability to form biofilm on any surface (Sekhar et al. 
2009). During biofilm formation microbial communities including intraspecies and 
interspecies are able to communicate between them through a mechanism known as 
quorum sensing. There are well-known QS systems described in bacteria: acyl 
homoserine lactones (AHLs) are a major class of autoinducer signalling molecules 
used by Gram-negative species for quorum sensing. AHLs are composed of 

Fig. 3.2  General quorum sensing mechanism in biofilm formation
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homoserine lactone (HSL) rings containing acyl chains of C4 to C18 in length (Ng 
and Bassler 2009). These side chains entertain occasional alteration, particularly at 
the C3 position, or unsaturated double bonds (Fig.  3.3a) (Ng and Bassler 2009). 
Gram-positive bacterial species predominantly use modified oligopeptides as auto-
inducers in quorum sensing-regulated gene expression systems (Fig.  3.3b). 
Furthermore, the autoinducer molecules called AI-2 and HAI-1 system were found 
in both Gram-positive and Gram-negative bacterial species (Fig. 3.3c) (Fuqua et al. 
2001; Bassler 2002; Sturme et al. 2002).

These systems play the central role for the formation of biofilm. QS relies upon 
the intercommunication of a small diffusible signal molecule with a sensor or tran-
scriptional activator to trigger gene expression for QS-coordinated activities (Li and 
Tian 2012) (Fig. 3.2). It is constituted that during QS bacteria concurrently regulate 
gene expression in response to changes in high cell population densities and com-
plexity of microbial species (Ng and Bassler 2009). There are two types of gene 
expression systems on QS, i.e. low-cell density dependent for individual and non-
social behaviours and high-cell density dependent for group and social behaviours 
(Parsek and Greenberg 2005; Waters and Bassler 2005; Williams et al. 2007; Novick 
and Geisinger 2008). The detecting and responding to variations in cell density is 
the essential phases of QS. The low molecular weight molecules of autoinducers are 
produced intracellularly and secreted outside the cells either passively or actively. 
The increase of concentration of autoinducer is proportional to increase in the num-
ber of cells of a population. When autoinducers accumulate to meet minimal thresh-
old, QS-related receptors bind to the autoinducers and activate signal transduction 
cascades leading to gene expression in population-wide changes (Ng and Bassler 
2009) (Fig. 3.2).

3.4	 �Quorum Sensing in Gram-Negative Bacteria

An archetypal Gram-negative bacterial quorum sensing circuit is shown in Fig. 3.4a. 
Acyl homoserine lactone (AHL)-mediated Lux-type QS is common in many Gram-
negative bacterial species. The LuxR and LuxI homologs in Gram-negative bacte-
rial species are responsible for production of autoinducers (Fuqua et  al. 2001; 
Parsek and Greenberg 2005). The first AHL autoinducer identified in the marine 
bacterium Vibrio fischeri inhabits as an endosymbiont in the light organ of Hawaiian 
squid Euprymna scolopes (Ruby 1996). The luminescence produced by V. fischeri 
is utilized by host E. scolopes for its anti-predation mechanism (Ruby 1996). The 
LuxI and LuxR are important proteins for QS regulation of bioluminescence in V. 
fischeri. LuxI is an autoinducer of N-3-(oxo-hexanoyl) homoserine lactone of the 
QS synthases (Fig. 3.3a) (Engebrecht and Silverman 1984; Schaefer et al. 1996). 
The autoinducer diffuses passively through the bacterial membrane, and its concen-
tration increases both intra- and extracellularly as the cell density of the population 
increases (Bassler 2002). The LuxR is the cytoplasmic receptor for autoinducer and 
also the transcriptional activator of the luciferase luxICDABE operon (Engebrecht 
and Silverman 1984). The autoinducer ligand is necessary for the stability of LuxR 
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Fig. 3.3  Representative chemical structures of bacterial autoinducers and the responsible enzymes 
for their production. (a) Gram-negative N-acyl-homoserine lactone autoinducers. (b) Oligopeptide 
autoinducers and amino acid sequences of the peptide autoinducers produced by Gram-positive 
bacteria. The bolded tryptophan in Bacillus subtilis (ComX) is isoprenylated. (c) Autoinducer-2 
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Fig. 3.4  Types of bacterial 
quorum sensing systems. 
(a) Gram-negative bacteria, 
(b) Gram-positive bacteria, 
(c) the V. harveyi quorum 
sensing circuit
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protein. When the QS autoinducer accumulates, it is bound by LuxR and the 
LuxRAHL complex identifying a unanimous binding system upstream of the lux-
ICDABE operon and activates its expression (Stevens et al. 1994).

Pseudomonas aeruginosa is an opportunistic pathogen that primarily infects the 
immunocompromised individuals. It is a well-studied pathogen in terms of the regu-
lation of virulence factors and the role the QS acts in pathogenicity. P. aeruginosa 
virulence characters are regulated by two different Lux-type QS systems such as las 
and rhl (Sifri 2008). This las and rhl system regulates the cascade of virulence regu-
lators in P. aeruginosa including various virulence traits such as exoprotease secre-
tion, toxin production, motility and biofilm formation (Van Delden and Iglewski 
1998). The AHL quorum sensing in P. aeruginosa has been described by detection 
of las and rhl AHLs N-3-oxododecanoyl homoserine lactone and N-butanoyl-
homoserine lactone in sputum samples collected from cystic fibrosis-infected 
patients (Singh et al. 2000; Erickson et al. 2002). The AHL autoinducer molecules 
are normally unique among which a specific AHL molecule is recognized only by 
the bacterial species that produces it. Therefore, the AHL-quorum sensing systems 
largely nurture intra-species cell-cell communication (Ng and Bassler 2009). In 
addition, the AHL especially N-3-oxododecanoyl homoserine lactone exhibits anti-
bacterial activity exclusively against Gram-positive bacteria. Therefore, the produc-
tion of AHLs enhance P. aeruginosa is more determined in a mixed bacterial 
population or in a biofilm formation (Sifri 2008). The third non-AHL-QS system 
that cell signalling occurs through quinolone compounds has been discovered in P. 
aeruginosa in addition to las and rhl systems (Sifri 2008). Production of quinolones 
(4-hydroxy-2-alkylquinolines) is regulated by the transcriptional regulator MvfR 
(Pesci et al. 1999). The MvfR regulates the expression of many genes through the 
trigger of PqsH in the production of anthranilic acid and its conversion to 4-hydroxy-
2-heptylquinoline, and its further conversion to 3,4-dihydroxy-2-heptylquinoline is 
known as Pseudomonas quinolone signal (Gallagher et al. 2002; Deziel et al. 2004). 
Synthesis of MvfR and PqsH is regulated by LasR, thereby intertwining the mvfR 
signalling pathway with AHL quorum sensing (Deziel et al. 2004). Expression of 
QS-regulated genes is controlled by MvfR but is different from those regulated by 
AHL autoinducers (Deziel et al. 2005). The large network of QS-regulators such as 
las, rhl and mvfR are controlled by a wide range of cellular functions in P. 
aeruginosa.

3.5	 �Quorum Sensing in Gram-Positive Bacteria

Figure 3.4b displays the typical quorum sensing circuit of Gram-positive bacteria. 
Quorum sensing is a  cell-cell communication and regulation of gene expression 
in Gram-positive bacterial species. In Gram-positive bacteria, the signalling mole-
cules or autoinducers are mostly small post-translationally processed peptides 
called autoinducing peptides (AIPs) (Fig. 3.3b) (Monnet and Gardan 2015). The 
AIPs are impermeable to cell membranes; thereby secretion of QS small peptides is 
usually actively mediated by specialized transport proteins and secreted into the 
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extracellular environment (Ng and Bassler 2009). Furthermore, in many cases, the 
initially produced small peptides are modified by processing and cyclization during 
secretion (Havarstein et al. 1995; Solomon et al. 1996; Ji et al. 1997; Ng and Bassler 
2009). One of the major differences between Gram-positive and Gram-negative QS 
systems is the site of the cognate receptors. The Gram-negative species of LuxR-
type receptors are cytoplasmic-bound, while the sensors for small oligopeptides in 
Gram-positive species are cell membrane-bound. Therefore, the signal transduction 
in Gram-positive species occurs through a series of phosphorylation cascade using 
membrane-bound two signalling proteins (Simon et al. 2007; Ng and Bassler 2009). 
The two-component signalling proteins such as membrane-bound histidine kinase 
receptor and a cognate cytoplasmic response regulator function as a transcriptional 
regulator (Simon et al. 2007; Ng and Bassler 2009). Similarly in AHL-QS systems, 
the concentration of secreted small oligopeptide autoinducers increases the cell den-
sity (Ng and Bassler 2009). A membrane-bound histidine kinase receptor activates 
its intrinsic autophosphorylation process by quorum sensing via detection of oligo-
peptide autoinducer accumulation and reaching a threshold concentration in the 
extracellular environment (Ji et al. 1995). This ATP-driven phosphorylation activity 
ensuring a conserved histidine residue (H) in the cytoplasm subsequently transfers 
the phosphate group to the conserved aspartate residue (D) of a cognate response 
regulator (Ng and Bassler 2009). Phosphorylation action triggers the regulators to 
employ as DNA-binding transcription factors to control expression of target genes 
(Ng and Bassler 2009).

Gram-positive peptide autoinducers are different from Gram-negative bacterial 
AHLs as they are genetically encoded, not showing similarity on a single core mol-
ecule. Therefore, Gram-positive bacterial species can produce a signal with a unique 
sequence (Fig.  3.3b) (Ng and Bassler 2009). The quorum sensing system of 
Staphylococcus aureus is a well-studied system, which is encoded by the accessory 
gene regulator (agr) locus (Sifri 2008). The agr system plays a crucial role in regu-
lating the syntheses of a wide range of S. aureus virulence factors (Novick 2003) 
and complex association with biofilm formation (Sifri 2008). The agr locus consists 
of two different transcripts such as RNAII and RNAIII. The RNAII encoding agrB, 
agrD, agrC and agrA and RNAIII are instrumental in suppression of cell wall-
related protein production and increase the production of exoprotein secretion in 
response to high cell concentration (Sifri 2008). The colonization facilitated by cell 
wall-associated adhesins however secreted products of S. aureus inevitably for inva-
sion and dissemination. The four genes encoded by RNAII are involved in the pro-
duction and sensation of the AIPs (Sifri 2008). The agrD encodes the precursor of 
the AIP; however, integral membrane protein AgrB controls its processing and 
excretion as a thiolactone-modified cyclic oligopeptide. The extracellular accumu-
lation of the AIP is regulated by a two-component histidine kinase that constituted 
AgrA and AgrC, whereas the transcription of RNAII and RNAIII is induced by 
activation of AgrA-AgrC. Interestingly, RNAIII undergo self-transcription and acts 
as the regulatory effector molecule for the agr system, mainly by translational inhi-
bition of the virulence gene repressor and possibly other gene regulators (Geisinger 
et  al. 2006; Boisset et  al. 2007; Sifri 2008). The autoinduction and signal 
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transduction of agr system regulates the staphylococcal virulence (Novick 2003; 
Sifri 2008).

3.6	 �Quorum Sensing in Intraspecies or Cross-Species

The third type of quorum sensing known as autoinducer 2 (AI-2) has been reported 
in both Gram-negative and Gram-positive species (Miller and Bassler 2001; Federle 
and Bassler 2003; Waters and Bassler 2005). The AI-2 quorum sensing system is 
different from the other two quorum sensing systems that are particularly imple-
mental in signalling in intraspecies or cross-species communication (Schauder and 
Bassler 2001; Federle and Bassler 2003). However, two autoinducers, namely 
HAI-1 and AI-2, are produced by a marine bacterium V. harveyi (Fig. 3.3c). Notably, 
HA-1 is archetypal to the Gram-negative QS metabolite AHL. However, HA-1 syn-
thesis is not dependent on a LuxI-like enzyme. AI-2 is a furanosyl borate diester that 
regulates cell density-dependent bioluminescence in V. harveyi (Chen et al. 2002; 
Vendeville et al. 2005). Both the HAI-1 and AI-2 signal transductions occur through 
similar phosphorylation cascade of Gram-positive species. Later, Miller et al. (2004) 
also reported a chemically distinct form of the quorum sensing signalling molecule 
AI-2 from Salmonella typhimurium (Fig. 3.3c).

The model system of quorum sensing circuit controlling bioluminescence shown 
in Fig. 3.4c is that of the Gram-negative bacterium V. harveyi. A highly conserved 
catalytic enzyme LuxS plays a vital role in AI-2 synthesis. The AI-2 quorum sensing 
is predominant among prokaryotic organisms as luxS gene has been determined in 
several bacterial species (Li and Tian 2012). In AI-2 synthesis, LuxS primarily con-
verts S-ribosylhomocysteine to homocysteine and 4,5-dihydroxy-2,3-pentanedione 
(DPD) (Fig. 3.3c) where the DPD is a precursor molecule for synthesizing AI-2 (Irie 
and Parsek 2008). The LuxP protein acts as a cytoplasmic receptor and a transcrip-
tional activator in the V. harveyi system (Vendeville et  al. 2005). However, in 
Salmonella enterica sv. Typhimurium system, AI-2 is first transported inside the cell 
prior to initiating a signalling cascade (Taga et al. 2001; Irie and Parsek 2008). A 
number of diverse interspecies cell-cell communication have been reported by AI-2 
that regulates specific target gene expression in V. harveyi, Vibrio cholerae, 
Escherichia coli, Salmonella typhimurium, Shigella flexneri, Streptococcus pyo-
genes, Clostridium perfringens, Porphyromonas gingivalis, Neisseria meningitidis, 
Borrelia burgdorferi and Actinobacillus actinomycetemcomitans (Bassler 2002).

3.7	 �Biofilm as a Mechanism of Resistance to Antibiotics

It is now confirmed that intra- and intercellular communications in microorganisms 
govern its microbial ecology (Penesyan et al. 2015). The complex cell-cell signal-
ling in natural bacterial communities promotes the evolution and leads the bacterial 
species as super bugs that are extremely resistant antibiotics. More than 75% of 
bacterial infections involved biofilm formation and encompasses surface-attached 

3  Bacterial Quorum Sensing: Biofilm Formation, Survival Behaviour and Antibiotic…



32

bacterial colonies that are protected by an extracellular matrix (Musk and 
Hergenrother 2006). It is reported that the immobile or sessile bacterial species in a 
biofilm are 1000 times more resistant to antibiotic treatment than the same organism 
that were grown as free-floating planktonic cells, which rigorously complicates 
treatment choices (Rasmussen and Givskov 2006). The knowledge about the molec-
ular mechanisms of antibiotic resistance in biofilms is meagre, despite the existence 
of a decade of research. However, some intrinsic and extrinsic resistance factors are 
documented to biofilm resistance to antibiotics (Anderson and O’Toole 2008).

The intrinsic factors also known as innate resistance are associated with biofilm 
development and life cycle (Paraje 2011). There are many different types of intrin-
sic biofilm factors that are influential of the antibiotic resistance in bacterial com-
munities in biofilm. The factors being: (1) Biofilms can act as diffusion barriers to 
preclude antibiotics to reach their targets. Biofilm constitutes a rich exopolysaccha-
ride, enzymes, DNA, protein, water channel and bacterial cells (Rabin et al. 2015). 
These physical and chemical properties of the matrix make the antibiotics liable to 
limited diffusion or render it ineffective against bacterial species in biofilm and 
make them more resistant against antibiotics. (2) The deficiency of nutrients and 
oxygen inside biofilms facilitates the bacterial communities to establish the micro-
environment within the biofilm. This microenvironment might induce alternative 
metabolic activity resulting in slow growth of the bacteria (Paraje 2011). 
Furthermore, many studies are evidential to the oxygen limitation, hypoxic zones, 
restricted nutrient diffusion and slow or no growth of bacteria within biofilms (Patel 
2005; Paraje 2011). The slow growth certainly leads resistance to killing of bacteria 
which are occupied within the biofilm (Costerton et al. 1999). However, the station-
ary planktonic cells are being killed due to slow growth in the microenvironments 
that undermine the activity of antibiotics by pH variations (Patel 2005; Høiby et al. 
2010). (3) A small subpopulation of bacteria within biofilm possibly differentiates 
into persister cells (Paraje 2011). Generally, the non-growing or slow-growing bac-
teria in the biofilms that differentiate into dormant cells are considered as persister 
cells, which are highly resistant to antibiotic treatment (Lewis 2005). The persister 
cells undergo phenotypic variations by stable genetic changes for withstanding in 
the extreme antibiotic treatment environment (Keren et  al. 2004). However, the 
association among planktonic persisters and biofilm resistance and the mechanisms 
of antibiotic tolerance are unclear (Paraje 2011). (4) Microbial communities in bio-
films producing imbalanced or increased oxidants such as the free radicals, peroxide 
and nitric oxide lead to overproduction of reactive oxygen species (ROS) (Paraje 
2011). Resulting in the detoxification of ROS by antioxidant defence enzymes par-
ticularly, superoxide dismutase (SOD) and catalase (CAT) are inadequate to elimi-
nate the free radicals in the biofilms (Sardesai 1995). Cumulatively, ROS known as 
oxidative stress may result in significant damage to cell structures including the 
matrix, DNA, proteins and lipids (Becerra et al. 2006; Baronetti et al. 2011; Arce 
Miranda et al. 2011).

Furthermore, the amplified synthesis of oxidative stress stimulates specific varia-
tions in the physiology of bacteria (Paraje 2011). It is also important to note that 
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biofilm development is determined by the balanced production of oxidants (ROS 
and NO) and antioxidant defences (SOD) which can be much affected by diverse 
environmental stress factors that would lead to cellular stress causing a reduction in 
the extracellular matrix of the biofilms (Arce Miranda et al. 2011). In addition, bac-
teria in biofilms can trigger oxidative stress mode through inducing the SOS 
response and activating DNA repair systems, such as methyl mismatch repair 
(MMR) or the DNA oxidative repair system (GO) (Jolivet-Gougeon and Bonnaure-
Mallet 2014). Unexpectedly, the immense number of bacteria with mutations in 
DNA repair genes has been detected inside biofilms, contributing in a hypermutator 
phenotype with a mutation rate up to 1000-fold (Jolivet-Gougeon and Bonnaure-
Mallet 2014). This phenotype grants a critical advantage for strong mutator species 
relating to adhesion capability (Le Bars et al. 2012), growth in biofilms (Lujan et al. 
2011) and persistence (Mena et al. 2007). (5) Bacteria within biofilms produce a 
prophylactic shield against phagocytes through QS-regulated synthesis of virulence 
factors such as enzymes and cellular lysins (Paraje 2011). In addition, QS influence 
the biofilm development and regulate the tolerance of biofilms to antibiotic action 
(Bjarnsholt et al. 2005).

The extrinsic or induced resistance factors are induced transcriptionally in 
biofilm-growing bacteria against antibiotic treatment. The highest occurrence of 
mutation has been observed in sessile bacteria compared to free-floating planktonic 
bacteria residing in biofilm through horizontal gene transmission (Paraje 2011). 
Studying horizontal gene transfer in natural environments contributes emergence of 
multidrug-resistant bacteria and genetic diversity of microbial communities 
(Martínez 2009, 2012). Bacteria can accumulate high levels of enzymes in response 
to antibiotics. For example, Pseudomonas aeruginosa biofilm secrete high amount 
of beta-lactamase regulated by beta-lactamase gene (ampC) by expression of the 
green fluorescent protein (GFP) after exposure to high dose of ceftazidime (Bagge 
et al. 2004; Jolivet-Gougeon and Bonnaure-Mallet 2014). Therefore, the bacterial 
cells within biofilms might concurrently produce antibiotic degrading enzymes that 
affect the affinity of antibiotic target and over express efflux pumps that have a 
broad range of substrates (Paraje 2011; Jolivet-Gougeon and Bonnaure-Mallet 
2014). The multidrug efflux pumps in biofilm-growing bacteria importantly contrib-
ute to biofilm formation, and this mechanism is arsenal in defeating various classes 
of antibiotics.

3.8	 �Conclusion

The bacterial physiological functions such as motility, development of antibiotic 
resistance and virulence factors and biofilm formation are regulated by quorum 
sensing mechanism. It is undeniable that increased antibiotic resistance in biofilm 
forming bacteria and further comprehensive studies of molecular mechanisms are 
needed to understand the regulatory system of QS.
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Abstract
Bacterial quorum sensing (QS) mediated by small chemical signaling molecules 
is an important phenomenon that helps bacterial populations to synchronize and 
regulate their key cellular functions. Important to this behavior is employment of 
often unique signaling molecules that are recognized and bound by dedicated 
cognate receptors that result in modulation of gene expression. Well-documented 
examples are those of gram-negative bacterial N-acyl homoserine lactone (AHL) 
QS signaling pathways. The ability to disrupt or alter bacterial communication 
using signal analogues (agonist and antagonist) and other signal disruption 
mechanisms offers selective advantage to competitors and coinhabitants that 
share the environment with the bacterium. Such mechanisms are often found 
pervasive in both bacterial genre and higher eukaryotic hosts. Examples include 
employment of small molecular signals that target QS signaling and/or enzymes 
that inactivate QS signals. This report aims to highlight well-documented key 
mechanisms adapted by eukaryotes such as algae, fungi, plants, and animals both 
to sense bacterial QS signals and to employ bacterial QS modulators to regulate 
interkingdom interactions such as symbiosis, altered biofilm production, patho-
genesis, etc. This knowledge could pave ways for developing nature-inspired 
non-antibiotic drugs, antifouling agents, and other bacterial fitness disruptor 
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drugs that potentially bypasses bacterial drug resistance mechanisms, providing 
longer-term solutions for bacterial disease control.

Keywords
Quorum sensing (QS) · QS signaling pathways · Modulation · Gene expression · 
Eukaryotes

4.1	 �Introduction

The capacity to distinguish between colonizable commensal or beneficial bacteria 
and pathogens is a challenge inherent to all eukaryotic organisms. The ability to 
recruit useful bacteria and conversely to deter harmful pathogens offers critical 
advantages to the eukaryotic host. Among bacteria, interbacterial communications 
are largely accomplished with a language of chemicals through small molecule pro-
duction, exchange, and detection. Found ubiquitous among prokaryotes are bacte-
rial quorum sensing (QS) signaling mechanisms that are highly evolved and well 
adapted for intracellular and intercellular communications (Waters and Bassler 
2005). Gram-positive bacteria primarily utilize peptide derivatives for QS behavior, 
while well-studied examples of gram-negative signaling molecules are N-acyl 
homoserine lactone (AHL) and autoinducer-2 class signaling molecules (Waters 
and Bassler 2005). Bacterial sensing of their self-produced QS molecules to deter-
mine their cell densities offer them an opportunity to draw consensus on their popu-
lation number and coordinate their gene expression.

Alternatively, interkingdom sensing of bacterial QS signals by higher eukaryotes 
such as plants and animals can aid in the establishment of a census of its bacterial 
neighbors. This process could help inform eukaryotes to make informed decisions 
on altering its physiological behavior for successful adaptation while coexisting in 
their shared habitat. Alternatively, QS molecules could serve the dual role of bacte-
rial communication molecules and act as chemical agents that alter eukaryotic fit-
ness behavior as noted in fungi and mammals to 3-oxo-C12-HSL produced by 
Pseudomonas aeruginosa. As detailed in this chapter, documented examples estab-
lish that higher eukaryotes have also developed sophisticated mechanisms to sense 
and respond to bacterial small molecules. As detailed further, this accentuates the 
belief that interkingdom signal transactions between bacteria and eukaryotes are 
broadly attributed to achieve (i) favorable interactions between the two (e.g., sym-
biosis) and (ii) alter bacterial communications via employing mimics or signal abro-
gation mechanisms to curtail harmful bacterial interactions with the host. Our 
primary objective of this discussion is to highlight well-documented mechanisms 
adapted by eukaryotes, mainly plants, algae, and mammals, to sense and respond to 
bacterial signal sensing and to underscore strategies administered by eukaryotes to 
manipulate bacterial AHL signaling.
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4.2	 �Sensing of Bacterial AHL Signals by Eukaryotes

Plants host a great diversity of bacteria in mutualistic and pathogenic interactions, 
many of them being gram-negative species utilizing AHL QS system(s). Using a 
proteomics-based approach, plant legume Medicago truncatula was shown to sense 
the presence of nanomolar to micromolar concentrations of 3-oxo-C12-HSL and 
3-oxo-C16:1-HSL signals and respond by altering their global gene expression 
(Mathesius et al. 2003). Using reporter gene fusions, tissue-specific activation of 
target genes in response to AHL was further demonstrated. Similarly, proteomic 
analysis with Arabidopsis thaliana seedlings demonstrated that the plant can alter 
its proteome in response to 3-oxo-C8-HSL sensing (Miao et al. 2012). AHL sensing 
by plants can prime them for enhanced resistance to pathogens. In investigating the 
protective role of AHL-producing bacteria against the fungal pathogen Alternaria 
alternata, it was demonstrated that AHL-deficient bacterial mutants triggered less 
resistance to tomato plants against the fungal pathogen (Schuhegger et al. 2006).

Subsequently, AHL was shown to increase the production of salicylic acid, sali-
cylic acid biosynthetic pathways, and ethylene-dependent defense genes, signal 
molecules, and signaling pathways which impact plant defense (Schuhegger et al. 
2006). Other notable studies showed that overall plant responses to AHL signal 
could be varied depending on the chain length and modification of acyl chain (Bauer 
and Mathesius 2004; Miao et al. 2012; Schenk et al. 2012; Schuhegger et al. 2006; 
von Rad et al. 2008). AHL sensing in Arabidopsis induced growth promotion in the 
form of root elongation and changes in root development (Hartmann et al. 2014; 
Ortiz-Castro et al. 2008; von Rad et al. 2008). In an effort to understand the mecha-
nism of AHL sensing in Arabidopsis, it was shown that a simple heterotrimeric Gα 
subunit GPA1 and G-protein G-protein-coupled receptors (GPCRs) such as GCR1, 
Cand2, and Cand7 are involved in short-chain 3-oxo-C6HSL and 3-oxo-C8HSL 
sensing and root elongation (Jin et al. 2012; Liu et al. 2012). On the other hand, 
AHL-stimulated growth increase was not observed in barley and yam (Gotz-Rosch 
et al. 2015), indicating varied plant responses to AHLs.

Like plants, animals can also sense bacterial signaling molecules and the host 
responses could be varied to AHL sensing. For instance, opportunistic pathogen P. 
aeruginosa QS signal 3-oxo-C12-HSL effect on mammalian cells has been exten-
sively studied and found to have both anti-inflammatory and proinflammatory prop-
erties and proapoptotic functions (Cooley et al. 2008; Hooi et al. 2004; Kravchenko 
et al. 2008; Rumbaugh and Kaufmann 2012; Tateda et al. 2001). Using engineered 
mammalian cells that sensed AHLs (Shiner et al. 2004) and utilizing radiolabeled 
3-oxo-C12-HSL (Ritchie et al. 2007), it was shown that the AHL molecule can enter 
the eukaryotic cell and alter cellular response, underscoring the possible existence 
of an AHL-specific intracellular target. Similarly, transcriptional profiling using 
microarray analysis of human lung epithelial cells exposed to 3-oxo-C12-HSL 
revealed that xenobiotic sensing and drug transport transcripts increased upon AHL 
exposure. This study also showed that the AHL accumulated rapidly in A549 cell 
lines and that inhibition of ABC transporter ABCA1 resulted in decreased expulsion 
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of 3-oxo-C12-HSL, suggesting a mechanism employed by eukaryotic cells to remove 
these signals from cells (Bryan et al. 2010).

In a landmark finding, it was shown that 3-oxo-C12-HSL can affect innate immune 
responses in cell lines and in  vivo. More specifically, the AHL altered NF-κB-
mediated immune function, evidently facilitating P. aeruginosa infection progres-
sion via suppression of innate immunity (Kravchenko et al. 2008). Alternatively, 
mice exposed to short- and long-chain AHLs increased the survivability of mice to 
Aeromonas hydrophila infection challenge, perhaps by priming the host response to 
defend against the pathogen (Khajanchi et al. 2011). Significantly, AHL pretreat-
ment enhanced bacterial clearance from infected animals possibly by phagocytosis 
of bacteria by activated innate immune cells. Further, there are also a number of 
other documented examples of gram-positive and gram-negative non-AHL QS sig-
nal sensing by mammalian cells, which is beyond the scope of this discussion 
(Rumbaugh and Kaufmann 2012). Collectively these observations demonstrate that 
plants and animals can sense and respond to bacterial QS signals. In some cases, 
AHLs can target the cellular metabolism and immune system; in others, cells can 
sense AHLs and activate cellular defenses and prime immune response.

4.3	 �Plants Secrete Compounds That Alter Bacterial QS

Secretion of compounds to alter bacterial QS is a widely emerging theme in the 
prokaryotic and eukaryotic world (Rasmussen et  al. 2005; Saurav et  al. 2017). 
Plants comprise a large untapped source of antimicrobial compounds, with only a 
small portion of the known species studied (Savoia 2012). Additionally, most stud-
ies previously conducted on the antimicrobial modes of plants have only focused on 
the ability of the plant to inhibit growth or kill bacteria (Adonizio et  al. 2006). 
However, since the discovery of the QS disrupting halogenated furanones from the 
marine red algae Delisea pulchra, there has been an emergence of studies investi-
gating the anti-QS properties of plants (Manefield et al. 2002; Venturi and Fuqua 
2013). Pivotal work in the field of anti-QS agents produced by plants was reported 
by Dr. Bauer’s laboratory (Teplitski et al. 2000). Interestingly, in addition to produc-
tion and secretion of anti-QS activity, the exudate from pea (Pisum sativum) plants 
was found to contain a number of high-performance liquid chromatography (HPLC) 
separable QS-active (QS stimulatory) as well as QS inhibitory compounds that 
altered bacterial QS reporter responses (Teplitski et al. 2000).

Rightfully designated as “QS mimics” for their QS modulatory (agonistic and 
antagonistic) activities, the presence of such compounds was also found in other 
plants, including crown vetch, Medicago truncatula, rice, soybean, and tomato. It 
was also shown that Medicago truncatula QS mimic profiles changed substantially 
with the age of the plant seedling (Gao et al. 2003), indicating a possible role for 
these molecules in aiding the plant in choosing its bacterial partners. Importantly, in 
nearly two decades since the discovery of these activities, the chemical identities of 
these compounds remain undetermined. Using Medicago truncatula as a model, it 
was also shown that plants can sense externally administered bacterial AHLs and 
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can alter the secretion profile of their AHL mimics (Bauer and Mathesius 2004; 
Mathesius et al. 2003). Rice plant extracts containing QS mimics, like that of AHLs, 
were demonstrated to be AHL lactonase (AiiA) enzyme-sensitive group (Degrassi 
et  al. 2007), offering some clues to its shared chemical feature to AHLs. More 
recently, a plant-derived compound rosmarinic acid, predicted to bind to QS regula-
tors, was shown to act as QS agonist for RhlRI QS system in P. aeruginosa (Corral-
Lugo et al. 2016). Similarly, flavonoids produced by plants were shown to inhibit P. 
aeruginosa LasRI QS system and inhibit its QS and QS-regulated biofilm produc-
tion (Paczkowski et al. 2017). More recently, plant phenolics such as carvacrol and 
eugenol were shown to target ExpRI QS system of plant pathogen Pectobacterium 
sp., resulting in QS inhibition (Joshi et al. 2016). Significantly, structural analysis of 
rosmarinic acid, flavonoids, and plant phenolics carvacrol and eugenol indicates no 
characteristic functional group that can be hydrolyzed by AiiA enzyme and possibly 
represents a chemically different class of plant-derived QS mimic(s). Combining 
this knowledge, it is reasonable to infer that plants secrete diverse QS mimics which 
aid with their phyllosphere and rhizosphere bacterial interactions.

Medicinal plants in particular, due to their long history of usage in traditional 
practices for purposes such as infection control, serve as a promising area in the 
search of QS interfering compounds (Koh and Tham 2011; Savoia 2012). Studies 
have investigated the effects of medicinal plant extracts on QS activity by screening 
them on the bacterial reporter strains Chromobacterium violaceum and P. aerugi-
nosa (Adonizio et al. 2006; Al-Hussaini and Mahasneh 2009; Khan et al. 2009; Koh 
and Tham 2011; Krishnan et al. 2012; Tolmacheva et al. 2014; Yeo and Tham 2012). 
C. violaceum produces the purple pigment violacein through QS, where violacein is 
produced after threshold levels of AHL are reached (Adonizio et al. 2006). Inhibition 
or disruption of C. violaceum’s violacein production by medicinal plant extracts 
would indicate QS disruption through interruption of AHL signaling (Adonizio 
et al. 2006). P. aeruginosa demonstrate QS-dependent swarming, and thus inhibi-
tion of swarming by medicinal plant extracts would also indicate QS inhibition 
(Koh and Tham 2011). Table 4.1 summarizes notable medicinal plant extracts with 
QS inhibitory activity through violacein or swarming inhibition. Though the struc-
tural information on these activities are limited or unknown, these results demon-
strate the potential of medicinal plants as sources of QS inhibitory compounds.

4.4	 �Algae Secrete Compounds That Alter Bacterial QS

Marine macroalga D. pulchra endemic to the Australian seacoast was found to have 
limited surface bacterial colonization. Subsequently, it was established that they 
produced and stored a wide range of halogenated furanones in their secretory glands 
that aided in preventing bacterial colonization (de Nys et  al. 1993). Importantly, 
halogenated furanones that have structural resemblance to bacterial QS AHL sig-
nals were determined to possess AHL antagonistic properties. This was established 
using bacterial bioassays that were used to monitor AHL-mediated QS functions 
such as swarming and bioluminescence production (Givskov et al. 1996). Furanone’s 
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inhibitory function was shown to be partly relieved with increasing AHL concentra-
tions in these assays, indicative of competition for AHL receptor binding site 
(Manefield et al. 1999). Furthermore, in an in vivo ligand-binding assay employing 
labeled AHL and halogenated furanones showed that furanones displaced bound 
AHLs from the LuxR protein. In validating the direct interaction between haloge-
nated furanone and LuxR AHL receptor protein, it was determined that the fura-
nones inhibit AHL-mediated gene expression via accelerated degradation of the 
AHL receptor (Manefield et al. 2002) and the site for furanone-AHL receptor inter-
action was also determined (Koch et  al. 2005). Since its discovery, halogenated 
furanones both natural and synthetic derivatives of these molecules have been 

Table 4.1  Medicinal plants with QS inhibitory activity

Medicinal plant 
species and 
common name Medicinal use

Violacein 
inhibition

Swarming 
inhibition Reference

Astragalus 
membranaceus 
(milkvetch)

Treatment of cold, arthritis, 
loss of appetite, weakness, 
night sweats, numbness of 
muscles, boils, diarrhea, 
asthma, nervousness

+ – Yeo and Tham 
(2012)

Lilium brownii 
(lily bulb)

As sedative and tonic for 
treating cough, lung 
disorders, urinary disorders, 
deafness, earache, 
nervousness, carminative

+ + Yeo and Tham 
(2012)

Panax 
notoginseng 
(ginseng)

Treatment of dizziness, 
vertigo, nosebleed, injuries, 
fractures, heart problems; to 
stop bleeding, for reducing 
swelling and pain

+ + Koh and Tham 
(2011), Yeo and 
Tham (2012)

Conocarpus 
erectus 
(buttonwood)

Febrifuge, respiratory 
ailments, venereal disease

+ Unknown Adonizio et al. 
(2006)

Hemidesmus 
indicus 
(anantamul)

Febrifuge, venereal disease + + Zahin et al. 
(2010)

Laurus nobilis 
(bay laurel)

Carminative, digestive 
problems, cold, bronchitis

+ Unknown Al-Hussaini 
and Mahasneh 
(2009)

Syzygium 
aromaticum 
(spice clove)

Treatment against oral 
bacteria, asthma, allergic 
disorder

+ Unknown Khan et al. 
(2009), 
Krishnan et al. 
(2012)

Arctostaphylos 
uva-ursi 
(bearberry)

Antimicrobial and a mild 
diuretic used for urinary 
tract complaints that 
includes cystitis and 
urolithiasis

+ Unknown Tolmacheva 
et al. (2014)

+: significant inhibition, −: insignificant inhibition, Unknown: inhibition untested

S. Rajamani et al.



45

shown to alter QS-regulated properties, including virulence, antibiotic production, 
biofilm formation, etc. (Hentzer et al. 2002; Martinelli et al. 2004). These results 
underscored the natural competitive evolutionary mechanisms employed by eukary-
otes to inhibit AHL signaling via competing for a common binding site in LuxR 
and/or its homologues.

To understand whether unicellular green algae found in soil and water bodies 
have evolved mechanisms to regulate bacteria QS, algae-bacterial reporter overlay 
studies and solvent extraction of spent cell-free media coupled to HPLC fraction-
ation and bacterial QS reporter studies were undertaken. Bacterial reporter overlays 
on Chlamydomonas and Chlorella sp. indicated that these algae produced both 
inhibitory and stimulatory QS mimic activities. Like plants (Teplitski et al. 2000), 
HPLC fractionation of spent algal media had an array of chromatographically sepa-
rable fractions tested against bacterial reporters expressing Burkholderia cepacia 
CepR and P. aeruginosa LasR AHL receptors that modulate QS-regulated promoter 
gene fusions (Fig. 4.1) (Teplitski et al. 2004). As shown in Fig. 4.1, these QS stimu-
latory activities were secreted and accumulate in the growth media over time. 
Interestingly, the production of these mimics were growth medium dependent, 
wherein the secretion of these mimics were negligible when the algae were grown 
in carbon-rich acetate (TAP or tris-acetate-phosphate) medium than when cultured 
in minimal (HS or high salt) medium (Fig. 4.1). Proteomic analysis with bacterium 
Sinorhizobium meliloti and partially purified LasR algae QS mimic indicated that 
the mimic affected the accumulation of 16 out of 25 proteins that were regulated by 
the bacterial AHL molecule (Teplitski et  al. 2004). Treatment of CepR 

Fig. 4.1  Chlamydomonas reinhardtii secretes compounds that are mimics of bacterial AHL sig-
naling. Samples of HPLC fractions of C. reinhardtii culture filtrates from 4, 8, and 12 d were bioas-
sayed with the E. coli LasR AHL reporter (left panel) and Pseudomonas putida CepR (right panel). 
Responses are shown as percentage of the maximum response recorded with the reporter to satu-
rating levels of the cognate AHL (3-oxo-C12-HSL for LasR and C8-HSL for CepR). (Adapted with 
permission from Teplitski et al. (2004). Copyright 2004 American Society of Plant Biologists)
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receptor-active AHL mimic HPLC fractions with AHL lactonase (AiiA) inactivated 
most of these mimic activities, demonstrating the potential existence of conserved 
homoserine lactone ring (Rajamani et al. 2011). Transgenic algae expressing AiiA 
with substantially reduced accumulation of AHL mimics showed limited ability to 
prevent biofilm formation by competing bacteria found in pond water. These obser-
vations validate that AHL mimics play a critical role in modulating bacterial QS 
response behavior in nature. In pursuit of identifying the chemical identity of a QS 
mimic from algae, a LasR-active QS mimic that accumulated in TAP media culture 
of Chlamydomonas reinhardtii was purified and determined to be a vitamin ribofla-
vin derivative compound lumichrome (Rajamani et  al. 2008). Lumichrome and 
riboflavin, despite being structurally unrelated to AHL molecules and insensitive to 
AiiA, docked at a similar location as 3-oxo-C12-HSL in LasR receptor binding site. 
Mutational studies with LasR receptor coupled with reporter studies confirmed that 
the binding locations were indeed common for AHL and lumichrome/riboflavin 
binding (Rajamani et al. 2008).

4.5	 �Mechanisms Employed by Eukaryotes for QS Disruption

Apart from the production of signaling molecules to disrupt QS, eukaryotes also 
employ other mechanisms for bacterial QS alteration. One of the key attributes of 
eukaryotic protective mechanisms against pathogenic bacteria includes inactivation 
of QS signals. Though there are limited studies to the fate of AHLs in plants, it was 
demonstrated that plants can employ enzymatic mechanisms to degrade AHLs 
(Palmer et al. 2014). Using in vitro assays and A. thaliana wild-type and mutant 
plants, the fatty acid amide hydrolase (FAAH) was shown to play a role in degrada-
tion of AHL by AHL amidolysis. Further, the product of this enzymatic activity 
ʟ-homoserine is proposed to play a key role in plant physiology (Palmer et al. 2014). 
While plants do not have specialized immune cells, lower animals rely on the innate 
immune system, whereas higher animals have sophisticated acquired immunity and 
cell types that navigate bacterial encounters. In animals, the ability to negotiate vari-
ous bacterial species and selectively permit or ward off certain bacteria rests upon 
the immune system. The simple freshwater metazoan, Hydra, in a recent study, has 
been show to produce oxidoreductase enzymes that convert the inhibitory 3-oxo-
modifed AHL into a 3-hydroxy substituted AHL that signals a phenotype change in 
the colonizing Curvibacter, favoring host colonization (Pietschke et al. 2017). In 
essence, the host modulates bacterial gene expression by modifying a QS signal to 
alter bacterial behavior and promote interaction and colonization.

Cells in higher animals have been shown to exhibit the ability to neutralize 
pathogenic bacterial AHL signals and this ability appears to vary between cell types. 
AHL lactonases are frequently used to degrade bacterial AHL signals to dampen QS 
and associated processes. The best-known lactonases produced by animal hosts 
belong to the paraoxonase (PON) family, including PON1–3, which degrade the 
3-oxo-substituted AHLs (Chun et  al. 2004; Draganov et  al. 2005). Cells such as 
mammalian airway epithelia display the ability to specifically degrade some, but not 
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other, AHLs. Sera of mammals contains activity reminiscent of PONs and is con-
served between mammalian species (Yang et al. 2005) and could be related to bacte-
rial AHL lactonases (Bar-Rogovsky et al. 2013). Heterologous expression of human 
PON1  in Drosophila suppressed P. aeruginosa infection, in a PON1 activity-
dependent manner, illustrating the importance of PON enzymes in degrading AHL 
signals and containing pathogen infections (Stoltz et al. 2008). Suppression of QS 
processes by animal hosts can potentially suppress virulence-associated processes 
including biofilm formation. Animal immune cells also exhibit other mechanisms to 
suppress biofilm formation. For instance, lactoferrins produced by neutrophils 
sequester iron, depriving colonizing bacteria of this nutrient, which is essential for 
many microbial processes including formation of the biofilm structure (Ammons 
and Copie 2013). An immunomodulatory role has also been attributed to AHL sig-
nals, with host perceiving AHLs as a cue for defense. In response to AHL signals in 
P. aeruginosa, elevated local defense through phagocytosis has been reported, 
although other reports suggest that AHLs may assist in evasion of host defense 
(reviewed in (Hansch 2012)).

4.6	 �Nature-Inspired Synthetic QS Analogues

Since the discovery of naturally occurring small-molecule autoinducer signals of 
QS (Adonizio et al. 2006; Bassler and Losick 2006; Camilli and Bassler 2006; Ng 
and Bassler 2009a, b), researchers have developed a preponderance of synthetic 
analogues based on their natural molecular structures. This section highlights some 
representative examples of synthetic analogues targeting AHL-based QS. Several 
excellent reviews on the discovery and use of small-molecule modulators of QS 
have been published (Delago et  al. 2016; Galloway et  al. 2011; Kalia 2013; 
Mattmann and Blackwell 2010; Pan and Ren 2009), and the reader is directed to 
these manuscripts for additional examples and analyses.

As noted in a comprehensive 2011 review describing small-molecule perturba-
tion of QS in gram-negative bacteria (Galloway et al. 2011), difficulties arise when 
attempting to classify active compounds based on either their structure or activity. 
For example, lack of standardization between the various studies in terms of mea-
suring potency prevents one from making absolute comparisons between IC50 val-
ues. Another complication arises from the fact that some small-molecule modulators 
of QS can switch from agonist to antagonist, depending on concentration and even 
the target QS pathway under investigation (e.g., a specific target QS receptor small-
molecule interaction and downstream reporter activation). Furthermore, differences 
in bacterial strain, media, assays, and impurities provide further variables that can 
affect the ultimate measurement of biological activity. Nevertheless, comparison 
between different studies provide researchers valuable qualitative information that 
may be used to study relative activity, or extract basic trends in the structure-activity 
relationships (SAR) that guide medicinal chemists to develop analogues with 
improved and/or new properties.
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Synthetic small molecules designed to modulate QS in bacteria generally target 
one of the three components within the overall QS biochemical pathway: the gene(s) 
responsible for production of autoinducers, the receptor(s), or the autoinducer itself. 
Although simplified, these broad categories fit well with the general targets for 
which most synthetic and natural autoinducers interact. For example, in the gram-
negative bacteria V. fischeri, LuxI-type synthases utilize S-adenosyl methionine 
(SAM) and an acyl carrier protein (ACP) to manufacture the AHL product via an 
enzyme-mediated acylation-lactonization cascade (Watson et al. 2002). Accordingly, 
many synthetic small-molecule modulators of QS are structural mimics of AHL, 
SAM, and corresponding cofactors/biosynthetic intermediates designed to disrupt 
this key biochemical pathway (Alfaro et al. 2004; Musk and Hergenrother 2006; 
Parsek et al. 1999; Shen et al. 2006; Zhao et al. 2003).

The majority of synthetic analogues derived from natural QS modulators are 
based on AHLs. A typical, naturally occurring AHL may be represented by C4-HSL 
or BHL 1 and 3-oxoC12-HSL or OdDHL 2, both found in P. aeruginosa, in which 
the amino group on the ʟ-homoserine lactone “head” is decorated by an acyl group 
“tail” (Fig. 4.2).

For the most part, bacteria generate AHL autoinducers that have a high specific-
ity for modulation of their specific QS system (Pomianek and Semmelhack 2007). 
Remarkably, however, most of the currently known natural AHLs maintain the 
unsubstituted ʟ-homoserine lactone head group. Consequently, the length and place-
ment of functional groups on the acyl tail vary greatly between species, since this 
molecular feature strongly influences selective binding to their corresponding AHL 
receptors (e.g., LuxR) and modification of synthetic AHL analogues at the acyl tail 
have been explored in great detail. For example, in the earliest study of AHL ana-
logues, Eberhard et al. (1986) investigated the effect of varying the chain length of 
the acyl group and/or C3-oxo substituent on the agonistic/antagonistic activity in V. 
fischeri B-61. This strain is particularly reliant on exogenous N-(3-oxo-C6)-HSL 
(OHHL) for bioluminescence, and so production of light serves as a useful mea-
surement for inhibitory versus activating phenotypes.

Eberhard’s seminal study, and subsequently many others, has demonstrated that 
AHL receptors can accommodate a variety of chain lengths, degrees of steric bulk, 
and an array of functional groups within natural and synthetic AHL analogues, 
which may demonstrate either antagonistic or agonistic behavior. Representative 
examples of synthetic AHL analogues that exploit this structural flexibility include 
AHL 3, a QS inducer bearing a C4 cycloalkyl group, and AHL 4, a QS inhibitor 
bearing C4 phenyl group (Fig. 4.3) (Reverchon et al. 2002). Moreover, many syn-
thetic analogues designed using the principles of bioisosterism have yielded a range 
of synthetic AHLs with enhanced properties, such as hydrolytically stable 

Fig. 4.2  Representative 
naturally occurring AHLs
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cyclopentanone 5 (which circumvents the ready hydrolysis of AHL lactones 
in vivo), super-agonist thiolactam 6 (J. C. A. Janssens et al. 2007), and sulfonyl urea 
antagonist 7 (Frezza et al. 2008). Thus, there are myriad possibilities for develop-
ment of novel small-molecule modulators of QS by modification of the acyl tail and 
lactone head of native AHLs.

While AHL-based synthetic analogues predominate, there are a variety of other 
synthetic QS modulators based on non-AHL molecular scaffolds. Numerous halo-
genated furanones inspired by those naturally occurring in D. pulchra (Denys et al. 
1993) among other algae have provided researchers with a broad array of antago-
nists toward QS-regulated behaviors in bacteria, including virulence expression, 
antibiotic production, transport function, motility, biofilm formation, and sidero-
phore synthesis. For example, bromofuranones such as 8 and 9 have been found to 
inhibit AHL-mediated gene expression in a number of bacterial species (Fig. 4.4). 
Accordingly, numerous synthetic analogues have been designed, such as simplified 
QS antagonists 10 and 11 (Hentzer et al. 2003), which lack a bromo- and/or butyl 
side chain in comparison to natural product 8 and bromofuranone 12, a potent inhib-
itor of biofilm formation in E. coli.

From these notable examples, it is clear that both the continued isolation of 
QS-mediating small molecules from natural sources and design of new synthetic 
analogues with novel properties are imperative for advancing our fundamental 
understanding of QS mechanisms and applying these insights toward new therapeu-
tic strategies for infectious disease.

Fig. 4.3  Representative synthetic analogues of AHLs

Fig. 4.4  Representative natural and synthetic bromofuranones
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4.7	 �Significance and Conclusions

The ability to modulate bacterial QS is witnessed in wide-ranging eukaryotes from 
lower plantlike marine algae like Delisea to higher plants like Medicago and lower 
metazoans like Hydra to humans. Employment of chemical signals that alter bacte-
rial communication and functions are potentially beneficial to the employing host. 
Importantly these signal molecules are not toxic or lethal to bacterial cells, but cer-
tainly alter key bacterial functions that provide fitness in their environment (e.g., 
biofilm production, siderophore production, virulence, etc.). Production of a diverse 
array of QS mimics as observed in chromatographically separable fractions from 
plant and algae exudate (Gao et al. 2003; Teplitski et al. 2004; Teplitski et al. 2000) 
indicates clearly the demonstrable investment made by eukaryotes to alter QS in 
bacterial counterparts associated in their niche. With the increasing occurrence of 
drug-resistant bacterial infections and the limited success in finding newer antibiot-
ics (Center for Disease Control (CDC) – Antibiotic Resistance Threats in the United 
States 2013; World Health Organization (WHO) Publishes List of Bacteria for 
which New Antibiotics are Urgently Needed 2017), it is imperative to continue the 
study of QS interference mechanisms to develop novel therapeutics that alter bacte-
rial fitness. Further this need is exacerbated in biothreat pathogens such as 
Burkholderia pseudomallei that are inherently resistant to number of antibiotics 
(Schweizer 2012). It is well documented that bacteria encapsulated in biofilms are 
notoriously difficult to treat with antibiotics (Stewart 2002) and might lead to anti-
microbial resistance (AMR) due to delivery of sublethal doses of antibiotic to the 
target pathogens. Identification of QS analogues that limits the bacterial biofilm 
phenotype and render them susceptible to antibiotics will be most beneficial for 
combination therapies. Alternatively, QS analogues that limit virulence and provide 
extended therapeutic window for infection treatment would also be an important 
addition to limiting disease progression. Since furanones can, surprisingly, also 
inhibit enteric pathogens such as Salmonella and E. coli, which utilize a different 
mechanism of QS signaling other than AHL signals, they have a broad spectrum of 
applications, including to target pathogenic biofilm formation in therapeutic set-
tings (Janssens et  al. 2008). QS inhibitory furanones from Delisea and similar 
agents have great potential for application in the control of biofouling, primary 
caused by buildup of marine bacterial biofilm and followed by algae and other 
organisms on marine vessels and other surfaces (Dworjanyn et al. 2006).

Understanding modulation of bacterial QS by plants should have palpable impli-
cations toward agricultural applications. Bacteria possess enzymes such as AHL 
lactonases, acylases, and oxidoreductases that can modify or degrade their own 
AHL signals or those of competing bacteria, thus limiting their QS, growth, and 
virulence processes (Grandclement et al. 2016). Expression of such a lactonase in 
plants degraded the AHL signals of the soft rot pathogen Erwinia carotovora in rice 
and leads to a reduction of disease (Zhang et al. 2007). Such a capability could be 
transferred to plants by expressing lactonases that interfere with pathogen QS and 
virulence. Indeed, potato plants expressing such an enzyme exhibited enhanced 
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resistance to soft rot disease. However, such a targeting needs to be specific to mini-
mize the effects on the general homeostasis of the plant microbiome.

In nature, while the AHL mimics produced by Delisea inhibits bacterial QS, 
plant AHL mimics such as rosmarinic acid and lumichrome from microalgae unex-
pectedly appear to stimulate bacterial QS signaling (Corral-Lugo et  al. 2016). 
Pathogenic bacteria tend to delay virulence processes by rendering them QS depen-
dent, such that virulence is launched only when a sufficient threshold of pathogen is 
reached (Bassler 1999). Plant AHL mimics are believed to defeat this strategy by 
stimulating premature activation of QS signaling that could alert plant defenses 
(Corral-Lugo et  al. 2016). Alternatively, stimulation of QS may be beneficial in 
promoting plant interaction with bacterial symbionts. Importantly, further work 
needs to be undertaken to understand the nature and role of these QS signal mimics. 
With the existing bacterial reporters, novel protein-based biosensors, and advanced 
analytical techniques with improved sensitivities (Lepine et  al. 2018; Rajamani 
et al. 2007, 2008; Rajamani and Sayre 2018; Rothballer et al. 2018; Teplitski et al. 
2004; Teplitski et al. 2000), determining their structure-activity relationship should 
be possible. Structural identification of these natural products might find applica-
tions for treating antibiotic-resistant pathogens by altering bacterial fitness (e.g., 
limited virulence production, poor biofilm growth, etc.) to aid in the clearance by 
host immune system or as combination with other drugs that eliminate the patho-
gen. As these QS modulators do not have deleterious effects on bacterial growth and 
survival (not bactericidal or bacteriostatic), the probability that the bacteria will 
develop resistance against these chemical agents is highly unlikely.
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Abstract
Bacteria have to adapt to dynamic environmental condition in order to survive. 
Quorum sensing is a communication between bacterial cells for modification in 
behavior by sensing change in cell density. This communication includes the 
production and release of signaling molecules termed as autoinducer. This is to 
check the cell number and to modify gene expression accordingly to perform 
certain cooperative actions. Quorum-sensing phenomenon is executed by both 
gram-positive and gram-negative bacteria, but it differs in their mechanism. It is 
not restricted to bacteria only. As prokaryotes and eukaryotes coexist for their 
effective survival, there is a crosstalk between bacterial signaling molecule and 
host-derived hormones. The current chapter highlights inter-kingdom relation-
ship between bacteria and host, especially focus is on mammals and how they 
crosstalk with each other. It emphasizes on how autoinducers produced by bac-
teria affect mammalian host cell behavior and its signaling mechanism.
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5.1	 �Introduction

Quorum sensing is an intracellular communication between bacterial species in 
order to survive and modulate host immune response. This phenomenon works 
through small and diffusible signaling molecule termed as autoinducers (Waters 
and Bassler 2005). Gram-positive and gram-negative bacteria differ in the quorum-
sensing mechanism (Papenfort and Bassler 2016). The most common signal mol-
ecules used by gram-negative bacteria are N-Acyl homoserine lactone (AHL) 
synthesized by LuxI homologue proteins (Papenfort and Bassler 2016). Gram-
positive bacteria use peptides for quorum sensing. These peptides cannot freely 
diffuse across cell membrane as AHL. It requires transporter in order to cross cell 
membrane, generally ATP-binding cassette (ABC) transporter (Federle and Bassler 
2003).

Recent evidence shows, however, that quorum-sensing signaling is not restricted 
to bacterial cell-to-cell communication but also allows communication between 
microorganisms and their hosts. The mammalian immune system has an excellent 
defense mechanism in identifying and destroying evaded pathogens; conversely, at 
times, the pathogen evades these mechanisms and establishes disease in its host. 
Bacteria encounter scores of different types of cells within the host. This may result 
from bacteria moving into new tissue sites, or the nature of the environment could 
change eventually as the host inflammatory response alters the composition of cells 
at interface of infection. This interplay has the potential to trigger gene expression 
patterns in the bacterium specific to the composition of attacking cells (Davis and 
Isberg 2018). Bacteria communicate with one another through hormone-like signals 
to alter their gene expression through QS (Fuqua et al. 1996). Furthermore, these 
signals also modify mammalian cell-signal transduction (Telford et al. 1998), and 
host hormones can cross signal to regulate bacterial gene expression (Sperandio 
et al. 2003) in an inter-kingdom signaling.

This signaling is not confined to bacteria but also affects host in which bacteria 
are residing; in turn, host can also modify quorum sensing executed by bacteria 
(Hughes and Sperandio 2008). Research over decades has exemplified that P. aeru-
ginosa QS signals, through different mechanisms, interfered with RNA and DNA 
processes, protein synthesis, homeostasis, calcium signaling, mitochondrial, and 
cytoskeletal dynamics in host cells. However, P. aeruginosa communication via 
AHLs can disturb few important cellular processes in the host, viz. cell morphology, 
proliferation, differentiation, and apoptosis, and thereby many biological activities 
and functions (Turkina and Vikström 2019). In this chapter, specifically we shed a 
light on: (1) How bacterial QS phenomenon affects host, taking example of gram-
negative and gram-positive bacteria? (2) How host affects/interferes with bacterial 
QS mechanism? (3) What are the inhibitors known/designed so far to protect from 
pathogenic bacteria QS?
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5.2	 �How Bacterial QS Phenomenon Affects Host?

5.2.1	 �How Gram-Positive Bacteria Quorum Sensing Affects 
Host?

Gram-positive bacteria use two-component signaling mechanism for quorum sens-
ing. It uses bioactive peptides as autoinducers. These peptides need transporters in 
order to penetrate into cell membrane (Ji et al. 2016). When the accumulation of 
secreted peptides reaches threshold concentration, it interacts with sensor kinase at 
cell membrane and thereby initiates series of phosphorylation of regulatory proteins 
and serves as transcription factor with alterations in gene expression (Miller and 
Bassler 2001). Bacillus group including B. thuringiensis, B. anthracis, and B. cereus 
produces and secretes a variety of hemolysins, phospholipases, and toxins which 
cause acute diarrheal disease (Rutherford and Bassler 2012; Bottone 2010). As a 
notable example, Bacillus subtilis outlines a typical mechanism for inter-kingdom 
signaling between gram-negative bacteria and the host. Nonetheless, B. subtilis is a 
well-characterized gram-positive bacterium which is a part of avian, mammalian, 
and human enteric flora (Gonzalez et al. 2011). The QS pentapeptide competence 
and sporulation factor (CSF) of B. subtilis activates the key eukaryotic survival 
pathways such as p38 MAP kinase and AKT in intestinal epithelial cells (Fig. 5.1). 
It is noteworthy that CSF particularly prevents the oxidant-induced intestinal epi-
thelial cell injury and loss of barrier function by induction of cytoprotective heat 
shock proteins (HSPs). Interestingly, this cytoprotective effect depends on its uptake 
by organic cation transporter-2 (OCTN2). In another example, Staphylococcus 
aureus is a part of human gut microflora. This bacterium can cause minor skin infec-
tions if any damage occurs at the epithelial barrier which may perhaps lead to pneu-
monia, bacteremia, and sepsis (Fujiya et  al. 2007). This pathogenic microbe has 

Fig. 5.1  Interaction of B.Subtilis with host cellular pathways
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been a leading cause of hospital-related infections in the United States. Remarkably, 
the disease-causing ability of this bacterium solely depends on adhesion molecule 
expression, toxins, and compounds that affect basic functioning of the immune sys-
tem (Rutherford and Bassler 2012).

5.2.2	 �How Gram-Negative Bacteria Quorum Sensing Influences 
the Host?

In gram-negative bacteria, signaling molecules include N-acyl-homoserine lactone 
(HSL) compounds, autoinducer-2 (AI-2) and its precursor 4,5-dihydroxy-2,3-
pentanedione (DPD), diffusible signal factor (DSF), and 2-heptyl-3-hydroxy-4-
quinolone (PQS), in addition to dialkylresorcinol (DAR) and a-hydroxyketone 
(AHK) molecules. While DAR, PQS, and HSL AIs directly bind cytosolic transcrip-
tion factors, DSF, AI-2, and AHKs are detected through specific membrane-bound 
sensor kinases of two-component systems (TCS) (Papenfort and Bassler 2016) (4). 
Pseudomonas aeruginosa is a gram-negative bacterium, which causes cystic fibro-
sis and nosocomial infections in immunocompromised individuals Chastre and 
Fagon 2002; Subramanian et al. 2013). QS-regulated factors impact P. aeruginosa 
communities and pathogenicity by following modes: motility and adhesion, lipo-
polysaccharides, enzymes and exotoxins, protein secretion systems, iron uptake, 
biofilm formation. Remarkably, P. aeruginosa decoy molecules regulate an ensem-
ble of host functions by different modes: inflammatory response, host transcription, 
mitochondrial physiology, pro-apoptosis, calcium signaling, directional cell migra-
tion, chemotaxis, single cell and multicellular migration (Turkina and Vikström 
Turkina and Vikström 2019). It is noteworthy that P. aeruginosa makes use of host 
during a weakened state for its own benefit. P. aeruginosa releases pyocyanin extra-
cellularly which in turn induces neutrophil apoptosis and epithelial cell damage 
(Lau et al. 2004) and permits to subvert immune surveillance and gain placement in 
lungs. PQS also controls the expression of the lasB (elastase) gene (Pesci et  al. 
1999), and a synergistic effect is attained in existence of both PQS and C4-HSL 
(McKnight et al. 2000).

P. aeruginosa autoinducer molecule 3-oxo-C12-HSL inhibits T-cell proliferation 
and inhibits release of IL-2, while PQS (pseudomonas quinolone signal) inhibits 
cell proliferation without affecting IL-2 release in human monocytes. 3OC12-HSL 
triggers intracellular Ca2+ release, endoplasmic reticulum (ER) structure, and 
eukaryotic translation initiation factor, resulting in endoplasmic reticulum stress, 
thereby affecting host protein synthesis (Fig. 5.1). Both flagella and pili are potent 
virulence factors enabling to move and bind to host cells mucus layers, sense 
mechanical features of their environment, and facilitate early biofilm development 
at surface (Fig. 5.2) (Haiko and Westerlund-Wikström 2013). In another example, 
lipopolysaccharides (LPS) stimulated bone marrow dendritic cells, and the release 
of TNF-α is inhibited by PQS. PQS also inhibits dendritic cell-induced T-cell pro-
liferation and innate immune response in mouse monocyte/macrophage cell line 
J774A.1 by NF-κβ-signaling pathway (Skindersoe et al. 2009). Flagellin and LPS 
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associate with host pattern recognition receptors, e.g., toll-like receptors (TLR5 and 
TLR4) expressed on different host cells, and thereby initiate an inflammatory 
response via NF-κB-signaling pathway (Gellatly and Hancock 2013). V. cholera 
produces and responds to two AI molecules: (S)-3-hyroxytridecan-4-one (CAI-1) 
and AI-2 (Sheela et al. 2018). These QS molecules produce enterotoxin that causes 
chronic watery diarrhea which can lead to dehydration and death if not treated 
appropriately (Fig. 5.2) (Rutherford and Bassler 2012). Yet, in another study con-
ducted in L. pneumophila, FlaA gene represented a pathogen-associated molecular 
pattern (PAMP), produced by wild-type activates in mammalian host cell cyto-
plasm, viz., NAIP5/NLRC4 inflammasome and the associated caspase-1 and cas-
pase-7. Inflammasome activation necessitates the bacterial Icm/Dot T4SS, further 
impairs LCV formation and supports the release of pro-inflammatory cytokines as 
well as pyroptosis (Schell et al. 2016).

5.3	 �Host Responses to Bacterial Quorum Sensing

It has long been known that there is symbiotic relationship between bacteria and 
mammalian host for maintaining homeostasis (Chow et al. 2010). Mammalian host 
and residential microflora prevent invasion, colonization, and survival of pathogenic 
microorganism by physical, chemical, and cell-mediated antimicrobial strategies 

Fig. 5.2  Bacterial adhesins in host-microbe interactions
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(Curtis and Sperandio 2011) (Fig. 5.2). Specifically talking about humans, about 
500–1000 species of bacteria reside in gut. Residential microflora helps in digestion 
of food and nutrient absorption (Walsh et al. 2014). However, pathogens can affect 
host and residential bacteria quorum sensing for virulence (Hughes and Sperandio 
2008). Mucosal surface which is constantly in contact with bacteria secretes antimi-
crobial peptides such as lysozyme and defensin to protect from bacterial infection 
by rapidly killing bacteria and prevents acute invasive infection (Diamond et  al. 
2009). In chronic infections, free-living bacteria form biofilms which are untreat-
able as it is resistant to antimicrobial peptides (Bjarnsholt 2013). P. aeruginosa 
which is highly pathogenic bacteria forms biofilm in airway and causes lung 
destruction which leads to death eventually (Gellatly and Hancock 2013). Lactoferrin 
can block biofilm formation of P. aeruginosa. It is a highly abundant and ubiquitous 
molecule present in human external secretion. This biofilm formation is required for 
long-duration invasion of colonization of surfaces (Fig. 5.2). In order to form bio-
film, it requires higher amount of iron than needed for its growth. If an iron level 
drops or not sufficient to maintain biofilms, bacteria move to survival. Lactoferrin 
chelates iron, thereby, cause bacteria to wander across the surface instead of biofilm 
formation (Ammons and Copié 2013).

It is not only by secreting antimicrobial peptide/protein or antibiofilm molecule 
but also host can act on specific autoinducer secreted by bacteria. Human colon cell 
line CaCo-2 inactivates 3OC12-HSL when it is exposed to environmental patho-
gens (Ammons and Copié 2013). This effect was also seen with the human lung 
cell line A549. The aforementioned two human cell lines evidenced maximum 
amount of 3OC12-HSL inactivation. The colon and lung cell lines are constantly 
exposed to bacteria. This phenomenon does not hold true with all the mammalian 
cell lines. Notably, 293 T, COS-7, and MDCK kidney cell lines from human, mon-
key, and canine showed very less or no inactivation of 3O2-HSL.  There is an 
immense variation in the inactivation of QS-signaling molecule OC12-HSL 
between different mammalian cell lines. It will be very tempting to learn a) what 
signaling components does the cell line have that can inactivate bacterial QS? b) 
What are the lacking factors in other cell lines that are unable to inactive bacterial 
QS? However, the reports are very few showing the modulation of quorum sensing 
by host (Chun et al. 2004).

5.4	 �What Are the Inhibitors Known/Designed So Far 
to Protect from Pathogenic Bacteria QS?

Antibiotics are very well accepted and standardized in treating health ailments 
caused by bacteria. As bacteria are developing resistance to antibiotic, there is a 
need to develop other strategies for targeting pathogenic microorganisms. So, dis-
ease caused by antibiotic-resistant bacteria causes major deaths worldwide 
(Clatworthy et al. 2007, Ventola 2015). Pathogenic bacteria reside in host and syn-
thesize different compound in order to colonize and damage the host, known as 
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virulence factors (Fig. 5.2) (Deep et al. 2011). Rather than aiming at bacterial eradi-
cation which is a general theme in the development of antibiotic for disease treat-
ment, we can target this virulence factor synthesized by bacteria to prevent damage 
to host (Ellis and Kuehn 2010). As the virulence factor production is costly for 
bacteria at metabolic level, production of virulence factor expression goes through 
complex array regulatory network. One of the major regulatory network which con-
trols virulence factor production is quorum sensing. It is not only the quorum sens-
ing which regulates, but there are also other factors which regulate virulence factor 
production such as regulatory RNAs, secondary messengers, and alternative sigma 
factors (Peyraud et al. 2016).

Quorum sensing is an upcoming and intensively studied field, which is showing 
promiscuous alternative to antibiotic (Tay and Yew 2013). Quorum-sensing process 
can be disrupted by several mechanisms, such as downregulating activity of acyl-
homoserine-lactone cognate receptor protein or AHL synthase, AHL degradation or 
designing of molecules which can mimic the analogous signaling, and enzymatic 
degradation of QS molecule. The proposed criteria for selection of proper QS inhib-
itors are as follows: (1) small molecule and efficiently reduce QS-related gene 
expression, (2) specificity to the given QS molecule without side effects, (3) longer 
than AHL, and (4) should not be antigenic. Decoy receptors and antibodies are 
known to inhibit QS signal. These are the novel approaches for anti-infective ther-
apy (Tay and Yew 2013; Defoirdt et  al. 2013). Ap4–24 H11 is a hapten, which 
inhibits the production of auto-inducing peptide (AIP)-4 by S. aureus (Park et al. 
2007). There are array of QS inhibitors available such as plant based, marine system 
based, animal based, and fungal based which have been extensively studied 
(Galloway et al. 2012; Koh et al. 2013; Saurav et al. 2017). Targeting bacterial QS 
and designing inhibitors to disrupt quorum sensing are an expanding and evolving 
area to target pathogenic bacterial diseases.

5.5	 �Summary

QS, an very old signaling mechanism firstly used by unicellular organisms to syn-
chronize the function and augment the health of cell populations limited in a niche, 
is also employed by cells of the immune systems in mammalian organisms, repre-
senting the immune system a robust and well-controlled apparatus that is able to 
fight intruders from both outside and inside cells. Bacteria QS system is a very 
complex intracellular communication devised for their effective survival. In case of 
pathogenic organisms, novel strategies are to be developed beyond inhibition of 
bacterial QS by educating and enhancing host defense against the invasion of patho-
genic bacterium. This will be more helpful and reliable future strategy in disease 
treatment rather than developing drugs against bacteria and solving multidrug resis-
tance. While we need to gain a better understanding of the complex relationship 
among the host and invading pathogens, rationally designed therapies are warranted 
that specifically target virulence traits incurred by pathogens.
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6In Silico Approaches for Unearthing 
Bacterial Quorum-Sensing Inhibitors 
Against Pathogenic Bacteria

Shrikant Pawar, Pallaval Veera Bramhachari, 
and Chandrajit Lahiri

Abstract
The bacterial phenotypic traits of biofilm formation, bioluminescence, swarming 
motility, and even virulence are being highly influenced by the phenomenon of 
cell density-dependent gene regulation a.k.a. quorum sensing (QS) through 
which the bacteria communicate within themselves. Essentially, QS is an intra-
cellular signaling system which are different for the different gram characters of 
bacteria. While gram-negative bacteria use chemical autoinducer molecules like 
acyl-homoserine lactones (AHLs) for such signaling, the gram-positive bacteria 
use peptide-based signaling systems. These quorum-sensing peptides (QSPs) 
can initiate a signaling cascade of events via two-component system or even by 
direct binding to transcription factors. After the detection of QSPs by bacteria, 
response regulators or transcriptional factors are activated, which further stimu-
lates change in the target gene expression. Owing to the therapeutic potential of 
the AHLs and QSPs as drug targets, different in silico approaches were utilized 
for the identification of inhibitors and their modeling which can help in combat-
ingthe respective bacterial pathogenicity. Thus, certain group of researchers also 
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developed machine learning tools based on support vector machine (SVM) and 
hidden Markov models (HMM) for the identification of novel and effective bio-
film inhibitory peptides (BIPs), while others used in silico approaches for 
predicting and designing of antibiofilm peptides usingbidirectional recursive 
neural network (BRNN) and Random Forest (RF) algorithms. Moreover, bio-
logical network visualization techniques and analysis enabled the identification 
of QSPs in different bacteria using related information from the curated data-
bases. To this end, identification of the binding pocket(s), motif search, and other 
physicochemical properties will help in predicting the three-dimensional struc-
ture of such target. Furthermore, ultra-high-throughput screening is another 
approach which unveils QS inhibitors (QSI) based on the characterization of 
natural products and screening for naturally occurring enzymes. This review spe-
cifically focuses on all such in silico approaches in predicting QSI in different 
bacterial species. Such in silico QSI predictions and their docking onto QS tar-
gets can help to shape up a promising future for making newer therapeutic 
options available against different pathogenic bacteria.

Keywords
Quorum sensing (QS) · Inhibitors · Bioinformatics

6.1	 �Targeting the Bacterial Communication System (QS)

6.1.1	 �Quorum Sensing

Over the last decade, the phenomenon of bacterial QS has emerged to be the favorite 
alternative for the community of drug discoverers. This is because such QS systems 
offered a novel controlling point of growth in the treatment of bacterial infectious 
diseases. This enables a group of researchers to aim for new drug discovery targets 
to combat the increasing multidrug resistance in these pathogens. Once discovered 
as a unique phenotype for gram-positive bacteria, S. pneumoniae (Tomasz 1965), 
and for the marine gram-negative microbes V. fischeri and V. harveyi (Nealson et al. 
1970), QS has eventually been discovered to be related with almost all pathogenic 
bacteria. In these bacteria, the phenotypes encompass bioluminescence, swarming 
motility, biofilm formation, and virulence (Wynendaele et al. 2013). Essentially, all 
these phenotypes involve communication and coordination among the bacteria 
themselves. This particular biological phenomenon, through which bacteria can 
communicate with each other, is carried out through sensing the auto-secreted sig-
naling molecules in a cell density-dependent manner. Rightly, thus, such sensing 
threshold concentration of the essential biomolecules has been coined the term QS 
(Miller and Bassler 2001; Garsin 2004).

QS biomolecules can be the autoinducers (AI), like acylated homoserine lactone 
(AHL) in gram negatives, and quorum-sensing peptides (QSPs), like diketopipera-
zines (DKPs) in gram positives (Miller and Bassler 2001; Garsin 2004; Michiels 
et al. 2001). Other signaling molecules like pseudomonas quinolone signal (PQS) 
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were also reported to function as QSPs in some bacteria (Pesci et al. 1999). Of these 
different types of QS molecules, the AI can be of three different types, namely, AI-1, 
AI-2, and AI-3, as reported in clinically important gram-negative pathogens, viz., E. 
coli and S. enterica, which may or may not be mediated by the canonical LuxS or 
LuxR homologues (Lahiri 2018). Moreover, the QSPs can initiate a signaling cas-
cade of events after reaching a threshold concentration. This is done via the pro-
karyotic two-component signal transduction system or by direct binding to 
transcription factor, which further induces change in target gene expression (Jimenez 
and Federle 2014; Schauder and Bassler 2001).

Ideally, most pathogenic bacteria utilize the QS mechanisms for biofilm forma-
tion and virulence factor production. For instance, in Pseudomonas aeruginosa, the 
QS controlling phenotypes contribute toward colonization in patients of cystic 
fibrosis (Pawar and Lahiri 2018). This is performed through two hierarchically 
organized systems, each consisting of an autoinducer synthetase (LasI/RhlI) and a 
corresponding regulator protein (LasR/RhlR). Other clinically relevant bacteria like 
S. epidermidis and E. faecalis utilize QS through expression of pathogenicity-
related extracellular proteases (Krämer and Jung 2010; Nishiguchi et al. 2009). In 
some other gram positives like S. pneumoniae and S. gordonii, QS is controlled by 
competence-stimulating peptides (CSPs) (Havarstein et  al. 1997). In pathogenic 
Escherichia coli, QSPs are reported as linear pentapeptides responsible for pro-
grammed cell death (Kolodkin-Gal et al. 2007).

It is worthwhile to mention here that despite its high importance in mediating 
virulence and biofilm formation, QS is also seen in nonclinically relevant organisms 
like halophiles, acidophiles, psychrophiles, thermophiles, piezophiles, and archaea 
(DasSarma and DasSarma 2006; Montgomery et al. 2013). Some halophilic eukary-
otic micro-algae, Dunaliella salina, were shown to engage in the QS process in saline 
environments (Baker-Austin et al. 2010). An acidophile, Ferroplasma acidarmanus, 
was found to exhibit distinct morphological changes in biofilm formations and con-
tain many related genes to biofilm formation and motility without the canonical 
LuxR or LuxS homologues being identified (Nichols et al. 2009). Hyperthermophilic 
archaeons, Pyrococcus furiosus and Thermotoga maritima, together could produce 
an autoinducer-2 (AI-2) type signal through a series of biotic and abiotic steps 
(Medigue et al. 2005). The psychrophile P. haloplanktis was observed to contain the 
mtnN gene involved in the production of putative AI-2 signals (Bodor et al. 2008). S. 
benthica and S. violacea are piezophilic microorganisms documented to contain the 
luxS gene (Zhang et al. 2012). Certain methanogenic archaeon like M. harundinacea 
produces carboxylated AHLs, N-carboxyl-decanoyl-homoserine lactone, N-carboxyl-
dodecanoyl-homoserine lactone, and N-carboxyl-tetradecanoyl-homoserine lactone, 
all of which contribute to QS in archaea (Kumar et al. 2013).

6.1.2	 �Quorum-Sensing Inhibitors

With the aforesaid background in QS, it is imperative that the inhibitors of the phe-
nomenon are likely to be compounds having the ability to impair the communica-
tion signals between the bacteria. Such QS-inhibitory molecules were found in 
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marine environment. For instance, a range of halogenated furanone compounds 
with anti-AHL properties were found in the red seaweed Delisea pulchra (Manefield 
et al. 1999). Generally, such compounds alter the composition and abundance of the 
bacterial community, thereby hampering the subsequent development of the bio-
films. Moreover, synthetic derivatives of natural furanone compounds can also act 
as a potent antagonist of bacterial QS as reported for P. aeruginosa PAO1. A micro-
array analysis of the transcriptome revealed QS system genes to be specifically tar-
geted by the furanone drug which further inhibited the virulence factor expression 
(Manefield et al. 1999). One such synthetic drug, 4-nitro-pyridine-N-oxide (4-NPO), 
mainly affected the genes regulated by either RhlR alone or RhlR and LasR in con-
cert (Hentzer et  al. 2003). Thus, several molecular libraries of both natural and 
synthetic chemicals were screened to identify numerous QS-inhibitory compounds 
(Rasmussen and Givskov 2006). Experimentally, these were validated through bac-
terial clearance and mortality reduction for animal pulmonary infection models 
(Rasmussen and Givskov 2006). Besides these, several enzymes were identified 
having the capacity to block the QS-governed virulence of plant pathogens 
(Rasmussen and Givskov 2006).

Catering to the need of dealing with such QS inhibition, genes of QS and QSPs 
became important targets for combating bacterial pathogenicity (Thoendel and 
Horswill 2010). Essentially, the QS mechanisms are disrupted by several small mol-
ecules, monoclonal antibodies, and antagonists against the receptors (Dong et al. 
2007; Nakayama et al. 2009). Thus, the fungal metabolite ambuic acid was reported 
to act like drug in gram-positive bacteria to inhibit cyclic peptide quormones 
(Nakayama et al. 2009). Likewise, in E. faecalis, QS was found to be inhibited by 
Siamycin I (Nakayama et  al. 2007). Furthermore, in Staphylococcus aureus, the 
small molecule, RNA III-inhibiting peptide (RIP), has been shown to impede QS 
mechanism (Giacometti et al. 2003), besides the anti-autoinducer monoclonal anti-
body which effectively hinders the autoinducing peptide (AIP)-4 of the same bacte-
ria (Park et al. 2007). Again, for bacteria exhibiting QS mediated by AI like AHL, 
several research groups investigated the effects of sublethal concentrations (SLC) of 
bioactive dietary phytochemical extracts from common dietary fruit, herb, and spice 
extracts (Vattem et al. 2007).

While other researchers were experimenting with existing targets and inhibitors, 
the predictive power of bioinformatics tools and techniques was deployed to iden-
tify targets of QS and its mechanism. For instance, a computational biological anal-
ysis was also efficient in suggesting the proteins PqsR and PqsE acting as receptors 
in P. aeruginosa (Schaadt 2013). Both are required together with an AI to form 
pyocyanin. This was experimentally demonstrated through the inhibition of the AI 
formation with enzymes, while the pyocyanin biosynthesis was blocked by PqsR 
antagonists (Schaadt 2013). Moreover, certain other groups developed machine 
learning tools for identification of novel and effective biofilm inhibitory peptides 
(BIPs), while others employed in silico approaches for predicting and designing 
antibiofilm peptides (Sharma et al. 2016a; Mohammed Zaghlool Saeed Al-Khayyat 
and Ammar Ghanem Ameen Al-Dabbagh 2016a). Furthermore, the bioinformatics 
approaches were also been applied in form of prediction and docking techniques for 
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studying QS structures (Ute et al. 2006a). For example, in P. aeruginosa, ultrahigh-
throughput screening was shown to be an efficient technique for identifying QS 
inhibitors (Rajput et  al. 2015). Thus, this review article primarily focuses on all 
these computational and predictive techniques of studying and targeting QS in dif-
ferent organisms.

6.1.3	 �Predictive Approaches

6.1.3.1	 �Machine Learning and Novel Algorithms
QSPs drive QS phenomenon in gram-positive bacteria (Miller and Bassler 2001). 
Targeting QSPs can be an alternative strategy to combat bacterial pathogenicity 
(Medigue et al. 2005). Therefore, analysis and prediction of QSPs are of immense 
importance in gram-positive bacteria. A machine learning tool for identification of 
novel and effective biofilm inhibitory peptides (BIPs) was recently been proved an 
efficient method of classification (Guo et  al. 2011). This study utilizes peptide 
sequence properties like amino acid composition, position, and motifs for character-
izing QSPs and non-QSPs. The QSPs identified with this technique were rich in 
aromatic amino acids, namely, Phe, Trp, and Tyr, while the larger amino acids like 
Trp, Phe, Lys, and Gln were preferred at the C terminus along with Cys. A dipeptide 
composition analysis discovered that Leu-Phe, Asn-Asn, Ile-Phe, Ser-Thr, Ser-Leu, 
Cys-Val, Pro-Cys, Val-Gly, and Phe-Phe were seen as preferred consecutive resi-
dues. The data validation performed with nonredundant positive dataset identified 
QS motifs reported to comprise QS functions in gram-positive and gram-negative 
bacteria and archaea (Paggi et al. 2003; Tian et al. 2009).

Some of the known signaling mechanisms and potential antipathogenic drugs 
can specifically target QS systems (Hentzer and Givskov 2003). Thus, with an aim 
to competitively inhibit the transcriptional regulators LuxR and LasR, designing 
and biological screening of parallel solution-phase synthesis of sulfide AHL ana-
logues were reported (Persson et al. 2005). Essentially, these comprised sulfoxides, 
sulfones, and dithianes having similarity both to sulfides and to bioactive structures 
from garlic (Persson et al. 2005). Furthermore, physicochemical properties like aro-
maticity, molecular weight, and secondary structure were also observed to differen-
tiate QSPs from non-QSPs (Persson et  al. 2005). Another study utilizes support 
vector machine (SVM) to extract physicochemical indices, where QSPs are seen to 
prefer secondary structure conformations (α-helix, coil, and β-sheet) similar to 
QSPs of S. mutans with random coil α-helix conformations (Syvitski et al. 2007; 
Samanta and Chakrabarti 2001). The abundant Cys and Trp residues identified by 
this technique can be imperative in forming binding sites with anchoring disulfide 
bonds to increase activity and stability (Rasmussen et al. 2007; De Jesus and Allen 
2013; Haag et al. 2012; Hall et al. 2004). SVM was also used to develop QSP pre-
diction algorithm (QSPpred) which achieved an accuracy of 93% during tenfold 
cross-validation (Persson et  al. 2005). QSPpred is a web server hosting several 
SVM-based predictive models, viz., QSPepPred, QSPepDesign, and QSPepMap. 
Of these, QSPepPred predicts the extent of an input peptide as QSP or non-QSP, 
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QSPepDesign designs all possible single position mutants of a given peptide 
sequence to predict their QS status, while QSPepMap helps to identify potential 
regions of QSPs in proteins (Persson et al. 2005). Predictor QSPpred, thus, helps in 
accelerating QS research with QSP prediction.

Biofilms are sessile communities constituted by cells adhering to a substratum 
and embedded in polysaccharides, proteins, and extracellular DNA (Sauer et  al. 
2002). Biofilms are important for survival of bacterial species in diverse environ-
ments (Pamp et al. 2008). They can directly alter cells’ growth rate and gene tran-
scription and can augment horizontal gene transfer (Hall et al. 2004). Some drugs 
like fluoroquinolones and tetracycline can only kill the more metabolically active 
cells found in the outer layers of biofilms (Costerton et al. 1999). Biofilms in bacte-
ria are known to resist the environmental stresses like biocidal agents, UV damage, 
metal toxicity, and acid exposure (Fox 2013). They comprise a spatiotemporal het-
erogeneity making them 1000 times more resistant to antibiotics (Sharma et  al. 
2016b). Thus, there seems a significant need to develop antimicrobial peptides 
(AMPs) as prophylactic and therapeutic agents against drug-resistant bacteria and 
biofilms (Nell et al. 2006). Plethora of studies was conducted to assess action of 
peptides against multiple bacterial species. Machine learning tools were used to 
build six SVM and weka-based models trained on 80 biofilm-active AMPs and 88 
QSPs (Ong et al. 2013). The positive and negative datasets consisted of 90 AMPs 
and 220 unique QSPs found to be active against bacterial biofilms. For an indepen-
dent validation dataset, the best model produced an overall accuracy of 95.24%.

The majorities of selected ABPs were ≤18 residues in length with an improved 
antibiofilm activity, stability, and reduced toxicity (Keller and Surette 2006; Wang 
et al. 2011a). Majority of selected QSPs were longer pre-proteins possibly due to 
the high bioenergetic expense involved (Donaldson 2013). This study attempted to 
identify possible drug candidates for antibiofilm therapy for which machine learn-
ing predictions were applied on FDA-approved peptide drugs and AMPs. Twenty-
nine FDA-approved peptide drugs were predicted as “biofilm-active.” Moreover, ten 
“biofilm-inactive” peptides were predicted exclusively on amino acid composition 
with SVM and Weka NT5 BPP models. Five out of six models predicted Sinapultide 
(KL4), a 21-residue-long peptide designed to mimic C terminus of human lung 
surfactant protein-B (SP-B) as “biofilm-active.” Eleven out of the 13 PSM peptides 
were predicted as “biofilm-active” by at least 2 and at most 6 models of dPABBs. 
Sinapultide closely resembles phenol-soluble modulins (PSMs) with physicochem-
ical properties (Lebeaux et al. 2014) and was useful in promoting mucus clearance 
and may perhaps also be effective against bacterial biofilms infecting lungs of cystic 
fibrosis (Sasaki et al. 2010). For AMPs, six peptides were predicted as “biofilm-
active” by all the six models consisting of Omiganan and Pexiganan acetate which 
was shown to be effective against catheter infections and bacterial middle ear infec-
tion, where biofilm involvement was reported (Lynn et al. 2004). The SVM whole 
AAC model predicted the antibiofilm activity of six (26 total) peptides, while the 
SVM model positively predicted two peptides. The Weka Whole AAC model cor-
rectly predicted 12 (total 26), while the Weka model based on 8 assumptions pre-
dicted 14 out of the 26 peptides as being biofilm-active. The Weka NT5 model was 
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able to achieve the best performance in terms of percentage of peptides correctly 
predicted. Biofilms are heterogeneous and dynamic structures, so any predictions 
regarding the activity of these peptides should be made in a species-specific manner. 
The dPABBs web server develops a prediction strategy for identification and opti-
mization of unique antibiofilm peptides (De Jesus and Allen 2013).

Bioactive peptides within protein sequences are important targets of therapeutic 
product. Several in silico strategies pertaining to sequence and structure homology 
were used to detect novel bioactive peptides (Lata et al. 2010). Homology-based 
prediction proved to be extremely successful in identifying antimicrobial peptides 
(Thomas et al. 2010). Other machine learning prediction tools based on SVM (Fjell 
et  al. 2007; Wang et  al. 2011b), hidden Markov models (Mooney et  al. 2012), 
sequence alignments, and feature selection (Mooney et al. 2013) were also effec-
tive. Some useful tools like PeptideRanker are general bioactive peptide predictors 
(Pollastri and McLysaght 2005). Recently, a new tool, PeptideLocator, was devel-
oped which combined many classes of bioactive peptides that are functionally dis-
tinct, trained with bidirectional recursive neural networks (BRNN) to predict 
number of structural features of protein (Mooney et al. 2006). BRNN was used to 
learn the mapping between input and output formula. BRNN was also used for pre-
dicting secondary structure (Barrett and Udani 2011) and structural motifs (Qian 
et al. 1995). PeptideLocator can predict the probability score between 0 and 1 of 
certain residue being part of a bioactive peptide. The closer the probability is to 1, 
more confident PeptideLocator is that the residue is part of a bioactive peptide. 
PeptideLocator has been shown to comprise specificity, sensitivity, and accuracy of 
over 80%, showing a strong correlation between predicted and observed classifica-
tions. It uses features like secondary structure, solvent accessibility, and structural 
motifs for identification of bioactive peptide within a protein sequence. Solvent 
accessibility feature was found to contribute most to the accuracy of BRNN, and 
around 90% of bioactive peptide residues were predicted correctly. However, the 
percentage of nonbioactive peptide residues incorrectly predicted as bioactive was 
also found to be high. Further, PeptideLocator was used to predict bioactive pep-
tides in other classes (antifreeze, antimicrobial, cytokines and growth factor, peptide 
hormones, toxins, and venom) where the accuracy was found to be around 86%. 
Authors also employed PeptideLocator with 661 unique protein sequences for 
searching proteins with peptide regions with y residues over a threshold x. Using a 
threshold of 0.8, at least 80% of the residues were predicted over 0.8 threshold, and 
predicted peptides functions range from alpha-amylase inhibitors (Amano et  al. 
1998) and sheep lactoferrin fragment (Thomas et al. 2010) to wheat allergen peptide 
associated with Bakers asthma (Gupta et al. 2016). PeptideLocator was also found 
to correctly predict Pisum sativum bioactive peptide from defensin-like protein 
which was experimentally validated from CAMP database (Pérez-Pérez et al. 2017). 
PeptideLocator can, thus, accurately identify peptide regions in protein sequences if 
they are bioactive and can be effectively used in conjunction with other tools.

A protein-binding microarrays and a two-layered bioinformatics approach to 
show that LuxR binds a 21-bp consensus operator with dyad symmetry were also 
used. In vitro and in vivo analyses of two promoters directly regulated by LuxR 
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allowed identifying those bases that are critical for LuxR binding. Together, the in 
silico and biochemical results enabled to scan the genome and identify novel targets 
of LuxR in V. harveyi and thus expand the understanding of QS regulon (Hwang 
et al. 2016). Some groups constructed a collection of screening systems, QS inhibi-
tor (QSI) selectors, which enables to identify a number of novel QSIs among natural 
and synthetic compound libraries. The two most active were garlic extract and 
4-nitro-pyridine-N-oxide (4-NPO). GeneChip-based transcriptome analysis 
revealed that garlic extract and 4-NPO had specificity for QS-controlled virulence 
genes in P. aeruginosa. These two QSIs also significantly reduced P. aeruginosa 
biofilm tolerance to tobramycin treatment as well as virulence in a C. elegans patho-
genesis model (Pérez-Pérez et al. 2014).

Novel molecular tools were constructed, which allow for in situ detection of 
N-acyl homoserine lactone (AHL)-mediated QS in P. aeruginosa biofilms. The 
reporter responds to AHL activation of LasR by expression of an unstable version 
of green-fluorescent protein (Gfp). Gfp-based reporter technology was applied for 
nondestructive, single-cell-level detection of QS in laboratory-based P. aeruginosa 
biofilms (Engebrecht and Silverman 1987). Structure-based virtual screening was 
also used in a search for putative QS inhibitors from a database comprising approved 
drugs and natural compounds. The database was built from compounds which 
showed structural similarities to previously report QS inhibitors, the ligand of P. 
aeruginosa QS receptor LasR, and a QS receptor agonist. Six top-ranking com-
pounds, all recognized drugs, were identified and tested for quorum-sensing-
inhibitory activity (Mihăṣan 2010a).

Some groups evaluated SVM and random forest (RF) to extract sequence-based 
features and to identify unique sequence motifs (Mohammed Zaghlool Saeed 
Al-Khayyat and Ammar Ghanem Ameen Al-Dabbagh 2016b). The sequence-based 
features were used to construct SVM prediction models with sequence motifs infor-
mation and hybrid models. This technique is robust, cost-effective, and efficient to 
identify biofilm inhibiting peptides (BIPs). A tenfold cross-validation and perfor-
mance evaluation was performed with validation dataset for predicting BIPs. 
Distribution of amino acids in BIPs and non-BIPs was done by amino acid compo-
sitional analysis. BIPs were found to enclose more of positively charged amino 
acids and aromatic amino acids, whereas non-BIPs were rich in negatively charged 
amino acids. A dipeptide bias analysis found 183 (total of 400) dipeptides differen-
tially present in BIPs and non-BIPs. Most abundant dipeptides in BIPs were posi-
tively charged, while non-BIPs were negatively charged. Both compositional and 
dipeptide analysis gave similar results. Most of the positive hydrophobic motifs 
were found to be most abundant in BIPs. These different amino acid sequence-
based features were used for classification of peptides into BIPs or non-BIPs using 
SVM and RF. A web server was designed for peptide prediction which can take 
multiple peptide sequences, and SVM model can predict if the query peptide pos-
sessed any biofilm inhibitory activity. The results are reported in tabular format with 
prediction scores. A module named protein scan can pass multiple peptides through 
the prediction pipeline to predict peptides that can potentially inhibit biofilm forma-
tion and do a virtual screening to provide results in the tabular format. Other 
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modules, peptide mapping can experimentally validate biofilm inhibitory peptides 
on the query sequence, while the similarity search module can perform smith-
waterman homology search of query sequence against experimentally validated 
BIPs. The SVM-based models were shown to display good performance compared 
to RF-based models, such technique of utilizing sequence data for predicting bio-
film inhibiting peptides is very effective (Gasteiger et al. 2005).

Investigation of mode of action and classification of antibiotic agents (ceftazi-
dime, patulin, and epigallocatechin gallate; EGCG) on P. aeruginosa biofilm using 
Raman spectroscopy with multivariate analysis, including support vector machine 
(SVM) and principal component analysis (PCA), were implemented. This method 
allows for quantitative, label-free, noninvasive, and rapid monitoring of biochemi-
cal changes in intricate biofilm matrices with high sensitivity and specificity (Cheng 
et al. 2005). Bacterial foraging algorithm mimicking bacterial behavior was intro-
duced by Passino. However, his work did not implement an important bacterial 
behavior regulating division so-called dasiaquorum-sensingpsila. The QS is a 
chemical communication including producing, releasing, detecting, and responding 
to small hormone-like molecules termed AIs. Some groups proposed an optimiza-
tion algorithm based on the bacterial QS (Kabsch and Sander 1983).

6.1.3.2	 �Network Analysis and Visualization
Various techniques were used for network analysis and visualization of QS data in 
different organisms. A network of potential anti-quorum-sensing agents for P. aeru-
ginosa was created with information from biomedical ontologies and curated data-
bases (Pompeani et  al. 2008). A bioinformatics framework with 110 scientific 
articles and corresponding 1004 annotations were included in this network. 
Computational workflows to create comprehensive knowledge map can retrieve and 
integrate information and can uncover links and lead to new insights into QS-centric 
therapeutics. Some groups previously applied network approaches to study antibi-
otic resistance in P. aeruginosa, while others researchers attempted to extract infor-
mation types and apply it to the retrieval and curation of research articles in P. 
aeruginosa QS (Rasmussen et al. 2005). The regulatory networks for QS system 
can be represented as key genes and their immediate neighbors. The QS in P. aeru-
ginosa regulates in hierarchical manner, LasI/LasR system regulates RhlI/RhlR and 
PqsABCDE/PqsR systems, while AmbBCDE/IqsR system regulates PqsABCDE/
PqsR (Pompeani et al. 2008).

A manual curation to do a comprehensive annotation of interactions between QS 
and agent entities and to comprehend inhibitory and noninhibitory interactions was 
studied (Hentzer et  al. 2002). Visualization of agent-QS interactions can be per-
formed on publicly accessible server http://pcquorum.org. Subnetworks can be ana-
lyzed through heat maps with access to interaction type, organism, strain, mode of 
growth, method, and PubMed reference. Details such as synonyms of antimicrobial 
agents, genes, proteins, and links to major biological databases such as CHEBI, 
PubChem, CHEMBL, and Uniprot are provided. These authors constructed a net-
work with 1004 annotated agent–QS interactions categorized into antibiotics, anti-
fungals, AMP, disinfectants, and natural and synthetic products. Targets are 
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categorized as genes, proteins, virulence factors, and virulence mechanisms. QS 
interactions related to biofilms and key virulence mechanism were also studied with 
the corresponding regulatory subnetworks. QS targets can be efficiently studied 
using network topological and related parametric measures as exemplified in 
unearthing the potential ones for multidrug-resistant P. mirabilis (Pawar et al. 2018).

6.1.3.3	 �Prediction and Docking Techniques for Studying QS 
Structures

In V. fischeri, LuxI is an important component of QS-signaling pathway (Pawar 
et al. 2018). Homology modeling is a good way of predicting docking sites and a 
three-dimensional structure of LuxI and other QS components (Mihăṣan 2010b). 
The automated docking program DOCK 5.3.0 is also applied for screening of 
quorum-sensing inhibitors (QSIs) of P. aeruginosa from a database containing 51 
active components of Traditional Chinese Medicines with antibacterial activity. 
Five potential QSIs were revealed by the computer-based virtual screening (Mihăṣan 
2010b). Homology modeling is a method of structure prediction based on amino 
acid sequence similarity to closely related known structures (Mihăṣan 2010b). 
Several groups attempted to utilize such techniques of homology modeling using 
Phyre2 and GalaxyWEB server (Kelley and Sternberg 2009). Evaluation is usually 
done by ERRAT, ANOLEA, QMEAN6, and Procheck scores (Kelley and Sternberg 
2009). Models generated by this technique produced QMEAN6 score of 0.732, 
ERRAT score of 98.9%, and a better ANOLEA scores (Kelley and Sternberg 2009). 
ProtParam tool of ExPASy server characterizes physiochemical properties (molecu-
lar weight, amino acid composition, theoretical isoelectric point, extinction coeffi-
cient, and instability index) of LuxI (Al-Khayyat and Al-Dabbagh 2016). SSpro8 of 
SCRATCH was used to predict secondary and disordered regions, and structures are 
determined using Kabsch and Sanders method (Magnan and Baldi 2014). Effective 
motif identification can be done with Pfam and Prosite databases (Hwang et  al. 
2016). Homology modeling, refinement, and evaluation of 3D structure can be done 
by PHYRE2 (Kelley and Sternberg 2009). PROSA web tool can determine Z score, 
which measures deviation of total energy of structure found in native proteins 
(Wiederstein and Sippl 2007). Docking of compounds can be performed using CLC 
Drug Discovery workbench 2.0. The Z-scores of all the models generated are found 
to be similar to the normal values commonly found in native structures (Benkert 
et al. 2009). Alternate models can also be generated by a scoring function (Benkert 
et al. 2009). QMEAN6 scoring function uses two distance-dependent interaction 
potentials, a torsion angle potential, a solvation potential, the agreement of the pre-
dicted and the calculated secondary structures, and solvent accessibility prediction 
(Benkert et al. 2009). This study shows how certain sites of action can be exploited 
in ligand design to inhibit QS with homologous systems (Benkert et al. 2009).

Some groups presented a qualitative model of P. aeruginosa QS network, includ-
ing interactions between Las and Rhl modules, the signaling molecule PQS, and the 
regulatory proteins Mvfr and VfR. Simulations exemplify the model to reproduce 
natural network behavior and suggest QS responses to pharmacological interference 
(Alessandro and Martin 2008). The origin of anti-quorum-sensing (QS) activities 
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for several members of a recently synthesized and in vitro tested class of lactone and 
thiolactone-based inhibitors is also computationally investigated. Docking and 
molecular dynamic (MD) simulations and binding free energy calculations were 
carried out to reveal the exact binding and inhibitory profiles of these compounds 
(Marawan et al. 2013).

6.1.3.4	 �Ultrahigh-Throughput Screening
Ultrahigh-throughput screening approaches were utilized for screening around 
200,000 compounds for inhibitors of LasR-dependent gene expression (Ute et  al. 
2006b). Using such techniques, two compounds (tetrazole and V-06-018) with 50% 
inhibitory concentration (IC50) of 30 nM and 10 μM were identified. Both these 
inhibitors were identified as general inhibitors of QS and inhibited production of two 
QS-dependent virulence factors, elastase and pyocyanin. Application of machine 
learning algorithms also led to the development of quantitative activity–composition 
relationships classification models that allowed to direct point out those essential oil 
chemical components more involved in the inhibition of biofilm production. The 
action of selected essential oils on sessile phenotype makes them particularly inter-
esting for possible applications such as prevention of bacterial contamination in the 
community and in healthcare environments in order to prevent human infections (Ute 
et al. 2006b). Phylogenetic overlaps between aromatics-degrading bacteria and acyl-
homoserine-lactone (AHL) or AI-based QS bacteria are evident in literatures; how-
ever, the diversity of bacteria with both activities had never been thinly described. In 
silico searching in NCBI genome database revealed that more than 11% of investi-
gated population harbored both aromatic ring-hydroxylating-dioxygenase (RHD) 
gene and AHL/AI-synthetase gene (Huang et al. 2013).

Some approaches to identify QS inhibitors use chemical synthesis of compounds 
modeled on the natural acyl-HSL signals, characterization of natural products, and 
screening for naturally occurring enzymes such as lactonases and acylases (Ute 
et al. 2006b). Screening a large library of synthetic molecules using nanowell tech-
nology is a newer approach for targeting QS inhibitors (Ute et al. 2006b). In this 
experiment, authors screened for inhibitors of P. aeruginosa by growing in the pres-
ence of 3OC12-HSL as any compound/inhibitor interfering with acyl-HSL recep-
tion would reduce the fluorescence. This method is capable of screening only strong 
inhibitors with lower endogenous signal of about 30-fold. A limited number (20) of 
compounds were identified, which may be because of substantial permeability bar-
rier of small molecules. Based on potency and chemical stability, two QS inhibitors, 
V-06-018 and PD12, were selected. Both inhibitors resembled native P. aeruginosa 
LasI-generated signaling molecule. A transcriptome profiling showed that these 
inhibitors of rsaL-yfp expression served as general QS inhibitors. Gene expression 
profiles of cells grown without added signal or inhibitor and cells grown in the pres-
ence of 0.3 μM 3OC12-HSL were studied (Ute et al. 2006b). Further, influence of 
inhibitors on QS gene expression in the wild-type P. aeruginosa strain revealed 
expression of more quorum-controlled genes. Out of 293 induced genes, V-06-018 
inhibited expression of 129, while PD12 inhibited expression of 7 indicating that 
V-06-018 functioned as a better inhibitor of QS than did PD12. This is a stringent 
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screen where the inhibitor should enter cells and interfere with 3OC12-HSL recep-
tion. The results of this screening technique can be compared with other natural 
product screening techniques identifying other novel inhibitors (furanone inhibitor 
and 4-nitro-pyridine-N-oxide) (Ute et al. 2006b). The inhibitors selected from this 
technique also inhibited virulence factors in a wild-type strain, which is more strin-
gent evaluation of inhibitor efficacy. Such screening techniques present promising 
scaffolds for developing additional compounds for inhibiting QS.

6.2	 �Conclusion

QS controls expression of more than 300 genes important for virulence and normal 
biofilm development. Bioinformatic techniques were applied in form of prediction 
with docking and ultra-high-throughput screening for studying QS structures. 
Machine learning approaches like SVM and RF to extract sequence-based features 
and to identify unique sequence motifs were utilized extensively. SVM can extract 
physicochemical indices where QSPs were seen to prefer secondary structure con-
formations. Machine learning tools can also be used to build SVM and Weka-based 
models. Other machine learning prediction tools based on hidden Markov models, 
sequence alignments, and feature selection were also effective. Further, homology 
modeling was an effective way of predicting docking sites and three-dimensional 
structure of LuxI and other QS components. Some novel in silico approaches for 
predicting and designing antibiofilm peptides brought new insights into targeting 
QS. Furthermore, newer ultrahigh-throughput screening techniques also unveil inter-
esting approaches in targeting QS in P. aeruginosa. All these existing and newer in 
silico approaches are promising ways in targeting QS in different bacterial species.
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Abstract
Quorum sensing (QS) is a coordination of a group of organisms to exhibit a spe-
cific action. It is an acquired social behavior presented to perform either symbiotic 
or pathogenic activity; however, most of the cases in the absence of QS, the deci-
sion to execute certain actions has not been performed. Therefore, QS is also 
termed as “collective decisions”; it is induced and executed by signaling molecules 
when the signaling molecule crosses a certain threshold. QS phenomenon is shown 
by many bacteria and fungi and yeast; recently, viruses also have shown to com-
municate via QS. In modern research era, study of QS is of most interest for the 
majority of human healthcare as well as animal health reasons. In general, a key 
approach perceived is inhibition of QS in case of infections or biofilm formation. 
Inhibition of QS can reduce the initiation of disease and its severity. Hence, inhibi-
tion of QS is of significant interest in human and animal healthcare for developing 
diagnostic and therapeutic tool. Inhibition of QS is an emerging tool to perform the 
antimicrobial activity by using targeting agents at either three different levels: pro-
duction, spread, or acceptance of the signal. The current review primarily empha-
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sizes diverse mechanisms of QS, its inhibition, recent challenges and advances in 
the field, and its clinical implications in human and animal healthcare.

Keywords
Quorum sensing · Inhibitors of quorum sensing · Antibacterial · Veterinary 
pathogens

7.1	 �Introduction

Quorum sensing (QS) is a coordination of a group of organisms to exhibit a specific 
action (Fuqua et al. 1994). Mechanically, QS is a regulated gene expression by a group 
of organisms in response to sensing population density. Gene expression is generally 
dependent on signaling molecule concentration present in the surrounding environ-
ment. QS is an acquired social behavior presented to perform a specific group activity 
like bioluminescence, biofilm formation, and virulence factor expression. However, 
most of the cases in the absence of quorum sensing, the decision to execute certain 
actions has not been performed (Boyen et al. 2009). Therefore, QS is also termed as 
“collective decisions”; it is induced and executed by signaling molecules also known 
as autoinducers. QS phenomenon is shown by many bacteria and fungi and yeast; 
recently, viruses also have shown to carry out communication via quorum sensing 
(Sprague and Winans 2006; Albuquerque and Casadevall 2012; Erez et al. 2017).

Initially, QS was observed in two marine species V. fischeri and V. harveyi by 
Hastings and Nealson that at a high density of cells, the induction of luciferase 
enzyme is dependent on the presence of autoinducer (Nealson and Hastings 
1979). Communication systems analogous with other organisms were also observed 
in production of a competence inducing heat-resistant molecule in S. faecalis 
required for conjugation (Dunny et al. 1978) and in M. xanthus for development of 
fruiting body (Dworkin and Kaiser 1985). Recently QS, in particular, is of interest 
because a number of virulent genes are under regulation of QS cascade like cholera 
caused by V. cholerae (Miller et al. 2002), periodontitis caused by A. actinomycetem-
comitans (Fong et al. 2001), banana black rot caused by X. campestris (Barber et al. 
1997), and pneumonia caused by K. pneumonia (Russo et al. 2011). However, the 
clinical significance of bacterial biofilm in diseases was first established in device-
related infections (Donlan and Costerton, 2002; Hall-Stoodley and Stoodley 2009). 
Biofilms share several common features: (i) cells are held together by exopolysac-
charides (EPS), (ii) biofilms respond to extracellular signals, (iii) biofilms guard the 
pathogenic microbes from a wide assortment of environmental stresses, viz., preda-
tors, immune system, and antibiotics (Lemon et  al., 2008). Bearing in mind the 
widespread participation of biofilms in infections and diseases in human, biofilms 
are likely responsible for various infections in veterinary medicine (Clutterbuck 
et  al. 2007). Here, we emphasize the recent understanding on bacterial biofilms, 
from human and veterinary subjects. This review is deliberated to cover the topics on 
biofilm formation and strategies for QS inhibition in animal pathogens and to aug-
ment consciousness about the potential impact of biofilms on the treatment options.
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7.2	 �Mechanism of Quorum Sensing

QS is carried out with the diffusible signal molecule which subsequently activates 
downstream signaling for initiation of gene expression for collective decision. In 
general, there are three classes of QS. Gram-negative bacteria use acyl homoserine 
lactone (AHL), while gram-positive bacteria use small peptide molecule as a signal-
ing molecule. AI-2 (LuxS-encoded autoinducer) is common in both gram-positive 
and gram-negative bacteria.

7.3	 �QS in Gram-Negative Bacteria

Up to present, more than 25 gram-negative bacteria species have been identified to 
communicate via QS. Generally, QS in gram-negative bacteria differs from gram-
positive bacteria by two ways, (a) type of QS signaling molecule (also called as 
autoinducer molecule) and (b) recognition system used by two groups which are 
different from each other. In gram-negative organisms, QS system is very basic 
and simple; it consists of signaling molecule and its receptor; at a minimum, it has 
basic homologs of V. fischeri QS system known as LuxL and LuxR (Miller et al 
2001). LuxL gene produces autoinducer molecules in these organisms which are 
usually N-acetyl-homoserine lactones (AHLS); these are made up of homoserine 
lactone ring attached to acyl chain of varying length of about 4–18 carbons and 
variation in saturation of carbon chain (LaSarre and Federle 2013). While LuxR 
family proteins are a receptor for AHLs, this interaction followed by a regulated 
response to DNA binding regulates target genes response. In addition to that, 
the AHL concentration is determined by diffusion extra- and intracellularly once it 
crosses the critical threshold signaling response is operated (Fig.  7.1) (Tay and 
Yew 2013).

Gram negative Gram positive

P

P

AI synthase

LuxR

AHLs
Response regulator

Autoinducer proteins (AIP)

AHLs

Pro-AIP

Response kinase

Fig. 7.1  General mechanism of QS in gram-negative and gram-positive organisms
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7.4	 �QS in Gram-Positive Bacteria

Density-dependent regulation of certain responses and cell-to-cell communication 
are also established in gram-positive organisms. They instead of AHLs use secretary 
peptides as autoinducers. Precursor peptide chain is cleaved to produce a signal, and 
it is transported extracellularly via ABC transporters (LaSarre and Federle 2013). 
Peptides before extracellular transfer undergo different posttranslational processing 
or cyclization. Usually, detection of this peptide occurs by the extracellular receptor, 
histidine kinase, which autophosphorylates and transfers phosphate to response 
regulator molecule, which possesses DNA-binding capacity upon phosphorylation 
and finally regulates the response (Fig. 7.1).

7.5	 �QS in Both Gram-Positive and Gram-Negative Bacteria

Autoinducer-1 is another QS signal produced by many gram-positive and gram-
negative species. Chemically, it is furanosyl borate diester part of the two-component 
system. It is produced by luxP and recognized by a protein having regulatory activ-
ity, LuxQ, while signal transduction is carried out by sensor kinase (LaSarre and 
Federle 2013). Strikingly, this QS system is common for luciferase operon expres-
sion observed in V. harveyi and S. enterica. The autoinducer AI-2 could serve as a 
“universal signal” for interspecies communication (Xavier and Bassler 2003).

7.6	 �Implications of QS in Human and Veterinary Pathogens

P. aeruginosa, A. baumannii, and K. pneumonia and Enterobacter spp. are well-
known highly pathogenic bacteria and are the leading cause of several human noso-
comial, urinary tract, respiratory tract, blood, and burn or wound infections (Lister 
et al. 2009). In Enterobacter spp., E. coli is a normal flora of GI tract where some-
times it acts as opportunistic pathogen also known for respiratory and urinary tract 
infection. Enterobacter spp. possess multiple mechanisms of QS, commonly used 
AHLs based in E. coli (Pinto et al. 2007; dos Reis Ponce et al. 2012), GS1-S-SdiA 
in E. cloacae (Shankar et al. 2013), and EAL-(SdiA-AL2) interaction, AI3. This 
biofilm-forming Enterobacter spp. always follows some communication or interac-
tion among them (dos Reis Ponce et al. 2012) with P. aeruginosa. Moreover, viru-
lent bacteria K. pneumonia enhances its virulence properties via AI-2, AHL, and 
siderophore-related QS molecule production and successfully mounts the virulence 
and pathogenesis (Zhu et al. 2011; Russo et al. 2011). S. aureus, S. pneumonia, P. 
pseudintermedius, and Salmonella are the highly pathogenic and virulent strains in 
veterinary therapeutics and cause various infections in rabbits, cows, dogs, cats, etc. 
S. aureus in rabbit is responsible for skin infection, mastitis, and internal abscessa-
tion (Vancraeynest et al. 2006), while in bovine, it causes skin and mammary gland 
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infection (Buzzola et al. 2007). P. pseudintermedius causes mastitis, otitis, dermati-
tis, and hemorrhagic pneumonia, while Salmonella mostly causes gastrointestinal 
complications. Accessory control regulator has highly studied QS among gram-
positive organisms (Novick 2003), and it is a regulator of many virulent genes, such 
as hemolysins, enterotoxins, different proteins, and toxins. Strikingly, Pseudomonas 
sp.  regulates its virulence factor by Las and Rh1QS mechanism (Girard and 
Bloemberg 2008). However, Salmonella QS system is composed of LuxR homolog 
and SdiA (Walters and Sperandio 2006).

Antibiotic resistance (AR) is a devastating problem if we take a closer look at the 
response of virulent organisms to existing antibiotics; the rate at which these 
microbes are developing resistant is quite alarming (Dellit et al. 2007). It is perti-
nent that the selection pressures induced due to the incorporation of drugs into the 
environment while targeting, these drugs are deemed as vital targets to bacterial 
metabolism. AR genes can spread rapidly to biofilms, may perhaps endure longer in 
the biofilms, and act as reservoirs for AR genes. Consequently, the exploitation of 
antibiotics to treat biofilm-associated bacterial infections are expected to hasten the 
expansion and spread of AR in bacteria (Ceri et al. 2010). This practice has lost 
effectively of many potential drugs; however, total numbers of available drugs for 
the treatment of such pathogenic organisms are limited now (Fernandes 2006; Dellit 
et al. 2007). However, the field of therapeutics is a burning need for designing novel 
antibacterial therapies with the aim to impair bacterial pathogenesis while prevent-
ing the generation of new drug-resistant strains. QS inhibition-based approach can 
be one of such antivirulence or antipathogenesis approach rather than providing 
bactericidal effects. The current review  article, however, summarizes the  current 
knowledge about the development of new strategies and anti-quorum sensing 
approaches for the treatment of human and veterinary diseases.

QS systems are conscientious for the expression of many bacterial virulence 
factors; hence, disruption or blocking of density-dependent communication 
between virulent pathogens is an effective way to interrupt cooperatively. 
Knowledge earned from last 45  years about the social behavior of pathogenic 
organisms during induction and progression of the disease is used to inhibit QS at 
different levels (LaSarre and Federle 2013). Additionally, QS inhibition unlikely 
affects the crucial processes of bacterial growth. Hence, disruption of QS, there-
fore, does not exert antibiotic-associated selection pressure (Rasko and Sperandio 
2010). If QS is an essential task in bacterial life cycle, then there may be possibili-
ties of development of anti-QS drug-resistant strains, keeping mind this could help 
us for promoting long-term efficacy of anti-QS drugs (LaSarre and Federle 2013). 
It is noteworthy that for some organisms, living in mixed consortia would provide 
protection; if these efforts are blocked, theoretically bacteria would be unable to 
mount an attack; on the other hand, bacteria become susceptible for any given anti-
biotic range. Hence, the study of QS in pathogenic organisms and the discovery of 
new anti-QS drugs will undeniably enhance the availability of drugs useful for 
human and veterinary treatment.
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7.7	 �QS Inhibition in In Vitro

Ideally, QS inhibitor should be small in size, chemically stable, narrow range of 
action, and nontoxic to eukaryotes. There are several strategies to prevent and 
inhibit biofilm formation. These strategies include the prevention of microbial 
attachment, prevention of microbial growth, disruption of cell-to-cell communica-
tion, inhibition of matrix synthesis, and disintegration of the biofilm matrix 
(Anderson and O’Toole 2008).

	(a)	 Inhibition of QS Inducer Production

Quite a few studies have been performed yet; therefore, the field is open for 
exploration. Naturally occurring quorum sensing inhibitor (QSI) is in large number 
but due to low amount availability and associated toxic effects made us to search 
chemically synthesized QSI.  QS signal analogs like 3-oxy-acyl carrier protein, 
butyryl-S-adenosylmethionine, L/D-S-adenosylhomocysteine, and sinefungin have 
the ability to block AHL synthase production. But in vivo studies have not been 
performed as they also affect amino acid and fatty acid biosynthesis. A molecule 
targeting AHL synthase has been recently studied by Chung et al. (2011).

Another potential target is Methylthioadenosine/s-adenosylhomocysteine nucle-
osidase enzyme (MTAN). This enzyme is conserved in bacterial species only and 
involved in the biosynthesis of AI-1 and AI-2. Analog of MTA could be used with-
out affecting eukaryotic cellular metabolism. Furthermore plethora of  studies 
have reported the ability of sulfur-free and sulfur-containing transition state analogs 
as potent inhibitors for E. coli MTAN and can be further studied for drug design to 
arise effective analogs (Scutera et al. 2014). Anthranilate is a precursor molecule for 
pseudomonas QS signal known as pseudomonas quinolone signal (PQS). Calfee 
et al. (2001) studied methyl anthranilate effectively which inhibits the production of 
PQS. However, P. aeruginosa PQS can activate the genes for both LasB elastase 
(lasB) and the C4-HSLsynthase (rhlI) in P. aeruginosa. This signal was also shown 
to be part of the quorum-sensing hierarchy in P. aeruginosa. N-(3-oxododecanoyl)-
L-homoserine lactone and N-butyryl-L-homoserine lactone acts as intercellular sig-
nals. These two signaling systems can be effectively regulated by decreasing 
transcriptional activation of las and pqs genes (Zhou et al. 2013); together, these 
therapies may provide a new remedy for many Pseudomonas infections.

	1.	 Targeting QS Signaling Molecule

Decreasing concentration of QS signaling molecule will automatically shut 
down QS and connected expression of virulent genes thereby pathogenesis. As QS 
signal is secreted out of the cells, they are very easy to target. Inactivation of the 
signal is achieved by various methods. Commonly, enzymatic degradation or 
antibody-mediated depletion is popular and easy for study.
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	(a)	 Enzymes

Broadly QSI enzymes are categorized into two types: oxidoreductases which 
reduce carbonyl to a hydroxyl group and AL-lactonase, AHL acylase, and paraox-
onase which cleave the AHLs. Till date, three oxidoreductases have been identified. 
CYP102A1 from Bacillus megaterium can oxidize both acyl homoserine lactone 
and acyl homoserine. W2 from Rhodococcus erythropolis is the enzyme having a 
dual activity of oxidoreduction along with amylase activity (Uroz et  al. 2005; 
Chowdhary et al. 2007). Recently identified BpiB09 through metagenomics screen-
ing can inactivate 3-oxo-c12-homoserine lactone (Bijtenhoorn et  al. 2011). 
Practically, 20 AHL lactonases are known and can be used for disruption of QS 
signaling molecule. A good example is PvdQ enzyme belonging to nucleotide 
hydrolase super family. This enzyme produced by P. aeruginosa PA01 strain 
explains it might be a strategy to inhibit its own QS. Overexpression studies showed 
inhibitory activity (Papaioannou et  al. 2009) and successive production of stable 
powder formulation which is further used in treatment purpose (Yang et al. 2005).

	(b)	 Antibodies

QS signaling molecules are relatively smaller in size; therefore, eukaryote is 
unable to mount an antibody response; in return, these molecules can elicit apopto-
sis and modulation of NF-kB activity. In an earlier work on an antibody generation 
against synthetic 3-oxo-AHL, RS2 was found effective on long side chain AHL but 
not on short chain AHLs. Vaccination strategy for AHL-carrier conjugate in mice 
model for lung infection showed a positive result with increased progression of 
disease (Miyairi et  al. 2006). Subsequently, the study by Park et  al. highlighted 
generation of the immune response against a lethal challenge of S. aureus with the 
usage of a monoclonal antibody against (AIP)-4. This encouraged the descending 
investigators to generate the monoclonal antibody. Palliyil et al. generated a mono-
clonal antibody against P. aeruginosa by phage display library construct preparation 
and screened with 1000 times more affinity (Palliyil et al. 2014).

	2.	 Targeting Signal Detection/Receptor

Targeting signal detection/receptor is done via either of two methods.

	(a)	 Natural Analogs

Natural compounds are very complex in nature with differential actions, which 
sometimes is difficult to design in the lab. The only difficulty with natural com-
pounds is to get in bulk (LaSarre and Federle 2013). In gram-negative organisms, 
widely used reporter strain for measuring inhibitory activity is C. violaceum and V. 
fischeri (Rasmussen et al. 2005; McClean et al. 1997).
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	(b)	 Furanones

Brominated furanones were the first recognized small natural molecules as quo-
rum sensing inhibitors (QSI); other forms include halogenated and chlorinated fura-
nones, with the only concern being toxicity to the hosts. They have been mainly 
isolated from diverse sources including plants, marine samples, algae, fungi, bacte-
ria, etc. proven to have inhibitory activity against gram-negative and gram-positive 
organisms. The following furanone molecules, C-56 (Rasch et al. 2004; Wu et al. 
2004), C-30 (Hentzer et al. (2002); DC-917 inhibits growth of mouse lung carci-
noma), C-2 (Ren et al. 2004) are extensively studied in pathogenic organisms, viz., 
P. aeruginosa, V. harveyi, and V. campbellii. In vivo studies in a mouse model 
showed no any toxic effects; but still, these compounds need to undergo clinical 
trials.

	(c)	 Compounds Other Than Furanones

Due to the aquatic environment, these compounds generally occur in low con-
centration from sponges, microalgae, coral-associated bacteria, and cyanobacteria 
(LaSarre and Federle 2013). They can act on AHL as well as on AL2-based organ-
isms. V. harveyi, C. violaceum, and E. coli QS can effectively inhibit without ham-
pering growth (Skindersoe et al. 2008; Teasdale et al. 2009; Dobretsov et al. 2010). 
Surprisingly, these compounds also have shown to inhibit the inflammatory 
responses of macrophages via inhibiting NF-kB signaling. Halogenated derivatives 
showed potent activity than original compound (Kravchenko et al. 2008) (Table 7.1).

	(d)	 Peptide-Based Inhibitors

These compounds are produced by a diverse range of microorganisms including 
Actinomycetes. Siamycin, diketopiperazines, cyclo[L-Tyr-(L or D)-Pro], and 
cyclo(L-Phe-L-Pro) are the cyclic peptides identified to have anti-QS activity; they 
have been tested for inhibition of gelatinase, secretary protease, and arginase pro-
duction from E. faecalis and arginase-producing organisms. These natural com-
pounds need to be isolated and studied for the mechanism of action; it may open 

Table 7.1  Synthetic QS inhibitor compounds and their targets

Category Synthetic inhibitor Target(s)
Synthase inhibitors Compound 10 LuxS

pCIPhT–DADMe–ImmA MTAN
JA-C8 TofI (LuxI family, B. glumae)

Receptor inhibitors trAIP-II AgrC
CTL, CL CviR
Compounds 19 and 20 PqsR
Itc-11, -12 LasR
TP-5 LasR
4606-423 LuxN, CviR
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new avenues for the study of QS inhibition and its use as a diagnostic tool for human 
and animal diseases. Recently, one group has tested the anti-QS effectiveness of 
essential oils and a combination of it. Results showed appreciable anti-QS and bio-
surfactant activity; therefore, employing such compounds is practical in biofilm-
forming pathogens as well (Mukherji and Prabhune 2014). Use of these quenching 
agents is done successfully in controlling some diseases. Harmful fish pathogen A. 
hydrophila infection is reduced upon carp feeding on AiiA or recombinant Bacillus 
which can able to produce AiiA (Chen et al. 2010). But still, for approved medicinal 
use, anti-QS medicines need to undergo extensive clinical trials.

	(e)	 Fatty Acid-Based Inhibitors

Numerous examples of fatty acid-based QS inhibitors capable of meddling with 
biofilm formation have been reported in recent times. Davies and Marques (2009) 
depicted a small messenger fatty acid molecule produced by P. aeruginosa, cis-2-
decenoic acid, competent of inhibiting biofilm development. One of the marine 
natural product derivative bromoageliferin also named TAGE (transbromoageliferin 
analog) depicted antibiofilm activity against P. aeruginosa (Huigens et  al. 2008; 
Truchado et al. 2009) evidenced that chestnut honey and its aqueous extract were 
evidenced as QS inhibitors. These two compounds also appreciably reduced the 
biofilm formation in Y. enterocolitica and A. hydrophila. The cathelicidin LL-37 
was revealed to hinder F. novicida biofilm formation at subinhibitory concentrations 
(Amer et al. 2010).

	(f)	 Synthetic Compounds

Approach to synthetic compounds is a best-studied strategy for inhibiting the QS 
signals perceived by the bacteria. The synthetic analogs and antagonists act by 
blocking or destructing the receptor–ligands interaction and downstream signaling. 
Computer-aided drug designing screening of small molecules also increased the 
range of QS systems agonists and antagonist which destructs the QS signaling. 
Agonists and antagonists of AHL receptors, AL-2 antagonists, and peptide analogs 
are currently in use. Synthetic AHL analogs are synthesized from natural AHL mol-
ecules by modifying the length, saturations, and oxidation states of natural AHL 
compounds. Among different types of QS molecules, AHL receptors like Lux-R, 
LasR, and TraR interactions are most studied with synthetic analogs (LaSarre and 
Federle 2013) (Table 7.1).

7.8	 �Future Perspectives and Conclusions

Research on biofilms is therefore an area of extreme curiosity (Haussler and Parsek 
2010) and thus gained appreciation in animal and public health. Researchers now 
have access to a wide battery of techniques together with 3D imaging, advanced 
fluorescent stains, confocal laser scanning microscopy (CLSM), and molecular 
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reporter gene technology to research on biofilms. During the recent develop-
ments, next-generation antimicrobial compounds, are of serious concern ought to 
the synergies between antibiotics and molecules (e.g., enzymes, biocides, surfac-
tants, metals, or QS inhibitors) for the treatment of biofilms (Ceri et al. 2010). There 
is an impending prospective for augmented resistance to antibiotics, disinfectants, 
and host immune response. This interferes with the effective treatment of animals 
and human subjects. The persistence of antibiotic resistance genes within biofilms 
is an additional aspect that isn’t a surprise, for the reason that it has a probable 
impact on animal and public health equally. Further research is also obligatory to 
expand successful disinfection protocols to get rid of biofilms from the human and 
veterinary environments, since biofilms can serve as a reservoir for any given infec-
tious agents (Clutterbuck et al. 2007). Ever since the technological advancements 
increased the rate of discovery of new QS signaling organism, molecules, receptors, 
and understanding of mechanism behind it. But the field is still evolving, while the 
targeting QS restricts the virulence properties of pathogenic organisms without 
affecting growth; study of anti-QS strategies is of much interest. Use of many anti-
QS approaches in different gram-negative and gram-positive reporter strains showed 
effective results in in vitro and in few in vitro case studies. The field needs further 
computational studies to develop better compounds and clinical studies for testing 
the effectiveness of anti-QS compounds for disease treatment. In future disease, 
therapy will be common to use anti-QS drugs in combination to microbicidal drugs 
in veterinary and human medicine world.
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Abstract
Antibiotics are integral components of medicine and therapy for majority of dis-
eases. Despite the advancements in medical science, the therapeutic efficiency of 
major antibiotics is gradually decreasing due to increased antibiotic resistance in 
most of the bacterial species. The mechanisms involved in developing antibiotic 
resistance include modification of antibiotic molecules, reducing drug permea-
bility, modification of target binding sites and biofilm formation. Nevertheless, 
reducing drug permeability and formation of biofilm are known to contribute 
antibiotic resistance in Helicobacter pylori. Further significant research is essen-
tial in improving the efficiency of eliminating bacterial infections. Therefore, 
this review contemplates on understanding the mechanisms involved in develop-
ing antibiotic resistance in pathogens and H. pylori.
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8.1	 �Introduction

Antibiotics gradually developed as indispensable components of modern medicine 
and therapy. They are used in majority of medical treatments ranging from surgery 
to cancer therapy. However, the therapeutic efficiency of the widely used antibiotics 
is under constant threat from the evolving antibiotic resistance in bacterial species. 
According to recent statistics claimed by World Health Organisation (WHO), 
antibiotic resistance significantly augmented the mortality rates and it is rated as the 
most potential threat to public health (World Health Organization 2014). Moreover, 
pathogens have evolved intricate resistance mechanisms with time and have 
therefore interfered in the mode of actions thereby rendering them ineffective. 
Therefore, it stands necessary to perceive the changes at the molecular level of 
antibiotics leading to resistance (Figs.  8.1 and 8.2). The different mechanisms 
providing resistance to antibiotics are (a) modification of the antibiotic molecule, 
(b) reduction in drug permeability, (c) modification of target binding sites and (d) 
formation of biofilm. Thus, the current review would provide insights in 
understanding the mechanism of antibiotic resistance in pathogens along with H. 
pylori.

The apparent process concerned with modification of the antibiotic molecules is 
either alteration or destruction. In the first case, structure of the antibiotic molecule 
is modified, whereas in the second case, the antibiotic molecule is destroyed. Few 
examples for resistance acquired via chemical alteration of antibiotic molecules 
include aminoglycoside and chloramphenicol catalysed by the aminoglycoside-
modifying enzymes (AME) and chloramphenicol acetyltransferases (CAT), 
respectively (Munita and Arias 2016). However, antibiotic β-lactam is an example 
for antibiotic molecule which acquires resistance via destruction. The efficiency of 
antibiotic β-lactam is significantly affected with the emergent resistance shown in 
certain bacteria, like Salmonella enterica and S. aureus (Chuma et al. 2013; Bush 
2013). Interestingly, the bacterial species have acquired genes coding enzyme 
β-lactamase which hydrolyses β-lactam ring of penicillins and cephalosporins. The 
enzyme hydrolysis destroys the antibiotic molecules either by using a Ser 
nucleophile, or by activation of water molecule mediated by a Zn2+ centre. Literature 
has reported antibiotic resistance to “cell wall inhibitors (e.g., β-lactams and 
glycopeptide agents), protein synthesis inhibitors (macrolides and tetracyclines), 
nucleic acid synthesis inhibitors (fluoroquinolones and rifampin), inhibitors of 
specific metabolic pathway (trimethoprim-sulfamethoxazole), and bacterial 
membrane structure denaturing agents (polymyxins and daptomycin)” (Tenover 
2006). All these inhibitors tote up to resistance of antibiotics by modifying the 
structure of the antibiotic molecule.

Another important resistance mechanism includes decreasing the permeability to 
antibiotic molecules or the usage of efflux pumps for extruding the antibiotic 
molecules before it reaches target site, thereby mitigating its effect. Nevertheless, a 
rapid decrease in the permeability to antibiotic is possible when there is an alteration 
of porins leading to changes in the permeability of membrane. Resistance has been 
developed for a wide range of antimicrobial agents that include tetracyclines, 
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β-lactams, fluoroquinolones and vancomycin. The decrease in permeability leading 
to antibiotic resistance is studied and documented in Pseudomonas aeruginosa, 
Acinetobacter baumannii, Enterobacter cloacae, Salmonella spp., Neisseria gonor-
rhoeae and Klebsiella pneumonia (Tenover 2006).

The “efflux pumps are present in Gram positive bacteria, Gram negative bacteria 
as well as in eukaryotic organisms. The pumps are equipped to either extrude spe-
cific antibiotic molecules or structurally dissimilar compounds (including antibiot-
ics of different classes) leading to Multiple Drug Resistance (MDR)” (Webber and 
Piddock 2003). The efflux pumps are divided into five major families, namely, 
“major facilitator family (MF), multidrug and toxic efflux family (MATE), resis-
tance-nodulation-division family (RND), small multi drug resistance family (SMS) 
and ATP binding cassette family (ABC)” (Webber and Piddock 2003). All these 
pumps employ proton motive force for extruding the antibiotic molecules, whereas 
the pumps of ABC family use ATP as its energy source for extruding the antibiotic 
molecules (Webber and Piddock 2003). Resistance is developed across-the-board of 
antimicrobial agents like β-lactams (some), chloramphenicol, fluoroquinolones and 
fusidic acid, novobiocin and tetracyclines. In addition, they also exude harmful 
compounds like bile salts, cationic dyes and disinfectants. The important efflux sys-
tems that lead to antibiotic resistance for many clinically important antimicrobial 
agents have been studied and documented in “Campylobacter jejuni, Escherichia 
coli, Pseudomonas aeruginosa, Streptococcus pneumoniae, Salmonella typhimurium 
and Staphylococcus aureus” (Webber and Piddock 2003; Lee et al. 2000). In-depth 
investigation is carried out to study the MDR in P. aeruginosa and H. pylori; vanco-
mycin resistance in S. aureus; and cephalosporins resistance in E. coli.

Other mechanisms by which bacteria develop antibiotic resistance include changes 
in the binding sites of antibiotics. Alterations in the binding sites prevent binding of 
the antibacterial agents and its further effect (Munita and Arias 2016). The probable 
mechanisms responsible for change in the sites are (a) protection of the target site and 
(b) modification of the target site. Pathogens encode molecules or protein which dis-
lodge, release and prevent rebinding of the antibiotic to protect the target and its bind-
ing site. The examples of resistance determinants studied and documented for 
protection of target site are quinolone resistance protein (Qnr), fusidic acid resistance 
proteins (FusB and FusC) and tetracycline resistance determinants Tet(M) and Tet(O). 
Modification of the target site is possible with the following mechanisms: “a) muta-
tions in the genes encoding the target site (e.g. rifampin (RIF) resistance), b) enzy-
matic alterations in the binding site (e.g. addition of methyl groups), and c) replacement 
or bypass of the original target” (Munita and Arias 2016).

Biofilm formation (cell aggregates) is another mechanism by which bacteria 
develop antibiotic resistance. Bacteria in biofilm participate in multicellular life-
style to survive even in unfavourable environmental conditions. The formation and 
maturation of biofilm involves stages which are irreversible and reversible; and are 
preserved amongst species with definite bacterial properties. Stages include bacte-
rial adherence, biofilm maturation and dispersing. Bacterial adherence is influenced 
by motility, chemotaxis, adhesions and adhesive appendages. Biofilm maturation is 
maintained by the products shared; and dispersal is influenced by availability of 
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nutrients and oxygen, stress and toxic products (Sauer et  al. 2004; Karatan and 
Watnick 2009; Hong et al. 2010; Rowe et al. 2010; Challa et al. 2018). Bacteria 
forming biofilm are “always exposed to sub-lethal doses of antibiotics and it was 
also suggested that in soft tissues like intestine, and lungs, bacteria might be exposed 
to sub-minimum inhibitory concentration (MIC) levels influencing the evolution of 
antibiotic resistance” (Cammarota et al. 2010). Bacterial cells in biofilm are less 
sensitive to many antibiotics and may develop antibiotic tolerance without any 
genetic changes (Song et al. 2016). “Biofilms exposed to sub-lethal concentration of 
antibiotics show several phenotypic changes such as biofilm structure, cell mor-
phology, growth rate, induction of extracellular DNA and bacterial membrane vesi-
cles. The inability of antibiotics to penetrate through the biofilm is one of the 
important factors for antibiotic tolerance. The rate of penetration of antibiotics into 
biofilm is dependent on bacterial species in the biofilm and the antibiotic used”. The 
rate of penetration of antibiotics varies with the type of antibiotics used. Addition of 
norspermidine and norspermine improved antibiotic penetration and efficacy 
(Kolodkin-Gal et al. 2012; Siala et al. 2014). Various molecular mechanisms are 
employed by bacteria that lead to development of “biofilm-based antibiotic resis-
tance and tolerance in pathogenic bacteria” (Hall and Mah 2017) (Table 8.1). In 
order to counter the growing bacterial resistance to antibiotics, the intricate mecha-
nisms, which are involved, should be thoroughly studied to develop strategies aimed 
at increasing the efficacy and shelf-life of the antibiotic molecules.

8.2	 �Helicobacter pylori Pathogenesis and Immune Evasion

Helicobacter pylori was found in human adenoid tissue and tonsil, dental plaque, 
oral lesions, saliva and stomach. H. pylori was known for causing gastrointestinal 
disorders like gastritis, ulcers and gastric cancer (Neelapu et  al. 2014; Neelapu 
2018). Sometimes, H. pylori may trigger some diseases like laryngitis and glossitis, 
pharyngitis, otitis and sinusitis (Kurtaran et al. 2008). H. pylori “colonizes the stom-
ach using chemoreceptor TlpB and enzyme urease (Sweeney et al. 2012; Wen et al. 
2003). Toxin VacA, gastrin and cytokines of H. pylori destabilize the barrier of 
gastric mucosa (Neelapu et al. 2014). Later, H. pylori use adhesion molecules like 
AlpA, AlpB, BabA, HopZ, OipA and SabA and cohere to the stomach lining 
(Petersen and Krogfelt 2003; Ilver et al. 1998; Mahdavi et al. 2002; Moodley et al. 
2009). Cytotoxin associated gene pathogenicity island (cag PAI) codes for T4SS 
system that helps in injecting CagA, VacA and peptidoglycan into the host bringing 
changes in the host cell…” (Yamaoka 2010). People infected with H. pylori showed 
an increase in activated dendritic cells (DCs) and macrophages in the gastric 
mucosa. B cells, DCs and macrophages forming the antigen-presenting cells (APC) 
internalize and process antigen. However, this antigen is presented via class II MHC 
molecules to CD4+ T cells leading to initiation of T cell response which is antigen-
specific. Interleukins and tumor necrosis factor are produced by activated macro-
phages causing inflammation (gastritis). IL-6, IL-1β and IL-12 are the interleukins 
produced. Further, inflammation is prolonged and augmented leading to ulcers and 
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gastric cancer (Neelapu et al. 2014; Neelapu 2018; Johnson and Ottemann 2018). H. 
pylori adapts a number of immune evasion strategies to protect itself from immune 
system of the host. The strategies adapted by H. pylori to evade immune system are 
hindering the perception of the innate immunity, averting the actual T cell response, 
modulating adaptive immunity and avoiding humoral response. Hindering the per-
ception of the innate immunity is possible by evading the receptors of immune 
recognition, inhibiting phagocytosis and inhibiting the action of ROS and 
NO. Averting the actual T cell response is likely when proliferation and signalling 
of T cell is inhibited; and T cell response is skewed by H. pylori with respect to 
regulatory T cells. Functions of APC are modulated in adaptive immunity by inhib-
iting presentation of antigens and maturation of DC and its function, apoptosis of 
gastric epithelial cells and macrophages. The high genome diversity of H. pylori is 
also linked with evasion immune (Lina et al. 2014). Lewis et al. (2011) reported that 

Table 8.1  Antibiotic resistance and tolerance in bacteria of biofilm

S. 
no. Organisms Tolerant genes

Resistance to 
antibiotics References

1 Pseudomonas 
aeruginosa

brlR, sags, ndvB, exaA, pqqC, 
erbR, PA1875-1877, tssC1, 
hcp1, PA0756-0757, PA2070, 
PA5033, 
pslABCDEFGHIJKLMNO, 
pelABCDEFG, relA, spot

Tobramycin, 
norfloxacin, 
trimethoprim, 
tetracycline, 
kanamycin, 
chloramphenicol, 
gentamicin, 
ciprofloxacin, 
colistin, polymyxin 
B, ofloxacin, 
meropenem

Liao and Sauer 
(2012), Gupta 
et al. (2013, 2014), 
Liao et al (2013), 
Chambers et al. 
(2014), Petrova 
and Sauer (2011), 
Gupta et al. (2013, 
2014), Mah et al. 
(2003), 
Sadovskaya et al. 
(2010), Beaudoin 
et al. (2012), 
Zhang and Mah 
(2008), Zhang 
et al. (2011, 2013), 
Billings et al. 
(2013), Colvin 
et al. (2012), 
Nguyen et al. 
(2011), and 
Khakimova et al. 
(2013).

2 Escherichia 
coli

rapA, yafQ Penicillin G, 
norfloxacin, 
chloramphenicol
Tobramycin, 
cefazolin

Lynch et al. (2007) 
and Harrison et al. 
(2009)

3 Enterococcus 
faecalis

epaOX, epaI, gelE, fsrA, fsrC Gentamicin
Daptomycin
Linezolid

Dale et al. (2015)

4 Streptococcus 
mutans

dltABCD Gentamicin Nilsson et al. 
(2016)
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H. pylori uses macrophage arginase II to induce immune evasion. Apart from the 
mechanisms to evade immune system, H. pylori developed antibiotic resistance in 
individuals when initial treatment failed requiring additional rounds of antibiotics. 
Rising antibiotic resistance is due to efflux pumps or formation of biofilm or poten-
tial reinfection of H. pylori (Siddique et  al. 2018). Therefore, understanding the 
efflux pumps or formation of biofilm in H. pylori infections would provide funda-
mental insight on the rising antibiotic resistance.

8.3	 �Drug Resistance in Pathogen H. pylori

Treating bacterial infections has become difficult as adaptability of bacteria and 
acquired resistance is increasing rapidly. MDR is common with pathogens in the 
gastrointestinal tract of human due to antibiotic treatment. H. pylori colonizing the 
stomach develops MDR by a very efficient method of gene transfer. H. pylori has 
developed resistance to proton-pump inhibitors (PPIs), clarithromycin, 
metronidazole, macrolide, amoxicillin, levofloxacin, etc. (Table 8.2). Triple therapy 
for H. pylori consists of clarithromycin, amoxicillin or metronidazole, proton-pump 
inhibitor. The combination has lost efficacy and the roles of rdxa, frxa and efflux 
pump were identified in metronidazole-resistant H. pylori (Lee et  al. 2018). The 
recommended second-line treatment for H. pylori is proton-pump inhibitors, levo-
floxacin and amoxicillin (Osaki et al. 2006).

MDR in H. pylori has significantly increased in the last decade and has affected 
the efficacy of several drug combinations (Torres et al. 2001; Gao et al. 2010; Sun 
et al. 2010; Bolor-Erdene et al. 2017). Torres et al. (2001) reported drug resistance 
to combination of drugs metronidazole, clarithromycin and amoxicillin. They 
quantified the resistance levels of 195 “H. pylori strains isolated from children and 
adults of Mexico” to a combination of three drugs, namely, metronidazole (80%), 
clarithromycin (24%) and amoxicillin (18%). Similar report on H. pylori strains in 
relation to MDR showed a sharp increase in the level of resistance to most of the 
drug combinations predominantly for metronidazole, clarithromycin and amoxicillin 
combinations (Gao et  al. 2010). Similar “study was carried out to evaluate the 
resistance of H. pylori strains collected from patients in Shanghai to multiple drug 
combinations including metronidazole, clarithromycin, amoxicillin, furazolidone, 
levofloxcin and tetracycline” (Sun et  al. 2010). Based on the minimal inhibitory 
concentration (MIC), H. pylori strains showed significant resistance to metronidazole/
levofloxacin combination (43.1%) followed by metronidazole/clarithromycin 
combination (24.1%) (Sun et al. 2010). Another report showed MDR in H. pylori 
strains isolated from 320 patients residing in Mongolia for the drugs clarithromycin 
(35.5%), metronidazole (68.4%), erythromycin (28.2%), tetracycline (25%) and 
amoxicillin (23%), respectively (Torres et al. 2001).

In order to counter MDR and facilitate the eradication of H. pylori infections, 
many groups were successful in identifying new or alternative drug targets (Neelapu 
et  al. 2013, 2015, 2016; Neelapu and Pavani 2013; Nammi et  al. 2016, 2017; 
Pasupuleti et al. 2017) developing new drug combinations as well as targeting the 
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candidate genes involved in suppressing the MDR. A novel drug combination of 
fluoroquinolones has been developed and was found to be effective in suppressing 
the MDR in susceptible H. pylori strains. Levofloxacin and moxifloxacin drugs, 
which belong to the class of fluoroquinolones, are used in combination with 
amoxicillin. They serve as proton-pump inhibitors (PPI) thereby preventing the 
extrusion of antibiotic molecules and allowing them to attach to their target site and 
perform a similar action. Similarly, combination of rifabutin and furazolidone is 
successful in reducing MDR in several H. pylori strains.

Several groups have identified the candidate genes involved in suppressing the 
MDR and targeted them (Liu et  al. 2008; Huang et  al. 2015). Liu et  al. (2008) 
reported candidate genes involved in suppressing the MDR by observing that 
upregulation of the hefA gene in H. pylori increased MDR (Liu et al. 2008). When 
“H. pylori strains were treated with Chinese herbs namely emodin, baicalin, 
schizandrin and berberine”, significant reduction in the MIC of tetracycline and 
amoxicillin drug combination (2 fold) was observed which was also correlated with 
decrease in mRNA levels of the hefA gene. Similarly, upregulation of another 
candidate gene for efflux pumps (hp1165) reduced MDR for tetracycline and 
amoxillicin drug combinations (Huang et al. 2015). Thus, these findings opened a 
novel facet to combat MDR in H. pylori strains by targeting specific genes encoding 
for efflux pumps.

8.4	 �Establishment of H. pylori Biofilm in Gastric Mucosa 
of Human

H. pylori persist as biofilm both in environment and gastric mucosa of human 
(Surekha and Neelapu 2018). H. pylori may exist and survive as biofilm in water 
distribution systems such as pond, river water, shallow ground water, sewage and 
well water in both developed and developing countries (Surekha and Neelapu 2018; 
Watson et al. 2004; Hegarty et al. 1999; Horiuchi et al. 2001; Imanishi et al. 2003; 
Lu et al. 2002; Moreno et al. 2003). Thus, the drinking water can be an important 
source for H. pylori infection. Carron et  al. (2006) used “endoscopy, scanning 
electron microscopy to study the biopsy samples and established that H. pylori 
existed as biofilm in the gastric mucosa of human”. Coticchia et al. (2006) reported 
“the presence and density of H. pylori biofilms in the gastric mucosa of human”. 
Patients with peptic ulcer disease (i.e. urease positive for H. pylori) reported biofilms 
with 97.3%, whereas urease-negative patients reported biofilm with 1.64% for H. 
pylori establishing the fact that mature biofilms were present in the human gastric 
mucosa. Cammarota et al. (2010) reported that patients with more than four failures 
during therapy showed biofilms in the gastric mucosa, whereas biofilm ceased to 
exist in patients when the microbe was eliminated. Most of the “samples from H. 
pylori-positive patients showed coccid bacteria congregated in a microbial biofilm” 
(Cammarota et al. 2010). Cellini et al. (2008) harnessed the potential of SEM and 
identified the dominant S-shaped morphotype of H. pylori along with coccid aggre-
gate in the biopsies of patients.
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8.5	 �Quorum Sensing in H. pylori

H. pylori try to persist in the adverse environmental factors like immune system 
action, low pH, oxidative stress and antimicrobial substances by forming a protective 
structure biofilm. The cells in the biofilm have a communication system known as 
quorum sensing (QS) (Mohana Sheela et al. 2018; Neelapu et al. 2018; Whiteley 
et al. 2017; Gohil et al. 2018). The signalling molecules which are part of the com-
munication system are known as autoinducers (AIs) (Sperandio et al. 2003; Zhao 
et  al. 2018). AIs at a threshold concentration trigger signal transduction cascade. 
Signalling alters “various gene expressions related to biofilm formation, motility, 
secretion system, sporulation, and virulence factors” (Fuqua et al. 1994). AI system 
“plays an important role in formation of bacterial biofilm”, and AI-1, AI-2, oligopep-
tides and diffusible signal factors (DSF) are the QS molecules which were well char-
acterized (Fuqua et  al. 2001). “N-acyl-L-homoserine lactone (N-AHL) or AI-1 
signalling molecule” is species specific and is utilized by gram-negative bacteria for 
their activity (Fuqua et al. 2001). LuxS gene encodes furanosyl borate diesters (AI-2 
signalling molecule) and “is utilized by both gram-positive and gram-negative bacte-
rial species”. Gram-positive bacteria also produce oligopeptides with a species-spe-
cific action. Autoinducer-2 is “designated as AI-2 and is produced from the precursor 
S-adenosylhomocysteine (SAH). Two enzymes namely, 5′-methylthioadenosine/S-
adenosylhomocysteine nucleosidase (MTAN) and LuxS (metalloenzyme) are 
required for this synthesis reaction. Interestingly these sequential reactions generate 
an intermediate 4,5-dihydroxy-2,3-pentanedione (DPD) which undergoes” confor-
mational rearrangement to produce cyclic furanones that are classified as AI-2. The 
small size of AI-2 molecules facilitates their transport and diffusion through bacterial 
cell membranes and their extracellular accumulation. The new class of “quorum-
sensing molecules which are involved in quorum-sensing activity are diffusible sig-
nal factors (DSFs) (Zhou et al. 2015). DSFs are a class of fatty acid derivatives that 
are present in gram negative bacteria and are involved in morphological transforma-
tion of H. pylori” (Krzyżek and Gościniak 2018).

H. pylori movement is triggered due to changes in environmental cues and “it 
uses a two component signal-transduction system for chemotaxis” (Zhou et  al. 
2015). It was identified that in H. pylori quorum sensing network is initiated by the 
chemoreceptor TlpB which helps in signal perception of the AI-2 as a chemorepellent. 
AI-2 and DSF of quorum sensing system were reported in H. pylori (Zhou et al. 
2015). LuxS gene produces extracellular signalling molecules similar to AI-2 in H. 
pylori (Forsyth and Cover 2000; Joyce et  al. 2000; Lee et  al. 2006). Maximum 
production of “AI-2 is observed during mid-exponential phase of growth” (Doherty 
et al. 2010). The LuxS plays a pivotal role in methyl cycle and cell-to-cell signalling 
(Doherty et al. 2010). Another course of action for LuxS is controlling motility by 
modifying transcription and biosynthesis of flagella (Rader et al. 2011; Shen et al. 
2010). Cole et al. (2004) described the relation between biofilm formation and luxS 
in H. pylori. It is noteworthy that LuxS mutants of SD3 and SD4 strains showed 
better formation of biofilm by twofold than the parental strains. However, Osaki 
et al. (2006) reported lower motility in luxS-deficient mutant TK1402 strain than 
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parental strains. In addition, luxS mutants in a Mongolian gerbil model showed 
evidence of reduced infection rate than parent strains. Thus, luxS produces AI-2 
initiating formation of biofilm thereby increasing bacteria survival in the biofilm. 
DSFs are the second class of signalling molecules in the quorum sensing system 
that are used by H. pylori to communicate between two microbes in the biofilm. 
DSFs control autoaggregative behaviour, formation of biofilm and “the transition of 
microorganisms into the coccoid form” (Krzyżek and Gościniak 2018). Strikingly, 
DSF stimulates the transition of “H. pylori into a sedentary state” (resistant coccoid 
form) initiating the formation of biofilm. Thus, inhibition of quorum sensing system 
(AI-2 and DSF) in H. pylori leads to decrease in virulence.

8.6	 �Quorum Quenching in H. pylori

Interfering with the mechanism of quorum sensing and formation of biofilm is 
known as quorum quenching, and the inhibitors interfering with quorum signalling 
are known as quorum sensing inhibitors (Gohil et al. 2018). Quorum quenching is 
possible when an enzyme degrades or inhibits signalling molecule, blocks quorum 
signal generated and blocks reception of quorum signal. The quorum sensing 
inhibitors belong to two broad categories: molecules which mimic quorum sensing 
signals and enzyme inhibitors. It is interesting to note that first category molecules 
mimic the quorum sensing signals to block the reception of the signal or generated 
signal, whereas the second category are enzyme inhibitors. Some of the quorum 
quenching molecules are listed in Table 8.3. Though quorum quenching molecules 
are identified in other bacteria, studies should consider on identifying quorum 
quenching molecules in H. pylori and also establish the process of quorum 
quenching. Thus, these findings will help to develop novel methods for eradication 
of H. pylori pathogenic infections.

8.7	 �Conclusion and Future Directions

H. pylori infection results in acute transmissible disease ranging from sores, ulcers, 
to potentially gastric cancer if left untreated. Hitherto the treatments pertaining to 
H. pylori infections require a combination of two or multiple antibiotics. Despite the 
advancements in drug delivery systems as well as development of novel drug 
molecules, treatment of H. pylori infections are not effective due to increased 
bacterial resistance towards the antibiotics used for treatment. MDR in H. pylori has 
been associated with the upregulation of candidate genes of efflux pumps, namely, 
hefA and hp1165. Moreover, quorum sensing molecule AI-2 also plays a significant 
role in developing H. pylori infections. Increased antibiotic resistance to H. pylori 
has also been linked to decline in efficacy of the antibiotics used for treating various 
diseases. Therefore, studies encompassing development of novel antibiotic 
combinations, downregulation of mRNA levels of candidate genes encoding for 
efflux pumps as well as understanding the cues that regulate the motility and 
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chemotaxis of H. pylori inside the gastrointestinal tract are important. Moreover, 
studies should also contemplate on unravelling the relation between antibiotic resis-
tance and geographical location. These findings will help to develop novel methods 
for eradication of H. pylori pathogenic infections.

Acknowledgements  CS, NNR and TD are grateful to GITAM (Deemed to be University) for 
providing necessary facilities to carry out the research work and for extending constant support. 
PVBC is thankful to Krishna University Machilipatnam. TD is thankful for financial support in the 
form of DST Inspire Fellowship (IF 160964), Department of Science and Technology, New Delhi. 
The authors are also thankful to Dr Neha Merchant, Department of Hematology and Medical 
Oncology, Winship Cancer Institute, Emory University, Atlanta, USA, for scientific and language 
editing.

Table 8.3  Quorum quenching molecules along with mechanism and target

S. 
no. Inhibitors

Class of 
quorum 
quenching 
molecule Mechanism Target References

1 t 5Z-4-bromo-5-
bromomethylene-3-
butyl-2(5H)-
furanone

Halogenated 
furanones

Blocks 
reception of 
quorum 
signal

Acyl homoserine 
lactone (AHL) 
signals

Ren et al. 
(2001)

2 Synthetic AI 
peptides (AIPs)

Synthetic AI 
peptides 
(AIPs)

Blocks 
reception of 
quorum 
signal

Autoinducer 
Peptides (AIP) 
signals

Basavaraju 
et al. (2016)

3 Triclosan Enzyme 
inhibitor

Enzyme 
degrades or 
inhibits 
signalling 
molecule

Reduces production 
of AHL by 
inhibiting enoyl-
acyl carrier protein 
(ACP) reductase 
involved in 
acyl-ACP synthesis 
and intermediate 
AHL biosynthesis

Basavaraju 
et al. (2016)

4 Closantel Enzyme 
inhibitor

Enzyme 
degrades or 
inhibits 
signalling 
molecule

Inhibits two-
component system 
histidine kinase 
sensor

Basavaraju 
et al. (2016)

5 AHL lactonases Enzyme 
inhibitor

Enzyme 
degrades or 
inhibits 
signalling 
molecule

AHL lactonases 
hydrolyse the 
lactone ring in the 
homoserine moiety 
of AHLs

Dong et al. 
(2007) and 
Biradar and 
Devi (2011)

6 AHL acylase Enzyme 
inhibitor

Enzyme 
degrades or 
inhibits 
signalling 
molecule

Degradation of 
AHL signals by 
hydrolysing the 
amide bond of 
AHLs

Leadbetter 
and 
Greenberg 
(2000)
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9Candida albicans Biofilm: Risks, 
Complications and Preventive Strategies

Prerna Pathak

Abstract
Candida albicans, a dimorphic opportunistic fungal pathogen, can cause a wide 
range of diseases in humans. Its ability to switch from commensal to pathogenic 
form is governed by several virulence attributes. The major feature which leads 
to pathogenicity is its ability to form biofilm. Biofilm formation is a highly regu-
lated multistep process; there are several clinical implications associated with 
biofilm formation, as sessile cells exhibit high level of resistances against most 
of the antifungals, and it also protects the cells from harsh hostile environments. 
The implantable medical devices like catheter support biofilm mode of develop-
ment by Candida which negatively impacts the health of immunocompromised 
individuals by causing recurrent infections. This review highlights the mecha-
nism of Candida albicans biofilm formation and its clinical consequences, as 
well as currently available drugs against biofilm and alternative to drug therapy.

Keywords
Candida albicans · Biofilm · Hospital-acquired infections · Quorum sensing · 
Central venous catheters

9.1	 �Introduction

Candida albicans is a part of normal human microbiota; it is present as a commen-
sal in oral cavity, genitourinary and gastrointestinal tracts of healthy individuals; 
however, a change in host immunity due to immunosuppressive treatment like 
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chemotherapy and organ transplantation allows it to switch to virulent form which 
in turn leads to candidiasis (Jackson et al. 2007; Wu et al. 2003; Achkar and Fries 
2010; Rosenbach et al. 2010; Naglik et al. 2011). There are several factors which are 
responsible for its virulence; among them, biofilm formation plays the major role. 
Biofilms are highly organized communities of surface-attached organisms, wrapped 
within extracellular matrix (Costerton et  al. 1995; Costerton et  al. 1999; Donlan 
2002). The complicated architecture, dense extracellular matrix and overexpression 
of drug efflux pumps make biofilm highly drug resistance (Fanning and Mitchell 
2012; Finkel and Mitchell 2011). Bacterial biofilms are highly explored; however, 
very little is known about fungal biofilm. Biofilm formation is a complex process 
which is highly regulated by a series of transcription factors.

Among all the known Candida species, C. albicans is most frequently isolated 
from clinical samples; it is a major cause of hospital-acquired infections (HAI). The 
frequent use of intravascular devices like heart valves, pacemakers, urinary and 
venous catheters, dentures, etc. results in HAI as they are more susceptible to bio-
film formation (Cauda 2009; Donlan and Costerton 2002; Kojic and Darouiche 
2004; Seddiki et al. 2013). In spite of the availability of so many different classes of 
antifungals, the mortality rate of candidiasis in adults is almost 50% (Chander 2009; 
Andes et al. 2012).

9.2	 �Candida albicans Biofilm Formation

Biofilms are not just aggregation of cells; rather it is an extremely organized com-
munity of microorganism which regulates the inflow of nutrients and outflow of 
waste products. The four main stages of C. albicans biofilm formation are (Fig. 9.1) 

Fig. 9.1  Stages of Candida albicans biofilm formation. 1. Adherence of yeast cells to a surface. 
2. Commencement of cell proliferation. 3. Maturation which includes hyphae growth along with 
the production of extracellular matrix material. 4. Dispersal of yeast cells from the biofilm to new 
site
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(a) adherence of cells to the surface, (b) proliferation, (c) formation of hyphal cells 
and (d) dispersion of cells to new sites (Chandra et al. 2001; Douglas 2003; Hawser 
and Douglas 1994; Uppuluri et al. 2010; Verstrepen and Klis 2006).

9.3	 �Adherence

This is the initial step of biofilm formation; it is the ability of cells to adhere to each 
other or to the surface such as biotic and abiotic surfaces. Adhesins are the class of 
cell wall proteins that promotes this attachment; generally, these proteins comprise 
of GPI anchor, a peptide- or carbohydrate-binding domain (Nobile et  al. 2006). 
Adhesins mainly belong to Als (agglutinin-like sequence) family consisting of 8 
members ALS1-7 and ALS9; among them, ALS-3 plays a crucial role in biofilm for-
mation as deletion of this protein causes biofilm defect (Chandra et al. 2001). The 
master regulator of biofilm formation is Bcr1, which is a transcription factor, and its 
downstream targets such as Als1, Als3 and Hwp1 (Nobile et al. 2006; de Groot et al. 
2013). Another important adhesin in C. albicans is Hwp1 (hyphal wall protein); it is 
a mannoprotein which has a role in biofilm formation; apart from this, other mem-
bers of hwp family which play a role in biofilm formation are Hwp2, Rbt1, Eap1 
and Ywp1 (de Groot et al. 2013).

9.4	 �Hyphal Cells Formation

The next main step in biofilm formation is yeast-to-hyphal switching. Hyphae for-
mation is the main factor which distinguishes C. albicans from other fungal species; 
hyphae play an imperative role in the architecture of C. albicans biofilm; they act as 
a scaffold for yeast cells. Hyphae formation is governed by a series of transcription 
factors like Efg1, Ndt80, Tec1 and Rob1 (de Groot et al. 2013; Nobile et al. 2012; 
Ramage et al. 2002); these transcription factors are crucial for biofilm development 
and its maintenance.

9.5	 �Production of Extracellular Matrix

Mature C. albicans biofilms are wrapped around by a layer of complex extracellular 
matrix (ECM), which provides a three-dimensional structure to the biofilm and 
makes cells partly immobilized (Schweizer et al. 2000). ECM acts a physical barrier 
and protects biofilms against phagocytosis and drug diffusion; meanwhile, it also 
acts as a scaffold and provides integrity to biofilm. The biochemical analysis of C. 
albicans biofilm reveals the presence of the following macromolecular components: 
55% proteins, 25% carbohydrates, 15% lipids and 5% noncoding DNA (Flemming 
and Wingender 2010). Rml1 and Zap1 are the main transcription regulators of ECM 
production in C. albicans (Zarnowski et al. 2014).
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9.6	 �Dispersion

The another important stage in the biofilm formation is dispersal of cells during and 
after biofilm formation; cells are dispersed to the new site and form biofilm, and this 
is the pathogen way to cause infection. Although the morphology of dispersed cells 
is similar to that of cells in planktonic growth mode, they have some unique features 
like increased adherence, enhanced virulence and increased efficiency of biofilm 
formation. Nrg1 and Ume6 are the two major transcriptional regulators of C. albi-
cans biofilm dispersal (Nobile et al. 2009).

9.7	 �Risk Associated with C. albicans Biofilm

Among all the known Candida spp., C. albicans is the prominent causes of hospital-
acquired infections; it is frequently isolated as an agent of bloodstream and urinary 
tract infections (Uppuluri et al. 2010; Calderone 2002). Majority of diseases caused 
by C. albicans are linked with its biofilm mode of growth (Ramage and Lopez-
Ribot 2005); biofilms are frequently found on the surface of implantable medical 
devices like urinary and intravascular catheters (Crump and Collignon 2000; Maki 
and Tambyah 2001; Adair et  al. 1999). The increased drug resistance caused by 
biofilm is the main reason of concern, the mechanism of this antifungal resistance is 
not fully known; however, it is believed that ECM acts as an impediment for cyto-
toxic drugs (Kojic and Darouiche 2004).

Catheter-associated biofilms are the major causes of mortality among the 
hospital-acquired infections. In the USA, around 5 million central venous catheters 
(CVC) are interpolated yearly (Darouiche 2001). In the USA, around 80,000 
catheter-related infections occur annually which result up to 20,000 deaths (Mermel 
et al. 2001). Among all the inserted medical devices, CVC are the most infected 
surgical implants; it is used to administer nutrients and drugs. Catheter-related 
infections can occur anytime during its use – sometimes infection-causing organism 
are introduced from the hands of hospital staff or from the patient’s skin; sometimes 
the infusion fluid itself is contaminated (Goldmann and Pier 1993). Apart from 
CVC, other medical implants are also subjected to infections like pacemakers, heart 
valves, joint prostheses, implantable cardioverter defibrillators (ICD), ventricular 
assist devices (VADs), penile prostheses, etc.

9.8	 �Preventive Measures for Candida Biofilm

Biofilm-based infections are difficult to treat as there is no drug available which 
specifically targets biofilm. Lack of knowledge behind the underlying mechanism 
of biofilm formation and its mechanism of dispersal makes its treatment difficult. C. 
albicans has minimum susceptibility to currently available drugs. The following 
approaches are in use nowadays against biofilm.
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9.9	 �Lock Therapy Approach

According to the guidelines of Infectious Disease Society of America, this is the 
recommended approach for treating catheter-related infections (Carratalà 2002). In 
this therapy, high doses of antimicrobial agents (100–1000-fold the minimum inhib-
itory concentration) are installed into the catheter for hours to days (Teughels et al. 
2006). There are reports available on the use of antifungal lock therapy; although it 
shows promising result, it is not a cost-effective approach as huge dosages are 
required to completely eradicate the fungal growth.

9.10	 �Surface Modification and Material Coating

Current research focuses on the use of different materials for surface coating and 
modification of surface to prevent biofilm formation. Fungicidal and fungistatic 
materials are used for coating the surfaces of medical devices; antifungals such as 
nystatin, cycloheximide and amphotericin B are used to coat the medical devices; 
cycloheximide shows potent reduction of C. albicans biofilm (Redding et al. 2009). 
Similarly, a thin film of polyelectrolyte containing an antifungal β-peptide shows 
74% inhibitory action against C. albicans biofilm (Karlsson et al. 2010).

Surface of medical devices plays a decisive role in its stability, as well as its 
performance, like albumin adhesion prevents the attachment of microorganisms, 
while fibrinogen shows antagonistic effect (Anderson et al. 2008). Surface modifi-
cation is a good approach against biofilms; miconazole, an antifungal, incorporates 
well on the modified surface and shows reduction in C. albicans biofilm formation. 
The modified form of silicon rubber and polyethylene shows efficient inhibitory 
action against C. albicans biofilm in vitro (Contreras-Garcia et al. 2011).

9.11	 �Plant Products

Plants are used for decades as a source of medicine by many countries. Several 
medicinal plants produce products which possess antimicrobial and antifungal 
properties. There are reports of plants having anti-candida activities like Thymus 
villosus, Cinnamomum zeylanicum, eucalyptus, ginger grass oil and lemongrass oil; 
however there is very little information available in this context (Soliman et  al. 
2017). Apart from the above-mentioned plants, pomegranate peel have certain com-
pounds which show antifungal properties like Castgalagin, quercetin, punicalagin, 
kaempferol, catechin and granatin (Dahham et al. 2010).

9.12	 �Quorum Sensing Molecules (QSM)

Along with plant products, some quorum sensing molecules also show antifungal 
properties like farnesol, a sesquiterpene alcohol produced by C. albicans as a sig-
nalling molecule known to negatively regulate biofilm formation in  vitro (Alem 
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et al. 2006). Tyrosol is a derivative of phenethyl alcohol known to activate the bio-
film formation (Hogan et al. 2004). Homoserine lactone, a bacterial QSM, represses 
C. albicans filamentation (Park et  al. 2014). Phenazine which is produced by 
Pseudomonas possesses anti-candida activity (Valle et  al. 2006). A better under-
standing of quorum sensing mechanism could help in the identification of novel 
anti-biofilm molecules.

9.13	 �Conclusion and Future Perspective

In the current scenario, there is a rise in the number of people affected by C. albi-
cans; with increase in infection, there is increase in the use of medical implants. The 
surface of implantable medical devices is frequently associated with biofilm; there 
is no concrete solution to Candida biofilm; however, increases in research over the 
decade brought insight into several strategies which target biofilm as well as some 
potent antifungal molecules. Future healthcare regime should include improved 
drug delivery system, combined antifungal approach and use of proper sterilization 
technique for biomaterials. This chapter brings light on therapies which are used 
currently to treat biofilm; there is still an urgent need to develop a better understand-
ing about biofilm formation as well as its mechanism of interaction with biotic and 
abiotic surfaces.
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Abstract
Periodontal disease is caused by bacteria in dental plaque, the sticky substance 
that forms on our teeth. Dental plaque has the properties of a biofilm which is 
comprised of several hundred different bacterial species. Bacteria in biofilms 
communicate through signalling molecules and use this “quorum sensing” sys-
tem to optimize their virulence factors and survival. These bacteria respond dif-
ferently to antibiotics and antimicrobials and more often show drug resistance. 
Microbial gene expression was found to alter markedly in biofilms. The cells of 
our immune system release substances to get rid of the bacteria that cause inflam-
mation and damage to the gums, periodontal ligament or alveolar bone. This 
leads to swollen, bleeding gums, a sign of gingivitis which is the earliest stage of 
periodontal disease. Such damage from periodontal disease can also cause teeth 
to become loose apart from leading to other oral infections. Periodontal disease 
is a widespread and serious health problem in adult population worldwide. To 
treat such diseases, the expenditure is too high. Furthermore, periodontal disease 
was found to be linked to other systemic illnesses, such as heart disease and pre-
term births. The need of the hour is to understand the disease process so that we 
may be able to control periodontal disease and improve the health status of the 
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adult population worldwide. It has been well established that periodontal disease 
can be caused by shifts in the microbial population of the dental biofilms. 
Therefore, understanding the molecular details of quorum sensing mechanisms 
and disrupting such processes may open a new avenue for controlling bacterial 
infections.

Keywords
Biofilm · Bacteria · Heart · Quorum sensing · Resistance

10.1	 �Introduction

Quorum sensing (QS) is a bacterial cell-to-cell communication system which helps 
in the regulation of gene expression in response to fluctuations in cell population 
density (Miller and Basler 2001). QS bacteria produce and release chemical signal 
molecules called autoinducers that increase in concentration as a function of their 
cell density (Romero et al. 2011). This process enables bacteria to communicate and 
to synchronize phenotypic expression of biofilm development, motility, biolumines-
cence and virulence (Tang and Zhang 2014; Kiran et  al. 2017). With the recent 
advancements in research, it was revealed that bacteria have a complex chemical 
signalling system that enables them to communicate intraspecifically as well as 
interspecifically. QS is exhibited by many known human and plant bacterial species 
as well as in extremophiles such as Natronococcus occultus, Halomonas genus, 
Thermotoga maritima and Acidithiobacillus ferrooxidans (Johnson et  al. 2005; 
Llamas et al. 2004; Paggi et al. 2003; Rivas et al. 2007). Both Gram-positive and 
Gram-negative bacteria possess QS activity. Some of the QS molecules which were 
studied in detail include the acylhomoserine lactones (AHL), autoinducer 2 (AI-2) 
and peptide signals; nonetheless, some other signal molecules also exist, such as 
indole and cholera AI (Nazzaro et al. 2013). Based on the signalling molecules and 
sensing mechanism, three major classes of QS were identified, and these include (i) 
Gram-negative LuxI/LuxR-like QS system that uses AHLs as signalling molecules 
(Fuqua et al. 1994); (ii) Gram-negative V. harveyi-like two-component signalling 
circuits that recognize three different signalling molecules, AHLs, FBD, and an 
uncharacterized Cal-1 molecule (Bassler et al. 1993; Henke and Bassler 2004); (iii) 
Gram-positive two-component signalling systems that use modified oligopeptides 
as AIs (Lazazzera and Grossman 1998).

Periodontitis is a worldwide prevalent oral disease which occurs due to the dys-
biosis of the periodontal microbiome (Deng et al. 2018). Marsh (1994) suggested 
that oral diseases especially dental caries and periodontal disease should be consid-
ered as consequences of imbalance in oral microbial biofilms which is ecologically 
driven. Both of these diseases are not caused by classic microbial pathogens, but by 
the microorganisms residing in the oral microflora. Hence, most individuals harbour 
the microorganisms causing these diseases. A population of acid-tolerant and acid-
producing strains such as S. mutans and Lactobacilli is favoured at a low pH 
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environment in case of dental caries caused by fermentation of carbohydrates. This 
increased acid formation assisted by acid-producing bacteria in turn leads to demin-
eralization. In case of periodontal disease, mixed anaerobic microorganisms were 
found to be involved; periodontal disease occurs when there is alteration in plaque 
community which further leads to inflammation. Growth of periodontal pathogens is 
favoured by an increased flow of gingival crevicular fluid, increased nutrients and the 
rise in pH (Marsh 1994). In order to maintain good oral health and to prevent dental 
caries, gingivitis and periodontitis, it is very essential to control oral biofilms. 
However, it is not so easy to control oral biofilms by mechanical means, and there are 
difficult targets for chemically controlling this phenomenon (Socransky 2002). It 
was observed that only few accessible oral prophylactic agents’ apart from chlorhex-
idine and fluorides comprise significant effects in checking the oral biofilms (Petersen 
and Scheie 1998; Wu and Savitt 2002; Scheie 2003). This low efficacy is attributed 
for the fact that microorganisms involved in the biofilm formations are complex and 
show intricate resistance. Keeping the recent studies in view, development of novel 
strategies to prevent and treat diseases caused by oral biofilms might benefit to 
understand microbial gene expression and regulation in oral biofilms.

10.2	 �Quorum Sensing: A Mode of Communication  
in Oral Biofilms

Biofilms represents a natural scenario for bacterial communication (Davey and 
O’Toole 2000; Kolenbrander et al. 2002). QS was identified in many bacterial spe-
cies; however, there are many aspects related to this process which need to be 
explored further. It was reported that the molecular mechanisms of QS differ 
between Gram-positive and Gram-negative microorganisms (Håvarstein et al. 1996; 
Cvitkovitch 2001). The involvement of two-component signal transduction systems 
in oral biofilm formation was first evidenced in S. gordonii (Loo et  al. 2000) 
(Table 10.1). Notably, it was observed that biofilm formation-deficient S. gordonii 
mutants were obtained through the disruption of comD, which encodes for the his-
tidine kinase receptor and binds the competence-stimulating signal peptide (CSP). 
This QS peptide was described to be an inducer of competence for natural transfor-
mation (Håvarstein et al. 1996, 1997). Biofilm formation deficiency was observed 
in S. mutans on inactivation of the gene encoding the CSP and other competence-
related genes like comC/comE (Bhagwat et al. 2001; Li et al. 2002; Yoshida and 
Kuramitsu 2002). Later, it was suggested that the competence system might play a 
fundamental role in sensing and eliciting responses to environmental stress condi-
tions (Yother et al. 2002). In S. mutans, the competence-related signalling system 
was related to the ability to adapt acidic conditions (Li et al. 2001b) (Table 10.1). 
AI-like activity was found to be present in several putative microorganisms that 
cause periodontal disease (Frias et al. 2001). It is notable that Porphyromonas gin-
givalis, Prevotella intermedia and Fusobacterium nucleatum possess AI-2 activity 
(Frias et al. 2001). Presence of highly conserved homologues of the AI-2 synthase 
gene, luxS, was confirmed in S. mutans, S. gordonii, P. gingivalis and A. 
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actinomycetemcomitans through DNA sequence analysis (Wen and Burne 2002; 
Merritt et al. 2003; McNab et al. 2003; Chung et al. 2001; Frias et al. 2001; Burgess 
et al. 2002; Fong et al. 2001, 2003). Remarkably, it was observed that amount of 
single-species biofilm doesn’t get influenced by the inactivation of homologous 
AI-2 synthase in S. mutans (Wen and Burne 2002; Merritt et al. 2003) and S. gordo-
nii and (McNab et al. 2003). AI-2 response system helps in interspecies communi-
cation, thus exploring its role in mixed biofilm communities would be fascinating. 
Recently, it was reported by Szafrański et al. (2017) that the complete QS regulon 
of S.mutans was induced by Aggregatibacter actinomycetemcomitans a pathogen in 
oral cavity by an unknown mechanism which needed the presence of ComS, the 
synthase for the XIP prepeptide. A. actinomycetemcomitans was found to grow in a 
highly virulent form but it down regulated the genes essential for its escape from the 
host immune response in co-culture with S.mutans. The presence of active QS 

Table 10.1  Signaling molecules in dental pathogens

Bacterium Signal Phenotype References
Streptococcus mutans CSPa Biofilm formation, natural 

transformation, acid 
tolerance, cell separation

Li et al. (2001a, b, 2002), 
Petersen and Scheie (2000) 
and Yoshida and Kuramitsu 
(2002)

Streptococcus gordonii Biofilm formation, natural 
transformation

Håvarstein et al. (1996, 
1997) and Loo et al. (2000)

Streptococcus mitis Natural transformation Håvarstein et al. (1997)  
and Whatmore et al. (1999)

Streptococcus oralis – Håvarstein et al. (1997)  
and Whatmore et al. (1999)

Streptococcus sanguis – Håvarstein et al. (1997)
Streptococcus crista – Håvarstein et al. (1997)
Streptococcus anginosus – Håvarstein et al. (1997)
Streptococcus intermedius – Håvarstein et al. (1997)
Streptococcus mutans AI-2b Natural transformation, 

regulation of the stress 
response or homeostasis, 
biofilm structure

Yother et al. (2002) and 
Merritt et al. (2003)

Streptococcus gordonii Mixed-species biofilm 
formation

McNab et al. (2003)

Porphyromonas gingivalis Mixed-species biofilm 
formation, protease and 
hemagglutinin activities

Burgess et al. (2002), 
Chung et al. (2001) and 
McNab et al. (2003)

Fusobacterium nucleatum Unknown Frias et al. (2001)
Prevotella intermedia Unknown Frias et al. (2001)
Actinobacillus 
actinomycetemcomitans

Adaptation to iron-limited 
conditions, leukotoxin 
production

Fong et al. (2001, 2003) 
and Frias et al. (2001)

Streptococcus salivarius SalAc Bacteriocin production Upton et al. (2001)
aCSP = Competence-stimulating peptide encoded by comC
bAI-2 = Autoinducer 2, hypothetically synthesized by luxS
cSalA, Salivaricin A, bacteriocin encoded by salA
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regulon in vivo was observed through the expression of transformasome and muta-
cin genes of S.mutans in periodontal pockets. Polymicrobial communities harbour-
ing Streptococci and Aggregatibacter spp. are conscientious for oral infectious 
diseases. Thus, the above-mentioned interactions may have a crucial role in the 
dysbiosis of such communities (Szafrański et al. 2017) (Table 10.1).

10.3	 �Bacterial Diversity in Oral Biofilms

Oral biofilms possess more than 1000 species of bacteria; among these, 50% of the 
species are culturable, while others can be identified only through molecular meth-
ods. Many of the unique bacterial species are found in the oral cavity (Jacob 2006). 
Oral bacteria have the ability to adhere to the solid surfaces of teeth. Oral biofilms are 
not uniform and tend to vary in community structure and dynamics from time to 
time. Surprisingly, it was found that there is a varying diversity of bacterial species 
in samples from different locations of the oral cavity (Auschill et  al. 2004). 
Nevertheless, it was also observed that there is a difference in the bacterial viability 
at different sites in the oral cavity (Arweiler et al. 2004). It was observed that early 
dental plaque is dominated mostly by Streptococcus species (60–90%) and other spe-
cies that are present include Eikenella spp., Haemophilus spp., Prevotella spp., 
Capnocytophaga spp., Propionibacterium spp. and Veillonella spp. (Nyvad and 
Kilian 1987). In healthy subjects, Actinomyces spp. was reported to be the predomi-
nant species after 2 h of biofilm formation and after 6 h of biofilm formation. S. oralis 
and S. mitis become the most prevalent bacteria. In a co-culturing experiment, 
Actinomyces spp. was found to form a mixed biofilm with Lactobacillus spp. thus 
promoting its growth (Filoche, Anderson and Sissons, Filoche et al. 2004). Bacterial 
adhesion factors (surface proteins) are used by bacteria in biofilms to adhere to sur-
faces and to each other through specific physical interactions. Salivary components, 
for example, proline-rich proteins (PRP), are crucial for the binding of bacteria. 
Some of the late colonizing species in oral biofilm include A. actinomycetemcomi-
tans, Prevotella intermedia, Eubacterium spp., Treponema spp. and Porphyromonas 
gingivalis (Kolenbrander et  al. 2002). Fusobacterium nucleatum serves as a link 
between early and late colonizers. It was reported that older biofilms are more often 
pathogenic, probably due to higher population of the late colonizers.

10.4	 �Bacterial Interaction in Oral Biofilms

With such a diverse bacterial population in the oral cavity, it was suggested that 
there is an interaction between bacteria which ensures their individual survival 
(Jacob 2006). In the absence of synergistic and competitive interactions, the sur-
vival of the bacterial species depends on their individual growth rates. As the growth 
rates differ from species to species, such a condition would lead to the survival of 
just a few species; however, the scenario is different in reality; many bacteria do 
coexist in the biofilms (Chesson 2000). By various mechanisms, bacteria cooperate 
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and compete which results in temporal changes in the composition of a biofilm, but 
they eventually form the climax community, and therefore significance of such a 
community in relation to health should not be underrated (Jacob 2006). Tissue 
pathology plays a crucial role in determining the shifts in the composition of oral 
biofilms, and this is in accordance with the ecological plaque hypothesis (Marsh 
1994, 2003).

10.5	 �Oral Biofilms

Diverse biofilms harbour in the oral cavity. The substrates for the biofilms in the oral 
cavity include the natural dentition and dental prostheses such as dentures and 
implants.

10.5.1	 �Dental Plaque: The Most Common Biofilm

Even though the oral cavity is exposed to air, once the surface of the teeth is colo-
nized by the bacteria the tooth surface may become anaerobic (Donlan and Costerton 
2002). Dental plaque is a polymicrobial biofilm and causal agent for dental caries 
and periodontal disease. (Morse et al. 2018). Gingival crevice fluid (GCF) acts as a 
main source of nutrients (proteins and glycoproteins) for the development of plaque 
within the subgingival crevice. Once the oral biofilm develops, proteolytic enzymes 
are produced that directly damage soft and hard tissues; these enzymes also tend to 
interfere with the host defence mechanisms (Donlan and Costerton 2002).

10.5.2	 �Dentures

Candida albicans, a pathogenic fungus is usually associated with dentures. Denture 
wearers are thus at a risk of developing denture stomatitis, an inflammation of the 
oral tissues (Susewind et al. 2015). It was found that more than 65% of denture 
wearers have stomatitis. Stomatitis contributes to poor oral health and systemic dis-
eases (Preshaw et al. 2011).

10.5.3	 �Implants

Dental implants are used to replace missing teeth, and these are synthetic structures 
made of titanium and plastic materials. Individuals with implants tend to develop 
infections and inflammation near the implant region. Some bacteria that are associ-
ated with implants adhere to the rough surfaces of implants and form a biofilm 
(Schaumann et al. 2014). Inflammation occurs due to the development of patho-
genic biofilms on the implant surfaces.
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10.6	 �The Oral Metagenome in Health and Disease

The human oral cavity is a complex ecosystem of microbes that harbours hundreds 
of bacterial species, and some of them are responsible for the development of oral 
diseases such as dental caries and periodontal disease. Belda-Ferre et al. (2012) for 
the first time described the metagenome of the oral cavity under health and diseased 
conditions. These researchers focused on supragingival dental plaque and cavities. 
The results of this study revealed that the cavities were not dominated by S. mutans 
which is otherwise the aetiological agent for dental caries to a certain extent it con-
tained a complex community comprised of numerous bacterial species thus support-
ing the view that dental caries is a polymicrobial disease. Healthy individuals who 
never suffered from dental caries exhibited an overrepresentation of several func-
tional categories such as genes for antimicrobial peptides and QS. Moreover, there 
was absence of S. mutans in healthy individuals, but they had other bacterial species 
in high numbers. Some of these dominant bacteria in healthy individuals were cul-
tured and it was evidenced that these bacterial species inhibit the growth of cario-
genic bacteria, hence, suggesting the use of such commensal bacteria as probiotics 
to promote oral health and check dental caries. One more study conducted by Liu 
et al. (2012) has revealed that oral microbiome of individuals suffering from peri-
odontal disease was enriched in virulence factors and adapted to a parasitic lifestyle 
that takes advantage of the disrupted host homeostasis.

10.7	 �The Resistance of Biofilms to Antimicrobials: A Medical 
Challenge

Biofilms have been found to resist the traditional antimicrobial therapy. Biofilm-
associated infections pose an immense challenge to the world of medicine as these 
are accountable for causing many chronic infections (Berger et  al. 2018). 
Nonetheless, few diseases that are caused due to the biofilm formation on host’s 
tissues include otitis media, cystic fibrosis, valve endocarditis and periodontal dis-
ease. With the increasing use of medical implants particularly dentures, the preva-
lence of biofilm-associated infections are drastically escalating (Dye et al. 2015). 
Elderly people who make use of dentures are at higher risk of developing biofilm-
associated infections as they don’t clean their dentures appropriately; hence, it leads 
to oral infections like denture stomatitis and sometimes other fatal systemic infec-
tions like chronic obstructive pulmonary disease (COPD) (Neppelenbroek 2015).

The increased antibiotic tolerance by the biofilms has been attributed to (i) the 
failure of antimicrobial agent to reach the target; (ii) degradation of enzymes in 
antibiotics in biofilm matrix; (iii) change in the pattern of gene expression; and (iv) 
persistence of the cells in mature biofilm (Carpentier 1999; Costerton et al. 1999; 
Costerton 2007). Signalling molecules which have been named as “alarmones” 
released from killed cells are thought to produce signals in biofilms communities so 
as to alert underlying deep cells to go into a state of resistance (Gilbert et al. 1993).
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10.8	 �Control of Oral Biofilm Through Quorum Quenching (QQ)

QQ refers to all processes involved in the disruption of QS (Dong et al. 2001). QQ 
helps in the inhibition of extracellular signalling via:

	(i)	 Avoiding the homoserine lactone (HSL) and decreasing the concentration of 
extracellular HSL by QQ enzymes called lactonases that are produced by dif-
ferent Bacillus species (coded by aiiA gene) degrading the signal molecules 
(Dong et al. 2002). There are two main classes of enzymes (AHL lactonases 
and AHL acylases) that cause degradation of signal molecules and act as useful 
tools in controlling the virulence of many pathogenic organisms (Dong et al. 
2002; Czajkowski and Jafra 2009).

	(ii)	 Use of competitive molecules (with homologous structure) in inhibiting the 
signal reception, such molecules are natural produced by V. fischeri, A. tumefa-
ciens, C. violaceum and A. salmonicida or can be produced synthetically. 
Synthetic biology can be a good emerging application of QS circuits, wherein 
cells can be engineered with desirable functions (Jayaraman and Wood 2008). 
Some molecules that are uncompetitive with different chemical structure have 
also been found to interfere with HSL binding to the sensor protein.

Quorum sensing inhibitors/quorum quenchers (QSI) provide an ecological strat-
egy to fight against the biofilm-associated infections via inhibition of intercellular 
signalling by QS. Some QSI have been found to be naturally produced by highly 
evolved plants. Delisea pulchra, an endemic species of algae that grows in Australia 
was found to produce halogenated furanones which thwart bacterial aggregation 
and thus checks biofilm formation (Manefield et al. 1999). A library of more than 
200 furanones and furanone analogues were developed using synthetic approaches 
(on mouse models) with potent antipathogenic properties both in vitro and in vivo 
(De Nys et al. 2006). Lichens (symbionts) were found to produce metabolites (usnic 
acid, barbatic acid) with antimicrobial properties towards dental plaque-associated 
S. mutans as well as on whole plaque (Ghione et  al. 1988; Grasso et  al. 1989; 
Francolini et  al. 2004; Chifiriuc et  al. 2009). Some aquatic and terrestrial plants 
were also found to produce QSI (Nimphaea sp., Allium sativum, Pisum sativum, 
Capsicum anuum, etc.) (Hentzer and Givskov 2003). In animals, QSI were also 
identified as lactonases like molecules in mammalian serum and QSI with antiinfec-
tious properties in epithelial cells (Yang et al. 2005). Antipathogenic compounds 
that inhibit QS pathways can be used as an alternative to antibiotics predominantly 
against the infections caused by resistant strains. Weakening the bacterial virulence 
by QSI than by antibiotics is an intelligent strategy and avoids risk of inducing 
resistance (Suga and Smith 2003; Costerton et al. 2007). Thus, novel QSI molecules 
need biosprospection in nature via screening different organisms from varied envi-
ronments so as to find potent QSI to fight antimicrobial resistance in biofilms.
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10.9	 �Conclusions and Future Perspectives

Biofilms have a huge impact on almost all aspects of our lives especially health. As 
we age, there are increased chances that we need hospitalization at some stage or the 
other, and we may have to use biomedical implants like dental implants, vascular 
grafts, contact lenses and orthopaedic implants. It has been observed that biofilms 
form on such implants, and these biofilms often contain pathogenic microorganisms 
that can pose a threat to human health. Biomedical technologies use disinfectant 
rinses or release antibiotics that have hardly helped in reducing such biofilm-
associated infections and may possibly have contributed to the increase in the anti-
biotic resistance. During the last decade, there has been a lot of research on biofilms, 
and many targets have been identified for disrupting biofilms through the use of 
QSI/QQ and thus reducing infections. Further, advancements in understanding of 
biofilm formation may provide potential strategies to significantly reduce biofilm 
infections.
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11Biofilm Formation on Ophthalmic 
Device-Related Infections: Insights 
on Clinical Implications
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Abstract
Biofilms are structured communities of microorganisms which are encased 
within a self-produced matrix attached to surface of abiotic or biotic. There is 
growing evidence that bacterial biofilms play a major lead in a range of ocular 
infections. The presence of biofilms has been established on most indwelling 
ophthalmic devices such as intraocular lenses, scleral buckles, contact lenses and 
suture materials. Lack of poor lens hygiene leads to infections of soft lenses that 
are at high risk than other types of lenses. Pseudomonas spp. is gram-negative 
bacteria predominant on contact lenses. Serratia spp. and Staphylococcus spp. 
are the next dominant microorganisms in the eye. The biofilm of these organisms 
led to activation of various signalling cascades which cause permanent vision 
loss in humans. The strategy of preventing the microbial attachment and biofilm 
formation by utilizing single-cell repellent surfaces is the ideal choice. Natural 
and man-made anti-biofilm compounds have previously been discovered to 
address this problem. There is a large requirement for improvement of anti-
biofilm formulations to control the post-surgery eye medical devices. The 
organoselenium polypropylene is the one which demonstrates the capacity to 
decrease biofilm formation. The utilization of organoselenium copolymer 
assumes an indispensable job in securing against contact focal point. Nisin poly-
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propylene material showed to stop the biofilm formation of S. epidermidis. The 
review emphasizes on biofilm formation on ophthalmic devices and advanced 
developments in the anti-biofilm materials for better vision.

Keywords
Biofilm · Contact lens · Organoselenium polypropylene · Nisin polypropylene

11.1	 �Introduction

Most of the bacterial infections involve biofilms. Cluster of microorganisms that 
manufacture biofilms are found to be connected with the biotic and abiotic surfaces. 
Biofilms are single or multilayered (Karatan and Watnick 2009) and contain either 
consistent or heterogeneous populations of microorganism. These stay inside the 
framework of extracellular polymeric substances discharged by constituent popu-
lace of biofilms. They exhibit amazingly complicated multicellular behaviours that 
are coordinated by cell-to-cell signalling networks. Biofilms are an expanding issue 
of worry that is picking up significance as time passes. Biofilms also  appear on 
therapeutic gadget surfaces, and spread of single and grouped cells suggests a tre-
mendous danger of microorganism scattering among the host and intensified danger 
of contamination. Organisms within a biofilms are problematic to kill by conven-
tional antimicrobial medical aid and might cause indolent infections. This chapter 
reviews the biofilm formation on varied ophthalmic devices, their role within the 
disease process and prevention ways.

The primary portrayal initiated by van Leeuwenhoek on restorative microbial 
biofilms outlined perceptions made on dental plaque. By observant that he may 
solely kill tiny proportion of the microorganisms adhering to his teeth, attributable 
to acknowledge natural resistance of microorganism during an exposure of a bio-
cide, ethanoic acid (Hall-Stoodley et al. 2004). In fact, it took three additional cen-
turies for Koch to explain the scientific theory for disease. The frequency of 
infections caused by biofilms has been thought to be from 65% to 80%. It has taken 
an additional century for the restorative significance of biofilms to be perceived in 
spite of its measurable contribution over 80% of bacterial contamination (Health 
2007, November 12). Furthermore, the  ibofilm examination procedures such as 
microwell plate assay, Calgary Device, confocal laser scanning microscopy, Bioflux 
device and atomic force microscopy have become progressively common in medici-
nal research (Berger et al. 2018).
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11.2	 �Indwelling Devices and Biofilm Infections

One of the essential clinical diseases identified with biofilm formation was thera-
peutic device-related contaminations. Medical device-related infections create an 
enormous monetary burden on care services and are related to accrued patient mor-
bidity and mortality (Donlan 2008). Healthcare-related diseases will happen in con-
sideration homes, clinics or in a patient’s home (van Kleef et  al. 2013), with a 
predominance dimension of 6.4% and 1,000,000 cases detailed each year (HPA 
2011). Among one million cases reported, an expected 60% of emergency clinic-
related contaminations are due to biofilms that have formed on inhabiting devices 
(Darouiche 2004). Ophthalmic device-associated biofilm diseases in emergency 
clinic remain, by and large, a few days (Archibald and Gaynes 1997). Attributable 
to the maturing populace and the expanding assortment of implantable medical 
devices, contamination related to biofilms is feared to broaden. Many of the medical 
devices are contaminated with different types of biofilms (Marrie et  al. 1982; 
Gristina and Costerton 1984, 1985; Webb et al. 1986). The occurrence of bacterial 
biofilms has been reported on several therapeutic devices such as intrauterine 
devices, prosthetic heart valves, urinary catheters, neurosurgical ventricular shunts, 
ventricular assist devices, intravascular catheters, prosthetic joint, coronary stents, 
cochlear implants and intraocular and contact lenses (Donlan and Costerton 2002; 
Bispo et al. 2015) (Fig. 11.1).

Biofilms on indwelling medical devices could be made out of gram-positive or 
gram-negative microorganisms or yeasts. Microbes usually detached from these 
devices include gram-positive Staphylococcus epidermidis, Enterococcus faecalis, 

Fig. 11.1  The presence of bacterial biofilms has been reported on several medical devices such as 
intrauterine devices, urinary catheters, prosthetic joint, coronary stents and contact lenses
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Staphylococcus aureus and Streptococcus viridans, and the gram-negative Klebsiella 
pneumoniae, Escherichia coli, Proteus mirabilis and Pseudomonas aeruginosa. 
This biofilms arrangement might be analysed by electron microscopy when 
upgraded by recolouring with ruthenium red (Springer and Roth 1973).

Table 11.1 represents the most common ocular-associated infections in human.

11.3	 �Factors Influencing Biofilm Formation on Ophthalmic 
Devices

Biofilm formation on indwelling therapeutic devices can be determined by several 
variables (biotic and abiotic factors). Biofilm arrangement is a multistep procedure 
and adhesion to ophthalmic gadgets varies between different genera/species/strains 
of microscopic organisms. Microorganisms ought to adhere to the exposed surfaces 
of the device sufficiently long to turn out to be irreversibly snared. The rate of cell 
connection relies upon the sum and sorts of cells inside the fluid from which the 
gadget is uncovered, the progression of fluid through the gadget, and the physico-
chemical qualities of the surface. Segments in the fluid could adjust the surface 
properties and conjointly affect the rate of connection.

Once these cells irreversibly connect and fabricate extracellular polysaccharides 
to build up a biofilm, rate of development is affected by stream, surrounding tem-
perature, and supplement creation of the medium and antimicrobial-medicate fixa-
tion. Common abiotic variables include pH scale, salt fixation, temperature, 
dampness, supplement availability, anti-microbial impacts and heavy metals 
(Fig. 11.2).

Table 11.1  Examples of vision-related infections to location and type of foreign body

Foreign body Location Infection Organisms
Penetrating 
trauma, 
superficial

Eyelid area Eyelid abscess Staphylococcus aureus

Contact lens Anterior segment Keratitis Staphylococcus species, 
Pseudomonas species and 
Fungi

Punctal plugs Lacrimal duct Conjunctivitis Pseudomonas aeruginosa
Silicone sponge 
implants

Conjunctiva and 
sclera

Posterior segment Staphylococcus sp.

Intraocular lens Anterior segment Pseudophalic 
endophthalmitis

Staphylococcus sp.

Penetrating 
trauma, deep

Crosses anterior to 
posterior segment

Endophthalmitis, 
orbital abscess

Staphylococcus sp., Bacillus 
sp. and Fungi
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11.4	 �Biofilm Formation in Ophthalmological Devices

Biofilm formation on ophthalmic devices leads to various kinds of diseases like 
endophthalmitis, contact lens-associated keratitis and infectious crystalline kera-
topathy in humans. Many prosthetic device-associated ocular infections due to bio-
film formation on biotic or abiotic materials fastened within the eye together with 
conjunctival infection and corrosion related to scleral buckles, endophthalmitis 
involving biofilms on intraocular lenses, keratoprosthesis and glaucoma drain 
implants and infectious crystalline keratopathy are reported (Zegans et  al. 2005; 
Juarez-Verdayes et al. 2006; Ibanez et al. 2011).

11.5	 �Endophthalmitis

Plethora of reports state that clinical endophthalmitis treatment after cataract sur-
gery is due to microorganisms intruding the site during surgery (Speaker et al. 1991; 
Sunderraj 1992). Staphylococcus epidermidis gram-positive bacteria conjure 76%–
90% of the culture-positive cases of pseudo-endophthalmitis (Puliafito et al. 1982; 
Dickey et al. 1991). Improper handling of the surgical instruments can lead to rapid 
progression of the disease, which can cause an inflammation of the interior of the 
eye. Especially, cataract surgery and intraocular surgery with possible loss of vision 
and the eye itself are possible complications. Microorganisms adhere well to intra-
ocular lenses due to electrostatic forces. During cataract surgery, simply wiping a 
lens around the wound will cause 26.7% of lenses to have viable organisms attached 
(Fisch et al. 1991).

Fig. 11.2  TEM photomicrograph of an infected solid silicone buckling parts shows Staphylococcus 
capitis (a) sheltered in biofilms and biofilm formation of Staphylococcus epidermidis (b)
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Post-cataract endophthalmitis is primarily caused by gram-positive organisms 
from the microbiota of the eye surface. It is  notable that  Coagulase-negative 
Staphylococci (CoNS), especially epidermidis is caused by Staphylococcus (Benz 
et al. 2004; Schimel et al. 2013). Perhaps, there are two remedies available to man-
age endophthalmitis, and there is no single antibiotic treatment for all of the 
microbes isolated from eyes with endophthalmitis, and hence a combination of 
medical care is mostly counselled (Schimel et al. 2013). Hydrophobicity is consis-
tently found to be a very important determinant of biofilm formation in different 
studies. Changing the surface to make it more hydrophilic may reduce early binding 
and robust staphylococcal biofilm development.

11.6	 �Contact Lens-Associated Keratitis

For patients, eye care practitioners and the contact lens industry, sight-threatening 
microbial keratitis associated with contact lens wear remains a serious concern. The 
use of contact lenses represents the most risk issue in developed countries for the 
event of microbial keratitis. Estimates of microbial keratitis in the United States 
suggested more than 30,000 cases annually (Pepose and Wilhelmus 1992). The inci-
dence of contact lens-associated microbial keratitis has been shown to be impacted 
by the material of contact lens and conjointly by the damage schedule. Early epide-
miological studies show a higher risk for the daily wear of soft contact lenses com-
pared to the daily wear of rigid gas-permeable lenses (Cheng et al. 1999), and this 
risk was found higher for overnight wear soft contact lenses (Dart et  al. 1991). 
Recently, a case-control study reported that silicone polymer hydrogel contact focal 
points and day-by-day expendable focal points were related with a higher rate of 
keratitis (Dart et al. 2008).

The increased threat of microbial keratitis in the contact lens is due to the lens 
that induces changes in the corneal epithelium that facilitate the movement of the 
organism to the ocular surface that would otherwise not be found during this niche 
and the limitation of natural clearance mechanisms (Fleiszig and Evans 2010; 
Willcox et al. 2010). There are two ways to infect the cornea and lead to keratitis 
with these contact lenses. One is the close interaction between the lens and the cor-
neal epithelium that induces local changes, including hypercapnia and hypoxia, 
affecting the epithelium’s ability to react to damage. This could result in compro-
mising the exchange of tear fluids between the anterior and posterior sides of the 
lens, neutralizing the tear fluid’s composition on the eye surface and limiting its 
antimicrobial properties (Fleiszig and Evans 2010; Willcox et al. 2010). However, the 
second approach provides a surface where microorganisms can fix and settle the 
surface as a biofilm, a source for microorganisms to develop into a previously dam-
aged corneal epithelium (Willcox et al. 2010) (Fig. 11.3).

The capacity of microorganisms to stick to completely different contact lens 
materials has been established in vitro (Dutta et al. 2012) and is especially driven by 
surface hydrophobicity (Klotz et al. 1989; Bruinsma et al. 2001). P. aeruginosa, S. 
aureus and coagulase-negative Staphylococci (Tabbara et  al. 2000) are three 
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microorganisms predominant on contact lenses. It is a notable fact that, P. aerugi-
nosa can easily stick to contact lenses, among any microorganisms tested so far, and 
this is presumably a reason that it is the most principal microbe that causes contact 
lens-associated keratitis (Hahn 1997). This bacterium produces many surface-asso-
ciated adherence factors (adhesions) that promote epithelial cell attachment and 
contribute to the pathogen’s virulence.

11.7	 �Scleral Buckle-Associated Infections

Scleral buckles are used in rhegmatogenic retinal detachments, where they are 
placed between the conjunctive and the sclera. Gram-positive cocci, especially 
coagulase-negative staphylococci, and nontuberculous mycobacterium often cause 
scleral buckle-associated infections (Smiddy et  al. 1993; Pathengay et  al. 2004). 
The presence of a biofilm within the explanted material was supposed to play a vital 
role in its pathogenesis due to the chronic evolution of this infection. From these 
buckle parts, more frequently gram-positive bacteria, and less frequently 
Mycobacterium chelonae and Proteus mirabilis, are found to grow (Holland et al. 
1991). Scleral buckle infections tend to be relentless furthermore by being immune 
to antimicrobial treatment. Often, scleral buckle infections need exclusion of the 
buckling parts for resolution. Due to conjunctival erosion and infection, buckle 
materials are kept away from patients. The mechanism by which bacteria can persist 
and withstand antimicrobial treatment could also be the development of biofilms on 
scleral buckles. This mechanism would also describe the need to remove an infected 
buckle for infection resolution (Holland et al. 1991).

Fig. 11.3  Keratoconus patient with P. aeruginosa who developed an infection following hybrid 
contact lens wear
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11.8	 �Orbital Implants and Lacrimal Intubation Devices

Lacrimal cannulation devices together with lacrimal stents and Jones tubes are nor-
mally utilized during the dacryocystorhinostomy practice to treat nasolacrimal duct 
obstruction (NLDO), a general cause of epiphora (Eisenbeis et al. 2011; Bispo et al. 
2015). As for alternative biomaterials fixed in the eyes, Jones tube as well as lacri-
mal stents could offer biofilm formation with an exterior. The bacterial biofilm for-
mation on nasolacrimal stents could lead to prosthetic failure by occluding the stent 
(Ibanez et al. 2011). Bacterial colonization of the outer and inner surfaces of lacri-
mal stents was reported in some studies (Parsa et al. 2010) (Fig. 11.4).

The incidence of a polymicrobial biofilm was demonstrated by the evaluation of 
both Jones tube and silicone stent by scanning microscopy. Curiously, in the sili-
cone stent biofilms, the authors have identified a variety of cell morphologies 
including fusiforms, short rod, cocci and spirochetes. Analysis of the interior sur-
faces of the silicone stent by confocal laser scanning microscopy unconcealed the 
presence of viable biofilms on the tube (Parsa et al. 2010). Biofilm formation on 
these polyurethane nasolacrimal stents has been connected with delayed failure of 
the device (Ibanez et al. 2011).

11.9	 �Conjunctival Plugs

Punctal plugs are used for the management of tear-deficient-kind dry eye. 
Conjunctival plugs are manufactured from hydrophobic acrylic, silicone, hydrogel 
and collagen. However, secondary complications might take place following 
implantation, including dacryocystitis, canaliculitis and acute conjunctivitis (Yokoi 
et al. 2000; Bourkiza and Lee 2012). Punctal plugs are usually used to treat dryness 
of the eye surface that does not respond to topical medication by occluding lacrimal 
ducts and blocking emptying of tears. It is vital that patients with punctal plugs are 
carefully observed. Examination of punctal aloof plugs from patients without clini-
cal signs of infection revealed the presence of biofilms from microorganisms in 53% 
of the samples (Sugita et al. 2001). With regard to infection, many patients were 
asymptomatic, and the causal association between biofilms growing on punctal 
plugs and progress toward eye infection remains speculative. One case of conjunc-
tivitis was associated with the formation of biofilm on a punctal plug (Yokoi et al. 

Fig. 11.4  The pathologic 
process of device-
associated infections 
centred around the 
multifarious interaction of 
microorganism, device and 
host factors
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2000). S. haemolyticus and Candida tropicalis are commonly growing biofilms on 
punctal plugs.

11.10	 �Outlook on Biofilm Prevention and Treatment Agents

Because biofilms are recognized for their great medical significance, efforts have 
been made to either stop their formation or get rid of them once they have been 
formed. There is a keen interest in ophthalmic materials capable of killing harmful 
microorganisms due to ever-increasing demand for healthy living. There are a few 
strategies to eradicate this biofilms on ophthalmic devices, which include prevent-
ing bacterial colonization on medical device surfaces by covalently attaching bio-
cidal molecules and slowly releasing numerous antibiotics or modifying the external 
topology that may interfere with microbial adhesion.

The first two approaches would be much easier to achieve because they depend 
primarily on the coating of current ocular devices with obtainable biocidal mole-
cules; the last is also more difficult because changes in the material topology could 
alter its optical clarity. Many medical procedures are currently used to treat device-
related infections, including long-term antimicrobial strategies and antibiotic com-
binations and surgical revision. Unfortunately, these interventions carry the risk of 
re-infection and the development of antibiotic resistance, often at a higher rate. 
However, the application of non-adhesive and antimicrobial coatings has been 
researched and clinically tested as an alternative approach.

11.11	 �Investigational Strategies

There are some that have bactericidal potential and some that have adjunctive ther-
apy potential among research strategies to control biofilms.

11.12	 �Biocidal Molecules or Inhibitors

The key to developing improved biomedical materials and devices, including 
infection-resistant medical implants, is effective management of biointerfacial 
interactions. Several of the medical devices are created from normal materials and 
do not seem to be antimicrobial, in order that they need modification. For example, 
device surfaces with modified chemicals such as polyethylene glycol and some 
other synthetic polymers are reported to repel (not kill) microorganisms (Ackart 
et al. 1975; Bridgett et al. 1992; Desai et al. 1992). These films were investigated for 
their resistance to bacterial adhesion. Alternatively, materials are often impregnated 
with antimicrobials, such as biocidal molecules, quaternary ammonium compounds, 
silver ions or iodine, which are slowly released into the surrounding solution over 
time and kill microorganisms (Fig. 11.5).

11  Biofilm Formation on Ophthalmic Device-Related Infections: Insights on Clinical…



150

The adhesion and colonization mechanism of bacteria on biomaterial surfaces 
are not fully understood; the influence of absorbable proteins was investigated. 
Biocidal compounds like polyethylene oxide (PEO) on the surfaces of polymeric 
biomaterials had shown larger protection from biofilm formation (Desai and Hubbell 
1991). For instance, Desai et al. showed that incorporation of polyvinylpyrrolidone 
and polyethyl oxazoline on the surfaces of commonly used biomedical polymers, 
for example polyurethane, would provide a wide protection from various microor-
ganisms’ adherence.

Therefore, as an example for the prevention of biocides from the exploitation of 
surface colonization, a hundredfold reduction in cell counts when S. aureus is 
undisputed in previous studies. S. aureus, E. coli and P. aeruginosa were sprayed on 
glass slides covered with covalently fastened poly(4-vinyl-N-alkylpyridinium bro-
mide) or N-hexylated polymer (Tiller et al. 2001). Inhibitory effects of 2,2′-dipyri-
dyl and 1,2,3,4,6-penta-O-galloyl-b-D-glucopyranose in the contact lens on S. 
aureus were evidenced (Cho et al. 2015).

Antimicrobial peptides (AMPs) are another strategy for eradicating bacteria that 
form biofilms. AMPs’ mechanism of action varies and involves disrupting bacterial 
cell membranes by creating hydrophilic channels, destabilizing the lipid bilayer and 
even changing membrane curvature. These mechanisms lead to penetration and 
death of bacterial cells. Quorum sensing (QS) is a form of chemical cell-to-cell 
communication used by microbes for cell-density-dependent signal transmission 
(Miller and Bassler 2001). Development of a peptide antagonist against fsr QS of E. 
faecalis derivatives would be useful to control the biofilm formation (Nakayama 
et al. 2013).

Fig. 11.5  Graft polymers can be established through the grafting-to technique (a), where pre-
formed polymers are surface immobilized in a reaction between complementary functional groups. 
Grafting-from method (b) uses surface-immobilized initiators or chain transfer agents in a mono-
mer solution that results in covalently immobilized graft polymer. Grafting-assisted materials (c)
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11.13	 �Antibiotic Molecules

When biofilms form after medical devices have been implanted, they carry the risk 
of device infection and may result in the patient suffering worse after treatment than 
before receiving medical treatment (Darouiche 2001). Bacterial colonization of the 
inward device may lead to both infection and failure of the device. Consistent with 
one study reported, surface coatings which will slowly discharge antibiotics, such as 
clarithromycin, rifampin and doxycycline, were capable of averting biofilm forma-
tion for up to 3 weeks (Rose et al. 2015). The intraocular lens designed to release 
norfloxacin was tested in rabbit model and in vitro to stop postoperative bacterial 
(Garty et al. 2011). Antimicrobial peptides coating on metal titanium have addition-
ally been used fruitfully to prevent biofilm development and have the superimposed 
advantage that they are active against antibiotic-resistant strains (Kazemzadeh-
Narbat et al. 2013). Gallium nitrate or silver also showed potential impact which 
will forestall the formation of biofilms. The advantages of visual exploitation sys-
tems that slowly unleash antimicrobial agents are that a number of regularly used 
ophthalmology antibiotics already have toxicity, penetration, and half-life. On the 
contrary, long exposure to these drugs could favour the selection of spontaneous 
resistant mutants and disturb the microbiome of the eye surface (Fig. 11.6).

Fig. 11.6  Possible architecture for mixing low-fouling with antibacterial properties: (a) icing, (b) 
bottle brush, (c) multilayer and (d) castle
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11.14	 �Modifying the Exterior Topology of Ophthalmic Devices

Changes within the ophthalmic device material topology may change its optical 
clarity. It is always a pretty approach to change the external structure of eye devices 
to make it less adhesive for bacteria making an attempt to colonize. This would 
potentially eradicate the requirement for coating with biocide or antimicrobial 
agents that would be reserved for treatment and perioperative prophylaxis. Some 
polymers, such as dextran, polyacrylamide and polyethylene glycol, can form star-
shaped, linear, and ‘bottle brush’ external nanostructures that impede the ability of 
the microbe to adhere to the substrate (May et al. 2014; Salwiczek et al. 2014).

In addition, nanotubes, nanopores and nanopillars made of anodized aluminium, 
polymethylmethacrylate and titanium dioxide were found to reduce microbial adhe-
sion to coated surfaces (Desrousseaux et al. 2013).

11.15	 �ECM Degrading Enzymes

Synthetic biology involves engineering biological organisms through modular and 
generalizable victimization standard designs with the ultimate goal of developing 
useful solutions to real-world problems. To control the formation of biofilms on 
medical devices, few scientists are currently engaged in the extracellular matrix 
(ECM)-degrading enzymes. This can be an alternative strategy for microbial biofilm 
removal to stimulate microbial reversal to planktonic physiology. While the enzymes 
that degrade the ECM or the substratum can cost a clinical price, small signalling 
molecules that cause the expression of factors that stimulate biofilm dissimulation 
can be a viable alternative (Bispo et al. 2015). The use of phage endolysins as well 
as engineered phages expressing antibiofilm enzymes can also be promising choices 
in the site of infection for the eradication of bacterial biofilms (Lu and Collins 
2007). Some cell signals, such as PQS, AI-2, C4HSL and AIP-I or their derivatives, 
are also of great therapeutic value (Dong et al. 2008; Kaplan 2010).

11.16	 �Conclusions and Future Directions

Since early descriptions quite three decades ago, our understanding of the formation 
and development of biofilms has advanced considerably. As medical interventions 
rely gradually on medical devices and prosthetic devices, a very important con-
straint is the requirement to prevent, decrease or eliminate microbial biofilms. 
Contact lenses and intraocular lenses have had an excellent impact on the restora-
tion and recovery of vision within the field of eye care; however, eye infection pro-
hibits their use. Strategies such as developing biofilm-active therapies and 
anti-biofilm surface coatings and improving surface topology to stop microbe adhe-
sion are exciting avenues for future understanding to reduce the risk of visual infec-
tion associated with biofilm.
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Abstract
Microorganisms employ a precised communication pattern among themselves in 
order to coordinate between various processes during their growth. Both unicel-
lular and multicellular microbes are found to show cell density-driven gene 
expression. This phenomenon of density-dependent cell regulation used for sur-
vival, prevalence and colonization of specific host is generally termed as quorum 
sensing (QS). Microorganisms respond to this stimulus once the signalling mol-
ecule reaches its threshold concentration. Since they are found to be able to regu-
late their own production, they are termed as autoinducers (quorum sensing 
molecules). These molecules function by sensing their own population with 
respect to their density and distribution pattern in the prevailing environment. 
Hence, microorganisms use such environmental sensing mechanisms to get 
adapted as well as for their survival in the existing conditions in their habitat, 
thereby maintaining healthy cell population. The autoinducers occur widespread 
in several microorganisms and differ from each other in their molecular struc-
tures. Acyl homoserine lactones (AHL), Autoinducer (AI), i.e., AI-2, AI-3 and 
quinolones are the common QS signalling molecules in Gram-negative bacteria, 
while cyclic peptides, AI-2 and butyrolactones are observed as signalling mole-
cules in Gram-positive bacteria. In the case of actinomycetes, small diffusible 
molecules called autoregulators, A-factor and 2-iso-octanoyl-(3R)-
hydroxymethyl-γ-butyrolactone act as QS signalling molecules. Understanding 
the connection between genomes, gene expression and the molecules in complex 
environment is considered to be a tough task. Increasing interest towards study-
ing the underlying mechanisms has led to the development of various model 
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systems. Among them, plant-microbe symbiotic system is considered to be the 
best one to study the inter-kingdom molecular cross-talk. During the process of 
evolution, plants started to respond to the external stimuli in different and more 
specific ways. One such way includes production of AHL-like molecules to regu-
late the QS of plant-associated microorganisms. In view of this, the present chap-
ter will be focused on quorum sensing molecules and their role in plant-microbe 
interaction.

Keywords
Quorum sensing · Inter-kingdom signalling · Autoinducer · AHL · Lipoxygenase 
· Diffusible signal factor · Oxylipins · Gram-positive bacteria · Gram-negative 
bacteria · Fungi

12.1	 �Introduction

Rhizosphere is a complex ecosystem consisting of nutrient-rich soil which is highly 
influenced by the root exudates and associated microorganisms. It is densely popu-
lated with varied microorganisms such as bacteria, fungi, nematodes, protists and 
invertebrates. Plant root exudate is mainly attributed of primary metabolites includ-
ing carbohydrates, amino acids, organic acids, enzymes and secondary metabolites 
such as alkaloids, terpenoids and phenolics that are responsible for shaping, inter-
fering and signalling with the rhizosphere microflora (rhizomicrobiome). Exudation 
of these metabolites results in the benefit of plant by attracting and promoting the 
colonization of beneficial microorganisms in the rhizosphere, while combating the 
pathogenic ones (Mendes et al. 2013). Shaping and recruitment of rhizomicrobiome 
are regarded to occur through two processes. The first one involves stimulation of 
microbial multiplication by the root exudates. This process is considered as an 
active way of building up the selective rhizospheric microbial communities from the 
diverse microorganisms present in the soil through the processes that support, atten-
uate or inhibit the microbial growth and activity. However, the contribution of plant 
root secretions in determination of the rhizospheric microbial population cannot be 
merely termed as signalling. The second method involves detection of low molecu-
lar weight substances produced by plants or microbes and stimulation of cellular 
response which triggers a cascade of reactions and brings about the transcription of 
the gene in response to a particular compound. This process is believed to perfectly 
suit the definition of signalling. This phenomenon of signalling is divided into three 
categories which represent the major signalling mechanisms occurring in the 
rhizosphere:

	1.	 Microbial intra-species and inter-species signalling that occurs mainly through 
quorum sensing (QS) signalling molecules which helps in the establishment of 
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the respective microbial community as well as brings about synchronization in 
their behaviour.

	2.	 Signalling occurring from plant towards microorganisms through small mole-
cules secreted by plants, which is observed in specialized symbiotic association, 
resulting in shaping plant-microbiome to maintain phenotypic plasticity.

	3.	 Signalling initiated from microorganisms towards plants through microbial-
produced compounds that affects gene expression and defence mechanisms in 
plant.

12.2	 �Quorum Sensing: Microbial Signalling Among Intra-
species and Inter-species Inhabiting Rhizosphere

Microorganisms communicate and bring about coordination in their behaviour by 
responding to the stimulus generated by the quorum sensing molecules or autoin-
ducers which are considered as cell density-dependent entities. Microorganisms are 
found to produce these autoinducers during their entire growth phase, but they are 
thought to actively respond towards such signals only at certain growth phase which 
in turn is highly species specific. This growth phase is determined by the cell den-
sity of microorganism. Microorganisms utilize quorum sensing mechanism to con-
trol wide variety of processes which include synchronized gene regulation and 
expression required for active colonization, symbiosis and host-bacterial virulence 
(González et al. 2017).

12.3	 �Quorum Sensing as Signalling Mechanism in Gram-
Negative Bacteria

Quorum sensing has been the current subject of extensive investigation in microbio-
logical research. The signalling molecules produced by the microorganisms are 
classified into different chemical classes and microbes may use more than one quo-
rum sensing system. Quorum sensing phenomenon for the first time was studied in 
the marine bacterium Vibrio fischeri. A chemical compound produced by this bacte-
rium was found to be responsible for their bioluminescence and the same was iden-
tified as, N-(3-oxo)-hexanoyl-L-homoserine lactone (3 oxo C6-HSL). Several 
quorum sensing signalling molecules of bacterial origin have been isolated and 
identified. Acyl homoserine lactone (AHL) is considered as a universal signalling 
molecule in the case of Gram-negative bacteria (Galloway et al. 2011). A wide vari-
ety of proteobacterial rhizosphere isolates including Pseudomonas chlororaphis, 
Pseudomonas syringae, Burkholderia, Serratia, Erwinia and Ralstonia are found to 
produce as well as respond to such QS signalling molecules. Structurally, AHL is 
composed of long acyl chain attached to homoserine lactonic ring (Ahmad et al. 
2008). Different AHL molecules are found to differ in the acyl chain length and its 
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degree of saturation along with the occurrence or absence of hydroxyl or keto group 
on the C3 carbon atom. LuxR family of proteins are reported to be involved in the 
synthesis of these signal molecules. AHLs have also been found to be involved in 
inter-kingdom signalling and influence regulation of gene expression and induction 
of systemic resistance in plants, thereby stimulating the growth and development. 
Recently, pyrones and dialkyl resorcinols found to be produced by a number of 
Gram-negative bacteria have been identified as signalling molecules. These are rec-
ognized by LuxR proteins and closely resemble LuxR family. DSF family (diffusible 
signal factor) is another class of QS signals in Gram-negative bacteria including 
Burkholderia spp. and Stenotrophomonas maltophilia. The first signalling molecule 
to be included under this class is cis-11-methyl-2-dodecenoic acid produced by 
Xanthomonas campestris pv. campestris. These signals induce innate immunity and 
hence act as signalling molecules for inter-kingdom communication between plants 
and bacteria. Since QS is generally used by the microorganisms to sense and get 
adapted with the prevailing microenvironment (Williams 2007; Mellbye and 
Schuster 2011), studies using nonpathogenic Burkholderia strains further state the 
role and importance of QS for inter-kingdom communication between plant and 
bacteria in the rhizosphere and among different microbial communities (Chan et al. 
2011; Suarez-Moreno et al. Suárez-Moreno et al. 2012).

12.4	 �Quorum Sensing in Gram-Positive Bacteria

Cell-to-cell signalling in Gram-positive bacteria is triggered by signal transduction 
mechanism which in turn is a two-component system where histidine kinase and a 
response-regulating protein bring about phosphorylation of the cascade, resulting in 
the stimulation of signal transduction. In general, post-translationally modified/
unmodified peptides which are secreted through an ATP-binding cassette (ABC) 
exporter protein are used as QS signalling molecules by Gram-positive bacteria 
(Bassler 2002). Several key processes are found to be under quorum sensing regula-
tion in the case of Gram-positive bacteria. Few to be listed include competence 
development for DNA uptake by Bacillus subtilis and Streptococcus pneumoniae, 
production of microcin by Lactobacillus sake and determination of virulence in 
Staphylococcus aureus. S. aureus and S. epidermidis are often the important species 
that are found to be responsible for the formation of biofilms on medical devices. 
Infections characterized due to the biofilm formation by Staphylococcus spp. are 
highly resistant to antibiotic treatment. A group of peptides termed modulins that 
are phenol soluble have been suggested as the virulence determinants in this bacte-
ria. In S. aureus, quorum sensing is observed to occur in two different mechanisms. 
The first quorum sensing mechanism employs a seven amino acid peptide RAP 
(RNAIII activating peptide), an autoinducer which regulates TRAP protein (target 
of RNAIII activating protein) (Balaban and Novick Balaban and Novick 1995). 
Production of TRAP is stimulated when the RAP reaches its threshold concentra-
tion. This phenomenon leads to the enhancement of cell adhesion and stimulation of 
the second quorum sensing mechanism which is found to be regulated by the Agr 
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(accessory gene regulator) locus. The Agr system is constituted of RNAII and 
RNAIII, and their transcription is found to be under the control of P2 and P3 pro-
moters, respectively (Morfeldt et al. 1995).

12.5	 �Quorum Sensing in Fungi

Quorum sensing, a cell density phenomenon, is usually reported to bring about 
morphological changes in several microorganisms including bacteria and fungi 
(unicellular and filamentous) using different QS signalling systems. However, one 
of the best-studied QS systems is reported in Candida albicans, which is a dimor-
phic and opportunistic human pathogen (Hogan 2006). Morphologically, C. albi-
cans is observed to undergo a shift to yeast-like growth from hyphal growth and 
vice versa and is found to be controlled by a cell density-dependent phenomenon. 
This phenomenon is governed by farnesol and tyrosol which act as QS signalling 
molecules (Hornby et al. 2001). However, in the case of Saccharomyces cerevisiae 
(budding yeast), morphological changes and pseudohyphal formation are stimu-
lated by two aromatic alcohols, namely, phenylethanol and tryptophol (Chen et al. 
2004). Studies on QS in fungi were initiated long ago and it has been tremendously 
expanding since past few years. Few examples of filamentous fungi in which QS 
mechanisms are reported include Aspergillus nidulans, Aspergillus terreus, 
Penicillium chrysogenum and Penicillium sclerotiorum. Oxylipins which are chemi-
cally lactone-containing molecules act as QS signalling molecules in these fungi. 
Morphogenesis, secondary metabolite production including mycotoxins, antibiotics 
and the phenomenon of sporulation are reported to be under QS regulation in these 
fungi (Schimmel et  al. 1998; Calvo et  al. 2002; Tsitsigiannis and Keller 2007; 
Sorrentino et al. 2010). Apart from this, the high degree of similarities shared by the 
filamentous bacteria and fungi has driven the researchers towards investigating the 
presence of other QS signalling molecules which has led to the discovery of differ-
ent γ-butyrolactone-containing molecules in filamentous fungi. Later, it was 
reported that several such γ-butyrolactone-containing molecules occurred in fungi 
and play the role as putative QS molecules. Butyrolactone-I, a secondary metabolite 
produced by A. terreus, acts as a signalling molecule that brings about the stimula-
tion of lovastatin biosynthetic gene machinery (Raina et al. 2012), thereby resulting 
in the enhanced yield of this secondary metabolite lovastatin. Apart from this, buty-
rolactone-I is also thought to effect hyphal formation and sporulation (Schimmel 
et al. 1998). It is attributed with autostimulatory function as well. The transcription 
of lovastatin biosynthetic genes in A. terreus is found to be under the regulation of 
linoleic acid and its derivatives. This partially explains the key role of oxylipins as 
QS signalling molecules. Madhani (2011) reported butyrolactone-I and multicolic 
acid as QS signalling molecules in A. terreus and Penicillium sclerotiorum, respec-
tively, which in turn brought about 2.9-fold increase in the production rate of lovas-
tatin at fermentor level. γ-Heptalactone is another γ-butyrolactone-containing 
molecule that was recently identified in A. nidulans, where it was reported to act as 
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QS molecule in the same fungus. It is mainly said to act by decreasing the lag phase 
thereby affecting the growth of this fungus. Lactonases are reported to be synthe-
sized by different fungi. Uroz and Heinonsalo (2008) are the first to report on 
Ascomycota and Basidiomycota lineages (include root-associated fungi) to use 
AHL lactonase as QS signalling molecule. Hence, fungi belonging to different gen-
era use quorum sensing phenomenon and influence their population-dependent 
behaviour such as conidia-sclerotia morphological shift and secondary metabolite 
production (Horowitz Brown et al. 2008; Brown et al. 2009).

12.6	 �Inter-Kingdom Microbial Signalling in Rhizosphere

12.6.1	 �Quorum Sensing-Mediated Responses Between Bacteria 
and Fungi

The synthesis of phenazine by Pseudomonas chlororaphis is a cell density-
dependent process which is regulated by phzI and phzR. Here, the quorum sensing 
molecule is found to be HHL (N-hexanoyl-homoserine lactone) (Wood et al. 1997). 
P. chlororaphis strain PCL1391 produces phenazine-1-carboxamide (PCN), and 
this acts as the antifungal agent against Fusarium oxysporum which is responsible 
for the cause of tomato (Solanum lycopersicum) foot and root rot (Chin-A-Woeng 
et al. 2001). As PCN has been detected only in high cell density of P. chlororaphis, 
it is stated that its production may be stimulated by QS phenomenon. The QS sys-
tem of Burkholderia ambifaria is thought to possess a CepRI system, which uses 
C6-homoserine lactone and C8-homoserine lactone signals. In Burkholderia cepa-
cia complex (Bcc) species, production of antifungal molecules, i.e. pyrrolnitrin, 
burkholdines (occidiofungin-like molecules) and enacyloxins, is reported as QS 
regulated (Lutter et  al. 2001; Zhou et  al. 2003; Schmidt et  al. 2009; Annelise 
Chapalain et al. 2013).

12.6.2	 �Quorum Sensing Response Between Plant and Bacteria

Microorganisms and plants that live in mutual association are found to be able to 
overcome plant defence mechanisms and thereby bring about the successful coloni-
zation of the host (Alqueres et  al. 2013). All the beneficial association between 
plants and microorganisms excluding mycorrhiza or rhizobia are generally found to 
be under systemic regulation or autoregulation. Plants respond to signals generated 
by microorganisms and other environments by employing signal cascade systems 
and exhibit induced systemic resistance (ISR) and systemic acquired resistance 
(SAR) as response against beneficial and harmful rhizosphere bacteria, respectively. 
Secondary metabolites obtained from the microbial inoculants are found to play a 
key role in their biocontrol activity against several pathogenic microorganisms, 
which further contributes to an increase in the systemic resistance of the host plant. 
Plants use root exudate molecules occurring in the rhizosphere to obtain benefit 
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from the microorganism by stimulating their root colonization. AHL-secreting bac-
teria are found to occur in large number in the region surrounding their roots. This 
states the role of these molecules and plants in deciding the colonizing population 
(López-Ráez et al. 2012). Plant host species generate a variety of responses to AHL 
molecules. Hartmann and Schikora (2012) observed a decrease in the concentra-
tions of certain proteins in Medicago truncatula when it was treated with AHLs. 
However, increase in the concentration of the same proteins was observed after the 
depletion of AHLs. Almost all the plant-associated bacteria have QS systems that 
are mediated by AHL. Pathogenic microorganisms use QS phenomenon to infect 
and establish disease in host plant. In this process, plants have developed unique and 
different mechanisms which use these QS signalling molecules to generate immune 
response towards its defence against pathogens. The first QS response against bacte-
rial QS molecule (AHL) was reported in legumes Phaseolus vulgaris, where it 
resulted in increased transpiration rate and stomatal conductance (Joseph and Phillip 
2003) and in the case of Medicago truncatula, it resulted in enhanced expression of 
genes involved in plant defence, production of plant hormones and regulation of 
metabolic processes (Mathesius et  al. 2003). Acyl homoserine lactones obtained 
from symbiotic nitrogen fixer (Sinorhizobium meliloti) and opportunistic patho-
genic bacteria (Pseudomonas aeruginosa) generally executes its effects from even 
at low concentrations of micro molar to nano and bring about huge changes in the 
production of over 150 proteins. When tomato plant roots were inoculated with 
Serratia liquefaciens MG1, it resulted in induced systemic resistance in plants and 
was reported by (Hartmann et  al. 2004; Schuhegger et  al. 2006; Amrutha et  al. 
2018). This led to high salicylic acid levels as well as increased expression of 
ethylene-dependent defence genes (i.e. PR1a). Similarly, on inoculating bean and 
tomato plants with Serratia plymuthica HRO which is found to be a producer of 
C48, producing C4-/C6- and OH C4-/OH C6-acyl homoserine lactones, ISR was 
induced against the fungal leaf pathogen Botrytis cinerea (Liu et  al. 2007; Pang 
et al. 2009). On the other hand, Arabidopsis thaliana, when treated with (C4- and 
C6-) N-acyl homoserine lactonic compounds, resulted in the altered expression of 
certain genes thereby influencing the concentration of plant hormones and plant 
defence system (Von Rad et al. 2008). Unlike S. plymuthica, stimulation of roots of 
A. thaliana with AHLs did not result in any ISR. However, stimulation of Arabidopsis 
plant roots with C10-homoserine lactone led to certain changes in root system 
(Ortíz-Castro et al. 2008). Furthermore, Liu et al. (2012) and Jin et al. (2012) dem-
onstrated that G-protein-coupled receptors, which are encoded by At-GPA1, medi-
ate the C6- and C8-AHLs triggered root stimulation in Arabidopsis plants. Induced 
systemic resistance was triggered in A. thaliana and Hordeum vulgare (barley) 
when the plants encountered with the fungal pathogens Golovinomyces orontii and 
Blumeria graminis f. sp. hordei. This stimulation is stated to be due to the treatment 
of the plants with C12- and C14- N-acyl homoserine lactones. Presence of C12- or 
C14-acyl homoserine lactonic compounds brings about certain alterations during 
the activation of the mitogen-activated protein (MAP) kinases, At-MPK3 and 
At-MPK6, which results in active expression of PR1 gene and defence-related tran-
scription factors, WRKY26 and WRKY29. Hence, it can be hereby concluded that 
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AHLs trigger ISR and root system development in A. thaliana (Schenk et al. 2012). 
Moreover, plant roots are shown to specifically prefer short-chained AHLs for their 
uproot transfer as they are easily water soluble. However, plants respond differently 
to unique AHLs in a tissue-specific manner (Mathesius et  al. 2003). Plants on 
encountering with Agrobacterium tumefaciens, a bacterium that is responsible for 
the cause of crown gall tumours in plants, trigger deposition of γ-amino butyric acid 
(GAbA; also an animal neurotransmitter) near the injury; this in turn leads to 
destruction of its own QS signal by activation of AttM lactonase in A. tumefaciens 
(Chevrot et al. 2006). On the other hand, QS signalling mechanism in Sinorhizobium 
meliloti, a plant symbiont is reported to be inhibited by L-canavanine, which is pro-
duced by alfa-alfa (Keshavan et  al. 2005). Hence, occurrence of AHLs in plant 
vicinity is said to influence plant physiological response. Phenazine synthesis in 
Pseudomonas aureofaciens strain 30–84 is found to be under QS regulation and this 
pigment synthesis is actively stimulated on inoculation of P. aureofaciens onto root 
surfaces of wheat plant (Chin-A-Woeng et  al. 2003). Erwinia carotovora causes 
cell-wall degradation in industrially important plants such as potato by production 
of various exoenzymes such as cellulases, pectinases and proteases (Kang et  al. 
2016) which is said to be controlled by quorum sensing mechanisms. E. carotovora 
growth is characterized by two phases. In the first phase, neither exoenzymes nor 
carbapenem is produced, and during the second phase, both exoenzymes and anti-
biotic carbapenem are produced as the cells occur at their threshold concentration, 
which are found to be under the regulation by the CarI–CarR QS signalling system, 
homologous with V. fischeri LuxI–LuxR system (Barnard et al. 2007).

12.6.3	 �Quorum Sensing Response Between Plant and Fungi

Enzymatic reactions mediated by dioxygenase (DOX), lipoxygenase (LOX) and 
P450 which form three important groups of enzymes collectively result in the for-
mation of oxylipins. Jasmonic acid, traumatin, green leaf volatiles (GLV), divinyl 
ethers and hydroxy, oxo, or keto fatty acids are few to mention among the 150 
oxylipins identified (Mosblech et al. 2009). Reactive oxygen species (ROS) medi-
ated peroxidation and oxidative stress is also found to trigger the formation of 
phytoprostanes, which include oxylipins. These are said to act as potential signals 
which govern the plant physiological response on encountering phytopathogens 
(Mueller et al. 2008).

Oxylipins occurring in fungal species, plant and mammalians are all found to show 
structural similarities. This explains to certain extent about the oxylipin-mediated inter-
kingdom signalling between Aspergillus and its host plant. One of the findings on 
importance of oxylipin-mediated cross-signalling is when a lipoxygenase ZmLOX3 
from maize plant is expressed in A. nidulans, it could compensate the loss of ppoA and 
ppoC genes, and the LOX null maize mutants could not execute their response against 
Aspergillus and other pathogens. Maize plant deficient of ZmLOX3 was found to be 
easily susceptible to Aspergillus flavus colonization and its mycotoxin (aflatoxin) 
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production both in  vitro and in field experiments (Gao et  al. 2009). The strategies 
employed by Aspergillus for its pathogenesis generally include secretion of the 
enzymes lipase and lipoxygenase within the host plant. These enzymes metabolize 
lipids, resulting in the release of free fatty acids which are then oxidized to oxylipins. 
These are termed as host-derived oxylipins. Fungi use oxylipins to establish their inva-
sive growth, formation of spores and mycotoxin.

A variety of QS signalling molecules produced by microorganisms which are 
responsible for their interaction among themselves and with that of their specific 
hosts has been discussed so far. Structure of these QS molecules along with their 
function and producing microorganism is listed in Table 12.1.

12.7	 �Bioassays for the Detection of Signal Molecules

Several procedures and protocols are employed for QS signalling molecules detec-
tion. A collection of commonly used protocols is further compiled by Rumbaugh 
(2011). Among the various techniques used bioassays, thin-layer chromatography 
(TLC), chromatographic and spectroscopic techniques are regularly used for recog-
nition of signalling molecules.

Microorganisms produce QS molecules or autoinducers in very small quantities 
and several sensor techniques have been designed and developed for their identifica-
tion and chemical analysis. Mutant strains are generated which are not capable of 
synthesizing QS molecules, and studies have shown that addition of QS molecules 
exogenously results in the expression of the wild-type phenotype in these 
organisms.

Although a number of bacteria have been reported as biosensor strains, three out 
of them are routinely used for bioassays. The first one is AHL sensor pDC141E33 
from Agrobacterium tumefaciens. Here, lacZ and traG are fused, and the produced 
AHLs can be visualized on TLC plates by incorporating 5-Bromo-4-chloro-3-
indolyl-β-D-galactoside (X-Gal) onto TLC plates using agar overlay. The second 
biosensor strain is Chromobacterium violaceum. This biosensor strain is involved in 
the inhibition or production of violacein (pigment) in C. violaceum. Production of 
violacein is found to be under the regulation of hexanoyl homoserine lactone (HHL). 
Strain CV026 is miniTn5 mutant of C. violaceum that is violacein negative. 
Incubation of this mutant with AHLs results in induction of violacein production by 
this mutant. The third biosensor strain is Serratia liquefaciens MGI which exhibits 
active bacterial swarming motility. However, S. liquefaciens MG44 strain, which is 
a SWrI::T45 mutant of MGI, is unable to produce BHL or HHL and hence lacks 
swarming motility. However, addition of BHL or HHL externally restores serrawe-
tin synthesis and swarming motility in this mutant. Not all QS signalling molecules 
are detected by single biosensor strain and this could be due to difference in the 
chemical structure of the signalling molecules. Therefore, more than one biosensor 
in different combinations is generally preferred to detect the presence of signalling 
molecules.
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12.8	 �Quorum Mimics and Quenching

Several articles reported the role of interfering QS molecules against the action of 
drugs newly developed against several human pathogenic bacteria. Similarly, mech-
anisms designed towards the control of phytopathogenic bacteria by interfering 
with QS signalling system have also been developed. Various types of AHL mole-
cules produced by bacteria results in the bacterial cross-talk. Certain bacteria are 
found to produce lactonases and acylases capable of disrupting the cell-cell signal-
ling by acting on cyclic ester or amide bond of QS signalling molecule.

However, eukaryotic microorganisms are reported to secrete quorum sensing 
interfering (QSI) molecules. These molecules have gained huge attention as they are 
found to act on microbial signalling system influencing it both positively and nega-
tively. Chemical synthesis of structural homologues of certain QS signalling mole-
cules has further increased the available QSI molecules which can be used against 
pathogenic microorganisms. However, designing and construction of new transgenic 
plants are till date the effective way to have control over these activities (Hartmann 
and Schikora 2012). Presence of AHL lactonase in Bacillus thuringiensis in part is 
considered to be responsible for its biocontrol activity. B. thuringiensis on mutating 
for the AHL lactonase showed decrease in its biocontrol efficacy against E. caroto-
vora, thereby stating the role of AHL lactonase. Pathogenic bacteria significantly 
depend on QS regulation system which helps them have coordination leading to the 
establishment of disease in host plants. Therefore, plants have evolved mechanisms 
to bring about disruption of the signalling molecules directly or by producing QS 
mimics to combat against pathogens, thereby helping themselves in prevention or 
attenuation of the infection. Additionally, plants have developed certain mechanisms 
through which they sense the QS signalling molecules produced from pathogens and 
alter their physiological response towards their defence against pathogens. Bacillus 
cereus produces AiiA, which acts by disrupting AHL structure and makes it inactive. 
The first reported AHL mimic is a halogenated furanone which acts by inhibiting 
swarming motility in S. liquefaciens. It was discovered in the red algae Delisea pul-
chra and was found to show structural similarity to AHLs (Givskov et  al. 1996). 
These furanones bind to theLuxR-type proteins in a non-agonist fashion, thereby 
increasing the LuxR disruption (Manefield et  al. 2002). QS signalling in bacteria 
inhabiting the roots of plants including pea, tomato, M. truncatula and rice is found 
to be under strict regulation by the compounds secreted by them (Gao et al., 2003, 
Teplitski et al. 2000). Another QS signalling molecule which is an α-β unsaturated 
fatty acid was identified from X. campesteris. It was found to exhibit structural and 
functional similarities with that of farnesoic acid. Farnesoic acid is a potential QS 
signalling molecule found to exclusively regulate the morphology and virulence of 
the fungal pathogen Candida albicans (Wang et al. 2004).
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12.9	 �Conclusion

Microorganisms are being well documented as unique sources excelling in decom-
position of the environmental waste and reconstitution of disturbed ecosystems. 
Hence, conservation of these microorganisms is very much essential for the estab-
lishment of various schemes and strategies including nutrients management with 
respect to soil physiochemical aspect and plant disease management. Tremendous 
and active research carried over the past few decades have hypothesized that rhizo-
sphere microorganisms use QS signalling mechanisms to influence their physiologi-
cal response which in turn establishes communication among themselves and with 
that of their interaction with host plants. Initially, most of the bacteria are thought to 
possess just AHL-based LuxR/LuxI homologous systems, but now the scenario has 
become even more complex as new types of QS systems and signalling molecules 
are being actively reported. Active research is demanded to further understand the 
role that QS molecules play among the microbial communities as well as during 
plant-microbe interactions. There are several reports available these days on bacte-
ria that disrupt their own signals. Further detailed studies are required regarding 
AHLs and other QS molecules production, their disruption and also their effects on 
other microorganisms and plant during their interaction with host plant.
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Abstract
Quorum sensing (QS) plays a major part in the growth of biofilms. QS depends 
on the presence of bacteria in sufficient numbers which enables achieving thresh-
old level of autoinducer, thus triggering the gene expression responsible for bio-
film formation virulence, sporulation, conjugation, etc. Controlling the 
production of autoinducers can provide an approach for disease control. Studies 
on quorum sensing inhibition and the quest for QS inhibitors have shown many 
eukaryotes, particularly plants, and even bacteria to produce anti-QS substances. 
Several anti-QS methods have been proved including natural products from 
plant-based secondary metabolites. Many species of medicinal plants yield 
metabolites that can control the microbial growth and have traditionally been 
used to treat diseases, particularly microbial infections. Endophytic bacteria of 
medicinal plants have been researched for their role in disease control. Most of 
the medicinal properties of the plants have actually been found to be a character-
istic of the endophytic community of the plant. Medicinal plants and the endo-
phytes of the medicinal plants with anti-quorum sensing activity thus having 
potential as biofilm formation inhibitors have been reviewed in this chapter.
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Virulence gene expression in the pathogenic microorganisms uses a QS system to 
control. Thus, inhibition of the QS system is considered as an innovative approach 
for the growth of antipathogenic agents. These agents are used for fighting bacterial 
infections caused by microbial strains that are resistant to antibiotics. Biofilms can 
be defined as organized aggregation of microorganisms attached to surfaces, encased 
in an extracellular matrix. The biofilm life cycle occurs in four stages:

	1.	 Bacterial cells attach to surfaces in the first phase.
	2.	 In the second phase, microcolonies are formed on the surface.
	3.	 Third phase is maturation of the microcolonies to form a biofilm.
	4.	 Last phase involves dispersal of the bacteria.

In the initial stage, the bacteria establish onto the solid living or nonliving substratum 
by van der Waals forces, steric interactions, and electrostatic (double-layer) interac-
tion. These interactions are collectively known as the DLVO (Derjaguin, Landau, 
Verwey, and Overbeek) forces (Garrett et al. 2008). Quorum sensing (QS) system is 
responsible for the bacteria cell density regulation as well as metabolic activity of the 
biofilm. Thus, QS system is the main regulatory and cell-to-cell communication sys-
tem. N-acylated l-homoserine lactones (AHLs) are produced as autoinducers (AIs) 
during quorum sensing in Gram-negative bacteria such as Escherichia coli.

Biofilms can occur especially on implants in the medical scenario. These 
implanted devices provide the surface for adherence and formation of a biofilm. 
Microbial community present in the biofilm is highly complex. It is highly resistant 
to antibiotics and disinfectants. Thus, they persist and survive removal techniques 
and methods. Thus, biofilms are a major hazard, and therefore, eliminating the con-
taminated medical implant is frequently the best strategy for therapy. Persistent 
infections are also a result of the cells detaching from biofilm and getting in the 
bloodstream (Ramage et al. 2002, 2005). Biofilms lead to substantial economic and 
health problems.

There are numerous conventional routes for fighting biofilms such as removal by 
physical and chemical methods and use of antimicrobials, antiseptics, and disinfec-
tants to eliminate biofilm organisms. However, biofilms are extremely unaffected by 
these approaches as against the planktonic cells. Thus, novel approaches other than 
the conventional methods are the need of the day.

Mature biofilms are unaffected by antimicrobial agents due to the altered growth 
proportion of the organisms in the biofilm (Donlan and Costerton 2002), and subse-
quently, the subpopulations also gain resistance (Ito et al. 2009). The resistance can 
be transferred horizontally using plasmid that bears the resistance genes. Thus, 
many research groups have focused their attention to the development of agents that 
interfere with the biofilm structure and eventually can regulate biofilm-mediated 
infections.

According to Pan and Ren (2009), biofilm formation will not take place if the QS 
process is interrupted as it affects the survival and pathogenesis of the bacteria. 
Signal production, detection, and gene activation/inactivation are the steps involved 
in quorum sensing (QS).
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QS has been the main target for the development of anti-biofilm strategies that 
are not based on the use of antibiotics. Therefore, blocking bacterial QS system may 
prevent QS-controlled phenotypes accountable for food spoilage. Numerous anti-
QS methods have been revealed including natural products from plant-based sec-
ondary metabolites.

13.1	 �Anti-Quorum Sensing Activity of Plant Extracts

Natural products have played a significant role as sources of new drugs. The natural 
products include extracts of different parts of the plants, oils from different plants, 
and plant metabolites. Many plant species have evolved processes as adaptive meth-
ods, to produce metabolites that can influence the growth of microorganisms and 
these have been used from ages to treat human diseases, particularly infections. In 
most of the studies, the plants known traditionally for their healing properties were 
tested. From the different studies carried out, it is evident that biofilms of various 
pathogenic bacteria can be disrupted or their formation hindered by these plant 
produces.

A lot of work has been carried out on the biofilms of Staphylococcus species. 
This research data is important keeping in mind the drug resistance increasing tre-
mendously in these genera. Artini et  al. (2012) have reported the activity of 
Krameria, Aesculus hippocastanum, and Chelidonium majus extracts in the inhibi-
tion of biofilm formation by S. aureus. The major components present in these 
plants were chelerythrine, sanguinarine, dihydroxybenzofuran, and proanthocyani-
din. These compounds were found to be responsible for the inhibition activity. 
Similar inhibitory activity against Staphylococcus aureus was shown by plant 
extracts containing tannins (Payne et al. 2012). In a study reported by Taganna et al. 
(2011), the high activity fraction of Terminalia catappa extract was found to be rich 
in tannins. The tannins showed potential to inhibit the phenotypic properties in test 
strains related to quorum sensing. Chromobacterium violaceum produces pigment 
violacein, and the production is quorum dependent. Tannins have ability to reduce 
the violacein production by interfering with the QS system. Similarly, biofilm matu-
ration in Pseudomonas aeruginosa has also been reported to be affected in the pres-
ence of tannins. QS inhibitory potentials of extracts of Rosa rugosa have been 
successfully proved by Zhang et al. (2014). These extracts were found to be rich in 
polyphenols. The findings strongly propose that polyphenol extract of the plant 
could be used efficiently as QS inhibitor in food industry, thus increasing the shelf 
life and food safety.

Anti-biofilm activity has been widely reported for polyphenol containing tea-tree 
oil, from the Melaleuca alternifolia leaves (Kwiecinski et al. 2009). An essential oil 
extracted from this tree is tea-tree oil. Secondly, bark and leaves of cinnamon trees, 
containing cinnamaldehyde, also have antibiofilm activity. American cranberry 
(Vaccinium macrocarpon) extracts have been reported to contain active constituent 
proanthocyanins (PAC), which is attributed for its QS ability. Another example is 
derivatives of ellagic acid from Rubus ulmifolius that have the QS property.
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Interestingly, the efficiency, mode of action, and dosage required for biofilm dis-
ruption vary from plant to plant. It is pertinet that the Tea-tree eliminates biofilm-
forming ability in S. aureus, including methicillin-resistant Staphylococcus aureus 
(MRSA) (Kwiecinski et al. 2009). Other studies suggest that failure of pathogen to 
establish biofilm is due to the ability of tea-tree oil to disrupt the adherence factors 
responsible for the attachment of bacteria to the substratum (Park et  al. 2007). 
Coelho et al. (2012) reported studies of antibacterial activity of tea-tree essential oil 
(TTO) in combination with ciprofloxacin (CIP) against P. aeruginosa biofilms. The 
results proved that the synergistic effect of TTO with (CIP) resulted in reduction in 
biofilm biomass more than 70%.

Proanthocyanins have been reported to hinder the growth and biofilm formation 
of Gram-positive bacteria, such as Staphylococcus sp., but not the Gram-negative 
bacteria (E. coli) (LaPlante et al. 2012). Latest studies have shown that cinnamalde-
hyde, a key active compound present in cinnamon essential oil, can also halt the 
biofilm formation in S. aureus in a dose-dependent manner (Jia et al. 2011).

Coenye et al. (2012) have worked extensively on the anti-biofilm activity of 119 
plants, to eliminate the biofilm formed by Propionibacterium acne. This study dem-
onstrated that five plant extracts, namely, Epimedium brevicornum, Malus pumila, 
Polygonum cuspidatum, Rhodiola crenulata, and Dolichos lablab, among the 119 
plants tested, showed a potent antibiofilm activity. They found that E. brevicornum 
and P. cuspidatum extracts show a remarkable antibiofilm activity at levels below 
the minimum inhibitory concentrations. The active ingredients present in these 
plant extracts were icartin and resveratrol.

Studies on the inhibition of biofilms of E. coli, Serratia marcescens, Pseudomonas 
aeruginosa, and P. mirabilis by using the extracts of Capparis spinosa (caper bush) 
have been carried out by Issac et  al. (2011). The inhibition studies showed the 
extracts showed very good activity at very low concentration showing its high effi-
ciency as an anti-biofilm agent against a wide host range. Streptococcus mutans 
biofilm was inhibited by green tea at 6.2 mg/mL and dandasa extracts at the concen-
tration of 12.5 mg/mL. Faraz et al. (2012) further reported good antibiofilm effects 
by these extracts at concentrations of 12.5 and 3.1  mg/mL, respectively. 
Ravichandiran and his team (2012) have reported inhibition of E. coli biofilm by 
bark extracts of Melia dubia at the concentration of 30 mg/mL.

Some plant flower extracts are good anti-biofilm inhibitors. Lagerstroemia spe-
ciosa is a common medicinal plant found in Southeast Asia. Singh et  al. (2012) 
proved that L. speciosa fruit extracts significantly blocked biofilm formation at 
10 mg/mL concentration. The most effective extracts were isolated from medicinal 
plants, namely, branches of Bauhinia acuruana, fruits of Chamaecrista desvauxii, 
fruits of B. acuruana, and leaves of Pityrocarpa moniliformis. These plants are from 
Brazilian xeric shrubland. Biofilm formation was remarkably repressed when these 
extracts were added (Dda et al. 2011). Forty-five aqueous extracts prepared from 24 
Caatinga medicinal plant species were checked for their ability to inhibit biofilm 
activity of Staphylococcus epidermidis.
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Biofilm formation of two Gram-positive species of bacteria, namely, 
Staphylococcus aureus and S. epidermidis; five Gram-negative bacteria, namely, 
Pseudomonas fluorescens, P. aeruginosa, Klebsiella oxytoca, Klebsiella pneu-
moniae, and E. coli; and three yeast species, i.e. Candida tropicalis, Candida 
albicans, and C. glabrata, was inhibited by a native plant of Brazil, Croton nepe-
taefolius. This plant contains casbane diterpene which has the anti-quorum activ-
ity (Carneiro et  al. 2011). Boesenbergia pandurata (finger root) also showed 
inhibition of Candida sp. biofilm formation. The biofilms are reduced by 63–98% 
using the oil of the plant even when sub-MIC concentrations were used 
(Taweechaisupapong et al. 2010).

P. aeruginosa biofilm formation is strongly inhibited by fresh extract of Allium 
sativum (fresh garlic extract [FGE]). There is drastic reduction in the growth of the 
biofilm by 6 log units (Harjai et al. 2010). Similarly, eugenol and caffeine have simi-
larly been proved to be effective quorum sensing inhibitors (Zhou et  al. 2013; 
Norizan et al. 2013).

The plants from neotropical rain forest have been widely studied for quorum 
sensing and biofilm inhibitory activities. Ta et al. (2014) reported the quorum sens-
ing inhibitory activity of 71 plant species belonging to the Meliaceae, 
Melastomataceae, Lepidobotryaceae, Sapindaceae, and Simaroubaceae families. 
According to the authors, extracts of these dynamic species may perhaps lead to 
future development of plant-based treatments for biofilm-associated infections.

The extract of A. indica (neem) was most efficient in eradicating M. smegmatis 
biofilms. The neem metabolites are thus promising candidates as tools against myco-
bacterial infections (Syed et al. 2014). Lee et al. (2013) have worked on varied plant 
extracts for activity against enterohemorrhagic E. coli (EHEC) O157:H7 biofilm. 
They found 16 plant extracts out of 498 could inhibit biofilm formation up to 85%.

Curcuma longa rhizome contains curcumin or diferuloylmethane [1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] as a natural component. The 
antibacterial activity of curcumin, along with antimicrobial therapy, can be benefi-
cial for dealing with resistant P. aeruginosa. The treatment with curcumin was also 
found to reduce the QS-dependent factors, such as exopolysaccharide production, 
alginate production, and swimming and swarming motility of uropathogens. In 
addition to this, curcumin was also found to enhance the vulnerability of a marker 
strain and uropathogens to conventional antibiotics (Issac et al. 2014).

13.2	 �Anti-Quorum Sensing Activity of Plant Essential Oils

Quorum sensing mechanism of pathogens has been reported to be interfered by 
numerous essential oils (EOs). Due to their preservative and antimicrobial effects, 
EOs are natural constituents used in food industry. Many EOs exert their antimicro-
bial effect on microbial cell wall which leads to cell death. Moreover, it is also 
reported that EOs act on the bacteria without evolving antimicrobial resistance 
(Ohno et al. 2003; Ali et al. 2005).
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Cumin oil (Cuminum cyminum): The efficacy of cumin seed EO against the bio-
film development by K. pneumoniae strains, Pseudomonas aeruginosa, Proteus 
mirabilis and Serratia marcescens, has been reported by Safoura et al. (2010) and 
Abraham et al. (2012). Cumin oil is extracted from medicinal aromatic plants. It is 
used for flavoring foods and medical formulations (Iacobellis et al. 2005). It con-
tains eugenol and has many medicinal uses.

Cinnamon oil: This oil is effective against pathogenic bacteria capable of form-
ing biofilms such as S. mutans, S. epidermidis, enteropathogenic E. coli (EPEC), L. 
monocytogenes, and Lactobacillus plantarum (Filoche et al. 2005; Nuryastuti et al. 
2009; Oliveira et al. 2012).

Oregano essential oil: Anti-QS activity of oregano essential oil on biofilm devel-
opment by Staphylococci species, namely, S. aureus, S. lugdunensis, S. haemolyti-
cus, S. sciuri, and E. coli, was reported by Nebahat et al. (2010).

Vegetable oil: Filogˆonio et al. (2011) and colleagues found vegetable oil to be 
effective in the dental biofilm control, thus a promising use in the inhibition of den-
tal caries and periodontal diseases.

The effectiveness of three essential oils (thymol, oregano, and cinnamon oils) at 
sublethal levels on biofilm formation of biofilm-forming bacterial strains, i.e., 
Acinetobacter, Sphingomonas, and Stenotrophomonas, was researched by Sandra 
(2014). Thyme oil was found to be most effective and it repressed the formation of 
a biofilm.

13.3	 �Anti-Quorum Sensing Activity of Mangrove Plant 
Extracts

Two mangroves, Solanaceae (Singh et al. 2015) and Rhizophora (2013), have been 
studied for quorum sensing activity. Quorum quenching molecules from Solanaceae 
family are bioactive proteins that can be utilized to device a healing technique 
against infectious microorganisms. These bioactive proteins inactivate QS signals 
from bacteria and inhibit cell-to-cell communication. As a consequence, virulence 
development in Pseudomonas aeruginosa is repressed. The antipathogenic poten-
tial of mangrove trees of the genus Rhizophora was evaluated against Pseudomonas 
aeruginosa PAO1 and two other clinical isolates. The Rhizophora apiculata and R. 
mucronata methanol extracts were found to inhibit QS-dependent virulence factor 
production, such as LasA protease, LasB elastase, total protease, and pyocyanin 
pigment production. These extracts also inhibited biofilm formation in all the test 
strains. This is the first report on the QS inhibitory (QSI) ability of Rhizophora spp. 
against P. aeruginosa infections (Annapoorani et al. 2013).

A lot of research on Chinese herbs has been carried out based on the traditional 
knowledge of Chinese treatment methods. Centella asiatica (L.) Urban is the ingre-
dient in Ayurvedic medicine as well as traditional African and Chinese medicine 
(Vasavi et al. 2016). C. asiatica is used in the treatment of skin problems and heal-
ing wounds and is an antibacterial and antiviral agent. Triterpene acids and their 
sugar esters, asiatic acid, madecassic acid, and asiaticosides have anti-biofilm prop-
erties. Centella extract shows very good anti-biofilm activity. Quorum sensing in 
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pathogens and its inhibition by plant extracts have been very nicely described by 
Sadekuzzaman et al. (2015) and Basavaraju et al. (2016).

13.4	 �Role of Endophytes in Quorum Sensing Inhibition

Endophytic bacteria inhabit inner plant tissues without causing any harm. Favorable 
properties detected in most of the endophytic microorganisms include tolerance to 
environmental conditions and resistance to microbial pathogens, and they act as 
effective biocontrol agent (Parulekar-Berde 2015). In recent years, QS inhibition 
has become an intense area of research due to its applications in medicine, industry, 
and biotechnology. In the search for QS inhibitors, research has proved that many 
eukaryotes, particularly plants, and even bacteria themselves produce anti-QS 
substances.

Owing to their presence in a specific niche, endophytic microorganisms are able 
to synthesize diverse types of bioactive molecules. These bioactive compounds are 
produced in order to get over the challenges faced in these niches. Continuous 
development of resistance mechanism by pathogens to the currently available health 
treatments along with pharmaceuticals has led researchers to explore new therapeu-
tic agents. Utilization of quorum sensing (QS) inhibitors in antivirulence approach 
against pathogenesis is one of the inventive strategies.

Chan et al. (2011) have reported coexistence of QS and quorum quenching (QQ) 
activities in Acinetobacter and Burkholderia isolated from ginger (Zingiber offici-
nale) rhizosphere. A collective role of bacteria is observed in QS-dependent pheno-
type of a community that is polymicrobial. Such bacteria can break down a wide 
range of AHLs.

Endophytes live symbiotically in relation with plant and produce many second-
ary metabolites including enzymes. Pterocarpus santalinus L. (Fabaceae), known 
commonly as red sandalwood, is a substitute for teakwood. This species is found 
exclusively in Western Ghats of India. P. santalinus has been used as a folk remedy 
for the treatment of inflammation, mental aberrations, ulcers, and control of diabe-
tes (Krishnaveni and Rao 2000). Shastry and Ravishankar (2013) worked on the 
endophytic fungi Ventilago madraspatana Gaertn. They attributed the anti-QS 
activity of the endophytes to their hydrolytic enzymes. Endophytic fungi were iso-
lated from Ventilago madraspatana.

The endophytic bacteria of Pterocarpus santalinus were screened for the exis-
tence of N-acyl homoserine lactones (AHLs) degrading ability using biosensor 
strains and the activity was confirmed by quantifying the violacein production of the 
biosensor strain. Cell-free lysate of endophytic bacteria, Bacillus firmus PT18 and 
Enterobacter asburiae PT39, revealed potent AHL degrading ability by hindering 
about 80% violacein production in biosensor strain.

Quorum quenching (QQ) activity is related to QS in that the QQ leads to degra-
dation of QS molecules (Barrios et al. 2009); as a result the sufficient buildup of 
bacterial cell number does not take place, and thus quorum sensing is disrupted 
(Medina-Martinez et al. 2007). Breakdown of AHL molecules is brought about by 
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two major enzymes, lactonases and acylases, which act by breaking lactone ring and 
acyl side chain, respectively (Rashid et al. 2011).

Mookherjee et al. (2018) have presented a summary on the endophytic microor-
ganisms as a treasure trove of secondary metabolites which are mostly bioactive 
molecules, particularly the screening of endophytic bacteria, purification of QS 
inhibitors, production of QS inhibitors, and application of QS inhibitors. There is 
immense prospect for endophytic microorganisms in healthcare and food industry, 
as long as a comprehensive understanding of the biology of endophyte, its charac-
teristics, pathogenicity, and its ecosystem is developed (Mookherjee et al. 2018).

The work on the endophytic bacteria C. sativa offers fundamental understanding 
of the antivirulence strategies used by endophytes to survive in their ecological 
niches. The endophytes develop defense mechanisms in order to avert the large 
number of pathogens attacking associated host plants. These mechanisms ensure 
that the pathogen does not gain resistance to the plant/endophyte bioactive second-
ary metabolites. The work of Kusari et al. (2014a) provides evidence for utilizing 
endophytes as tools for biological control of bacterial phytopathogens.

Radula marginata and Cannabis sativa L., two phylogenetically distinct plant 
species, have been reported by Kusari et al. (2014b) to contain structurally similar 
secondary metabolites like cannabinoids. Biofilm-forming potential and anti-
biofilm ability of endophytic microbial community of the liverwort R. marginata, as 
compared to bacterial endophytic isolates harbored in C. sativa plants, were studied. 
Radula and Cannabis plants were found to harbor similar endophytic bacterial gen-
era which exhibited similar functional traits like biofilm formation and universal 
anti-biofilm activities.

Microbacterium testaceum BAC1065 and BAC1093 were isolated from the 
“Talismã” cultivar. Their cultural extracts strongly inhibited most of the pathogenic 
bacteria tested. Bean endophytic bacteria were also shown to have the ability to 
inhibit the quorum sensing of Gram-negative bacteria. The ability to prevent QS has 
not been reported previously for endophytic microorganisms of P. vulgaris. 
Furthermore, M. testaceum with ability to inhibit quorum sensing appears to be 
widespread in common bean (Lopes et al. 2015).

Quorum sensing influences biofilm maturation and quenching these QS systems 
may contribute to fighting biofouling. Signal inactivation by enzymatic degradation 
or modification is one possibility to restrict QS and these enzymes are common in 
the prokaryotes as well as in eukaryotes. Lactonases and acylases hydrolyze N-acyl 
homoserine lactone (AHL) molecules which have been most intensively explored. 
Fetzner (2015) has mentioned the various applications of signal-degrading bacteria 
as biocontrol agents in the defense of crops against soft-rot disease, the use of 
signal-degrading bacteria as probiotics in aquaculture, and the entrapment of quo-
rum quenching enzymes or bacteria to control biofouling in membrane 
bioreactors.

The engineered endophytic strain KJ006 (pKPE-aiiA) is reported to inhibit pro-
duction of quorum sensing signals by wild-type strain in vitro. It could minimize the 
occurrence of rice seedling rot caused by Burkholderia glumae in situ. Thus, the 
bacterial endophyte transformed with the aiiA gene can be used as a novel 
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biological control agent against pathogenic Burkholderia glumae that are known to 
occupy the same ecological niche (Cho et al. 2007).

Therefore, compounds obtained from natural sources and their different formula-
tions could be a novel approach to combating biofilms. Although these agents were 
effective and showed enormous potential in the treatment of biofilm-associated 
infections, their mechanisms of action remain unclear. The molecular pathways and 
animal model studies of these potential agents could provide a clearer view on the 
pathways affected. Another approach is to look into the synergistic effect of combi-
nations of these agents and antibiotics to eradicate biofilm-associated infections.
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Abstract
Medicinal plants have been used for several centuries for prevention, treatment, 
and cure of diseases. The study of many of these traditional medicinal plants has 
led to the isolation and characterization of bioactive compounds. Some of these 
compounds have been chemically modified and used as drugs to mitigate ail-
ments. Several commercially available antibiotics are derived from plants. The 
rise of multidrug-resistant strains of pathogens has led to an intensive search for 
compounds that can curb this alarming trend. The phenomenon of quorum sens-
ing sheds a whole new light on the process of mitigation of microbial infection, 
where the plant-derived compounds block essential pathways (like virulence fac-
tor expression and biofilm formation) controlled by quorum sensing. Since the 
discovery that halogenated furanones produced by red marine algae Delisea pul-
chra can interfere with the process of quorum sensing in several Gram-negative 
bacteria, several medicinal plants (Mentha piperita, Syzygium aromaticum, 
Rosmarinus officinalis, Jasminum sambac, Lilium brownii, Ocimum sanctum, 
etc.) have been assessed for anti-quorum sensing potential. Some of them pos-
sess only anti-quorum sensing activity, and a few others possess both antimicro-
bial and anti-quorum sensing activity. Some studies have also identified the 
compounds responsible for inhibition of quorum sensing pathways. This chapter 
discusses the study of medicinal plants for their anti-quorum sensing activity.
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14.1	 �Introduction

There are numerous medicinal plants in the world, some of which are found to be 
widely distributed, while others are endemic. The geographic and demographic 
conditions of that area determine the kind of phytochemicals and secondary metab-
olites produced by plants inhabiting the area. These various phytochemicals confer 
the plant with specific medicinal properties. Sometimes, the entire plant is medici-
nally important, while at other times, certain parts of the plant are used for the treat-
ment of some medical conditions. Numerous traditionally acclaimed medicinal 
plants have been scientifically evaluated, and the specific bioactive compounds have 
been identified. In some cases, when the bioactive compounds are highly potent, 
they have even been chemically synthesized and marketed as drugs for the treatment 
and cure of specific medical conditions.

Antibiotics vary in their mode of action. Some inhibit protein or nucleic acid 
synthesis, while others disrupt membrane structures, and some interfere with the 
synthesis of peptidoglycan, a necessary constituent of microbial cell walls. One 
major concern with the use of antibiotics is the development of antibiotic-resistant 
strains. Antibiotic-resistant strains can develop naturally or by the improper use of 
antibiotics. These are mutants of the susceptible strains that have acquired the 
capacity to escape destruction by the antibiotic. As a result, the focus has shifted 
from developing antimicrobial agents to a more promising strategy in recent 
times.

14.2	 �Quorum Sensing

Quorum sensing is a kind of cell-to-cell communication in bacteria. In this process, 
bacteria communicate with each other by the secretion of some chemical signaling 
molecules known as autoinducers (AIs). These autoinducers are produced by the 
bacteria and released, and subsequently the amount of the autoinducer is assessed. 
The level of the autoinducer increases with the population of the autoinducer-
producing bacteria. Once a sufficient number of cells, called a “quorum,” are pres-
ent, the extracellular autoinducer reaches a threshold level. This results in a 
widespread alteration in the gene expression, in all the autoinducer-producing bac-
terial cells. This communication may occur within a species, between two species, 
or between bacteria and their host. This process enables groups of bacteria to coor-
dinate their functions and act as multicellular organisms. Thus, quorum sensing 
enables bacteria to regulate the gene expression depending on its population 
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density. Most of the quorum sensing-controlled mechanisms do not account for 
much when undertaken by an individual bacterium but can have exceptional results 
when a group of bacteria is involved. Virulence factor expression, biofilm forma-
tion, bioluminescence, sporulation, and conjugation are some quorum sensing-con-
trolled mechanisms.

This phenomenon opens up a whole new revolutionary field for the treatment of 
microbial infections. While antimicrobial activity infers inhibition of growth or kill-
ing of the microorganism, anti-quorum sensing activity disturbs the bacterial com-
munication system, thus attenuating microbial pathogenicity. Anti-quorum sensing 
agents were first characterized in red marine algae (Delisea pulchra) (Zahin et al. 
2010a). Since this, several studies have been undertaken on terrestrial plants to 
ascertain if they also possessed such properties. Traditional medicinal plants from 
different regions of China (Siew-Mian and Tham 2012), India (Singh et al. 2009a), 
South Florida (Adonizio et al. 2008), and Egypt (Zaki et al. 2012), different spices 
(cloves, cinnamon), fruits (mango, pomegranate), and essential oils (lavender, san-
dalwood) have been tested for anti-quorum sensing activity. Some of these studies 
yielded a positive result, with the particular plant exhibiting anti-quorum sensing 
activity. This is, however, still a developing field in the nascent stages, which holds 
much promise for the future.

14.3	 �Mechanisms of Quorum Sensing

There are primarily three mechanisms of quorum sensing in bacteria, based on the 
type of autoinducer molecule involved and the mode of gene expression. One mech-
anism is seen in most Gram-negative bacteria and another in most of the Gram-
positive bacteria. A third mechanism is also observed, having few similarities to 
both Gram-negative and Gram-positive bacteria-mediated quorum sensing, and 
some features different from both.

14.3.1	 �Model I: Quorum Sensing in Gram-Negative 
Bacteria(Waters and Bassler 2005)

The model organism for quorum sensing in Gram-negative bacteria is Vibrio 
fischeri, which lives as a symbiont of a squid. This bacterium resides in the 
luminous organ of the squid and stimulates the production of luminescence, 
helping the squid, while it is benefited as the light-producing organ is rich in 
nutrients.

This method of quorum sensing, which controls the expression of the luciferase 
gene, which is responsible for luminescence of the squid, was the first quorum sens-
ing mechanism discovered, which was later found to exist in the majority of the 
Gram-negative bacteria.
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Protein LuxI, which is a synthase, produces AHL (acyl-homoserine lactone auto-
inducer 3OC6-homoserine lactone). This AHL molecule can freely pass through the 
membrane; and when the amount of AHL reaches a threshold limit, the AHL binds 
to LuxR, a receptor and a DNA-binding transcriptional activator. This AHL-bound 
LuxR complex then activates the luxICDABE operon which produces luciferase, 
responsible for light emission, and induces the expression of luxI, responsible for 
creating a positive feedback loop amplifying the entire process, causing the entire 
population to produce light.

Though other Gram-negative bacteria have similar mechanisms of activation of 
gene expression, they differ in the structure of AHLs produced. It was also found 
that the LuxR of each bacterium is highly specific for the AHL produced by that 
particular bacterial strain. Figure 14.1 explains the mechanism of quorum sensing in 
Gram-negative bacteria.

This hence helps in intraspecies communication.

14.3.2	 �Model II: Quorum Sensing in Gram-Positive Bacteria 
(Waters and Bassler 2005; Winzer and Williams 2001)

The autoinducer molecules of Gram-positive bacteria are small inducer peptides 
(oligopeptides, <10 amino acids). Quorum sensing in Gram-positive bacteria is well 
studied in S. aureus. The general mechanism is described in Fig. 14.2.

agrD codes for the AIP (autoinducing peptide) in S. aureus. These are imperme-
able to the bacterial membrane and require the assistance of ArgB protein to be 
exported from the bacterial cell. Once the level of the modified AIP reaches the 

Fig. 14.1  Mechanism of 
quorum sensing in 
Gram-negative bacteria
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threshold levels, they bind to AgrC receptor, which causes the phosphorylation of 
AgrA.  This phosphorylated AgrA induces the expression of a regulatory RNA, 
RNA III, responsible for the production of various cell adhesion factors. This phos-
phorylated AgrA also activates the agrBDCA which stimulates the production of 
more AIP, hence shifting the equilibrium from cell adhesion to production of viru-
lence factors, when there are an increased number of bacterial cells.

The signaling cassette of S. aureus is similar to peptide signaling cassettes of 
other Gram-positive bacteria.

14.3.3	 �Model III: Quorum Sensing in Other Bacteria (Bassler 
2002)

This method was observed in Vibrio harveyi.
In this method, two kinds of autoinducer molecules are produced by the bacteria: 

one is HAI-I, which is similar to the autoinducer produced by other Gram-negative 
bacteria. The second autoinducer is AI-2, which is entirely different from AI of 
either Gram-negative or Gram-positive bacteria. It is a furanosyl borate diester. 
Once the threshold limits of AI are achieved, the expression of genes is induced by 
a mechanism similar to Gram-positive bacterial quorum sensing, by phosphoryla-
tion, causing the transcription of genes coding for quorum sensing-controlled mech-
anisms (Fig. 14.3).

Fig. 14.2  Mechanism of quorum sensing in Gram-positive bacteria. RR response regulator, SHK 
sensor histidine kinase
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14.3.4	 �Model IV: Quorum Sensing in Fungi (Albuquerque 
and Casadevall 2012)

Quorum sensing was first discovered in the pathogenic fungus, Candida albicans. 
Since then, however, there has been a steady increase in the knowledge of quorum 
sensing systems in fungi. The autoinducers responsible for mediating the process in 
fungi are farnesol, tyrosol, phenylethanol, and tryptophol, the latter three being 
alcohols derived from aromatic amino acids, tyrosine, phenylalanine, and trypto-
phan. The signaling cascades that are operating in response to the autoinducer mol-
ecules that cause the expression of specific genes in fungi are poorly understood, 
due to their complexity. Farnesol from C. albicans, however, regulates filamentation 
and biofilm formation, reduces oxidative stress, specifically modulates drug efflux, 
and has detrimental effects on other microbes including bacteria (S. aureus) and 
other fungi (Aspergillus sps., S. cerevisiae). In other fungi, quorum sensing medi-
ates differentiated expression of genes; however, the autoinducer molecules are not 
yet purified or identified.

Fig. 14.3  Mechanism of quorum sensing in some bacteria. RR response regulator, SHK sensor 
histidine kinase, HPt histidine phosphotransfer protein
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14.4	 �Importance of Quorum Sensing

The field of quorum sensing holds impetus and relevance, in various fields like 
medicine, agriculture, industry, and aquaculture, as quorum sensing-mediated 
mechanisms render the bacteria susceptible to its consequent inhibition. In the case 
of human pathogens, biofilm formation and virulence expression are critical for the 
growth, multiplication and ability to cause disease. Since quorum sensing controls 
these critical steps for rendering them pathogenic, it is envisioned that the inhibition 
of quorum sensing can help in attenuation of a pathogen and render it 
noninfectious.

14.5	 �Quorum Quenching

The process of quenching or extinguishing the cell-to-cell communication mediated 
by small signaling molecules is known as quorum quenching. Following are some 
of the methods of quorum quenching.

14.5.1	 �Quorum Quenching in Gram-Negative Bacteria(Hentrez 
and Givskov 2003)

	 I.	 Blocking the Signal Generation
A critical step in the production of acylated homoserine lactones (autoin-

ducer molecules) is the generation of homoserine lactone ring moiety, for which 
SAM (S-adenosyl methionine) acts as the amino group donor. It was observed 
that the presence of various analogs for SAM, such as S-adenosyl homocyste-
ine, S-adenosyl cysteine, and sinefungin, led to the ability to block the produc-
tion of the AHL signaling molecule.

	II.	 Inhibition of Signal Propagation
Since the concentration of AHL is critical for the propagation of the signal, 

both enzymatic (AiiA from Bacillus sps. Catalyze the hydrolysis of AHL mol-
ecules) and nonenzymatic (alkaline hydrolysis at high pH) methods for degra-
dation were studied. This line of analysis is of substantial clinical interest.

	III.	 Thwarting Receptor Binding
Another method that is of interest in the blocking of quorum sensing signal-

ing is the possibility of blocking of the binding of the AHL molecule to its 
receptor. This can be done either by competitive inhibition, where analogs 
structurally similar to AHLs are used, or by noncompetitive inhibition, where 
analogs that bind to other binding sites on the receptor are employed (Fig. 14.4).
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14.5.2	 �Quorum Quenching in Gram-Positive Bacteria (Kalia 2013)

Different peptide blocking agents have been identified that inhibit quorum sensing-
mediated gene expression in Gram-positive bacteria. Siomycin I is a peptide antibi-
otic that selectively inhibits the growth of Gram-positive bacteria by disruption of 
biofilm of Enterococcus faecalis. RNA III inhibiting peptide (RIP) affected the 
adhesion of S. aureus and S. epidermis. Truncated AIP II affected the cognate recep-
tor AgrC-II and also inhibited virulence in four different strains of S. aureus 
(Fig. 14.5).

14.5.3	 �Quorum Quenching in Fungi (Hogan 2015)

The use of some chemical molecules achieves inhibition of quorum sensing in 
fungi. The mechanisms of inhibition are not well defined, as the process of quorum 
sensing in fungi is not so well understood. Nevertheless, few chemical molecules 
have been identified to quell the quorum signal in certain specific fungi.

14.6	 �Anti-quorum Sensing Activity

The molecules that act as antagonists for the inhibition of quorum sensing are of 
great interest, as they represent highly attractive targets for the development of 
novel therapeutics. It is speculated that this method of controlling microbial infec-
tions will circumvent the existing problem of antibiotic resistance. It was contem-
plated that some phytochemicals produced by plants might inhibit quorum 
sensing.

Fig. 14.4  Mechanism of 
quorum quenching in 
Gram-negative bacteria
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Anti-quorum sensing compounds (halogenated furanones) were first character-
ized from Australian macro (red) algae Delissea pulchra (Zahin et  al. 2010b). 
Spurred on by this discovery, there was a new interest in the discovery of more such 
quorum sensing inhibitors from other algae and plants in the scientific community. 
This led to the screening of several seaweeds, marine sponges, edible fruits and 
vegetables, essential oils (Packiavathy et al. 2012), and in particular plants already 
known to possess medicinal properties. Another factor that led to this accelerated 
screening of different terrestrial and marine sources for anti-quorum sensing activ-
ity was the development of fast and straightforward assay systems using biosensor 
strains that enabled the easy and efficient detection of anti-quorum sensing activity. 
This led to the unearthing of anti-quorum sensing ability of several algae, sponges, 
and plants.

This chapter focuses on the anti-quorum sensing properties of medicinal plants 
in particular.

14.7	 �Methods for Assessment of Anti-quorum Sensing 
Activity (McLean et al. 2004; Bacha et al. 2016; Khan 
et al. 2008)

A simple and rapid screening method was developed by McLean and his coworkers, 
to assess anti-quorum sensing activity of bacterial or plant samples. This method 
employs either one of the indicator cultures: Pseudomonas aureofaciens 30–84 or 
Chromobacterium violaceum ATCC 12472. This technique is a soft agar overlay 
protocol, based on the inhibition of pigment formation. In the case of plant samples, 
the test sample (leaf/flower/stem) is directly placed on LB agar plates. Subsequently, 

Fig. 14.5  Mechanism of quorum quenching in Gram-positive bacteria
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the plates are overlaid with LB soft agar, which contains an inoculum of either one 
of the reporter bacterial strains. The plates are incubated overnight. Detection is 
facilitated as the reporter bacterial strains regulate pigment production by quorum 
sensing and are readily inhibited by AHL analogs and other antagonists. Inhibition 
of quorum sensing is indicated by a lack of pigmentation of the indicator culture in 
the vicinity of the tested sample. If there is lack of pigmentation coupled with an 
inhibition of the growth, the plant sample under study exhibits both anti-quorum 
sensing and antimicrobial properties.

This method of assay is rapid and accurate and can be quickly followed and 
mastered. As a result, this is commonly used, with slight modifications, wherever 
necessary by several researchers to ascertain anti-quorum sensing properties of dif-
ferent plant samples. Among the two reporter bacterial strains mentioned, 
Chromobacterium violaceum ATCC 12472 is more frequently used. This synthe-
sizes a violet-colored pigment called violacein. The quorum signaling molecule 
involved is N-hexanoyl-L-homoserine lactone (HHL) produced by the autoinducer 
synthase CviR. The binding of this HHL to its receptor CviR triggers the expression 
of genes for the production of the violet pigment violacein.

Instead of placing whole plant samples, plant extracts can be pipetted onto sterile 
paper disks which are put on the agar plates (disk-diffusion method). Alternatively, 
wells can be made in the agar plates to hold the sample extracts (cup-plate method). 
The colorless, opaque but viable halo around the disks/well indicates the inhibition 
of quorum sensing (Figs. 14.6 and 14.7).

Fig. 14.6  Anti-QS activity indicated by clear zone/halo due to inhibition of violacein formation 
(Siew-Mian and Tham 2012; Singh et al. 2009c)
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Another reporter strain of E. coli, AI1-QQ.1, is also used to assess anti-QS activ-
ity. This reporter consists of a gene encoding a lethal protein fused to a promoter 
induced in the presence of quorum sensing signaling molecule AHL. Consequently, 
the strain is unable to grow in the presence of AHL signaling molecules, unless a 
nontoxic QS-inhibiting compound is present.

Another method to strengthen the assumption of anti-QS activity of a plant uses 
a bioreporter strain P. aeruginosa, PAO1. The phenomenon of swarming in bacteria 
is considered to be a virulence factor as it is involved in the process of biofilm for-
mation due to mass translocation of cells and this relies on the expression of biosur-
factant molecules, the expression of which is under quorum sensing control in 
PAO1. Hence, any compound inhibiting the swarming motility in PAO1 is expected 
to interfere with quorum sensing and its regulated traits.

14.8	 �Anti-quorum Sensing Activities of Medicinal Plants

Several medicinal plants of different regions have been screened for their anti-
quorum sensing activity. Some studies are a preliminary screening of medicinal 
plants; others extend to the detection of the compounds responsible. Some medici-
nal plants exhibiting anti-quorum sensing activity are discussed below (Fig. 14.8).

Cinnamomum verum is widely distributed in the tropical regions of the world. The 
bark is an important spice and a flavoring agent. It is known to exhibit antioxi-
dant, antimicrobial, anti-inflammatory, antidiabetic, and anticancer properties. It 
is also used for neurological disorders, cardiovascular diseases, and the improve-
ment of lipid profile (Rao and Gan 2014).

The anti-QS activity of essential oil of cinnamon against reporter strains 
CV12472 and CV026 in the presence of natural C6-AHL was assayed. A slightly 

Fig. 14.7  Inhibition of swarming motility in the plate (b) when compared to control plate (a) 
using reporter strain PAO1 (Khan et al. 2008)
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higher anti-QS activity was observed against CV12472 (zone of inhibition 12 mm) 
when compared to CV026 (zone of inhibition 11 mm) (Waters and Bassler 2005).

Mentha piperita is an important aromatic and medicinal crop. It is initially native to 
Europe, Canada, and the USA but is now cultivated in different parts of the 
world. The oil obtained is strongly scented and has medicinal and high commer-
cial value as it is also used as a flavoring agent. The plant is used as an anti-
emetic, antispasmodic, and nasal decongestant. It is known for its antimicrobial 
and anti-inflammatory activity. It is also used in different gastrointestinal and 
hepatic disorders.(Shah and D’Mello 2004)

The commercially available essential oil of M. piperita was subjected to anti-QS 
activity against reporter strains CV12472 and CV026 in the presence of natural C6-
AHL. A higher zone of inhibition (11 mm) was obtained in the case of CV12472, 
when compared to that of CV026 (10 mm), showing that the essential oil of M. 
piperita possesses anti-QS activity.(Waters and Bassler 2005)

Syzygium aromaticum is native to East Indonesia but is produced in several regions 
like India, Malaysia, Sri Lanka, Indonesia, Madagascar, and Tanzania. It is an 
important spice. It is rich in several phenolic compounds and essential oils. It is 
well known for numerous pharmacological properties, which render it invaluable 
in a broad spectrum of medical conditions. It is known to possess antimicrobial, 
antioxidant, antiviral, antinociceptive, and larvicidal activity (Cortes-Rojas et al. 
2014).

Fig. 14.8  Some plants possessing anti-QS activity
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The ability of clove essential oil to inhibit quorum sensing was assayed using 
bioreporter strains CV12472 and CV026 in the presence of natural C6-AHL. The 
essential oil of clove showed greater quorum sensing inhibition ability for CV12472 
(zone of inhibition 19 mm) when compared to CV026 in the presence of natural 
C6-AHL (zone of inhibition 17  mm). At higher concentration, clove oil showed 
inhibition of pigment formation of CV12472, indicating that the inhibition of quo-
rum sensing is a function of the concentration of sample used. Inhibition of swarm-
ing motility by clove oil was also studied with reporter strain PAO1. It was observed 
that swarming motility was inhibited by clove oil, thus strengthening its anti-QS 
behavior. GC-MS analysis of clove oil was further studied. Major ingredient euge-
nol was individually tested for anti-QS activity and inhibition of swarming activity. 
Pure eugenol showed no anti-QS activity or inhibition of swarming motility. This 
implies that the anti-QS activity and inhibition of swarming motility exhibited by 
clove oil are due to the other compounds, like α-caryophyllene and β-caryophyllene 
of clove oil, either in isolation or combination with the various other compounds 
(Waters and Bassler 2005).

Moringa oleifera, commonly known as drumstick tree, is native to India but found 
in other tropical and subtropical regions of the world. It is known to possess 
antidiabetic and anticancer properties. The leaves, fruits, roots, and seeds are 
used for the treatment of abdominal tumors, scurvy, paralytic attacks, helmin-
thic, bladder, prostate troubles, sores, and skin infections (Singh et al. 2009b).

The anti-quorum sensing potential of aqueous extract of leaf, fruit, and seed was 
studied using biomonitor strain C. violaceum (ATCC 12472) by disk diffusion 
assay. Strong anti-QS activity was observed for both leaf and fruit extracts. No 
activity was observed for seed extract (Singh et al. 2009a).

Tecoma capensis is commonly referred to as Cape honeysuckle. It is found in warm 
and cold regions of the world. It is known to possess antiplasmodial activity, 
relieve pain, and induce sleep (Saini and Singhal 2012).

Anti-QS activity was determined using C. violaceum. The ethanolic extract of 
both flower and leaf exhibited anti-QS activity with a zone of inhibition 11 ± 1.0 mm 
and 13 ± 0.5 mm, respectively (Al-Hussaini and Mahasneh 2009).

Lavandula angustifolia is commonly called as lavender; it is known for its carmina-
tive, antiflatulence, and anticolic properties. It is a sedative and possesses spas-
molytic activity (Lis-Balchin and Hart 1999).

C. violaceum was used to determine the anti-QS potential of flowers (ethanolic 
extract) of L. angustifolia. An opaque zone of 9.5 ± 0.5 mm was observed, indicat-
ing that the flowers possess anti-QS activity (Al-Hussaini and Mahasneh 2009).
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Rosmarinus officinalis (rosemary) is a popular perennial culinary herb cultivated all 
over the world. It is known for its antimicrobial, anticancer, antidiabetic, anti-
inflammatory, antioxidant, antidiuretic, antiulcerogenic, and antithrombotic 
activity (Habtemariam 2016).

The ethanolic extracts of both flowers and leaves of R. officinalis exhibited anti-
QS activity (zone of inhibition 9.0 ± 0.5 mm and 13 ± 0.5 mm, respectively) when 
assayed using C. violaceum (Al-Hussaini and Mahasneh 2009).

Jasminum sambac, commonly called Jasmine, is widely cultivated in several tropi-
cal regions like India and Malaysia. Traditionally, the oil extracted is used to treat 
cancer and heart disease, as an antidepressant, to soothe pain and anxiety, and to 
make skin smooth (Sabharwal et al. 2013).

The ethanolic extract of leaves and flowers was tested for their anti-QS activity 
using C. violaceum. Both extracts exhibited anti-QS activity with zone of inhibition 
10.5 ± 0.9 mm and 9.0 ± 0.5 mm, respectively (Al-Hussaini and Mahasneh 2009).

Populus nigra is known for its antioxidant and anti-inflammatory properties 
(Dudonné et al. 2011).

The ethanolic extract of the leaves of P. nigra exhibited anti-QS activity, with a 
zone of inhibition of 8.5 ± 0.5 mm, when tested using C. violaceum (Al-Hussaini 
and Mahasneh 2009).

Populus alba, the white poplar tree, is widely distributed in Europe, Asia as well as 
North Africa. It is known to possess antifungal, antioxidant, antitumor, antisep-
tic, and antiviral activity (Haouat et al. 2013).

The ethanolic extract of the leaves of P. alba exhibited anti-QS activity, with a 
zone of inhibition of 10 ± 1.0 mm, when tested using C. violaceum (Al-Hussaini 
and Mahasneh 2009).

Sonchus oleraceus, commonly called sow thistle, is native to Asia and Europe. It 
possesses high antioxidant activity and is commonly used for alleviation of pain 
(Vilelathor et al. 2009a).

The ethanolic extract of the aerial parts of S. oleraceus was assayed for anti-QS 
activity (using C. violaceum). A zone of inhibition of 18 ± 0.5 mm indicated that it 
possessed an excellent anti-QS activity (Al-Hussaini and Mahasneh 2009).

Laurus nobilis is commonly referred to as the sweet bay tree and is a native to south-
ern Europe. It is known to possess neuroprotective, antioxidant, antiulcerogenic, 
anticonvulsant, analgesic, anti-inflammatory, antimicrobial, insect-repellant, 
immunostimulant, and antimutagenic activity (Patrakar et al. 2012).
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Ethanolic extract of the leaves, flowers, fruits, and bark was tested for anti-QS 
activity using C. violaceum. The highest activity was exhibited by the flowers (zone 
of inhibition 24 ± 0.9 mm), followed by the leaves (zone of inhibition 17.5 ± 0.5 mm) 
and bark (zone of inhibition 19 ± 0.5 mm), and the least activity was exhibited by 
the fruits (zone of inhibition 15 ± 0.9 mm) (Al-Hussaini and Mahasneh 2009).

Adhatoda vasica Nees is found in many parts of India and several regions of the 
world. It is a traditional medicinal plant of India, used in Ayurveda for treating 
various ailments. Pharmacognostic activities include antiulcerogenic, anti-
allergy, antitubercular, abortifacient, antimicrobial, insecticidal, uterotonic, anti-
asthmatic, bronchodilatory, and wound-healing activity (Gangwar and Ghosh 
2014).

The anti-QS activity of hydroalcoholic leaf extract of A. vasica was checked 
using reporter strain C. violaceum CV12472. Anti-QS zone of 12 ± 0.3 mm was 
observed (Zaki et al. 2012).

Bauhinia purpurea L. is not only native to Asia but also found in some areas of 
America. It possesses antipyretic, anti-inflammatory, antinociceptive, antimicro-
bial, analgesic, antidiabetic, antioxidant, and antidiarrheal activity. It is also 
known for its wound-healing, nephroprotective, and hormone regulation capac-
ity (Kumar and Chandrashekar 2011).

The hydroalcoholic extract of B. purpurea leaves was evaluated for inhibition of 
quorum sensing. A zone of 10 ± 0.1 mm indicated that the leaf extract possessed the 
ability to inhibit quorum sensing (Zaki et al. 2012).

Lantana camara L. is commonly known as Lantana or Wild Sage. It is an ornamen-
tal plant that is initially from America; now found in several parts of the world, 
including Africa and New Zealand. The plant possesses antimicrobial, antiul-
cerogenic, hemolytic, hypoglycemic, anti-inflammatory, antifilarial, anticancer, 
antifertility, and wound-healing properties (Kalita et al. 2012).

The leaf extract (hydroalcoholic) of L. camara was subjected to anti-QS assay 
using bioreporter strain CV12472. Anti-QS zone of 9 ± 0.6 mm was obtained, sug-
gesting that the leaf of L. camara possesses mild quorum sensing-inhibitory proper-
ties (Zaki et al. 2012).

Myoporum laetum G. Forst. is found in South America, California, New Zealand. It 
is a shrub or small tree found in open grasslands or coastal regions. It is used 
traditionally as a medicinal plant in different parts of the world, like Egypt 
(Preston 2012).

The hydroalcoholic leaf extract of M. laetum when tested for anti-QS gave an 
inhibitory zone of 15 ± 0.4 mm, indicating that it may possess good ability to inhibit 
the expression of genes controlled by quorum sensing (Zaki et al. 2012).
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Piper longum L. (long pepper) is native to Indo-Malaysian region. Though it can be 
commonly found growing wild in the tropical rainforests of India, Nepal, 
Indonesia, Malaysia, Sri Lanka, and the Philippines, it is also widely cultivated 
as it is a commercial crop of great value. It is used as a spice and as a traditional 
medicine. Pharmacognostic activities include stimulant effects, immunomodula-
tory, hepatoprotective, anti-inflammatory, antiamoebic, hypocholesterolemic, 
and antimicrobial activity (Khushbu et al. 2011).

The fruit extract of P. longum was subjected to quorum sensing-inhibitory assay, 
using CV12472 bioreporter strain. A zone of inhibition of 6 ± 0.1 mm indicated that 
the fruits possess mild ability to inhibit quorum sensing (Zaki et al. 2012).

Taraxacum officinale F. H. Wigg, commonly called dandelion, is distributed in sev-
eral regions across the globe. It has been widely used in traditional medicinal 
systems. The root is considered as a gastrointestinal remedy, aiding in the liver 
and digestive function, while the leaf is used as a diuretic. Pharmacological 
activities include anti-inflammation and hypoglycemic activity (Yarnell and 
Abascal 2009).

A study of the anti-QS ability of the hydroalcoholic extract of the aerial parts of 
T. officinale exhibited its ability to quench the quorum sensing process for the pro-
duction of violacein in reporter bacterial strain CV12472 (zone of inhibition 
observed 7 ± 0.4 mm) (Zaki et al. 2012).

Hemidesmus indicus (L.) Schult is a climbing plant that grows in different parts of 
India and is used by native healers for nephric complaints, syphilis, and sore 
mouth. It has antibacterial, anticancer, antidiabetic, antidiarrheal, anti-
inflammatory, antioxidant, antiulcerogenic, antivenom, renoprotective, cardio-
protective, and hepatoprotective effects (Weissner 2014).

The hydroalcoholic extract of the root of H. indicus was assayed for anti-QS 
activity at three different concentrations, 400 μg, 800 μg, and 1200 μg, using two 
bioreporter strains, CV 12472 and CV026. The highest activity was observed 
against CV 12472 at 800 μg, followed by the other two concentrations (zone of 
inhibition 800 μg, 16.0 ± 0.4 mm; 400 μg, 14.0 ± 0.4 mm; 1200 μg, 11.0 ± 0.3 mm). 
A similar trend was observed for using CV026 strain (zone of inhibition 800 μg, 
14.0 ± 0.4 mm; 400 μg, 12.0 ± 0.4 mm; 1200 μg, 6.0 ± 0.3 mm). The extract also 
exhibited the ability to reduce swarming motility of PAO1 reporter strain (Zahin 
et al. 2010b).

Holarrhena antidysenterica is found in tropical and subtropical regions of Asia and 
Africa. It is used in Indian Ayurvedic medicine to treat diarrhea and dysentery. It 
is known for its antidiabetic, antidiarrheal, diuretic, antihelminthic, antimalarial, 
antimicrobial, antimutagenic, and antihypertensive activity (Sinha et al. 2013).
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The bark of H. antidystenterica was assessed for anti-QS activity at three differ-
ent concentrations, with two reporter strains, CV 12472 and CV026. More signifi-
cant inhibition was observed with CV 12472 than CV026. In the case of CV 12472, 
a very high zone of inhibition was observed at the highest concentration, which 
consequently reduced with a decrease in concentration (zone of inhibition 1200 μg, 
21.0 ± 0.5 mm; 800 μg, 15.0 ± 0.4 mm; 400 μg, 12.0 ± 0.3 mm). Relatively lesser 
anti-QS activity was exhibited against CV026 strain (zone of inhibition 800 μg, 
11.0 ± 0.4 mm; 400 μg, 10.0 ± 0.4 mm; 1200 μg, 5.0 ± 0.2 mm). The extract also 
reduced the swarming motility of PAO1 reporter strain (Zahin et al. 2010b).

Mangifera indica, mango, is grown in many parts of the world. The plant is known 
for its antidiabetic, antitetanus, analgesic, antipyretic, antimicrobial, antiulcero-
genic, antimalarial, cardioprotective, and bronchodilatory properties (Parvez 
2016).

The ability to inhibit quorum sensing was assessed using hydroalcoholic leaf 
extract. The extract more efficiently inhibited quorum sensing against CV 12472 
than CV 026 reporter strain (zone of inhibition CV 12472 1200 μg, 14.0 ± 0.4 mm; 
800 μg, 12.0 ± 0.3 mm; 400 μg, 8.0 ± 0.2 mm; CV026 1200 μg, 11.0 ± 0.4 mm; 
800 μg, 9.0 ± 0.4 mm; 400 μg, NIL). The inhibition of swarming motility was also 
good (65.9% reduction at a concentration of 800 μg/ml, determined using PAO1) 
(Zahin et al. 2010b).

Psoralea corylifolia is an important Indian and Chinese medicinal plant, widely 
distributed in the Asian subcontinent. It is known for its immunomodulatory, 
anti-inflammatory, antitumor, and antibacterial activity. The seed extract is used 
for a variety of diseases like leukoderma and impotence (Mounika 2016).

The anti-QS activity of hydroalcoholic seed extract was studied against reporter 
strains CV 12472 and CV026. The extract was more potent against CV 12472 than 
CV026. In the case of both extracts, the inhibitory capacity increased with increase 
in the concentration of extract (zone of inhibition CV 12472 1200 μg, 17.0 ± 0.5 mm; 
800 μg, 11.0 ± 0.4 mm; 400 μg, 9.0 ± 0.2 mm; CV026 1200 μg, 14.0 ± 0.6 mm; 
800 μg, 11.0 ± 0.5 mm; 400 μg, 8.0 ± 0.3 mm). The extract also exhibited an excel-
lent ability (69.5% reduction, at a concentration of 1000  μg/ml) to reduce the 
swarming motility of PAO1 bioreporter strain. This signifies that the extract is 
potent and can control quorum sensing-mediated expression of genes (Zahin et al. 
2010b).

Punica granatum is found in India and more arid regions of Southeast Asia, the East 
Indies, and tropical parts of Africa. It is known to possess high antioxidant activ-
ity and anticarcinogenic and anti-inflammatory activity. It is also used for dental 
conditions, in diabetes, and in male infertility (Jurenka 2008).
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The hydroalcoholic extract of pomegranate rind was assayed for anti-QS proper-
ties with bioreporter strains CV 12472 and CV026. The extract was more potent on 
CV026 than CV 12472. The highest activity was observed at the highest concentra-
tion employed, 1200 μg, and no inhibition was observed at the minimum concentra-
tion in the case of both the reporter strains (zone of inhibition CV026 1200 μg, 
12.0  ±  0.4  mm; 800  μg, 10.0  ±  0.4  mm; 400  μg, NIL; CV 12472 1200  μg, 
7.0 ± 0.1 mm; 800 μg, 9.0 ± 0.2 mm; 400 μg, NIL). The extract was also tested for 
its capacity to inhibit swarming motility of PAO1 strain. It was found that the extract 
was potent and there was a 65.9% reduction in the swarming motility at an extract 
concentration of 500 μg/ml. This proves that the extract of pomegranate rind has a 
good anti-QS activity (Zahin et al. 2010b).

Aloe barbadensis is a well-known important medicinal plant. It improves the diges-
tive system, protects the immune system, and helps fight stress. It is known for 
its wound-healing, anticancer, anti-arthritic, antidiabetic, and antimicrobial 
properties (Nandal and Bhardwaj 2012).

The anti-QS activity of hydro-acetone of aloe leaf extract was assessed using 
CVO26 bioreporter strain. There was no inhibition of violacein pigment production. 
Inhibition of swarming activity of reporter strain PAO1 was observed, the percent of 
reduction being 79.9%. This indicated that aloe could have anti-QS activity, as it 
showed inhibition of swarming activity. It is recommended that another assay be 
performed using other reporter strains like CV 12472 to establish the anti-QS activ-
ity (Siew-Mian and Tham 2012).

Angelica sinensis is a herb found in China, Japan, and Korea. The dried root is used 
traditionally to strengthen heart, liver as well as lubricate the bowel. It is consid-
ered as a blood tonic and is used for regulating the menstrual cycle. It is known 
for its anticoagulant, antispasmodic, and antifibrotic activity. It is also used for 
dysmenorrheal, cardiovascular disease, immune support, and hematopoiesis 
(Head 2004).

The root extract was studied for anti-QS activity. There was an inhibition of pig-
mentation; zone of inhibition of 13.5 ± 0.3 mm was observed for 50 μl of extract 
used. There was no inhibition of swarming when checked with PAO1 reporter strain; 
the extract promoted swarming when compared to the control (Siew-Mian and 
Tham 2012).

Astragalus membranaceus is a herbal immunomodulator and an antidiabetic drug. 
The roots have been used in many herbal formulations in China for the treatment 
of diabetes (Agyemang et al. 2013).

The root extract exhibited a very high inhibition of violacein production (zone of 
inhibition 34.0  ±  0.0  mm for 50  μl of extract used) when assayed for anti-QS 
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activity with CV026 strain.). No inhibition of swarming motility was detected when 
assayed with PAO1 reporter strain (Siew-Mian and Tham 2012).

Cnidium monnieri is a plant commonly used in the traditional Chinese system of 
medicine. The plant is a source of osthole (7-methoxy-8[3-methyl-2-butenyl]-
2H-1-benzopyran-2-one), which is known for its anticancer, anti-inflammatory, 
antioxidant, immunomodulatory, antimicrobial, and antiparasitic properties. It is 
also well known for its neuroprotective, hepatoprotective, and cardiovascular 
benefits (Zhang et al. 2015).

50 μl of a hydro-acetone extract of the seed was subjected to anti-QS assay using 
reporter strain CV026. No inhibition of pigmentation was observed. The extract was 
however found to inhibit swarming of reporter strain PAO1 to a great extent (percent 
of reduction- 78.8%). This indicated that C. monnieri could have anti-QS activity, 
as it showed inhibition of swarming activity. It is recommended that another assay 
be performed using other reporter strains like CV 12472 to establish the anti-QS 
activity (Siew-Mian and Tham 2012).

Crataegus cuneata is widely distributed throughout the Northern temperate regions 
of the world. It is known for its activity on the reproductive system (Kumar et al. 
2012).

A study of the anti-QS activity of the fruit extract using CV026 revealed that the 
extract was able to inhibit pigmentation (zone of inhibition 14.2 ± 0.4 mm). No 
inhibition of swarming motility was detected when assayed with PAO1 reporter 
strain (Siew-Mian and Tham 2012).

Dioscorea nipponica is used for rheumatoid arthritis, asthma, and bronchitis. It is 
also known for its anticancer activity (Ho et al. 2011).

The tuber extract of D. nipponica was assayed for anti-QS activity using CV026. 
A considerable zone of inhibition of pigment formation of 13.8 ± 0.2 mm indicates 
that it could possess anti-QS activity. There was no inhibition of swarming when 
checked with PAO1 reporter strain; the extract promoted swarming when compared 
to the control (Siew-Mian and Tham 2012)

Ephedra sinica is found in Asia, Europe, and some areas of America. It is used in 
Chinese and Indian traditional medicinal systems. It is known to have anti-
inflammatory activity. It is a source of the neurotransmitter epinephrine 
(Abourashed et al. 2003).

A 50 μl hydro-acetone branch extract of E. sinica was subjected to anti-QS assay 
with reporter strain CV026. There was inhibition of violacein production (zone of 
inhibition 12.0 ± 0.0 mm). The extract promoted swarming, as there was an increase 
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in the colony of PAO1 (compared to control) which was used as a reporter strain 
(Siew-Mian and Tham 2012).

Lilium brownii is a traditional medicinal plant native to China and India, but has 
been cultivated in different countries of Europe also. It is used in the treatment of 
backaches, dizziness, impotence, urinary disorders, and fever. It is known for its 
antipyretic and antidiabetic properties (Okubo et al. 2012).

The bulb extract of L. brownii was checked for anti-QS activity. A zone of inhibi-
tion of 17.3 ± 0.3 mm indicated that there was an inhibition of pigment formation. 
The extract was also able to inhibit swarming greatly; a reduction percent of 64.8% 
was observed on reporter strain PAO1. This suggests that the plant has potent anti-
QS activity (Siew-Mian and Tham 2012).

Magnoila officinalis is a common Chinese medicinal plant. It possesses antioxidant, 
anti-inflammatory, antitumor, and antimicrobial activity (Shen et al. 2010). The 
bark extract of M. officinalis was screened for anti-QS activity.

There was a high inhibition of violacein production; a creamy-white halo (diam-
eter 23.7 ± 0.3 mm) was observed. The extract promoted swarming, as there was an 
increase in the colony of PAO1 (compared to control) which was used as a reporter 
strain (Siew-Mian and Tham 2012).

Panax pseudoginseng is commonly called false Ginseng or Indian Ginseng. It is 
found in India, China, Tibet, Nepal, Bhutan, and Myanmar. It is a conventional 
folk medicine. It is known for its anticancer, anti-asthma, and anticonvulsive 
effects. Traditionally, it is used for the treatment of headaches, hemorrhagic dis-
ease, dyspepsia, and palpitations (Nayar and Sastry 1990; Selvam 2012).

Screening of the root extract for anti-QS activity using CV026 revealed the abil-
ity to inhibit pigmentation (zone of inhibition 12.7 ± 0.3 mm). The extract was also 
able to inhibit swarming greatly; a reduction percent of 60.2% was observed on 
reporter strain PAO1. This suggests that the plant has potent anti-QS activity (Siew-
Mian and Tham 2012).

Albiza schimperiana is traditionally used as a medicine for the treatment of bacterial 
infections like pneumonia and other parasitic infections such as malaria (Kokila 
et al. 2013).

The methanol extract of the root of A. schimperiana displayed quorum sensing 
activity, when screened using E. coli reporter strain AI1-QQ.1, suggesting the pres-
ence of AHL interfering molecules in the extract (Bacha et al. 2016).
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Justicia schimperiana is known to be used in the traditional system of medicine in 
Ethiopia. The leaves are popularly used for the treatment of liver disease, diar-
rhea, dysentery, and other stomach disorders (Correa and Alcantara 2011).

Petroleum ether extract of the seed of J. schimperiana revealed the ability to 
quench quorum signaling, hinting that the extract possibly possesses AHL interfer-
ing molecules (Bacha et al. 2016).

Prunus armeniaca is commonly known as apricot. It is a deciduous tree that is 
native to the continental regions of the globe but is also widely cultivated in other 
areas. The antimicrobial, anticancer, antioxidant, and hepatoprotective activity 
of P. armeniaca have also been reported. It is consumed as a fruit and is used in 
the traditional system of medicine for asthma, constipation, and cough and to 
soothe irritated skin (Raj et al. 2012).

No zone of inhibition was observed when the plant extract (seed kernel) was 
tested with reporter strain CV026 for quorum sensing activity. However, inhibition 
of swarming was identified with PAO1 reporter strain, as exhibited by a 29% reduc-
tion in colony area (Koh and Tham 2011).

Prunella vulgaris belongs to the mint family and is very popularly used in European, 
Chinese, and Indian traditional medicinal system. It is used to treat fever and 
throat infections and for wound healing. Its antimicrobial, anti-inflammation, 
antidiabetic, and antistress activity has also been scientifically evaluated (Rasool 
and Ganai 2013).

Anti-quorum sensing activity was assessed using reporter strain CV026 and a 
zone of inhibition of 15.5 mm was observed indicating the ability of P. vulgaris to 
inhibit quorum sensing. No inhibition in swarming motility was identified; on the 
contrary, the whole plant extract was observed to promote swarming motility when 
tested with PAO1 (Koh and Tham 2011).

Nelumbo nucifera, commonly known as the lotus, is an aquatic plant found in Asia, 
known for its medicinal properties. Traditionally, it is used in the treatment of 
tissue inflammation, cancer, diarrhea, skin diseases, nervous disorders, and lep-
rosy. Several bioactive compounds like β-sitosterol, quercetin, ginnol, and nucif-
erine have been reported and characterized from lotus plant (Paudel and Panth 
2015).

Leaf extract of lotus possesses the ability to inhibit quorum sensing, as a zone of 
inhibition of 16 mm was observed when CV026 reporter strain was used. Promotion 
of swarming motility was observed compared to the control when PAO1 reporter 
strain was used (Koh and Tham 2011).
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Panax notoginseng is a Chinese medicinal herb widely cultivated in different parts 
of China. It is used to promote blood circulation, for the treatment of fractures, 
injuries, vertigo and reduces swelling and pain. Its anti-inflammatory, antioxi-
dant, antitumor, antimicrobial, antidiabetic, renal protective, and hepatoprotec-
tive activity has been scientifically evaluated (Ng 2006).

The hydro-acetone flower and root extract of P. notoginseng exhibited anti-QS 
activity against both CV026 and PAO1 reporter strains. A zone of inhibition of pig-
mentation of 20 mm was observed for CV026 strain, and 32% inhibition of swarm-
ing motility was observed in the case of flower extract. The root extract exhibited 
higher activity, a zone of inhibition of 24 mm was observed for CV026, and 50% 
inhibition of swarming motility was observed with PAO1 (Koh and Tham 2011).

Areca catechu is a variety of palm plant grown extensively in Asian countries as a 
seed crop. The alkaloids present in the seed are intoxicating and addictive when 
chewed. It is an antidepressant, a sedative, and a narcotic-analgesic. It is proved 
to possess antioxidant, antivenom, anticancer, antihelminthic, and molluscicidal 
activity. Several alkaloids, like guvacine, guvacoline, isoguvacine, arecaidine, 
arecolidine, norarecaidine, and norarecoline, have been reported to form seeds of 
A. catechu (Jaiswal et al. 2011).

The seed extract of A. catechu showed the ability to inhibit QS when tested with 
two reporter strains: CV026 and PAO1. A clear zone of 18 mm (absence of pigmen-
tation) was observed in the case of CV026. Efficient inhibition of swarming motility 
was observed, with a high percentage of 79% against reporter strain PAO1 (Koh and 
Tham 2011).

Imperata cylindrica is commonly known as Cogon grass and is a perennial monocot 
plant. It is traditionally used in the treatment of diabetes, gout, common cold and 
cough, anemia, and urinary calculi. It possesses antihelminthic, antibacterial, 
anticancer, antidiuretic, antidiarrheal, and anti-arthritic activity (Parvathy et al. 
2012).

The hydro-acetone extract of the underground stem exhibited the ability to 
inhibit QS as illustrated by the study on reporter strain CV026, where pigmentation 
inhibition was depicted by a zone of inhibition of 20 mm. When the reporter strain 
PAO1 was used for analysis, no inhibition of swarming motility was observed; in 
fact, the plant extract was found to promote swarming (Koh and Tham 2011).

Myristica cinnamomea is a folk medicine in many regions of Asia like Malaysia, 
Singapore, and Sumatra. It is known for its antimicrobial, nematocidal, and anti-
ulcerogenic activity.

QS inhibition was observed with reporter strain CV026. In particular, malabari-
cone C from the methanolic bark extract was found to inhibit violacein production 
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by CV026. Similarly, anti-QS activity was observed with reporter strain PAO1; 
malabaricone C was found to decrease the production of pyocyanin by PAO1. 
However, no adverse effects on the viability of PAO1 were observed (Chong et al. 
2011).

Acacia nilotica L. is widely distributed in the tropical and subtropical regions. It is 
used traditionally for the treatment of cancer, diarrhea, tuberculosis, leprosy, 
bleeding piles, cold, cough, and fever. Antioxidant activity, inhibition of lipid 
peroxidation, and prevention of DNA damage of A. nilotica have also been sci-
entifically evaluated.

The hydrolyzed crude extract and the hydrolyzed ethyl acetate fraction of the 
pods of A. nilotica exhibited a dose-dependent inhibition of violacein production by 
the biomonitor strain CV 12472. Among the two extracts, the hydrolyzed ethyl ace-
tate fraction showed higher QS inhibition. The inhibitory effect of hydrolyzed ethyl 
acetate fraction ranged from 15.24  ±  0.82 to 100  ±  4.04%, while the inhibitory 
effect of hydrolyzed crude extract ranged from 11.11  ±  0.73 to 91.26  ±  4.62% 
(Singh et al. 2009c).

Allium sativum, commonly called garlic, is a small underground bulb which is 
native to Central Asia but is widely cultivated in several parts of the world. It is 
famous for its medicinal properties and as a spice used in culinary preparations. 
It has been used traditionally for the management of blood pressure, high choles-
terol, heart attack, and coronary disease. It was found to be useful for the treat-
ment of different cancers, diabetes, gout, microbial infections, diarrhea, and 
arthritis (Neeraj et al. 2014).

It possesses anti-QS activity as observed with reporter strains C. violaceum, P. 
aeruginosa, and A. tumefaciens strain NLT4 (Kalia 2013).

Ocimum sanctum, commonly referred to as holy basil or tulsi, is a native to India but 
cultivated in other regions. It is a folklore treatment for various conditions like 
cancer, diabetes, pain cough, liver conditions, and hypotension. Its antimicrobial, 
wound-healing, antidiabetic, antioxidant, anticancer, immunogenic, antihelmin-
thic, antiulcerogenic, cardioprotective, and larvicidal activity has been estab-
lished (Rahman et al. 2011).

Quorum quenching ability of O. sanctum was assessed using C. violaceum and 
PAO1 reporter strains. Inhibition of violacein production and pyocyanin pigment 
formation and biofilm production were observed, respectively (Kalia 2013).

Pisum sativum, commonly known as a garden pea, is used extensively as a pulse for 
consumption. Pharmacognostic evaluation has revealed that it possesses antidia-
betic, anticancer, antioxidant, anti-inflammatory, and antimicrobial activity. Pea 
plant is rich in apigenin, hydroxybenzoic, hydroxycinnamic, luteolin, and 
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quercetin, all of which have been reported to contribute to its therapeutic proper-
ties including anticarcinogenic property (Rungruangmaitree and Jiraungkoorskul 
2017).

The seed, root, and leaf extracts of P. sativum inhibited violacein production 
in the reporter strain CV0blu, indicating that it possessed anti-QS activity. In 
addition, the seed extract exhibited the ability to inhibit the swarming motility 
of S.  liquefaciens MG1 reporter strain and C4HSL-inducible protease and 
N-acetylglucosaminidase in CV026 reporter strain (Kalia 2013).

Medicago sativa is commonly called alfalfa and is used as an Ayurvedic and homeo-
pathic medicine to treat central nervous system disorders. It is reported to have 
antioxidant, anti-inflammatory, antidiabetic, and neuroprotective activity (Bora 
and Sharma 2011).

The anti-QS activity of M. sativa exhibited the ability of the seed extract to 
inhibit the production of violacein pigment by the biomonitor strain C. violaceum 
(Kalia 2013).

Alyssum maritimum is commonly referred to sweet alyssum. The flower and aerial 
parts of the plant are used as an infusion for kidney stones. It is also known to 
possess hepatoprotective and antiulcerogenic activity (Parada et al. 2009).

Slight inhibition of pigment formation was observed with reporter strain C. vio-
laceum CV0blu indicates the moderate ability to inhibit QS (Kalia 2013).

Ananas comosus, commonly referred to as pineapple, is one of the most important 
commercial fruit crops in the world. It is known to possess anti-inflammatory, 
antioxidant, antimicrobial, analgesic, and hypoglycemic effects (Hossain et al. 
2015).

The quorum quenching ability of A. comosus was studied using C. violaceum 
and PAO1 biomonitor strains. With both biomonitor strains, anti-QS activity was 
observed. Inhibition of the production of violacein by the C. violaceum and inhibi-
tion in pyocyanin pigment, staphylolytic protease, elastase production, and biofilm 
production by PAO1 indicate the ability of the plant to act as a QS inhibitor (Kalia 
2013).

Manilkara zapota, commonly known as sapota or chickoo, is a tropical widely cul-
tivated fruit. It is known to possess antimicrobial, antitumor, anti-inflammation, 
antipyretic, analgesic, hepatoprotective, hypoglycemic, antidiarrheal, and hypo-
cholesterolemic effects. Several of its phytoconstituents have been isolated and 
characterized like erythrodiol, lupeol acetate, D-quercitol, myricitrin, quercitrin, 
and manilkoraside (P. Milind and Preeti 2015).
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Inhibition of pigment production by reporter strain C. violaceum demonstrates 
the anti-QS ability of the plant. With PAO1 reporter strain, the plant extract was able 
to obstruct pyocyanin pigment, staphylolytic protease, elastase production, and bio-
film production, suggesting its ability to act as a suitable quorum quenching agent 
(Kalia 2013).

In addition to the plants mentioned above, there are many more medicinal plants 
screened for inhibition of quorum sensing. A few more plants screened for anti-QS 
activity are listed in the table below (Table 14.1).

Table 14.1  Plant-based quorum sensing inhibition (Kalia 2013; Koh et al. 2013)

S. 
no. Plant name

Organism 
employed Anti-QS activity observed

1. Vanilla planifolia extract C. violaceum 
CV026

Inhibition of violacein production

2. Rasberry extracts C. violaceum Inhibition of violacein production
3. Blueberry extracts C. violaceum Inhibition of violacein production
4. Grape extracts C. violaceum Inhibition of violacein production

Grape fruit juice E. coli Inhibition of biofilm formation
P. aeruginosa Inhibition of biofilm formation
S. Typhimurium Inhibition of biofilm formation

5. Squash exudate: 
γ-hydroxybutyrate (GHB)

A. tumefaciens Inhibition of AHL signaling

6. Tomato seedlings exudate: 
γ-hydroxybutyrate (GHB)

A. tumefaciens Inhibition of AHL signaling

7. Musa paradisiaca C. violaceum Inhibition of pigment formation
P. aeruginosa 
PAO1

8. Tea tree C. violaceum 
CV026

Inhibition of pigment formation

9. Cinnamomum zeylanicum P. aeruginosa Inhibition of biofilm formation
Cinnamon oil 
component-cinnamaldehyde

E. coli Inhibition of biofilm formation

V. harveyi Inhibits AHL- and AI-2 mediated 
QS

Cinnamaldehyde and its 
derivative: 
4-NO2-cinnamaldehyde

Vibrio sps. Inhibition of AI-2 mediated QS- 
bioluminescence, protease activity, 
pigment formation

10. Thyme C. violaceum Inhibition of violacein production
11. Turmeric C. violaceum Inhibition of violacein production
12. Ginger C. violaceum Inhibition of pigment formation
13. Ocimum basilicum (sweet 

basil): Rosmarinic acid
P. aeruginosa Inhibition of protease and elastase 

production, biofilm formation, and 
virulence factors

14. Passiflora incarnata leaf 
extract

C. violaceum 
CV0blu

Inhibition of violacein production

15. Ruta graveolens leaf extract C. violaceum 
CV0blu

Inhibition of violacein production
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14.9	 �Conclusion

The discovery of penicillin in the early nineteenth century by Fleming fueled the 
drive to discover more such agents that could eradicate disease-causing microorgan-
isms. Many plants yielded bioactive compounds which were characterized, syn-
thetically produced on a large scale, and used as antibiotics. However, microorganisms 
are opportunistic and devised mechanisms to evade destruction by antibiotics. This, 
coupled with the indiscriminate use of these antibiotics, led to the development of 
multidrug-resistant pathogens. A quest to unearth new molecules that could combat 
these multidrug-resistant strains began.

As quorum sensing mediates gene expression of several important events that are 
critical to causing infections, it was envisioned that inhibition could be exploited to 
contain the growth and expression of virulence of pathogens. Different plants were 
screened for their ability to inhibit quorum sensing. This chapter deals with some of 
the plants that exhibited anti-quorum sensing activity on testing. It was observed 
that many medicinal plants have the potential to act as inhibitors for quorum sens-
ing. Further study is required though, to identify the phytoconstituents that are 
responsible for inhibition.

A novel approach would be to use plants that have both antimicrobial and anti-
quorum sensing activity. Many plants exhibit antimicrobial activity, but only few 
exhibit both antimicrobial and anti-quorum sensing activity. Identification of such 
plants and a detailed study of the individual compounds responsible for the activity 
and the mechanism of action will lead to the development of new lead molecules 
that can be used to give sustainability to combat microbial infections.
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Abstract

Communication has long been considered as a unique activity of humans. But now 
it is found that communicative behaviour is present in all living systems including 
non-multicellular organisms and food fermentations. QS is a microbial communi-
cation method which depends on cell number that can control many activities in 
bacteria such as virulence, biofilm formation, competence and bioluminescence. 
For QS continuous secretion and observation of hormone-like molecules called 
auto-inducers or QS molecules is required. QS was first noticed in Gram-negative 
bacteria V. fischeri and termed as autoinduction (AI). After that it came to know 
that QS is present in many ecological niches. Unlike other environments in food 
matrix, QS molecules are produced but do not have regular distribution. External 
environment exerts its importance in varying sensing signals. In fact, physical fac-
tors, viz. pH, temperature, water and oxygen availability, are now known to influ-
ence the sensing processes. Spoilage of food may be defined as a process that 
makes food unattractive or deplorable for eating and outcome of microbial activity 
that ultimately dominates according to widespread ecological determinants. The 
present chapter will provide an outlook on (i) role of QS in food fermentation and 
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food spoilage, (ii) factors that affect the activity of QS in various types of foods and 
inhibitors that can be used as biopreservatives, (iii) future perspectives that neces-
sitated to understand how microbial behaviour in foods affects QS and (iv) utiliza-
tion of QS in food preservation and food security.

Keywords
QS · Food microbiology · Farnesol · Tyrosol · Aromatic alcohols · Wine 
production

15.1	 �Introduction

Over the last two decades on microorganisms, we have understood that simple 
single-cell organisms have a surprising mechanism for its cooperative social behav-
iour. It comes to knew with the observation of growth kinetics of marine biolumi-
nescent bacteria that commencement of log phase occurs without a lag and increase 
of bioluminescence after mid logarithmic phase only. This phenomenon is probably 
due to an inhibitor in the medium. Later, Nealson et al. (1970) proposed the phe-
nomenon of ‘cell density-dependent AI’ after observing luminescence in marine 
symbiont bacterium V. fischeri that inhabits light organs of E. scolopes, produced at 
high cell densities. The term ‘QS’ particularly refers to the bacterial biomass linked, 
coordinated gene expression in populations that experience threshold signal con-
centrations to provoke a coordinated response cellular population (Fuqua et  al. 
2001). QS is essential for microbes to compete in the race to colonize new niches, 
utilize available substrates and battle host defences. This behaviour depends on the 
secretion of its own sensing molecules and detection of diffusible signal molecules 
from outside-related organisms through ‘QS’.

Bacteria use QS to synchronize gene expression systems that trigger communal 
performance. Bacterial language is chemical in nature using certain signalling mol-
ecules. QS depends on secretion, recognition and collective reaction to extracellular 
signalling molecules described as auto-inducers or QS molecules. They possess 
specific receptors which can detect these AIs. Upon binding of inducer to receptor, 
it triggers transcription of specific genes, including AIs. On the other hand, rise in 
the population increases the inducer concentration, and at a certain point it reaches 
the threshold level, and the analogous receptor gets activated. The activated receptor 
induces the upregulation of corresponding genes in all responded organisms; this 
allows them to start transcription at the same time. QS regulates interactions both in 
signal producing organisms and between different species present in surrounding 
medium that is between disease-causing and useful microbes, higher organisms 
(symbiosis, growth promotion, pathogenicity). It has importance in agriculture (in 
the areas of plant–microbe interactions apropos to pathogenicity(plant growth pro-
motion, biocontrol) ecology (behaviour of microbes), medicine (colonization and 
disease causing of animal hosts), food industry (food production, spoilage), aquatic, 
industrial plant biofouling (Smith et al. 2004).
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The major confronting issues in food industry with microbes are contamination, 
survival and possible foodborne disease. Nevertheless, for microbes, any food 
resource either natural or processed is just one more ecological system for their 
survival. But in human point of view, microbial attack causes tremendous economic 
losses and poses serious public health consequences through spoilage of food by 
food-related pathogenic bacteria (Dhama et al. 2013). Generally, food spoilage will 
occur by two consequences: one is ageing and another one is microbial coloniza-
tion. Spoilage of food by microbes is an amalgamated process and causes a variety 
of biochemical and textural changes by microbial metabolites. Microbial contami-
nation is a largely universal cause of spoilage of microbes that occurs during food 
preparation, packing and delivery (Gram et al. 2002). This will decrease the shelf 
life of food. Food is not adequately utilized owing to microbial spoilage which 
results in rejection and liberation of toxic metabolites. Salmonella spp., 
Campylobacter spp., E. coli, L. monocytogenes, Yersinia intermedia and P. putida 
are few common foodborne pathogens and cause serious problems in the food 
industry.

Antibiotics are used to destroy or slow down the development of foodborne 
pathogens and enhance the shelf life of food. Continuous usage of antibiotics will 
generate drug-resistant strains capable of resisting most commonly used antibiotics, 
and this requires new strategies to prevent pathogen attack. QS will lend a hand as 
one of the influential targets for investigation of novel agents, viz. natural com-
pounds, antibodies and enzymes, that can regulate microbial behaviour by disrupt-
ing their cellular communication system. It was also reported presence of 
mechanisms for sensing, mimicking, or destroying QS signals by some of plants, 
animals and microbes. P. aeruginosa, A. hydrophila, V.anguillarum, Streptococcus 
sp. and B. cepacia are well-known food-related pathogenic organisms, form their 
biofilms on both natural and artificial surfaces using cell-to-cell communication. 
Better understanding of QS mechanism by signal molecules detection, study mech-
anism of activities in foods and food ingredients may facilitate in developing novel, 
advanced tools to prevent biofilm formation and microbial persistence. The current 
review provides knowledge on the role of QS and signalling molecules in pathoge-
nicity, food spoilage of food-related bacteria. It will also touch upon possibilities to 
utilize potent QS inhibitors in food preservation and food safety.

15.2	 �An Ode to the Quorum Sensing

QS is one of the most significant discoveries in the field of microbiology for the past 
30 years. Fuqua and Winans (1994) had coined the term QS for a microbial cell-to-
cell communication system. It is a well-known occurrence in bacteria and regulates 
interactions not only signal producing organism but also between various genus and 
species of pathogenic-beneficial microbes, growth and pathogenicity perspective. 
QS is a process by which microorganisms are known to interact by different types 
of small/signal molecules and this communication based on the synthesis, secretion 
and reaction with petite, diffusible signal molecules called AIs. During the initial 
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stage of bacterial growth, the production and secretion of signal molecules/AIs are 
at a low concentration, and it increases along with an increase in bacterial density in 
environment/food matrix in latter phases. Bacteria observe alterations in the con-
centration of AIs; when it attains a threshold level, it brings about phenotypic effects 
by QS regulating gene expression (Czajkowski and Jafra 2009) (Fig.  15.1). AI 
occurs devoid of any external interference. The QS-regulated processes usually 
damage other bacteria and self-survival under adverse conditions.

QS mechanism is present in Gram-positive and Gram-negative bacteria. Peptide 
and fatty acid derivatives are two groups of signal molecules that are implicated in 
bacterial QS.  In Gram-positive bacteria oligopeptides that naturally consist of 
membrane-bound sensor kinase receptors and cytoplasmic transcription factors 
involved in direct alterations in gene expression. However, fatty acid derivative sig-
nalling molecules are involved in QS-regulated gene expression of Gram-negative 
bacteria. QS is a ubiquitous mechanism that presents in several bacterial species, 
viz. Brucella, Agrobacterium, Enterobacter, Burkholderia, Pseudomonas, Erwinia, 
Serratia, Ralstonia, Vibrio and Yersinia, which are well-known Gram-negative 
human and plant pathogenic bacteria that use QS for production and regulation of 
virulence factors (Williams 2007). Bacillus, Staphylococcus, Enterococcus, 

Fig. 15.1  Generalized quorum-sensing mechanism. (Source: https://en.wikipedia.org/wiki/
File:Quorum_sensing_of_Gram_Negative_cell.pdf)

L. V. Reddy et al.
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Streptomyces and Streptococcus utilize QS to obtain antimicrobial peptides secre-
tion, genetic competence, and also for biofilms (Podbielski and Kreikemeyer 2004). 
The Rhizobium utilizes it for soil nitrogen fixation. In this process symbiotic bacte-
ria and symbiosome development is regulated by QS (Hoang et  al. 2004). 
Extremophiles, haloalkaliphilic archeon N. occultus Halomonas, hyperthermophilic 
bacterium T. maritima and acidophilic bacteria A. ferrooxidans (Johnson et al. 2005; 
Rivas et al. 2007) possesses QS mechanism (Llamas et al. 2005; Paggi et al. 2003). 
Processes that regulated by QS mechanism (bioluminescence, secretion of viru-
lence factors and biofilms) are not much productive and expensive in single bacte-
rial cell yet becomes uncomplicated and more productive within group (Bassler and 
Losick 2006).

15.3	 �Mechanisms of Quorum Sensing

Bacterial language is chemical in nature using certain signalling molecules. QS 
relies on the synthesis, secretion, recognition and group-level response to QS mol-
ecules. They possess specific receptors which can detect these AIs. After binding of 
AI to receptor, it induces transcription of respective genes, together with those for 
AI synthesis. Molecules implicated in QS (QS) possess the ability to induce their 
own production; hence they are known as ‘AIs’. The total QS process will run in 
four steps:

	1.	 Production of signal molecules by the microbial cell.
	2.	 Secretion of signal molecules into the surrounding environment (either actively 

or passively).
	3.	 Detection of threshold level signal molecules by specific receptors.
	4.	 Alterations in gene regulation.

AHL-mediated QS is well studied bacterial communication mechanisms 
(Table 15.1). The most important agricultural bacterial species are A. tumefaciens, 

Table 15.1  AHL-mediated quorum sensing systems

Quorum-sensing process Outcome References
At low population density, AHL synthase uses 
S-adenosylmethionine (SAM) and acyl chains to 
synthesize AHL

Signal 
generation

Schaefer et al.

Short-chain AHLs diffuse passively Signal 
accumulation

Dong et al. 
(2012)

Long-chain signals require active efflux Signal 
accumulation

Dong et al. 
(2012)

At high population density, LuxR-type (R) transcription 
factor recognizes signal

Signal reception Schuster et al.

R proteins and AHLs bind to target DNA leading to 
increased AHL signal production and activation of 
quorum-sensing regulation

Autoinduction Zhu and 
Winans (1999)
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E. carotovora, medically significant Burkholderia and P. aeruginosa species also 
employ this mechanism (Dong et al. 2000; Williams 2007). Additionally, this pro-
cess undergoes 2-component system in this system, the AI, transported to intercel-
lular space by an ABC transporter. The accumulated signals are detected by a 
2-component sensor that transports the sensory information to trigger a similar 
response regulator for changing the expression of QS regulon through regulatory 
RNAs and intracellular transcription factors (Novick 2003; Waters and Bassler 
2005).

15.4	 �Signal Molecules of Quorum Sensing

The bacterial cell signalling systems are largely categorized into four main catego-
ries: (AI-1), (AI-2), (AI-3) and (AIP). In Gram-negative bacteria both (AI-1) and 
(AI-3) are present, Gram-positive bacteria utilize (AIP) system, and (AI-2) is pres-
ent in both types. The AI-2 is considered as a universal signalling molecule due to 
its ability to alter gene expression in different bacterial species and genera. These 
four categories of signalling systems can group simply based on the mechanism: 
one is AHL-dependent and another is AIP-dependent QS systems. The QS signal is 
detected by cytosolic transcription factor in AHL-dependent systems and in second 
one signal is detected by 2-component membrane-associated response regulatory 
system (Dong et al. 2012; Sifri 2008).

15.4.1	 �Auto-Inducer (AI-1)

AI-1 is the main group of signalling molecules in Gram-negative bacteria, and it 
contains N-acylhomoserine lactones (N-AHL). They contain a conserved homoser-
ine lactone (HSL) ring with a variable acyl side chain. The variation and specificity 
is present in a mixed bacterial population QS communication because of length and 
saturation level of acyl chains attached to the existence or lack of oxo or hydroxyl 
substitutions at C-3 position of acyl chain (Shaw et  al. 1997). It is known that 
N-AHL system is synthesized by LuxI/LuxR system and this becomes the model 
system for other QS systems. It consists of two components: LuxI (AI-1) and LuxR 
(transcription factor). Gene expression is under the control of LuxR in the presence 
of AI (Fig. 15.2). At higher population density, local AI-1 levels reach their thresh-
old levels (required concentration to diffuse back into cell), bind to LuxR and initi-
ate transcription of luxCDABEGH operon by binding Lux boxes present in promoter 
(Devine et al. 1989). The product of this operon, luciferase, catalyses the process 
responsible for luminescence. Homologous LuxI/LuxR systems capable in produc-
ing specific AHLs were identified in numerous Gram-negative bacteria. Virulence 
factors expression in P. aeruginosa and S. marcescens were regulated by these sig-
nalling mechanisms. P aeruginosa contains two systems homologous to LuxI/
LuxR.  LasI/LasR is responsible for biofilm formation, synthesis of extracellular 
enzymes and transcription of another QS system.
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15.4.2	 �Auto-Inducer (AI-2)

AI-2 was also first detected in Gram-negative bacteria. It is the most common bacte-
rial AI identified up to now as it is present in 500 bacterial species. AI-2 contains a 
set of interconverting AI molecules derived from 4,5-dihydroxy-2,3-pentanedione 
(DPD). DPD is synthesized from a by-product of SAM metabolism. AI-2 synthe-
sizes by LuxS in multiple steps by the exchange of ribose homocysteine into homo-
cysteine and 4,5-dihydroxy-2,3-pentanedione (DPD), and then it cyclises into quite 
a lot of furanones in presence of water (Schauder et al. 2001). Different bacterial 
species recognize different forms of DPD as their active AI-2 signals. For instance, 
in V. harveyi, AI-2 has boron41; E. coli and Salmonella spp. have a non-borated 
cyclized DPD moiety42 (Fig. 15.1e). AI-2 has interesting interconversion property; 
this attribute helps bacteria for inter-species communication. Some bacteria, such as 
P. aeruginosa, do not have LuxS enzyme and thus do not make AI-2. Nevertheless, 
they can detect AI-2 produced by other bacterial species and modify their gene 
expression pattern.

Detection of AI-2 accumulated in cell’s environment can be performed by two 
different mechanisms. First one is present in V. harveyi, it detects BAI-2 form of 
AI-2. This mechanism senses periplasmic AI-2 first by binding signal with LuxP, an 
AI-specific binding protein then after AI-2/LuxP complex acts together with a sen-
sor kinase, LuxQ. This interaction initiates a phosphotransfer cascade that ends in 
synthesis of luminescence. Till date, the LuxP/LuxQ cascade was detected in Vibrio 
spp. only (Fig.  15.3a). Second one is present in E. coli and S. typhimurium 
(Fig. 15.3b). In this mechanism, LuxS-regulated Lsr system is present in place of 
LuxP/LuxQ system. Detected and diffused AI-2 initiates a cellular reaction by 
reaching into cytoplasm. In this process periplasmic protein, LsrB helps in recogni-
tion of signal by binding to R-THMF form of AI-2. After binding, LsrK 

Fig. 15.2  The LuxS/AI-2 quorum-sensing system. (a) Vibrio harveyi (b) in Salmonella, E. coli
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phosphorylates AI-2 together with LsrR (transcriptional repressor) and releases 
repression of lsr operon that may upregulate additional operons (Taga et al. 2001). 
AI-2 signals structure of two has been determined by co-crystallization with two 
different AI-2-binding proteins: a furanosyl borate diester (BAI-2) used by V. har-
veyi to regulate luminescence and a furanone [2R,4SL]-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran [R-THMF]) used by S. typhimurium (Miller et  al. 
2004).

15.4.3	 �Auto-Inducer (AI-3)

AI-3 was first detected in enterohemorrhagic E. coli (EHEC) O157:H7 spent media 
as a compound found that activates the expression of genes concerned with attach-
ment and actin rearrangement in eukaryotic cells (Sperandio et al. 2003). AI-3 sig-
nalling helps microbe to survive in their hosts, pathogenesis and flagella motility. 
These three signals activate expression of a pathogenicity island named locus of 
enterocyte effacement (LEE), Shiga toxin and flagella regulon (Moreira et al. 2010). 
There are no reports on presence of AI-3 in Gram-positive bacteria. As AI-3 produc-
tion is not present in luxS mutants, it was thought that LuxS was involved in AI-3 
production. Further studies demonstrated that need for AI-3 production in these 
mutants was not attributable to SAM. AI-3 production was initiated by addition of 
L-aspartate in media and has not shown any effect on AI-2 production (Walters et al. 
2006). AI-3 is recognized by a 2-component system that contains sensor kinase 
(QseC) and response regulator (QseB). When sufficient concentration of AI-3 pres-
ent, QseC endures autophosphorylation and transfers phosphate to QseB.  This 
mechanism induces genes conscientious for flagella biosynthesis and motility by 
upregulating master flagellar regulator gene flhDC (Clarke et al. 2006). The com-
plete cascade responsible for regulation of these genes remains ambiguous, but 
probably known as it involves QseA, a LysR family regulator that is predisposed by 
cell-to-cell signalling, directly upregulates LEE genes (Sperandio et al. 2002).

Fig. 15.3  Autoinducing peptide (AIP)-mediated quorum sensing in Gram-positive bacteria by (a) 
two-component signaling and (b) an AIP-binding transcription factor
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15.4.4	 �Auto-Inducing Peptide (AIP)

This type of cell signalling is largely present in Gram-positive species and first 
detected in S. aureus. In this process bacteria utilize small post-translationally mod-
ified peptides for signalling. These small peptides are generally synthesized from 
oligopeptides by a variety of modifications and secreted out into the surrounding 
environment through transporters. When reaching threshold levels, the sensor 
kinases recognized then after initiate phosphorylation of response regulator. The 
peptides involved in QS use to have their specific cognate receptors (Fig. 15.4). For 
example, QS peptide signalling is present in opportunistic foodborne pathogen C. 
perfringens which controls sporulation, toxin production, virulence (Ma et al. 2015) 
and biofilm formation (Vidal et al. 2015). In L. monocytogenes it regulates viru-
lence, invasion and biofilm formation (Riedel et  al. 2009; Abee et  al. 2011) 
(Fig. 15.5).

15.5	 �QS and Biofilm Formation in Food Industry

The term ‘biofilm’ was defined as an ‘Aggregate of microorganisms in which cells 
that are repeatedly entrenched within a self-produced matrix of extracellular poly-
meric substances (EPS) adhere to each other and/or to a surface’ by IUPAC, Polymer 

Fig. 15.4  Schematic representation of contamination sources in different food processing 
industries
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Division (Vert et al. 2012). The microorganism present in a biofilm displays primi-
tive homeostasis and circulatory systems, genetic material exchange and metabolic 
cooperation (Costerton et al. 1995). Bacteria can form biofilms on all kinds of sur-
faces of food processing units from plastic to wood which is very complex to elimi-
nate them completely. The development of biofilms/attached cells on foods and 
food processing areas usually affects food adversely, especially in raw and inade-
quate processed foods (Franck 2001). Biofilms have become a big problem in food 
industry and moreover are thought to cause contamination by a variety of foodborne 
pathogens, and this can adversely affect the product safety, stability, quality and 
value (Fig. 15.6). It is very difficult to remove the attached pathogenic microorgan-
isms on minimally processed products due to the difference in surface morpholo-
gies, hydrophobic cutin and abrasions in the epidermis of fruits and vegetables 
(Burnett and Beuchat 2001).

In food processing units, there are two categories of biofilms, one forms films on 
surfaces that have direct contact with flowing product and known as process bio-
films; and second one forms film in the processing area, viz. in places where clean-
ing, sanitation is poor along with drains and known as environmental biofilms 
(Table 15.2). Process biofilms are rapid growers when compared to environmental 
biofilms. The food processing units produce a large amount of perishable, semi-
perishable foods and food ingredients; for instance, the dairy industry products such 
as milk and cream come under perishable products; cheese, butter and yoghurt 
come under semi-perishable and milk powders; and whey protein concentrates and 
caseinates come under food ingredients. Contamination of dairy products by patho-
genic organisms is minor worry for the dairy industry. Maintaining strict microbio-
logical guidelines is very much required to obtain quality, functionality and safety 
for their product which leads the company to competitiveness in international 
markets.

It is well demonstrated that QS participates in all phases of biofilm formation in 
various bacterial species (Stoodley et al. 2002; Otto 2013). But it was showed that 
monoculture conditions for biofilm formation in Salmonella (Thompson sp.) on 
stainless steel (72 h at 25 °C) are the same for both AI-2-positive and AI-2-negative 
strains. Microbes on improperly cleaned and disinfected food processing surfaces 
are an intricate heterogeneous community, nothing like the pure species biofilms 

Fig. 15.5  QS signals and biofilm formation by Pseudomonas aeruginosa
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Fig. 15.6  Individual cell and microcolony development on various food processing surfaces
a, b = individual cells developing on an egg glaze bath after 8 h; c, d = individual cells of S. aureus 
developing within a buttermilk line after 8 h; e, f = microcolony development after 6 h on a pre-
pared salad line; g, h = development of microcolonies within 90 min on a fishcake forming machine
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investigated in the laboratory (Stoodley et al. 2002). The biofilm-forming capacity 
may influence by interactions between the different species of individual strains, 
and this may be a QS-mediated process (Parsek and Greenberg 2005). Hence, to 
confirm the specific effect of AHLs on biofilm formation by a single organism in 
multispecies environments requires a supplementary study.

Biofilm formation in foodborne bacteria in relation to QS has been studied well. 
It was first reported in P. aeruginosa growing in a flow-through reactor and observed 
that 3OC12− homoserine lactone (C12) (QS signal molecule) was required during the 
differentiation of biofilm (Fig. 15.7) (Davies et al. 1998). This function of QS mol-
ecule in biofilm received significant attention. Hafnia alvei products are common 

Table 15.2  List of bacterial biofilms which appear in food processing surfaces

S.no. Factory type Area exposure
Time 
(h)

Swab count 
(cfucm−2)

% area 
coverage

1 Canned 
products

Waste can area 24 >3.5 × 107 15.0

2 Canned 
products

Blancher extractor 24 >4.7 × 107 26.5

3 Meat 
substitute

Mixer—undersurface of 
ledge

20 >5.9 × 107 56.1

4 Potato Ceiling 24 5.5 × 105 3.6
5 Cod cakes Conveyor 1.5 4.6 × 106 11.3
6 Biscuits Steam clean room 16 >1.4 × 107 20.2
7 Poultry 

products
Wall in rack washing 
area

6

8 Peas Inspection belt guard 48

Fig. 15.7  Anti-quorum-sensing mechanism of natural plant compounds
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bacterial food contaminants basically isolated from meat, dairy and fish. Hafnia 
alvei strain 071 is known to form biofilms, but its mutant H. alvei 071 halI has failed 
to form the biofilm. From this, it can be suggested that lack of QS in mutant cells of 
H. alvei 071 inhibited biofilm formation process by inhibiting the differentiation 
process which is obligatory for transforming individual cells into complex multicel-
lular structures (Vivas et al. 2008). The production of EPS in V. cholerae and S. 
liquefaciens is under the control of AI-2 and essential for cell aggregation in biofilm 
formation (LV et al. 2014). This was not observed in bacteria isolated from food 
processing surroundings. QS is not much important in biofilm structural develop-
ment. But for some species it is essential for surface attachments, structural devel-
opment, maturation and even for the control of dispersion of cells from biofilms 
(Davies et al. 1998; Boles and Horswill 2008a, 2008b; Lv et al. 2014). It is quite 
interesting that the utilization of Hafnia alvei metabolites for the biofilm develop-
ment by S. enterica serovar Enteritidis PT4 growing stainless steel (SS). Biofilms 
pose significant problems in food-processing environments. Significant contribu-
tion of QS in biofilm formation by foodborne pathogens on food processing sur-
faces could provide novel research dimensions in removing these surface-attached 
microbial communities. However, QS inhibition may eliminate biofilm formation 
capacity of pathogenic organism and thus reduce food spoilage which helps in qual-
ity food production and food safety (Karatan and Watnick 2009).

In bacteria production of enzymes is an intricate process and affected by various 
physical and bacterial population factors, such as QS and phase variation (Liu et al. 
2007; Khiyami et al. 2006). QS signal molecules were shown to control enzymes, 
proteases production in biofilms (Swift et al. 1999; Liu et al. 2007; Khajanchi et al. 
2009). Relationship between the presence of QS signal molecules AHL, biofilm 
formation and enzyme production is not yet clear (Khajanchi et al. 2009). For exam-
ple, in staphylococcus activation of agr system (QS system involving in dispersal of 
cells from biofilms) increased its enterotoxin D (SED) expression (Boles and 
Horswill 2008a, b; Marta et al. 2011). Recently it is observed that QS and cell-to-
cell signalling amid bacteria in biofilms can also negate the use of cleaning chemi-
cals. Signalling system in bacteria helps observe neighbouring area and alter their 
gene expression accordingly to get more resistance. By inhibiting the QS contribu-
tion in the production of EPS can be used in reverse direction to control biofilm 
growth. Following the application of quenchers that avert QS, biofilms were found 
more readily removed with bactericidal chemicals (Anand et al. 2014).

15.6	 �Quorum Sensing in Food Processing Spoilage

15.6.1	 �Food Spoilage

Food processing locations grant a variety of favourable conditions for microbial 
contamination as they contain moisture, nutrients and microorganisms from their 
raw materials. Inadequate disinfection of food processing instruments and surfaces 
causes the survival of foodborne pathogens. This surviving pathogenic microbe in 
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due course results in biofilms formation. Dairy, brewing, poultry and meat process-
ing are main places of known problematic sectors with contamination (Frank et al. 
2003; Jessen and Lammert 2003; Somers and Wong 2004; Chen et al. 2007). Food 
processing industries are generally base for common foodborne pathogens, viz. 
Yersinia enterocolitica, Campylobacter, Listeria, Salmonella and Staphylococcus 
aureus worldwide and spread diseases to people who consume inappropriately 
cooked/contaminated products (Fig. 15.5) (Farber and Peterkin 1991; Dewanti and 
Wong 1995; Kim et al. 2008). Food spoilage is a complex process and known to 
occur with the help of several chitinolytic, lipolytic, proteolytic and pectinolytic 
biochemical reactions. The identification of QS signals in spoiled food has provided 
a new facet in understanding the food spoilage process. Later it was clearly evident 
that QS regulated also food deteriorations thereof. Many types of signalling mole-
cules were detected in several types of spoiled food products. Ragaert et al. (2007) 
showed the controlling mechanism of human infecting and food spoilage microbial 
gene expression by disrupting the QS circuit. Variety of signalling compounds (AI-
1, AI-2) were detected in milk, meat and vegetables (Rahman et al. 2017; Liu et al. 
2006; Pinto et al. 2007). Another serious typhoid fever causing pathogen Salmonella 
enterica serovar Typhi (S.  Typhi) is responsible for 217,000 deaths annually by 
infecting 21.7 million humans (Crump and Mintz 2010). It is known to form bio-
films (Kalai Chelvam et al. 2014) and stick on food industry materials, viz. stainless 
steel, rubber and plastics (Steenackers et al. 2012). Maintaining hygiene conditions 
in manufacturing plant is highly required to remove microbes and to prevent colo-
nization or persistence of microbes on processing lines. Different methods of 
mechanical, chemical and thermal processes are used to avert biofilm formation as 
professionally as possible.

15.6.2	 �Milk and Dairy Products

Milk and dairy products are very easily liable to bacterial spoilage. A broad range 
of bacteria resistant to high and low temperatures are present along the different 
milk processing stages. The processing locations and materials persisted with some 
type of bacterial species like B. cereus spores which stick on processing surfaces, 
help rapid adhesion of other bacterial cells on the processing line (Marchand et al. 
2012). Geobacillus, well-known thermophilic bacilli, can grow at 65 °C, and their 
thermo-resistant spores pose problems for the milk powder production (Palmer 
et  al. 2010). Pseudomonas are well-known food pathogen that survive and form 
biofilms at low temperatures on surfaces of milk cooling tanks and pipelines preced-
ing to heat processing and often secrete thermo-resistant glycolytic, lipolytic, pro-
teolytic and lecithinolytic enzymes that participate in milk spoilage (Marchand 
et al. 2009). Milk and other dairy products are experiencing many problems with 
Psychrotrophic bacteria as they can survive at low temperatures. Besides this, 
Pseudomonas biofilms have lived compatibly in multi-species biofilms with other 
pathogenic bacteria (e.g., Listeria monocytogenes) (Marchand et al. 2009). L. mono-
cytogenes is a common contaminant in many dairy and other foods which can 
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survive and grow under a wide range of harsh conditions. L. monocytogenes was 
known to produce AI-2 and small peptides as signalling molecules by two QS sys-
tems, luxS and accessory gene regulator (agr). Spoilage of milk by microbes is 
because of the degradation of lipids and proteins present in milk by lipolytic and 
proteolytic enzymes, later on it was found that in Serratia spp., the secretion of 
extracellular enzymes is regulated by AHL-based QS system. Christensen et  al. 
(2003) reported that inoculation of pasteurized milk with wild-type S. proteamacu-
lans caused spoilage after 18 h of storage at 37 °C, whilst inoculation with a mutant 
containing an inactivated sprI gene did not cause spoilage. Nevertheless, adding up 
of 3-oxo-C6-HSL to milk inoculated with sprI mutant caused its spoilage, entailing 
the role of AI molecules in spoilage. Correspondingly, QS play an important role in 
spoilage of milk and dairy products by psychrotrophic bacteria Pseudomonas spp., 
Serratia spp., Enterobacter spp. and H. alvei (Whitfield et  al. 2000; Pinto et  al. 
2007). Moreover, the detection of furanosyl BAI-2 signals in significant amounts in 
regular milk containing a low bacterial population (102 CFU/mL) implies potential 
association of interspecies communication in milk spoilage (Lu et al. 2004). It was 
recently found that B. subtilis utilized luxS-mediated QS for spoilage of dairy prod-
ucts (Gopal et al. 2015; Duanis-Assaf et al. 2015).

15.6.3	 �Meat Processing

Meat processing is one of the important segments. India has immense potential for 
production of processed meat and exports. Being highly nutritious, it is easily sus-
ceptible to microbial pathogen attacks. Food pathogens such as C. jejuni and 
Pseudomonas spp. are common in meat and meat products spoilages even at low 
temperature conditions (3–8 °C). Additionally, other Salmonella serovar sable and 
S. typhimurium are present in chicken and meat products spoilage (Jackson et al. 
2013). There are reports on QS role in fresh meat products spoilage stored under 
refrigerated conditions and slime contaminated meat surfaces (Jay et al. in 2003). 
Spoilage of frozen ground beef and chicken by Pseudomonadaceae and 
Enterobacteriaceae bacteria was already reported. In the spoiled samples AHL sig-
nals, such as C4-HSL, 3-oxo-C6-HSL, C6-HSL, C8-HSL and C12-HSL, have been 
noticed (Liu et al. 2006). Lu et al. (2004) investigated the effect of food preserva-
tives such as sodium propionate, sodium benzoate, sodium acetate and sodium 
nitrate on QS and its signal molecules production. Nychas et al. (2003) found the 
presence of QS signals at low temperature (5 °C) stored cell-free spoiled minced 
pork meat. Supplementation of spoiled cell-free meat extract with QS signal mole-
cules to P. fluorescens and S. marcescens augmented the duration of lag phase in P. 
fluorescens but not in S. marcescens. In the same experiment when compared to 
control samples it was also found that supplementation increased the metabolic 
activity of both strains. It was found that enhance in metabolic activity is linked to 
the presence of functional compounds in cell-free meat extract, including QS signal 
molecules (Nychas et al. 2003).
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15.6.4	 �Fish and Seafood Products

Though the concentration of easy digesting compounds (glucose, lactate, free amino 
acids) in fish is less than that found in meat, the spoilage process is similar (Nychas 
et al. 2007). As other food products spoilage of fish is linked with the presence of 
single/multiple specific spoilage organisms (SSOs) (Gram et al. 2002). S. putrefa-
ciens and Pseudomonas spp. were detected in iced marine and freshwater fish, 
respectively, and at the same time Pseudomonas spp. and Shewanella spp. were 
detected in fish obtained from the Mediterranean Sea (Gram and Huss 1996; 
Koutsoumanis and Nychas 1999). Vacuum-packaged cold smoked salmon is known 
to spoil by Enterobacteriaceae and LAB, Carnobacterium sp., and/or Lactobacillus 
sp. AHLs were detected in a various spoiled commercial fish products, such as cold-
smoked salmon, fish fillets, and minced fish (Gram et al. 1999, 2002). However, 
researchers have not been able to understand QS systems role in spoilage of cold-
smoked salmon.

The research team led by Gram and colleagues recently reported the production 
of AHLs (mainly 3-hydroxy-C8-HSL) by nonbioluminescent P. phosphoreum and 
Aeromonas spp. strains isolated from cultivable spoilage flora of packed cod fillets. 
The results of the study suggest a possible role of an AHL-based system in the regu-
lation of chitinase activity, which enhances degradation of crustaceans (Flodgaard 
et al. 2005). In addition, a broad range of AHLs (3-oxo-C6-HSL, C6-HSL, C8-HSL 
and C12-HSL) have been detected in Enterobacteriaceae (mainly H. alvei and S. 
liquefaciens) and Pseudomonadaceae (mainly P. fluorescens and P. putida) consti-
tuting spoilage flora of rainbow trout fillets and appeared concomitantly with sig-
nificant proteolytic activity. The activities of several exoenzymes (chitinase, lipase, 
protease) in S. proteamaculans B5a are affected by 3-oxo-C6-HSL and also sug-
gested a QS-based regulation of food spoilage by this strain.

15.6.5	 �Fruits and Vegetables

Fruits and vegetables were commonly spoiled by Erwinia and Pseudomonas with 
the help of their pectinolytic enzymes (pectin lyases, pectate lyase, polygalacturo-
nase, pectin methyl esterases). In these organisms it is illustrious that production of 
enzymes is inhibited by a broad range of AHLs (mainly 3-oxo-C6-HSL, C6-HSL). 
Furthermore, it is observed that inoculation of bean sprouts with AHL producing 
pectinolytic P. carotovorum improved spoilage rates (Rasch et al. 2005). The pecti-
nolytic activity of Pseudomonadaceae and Enterobacteriaceae (mostly Erwinia 
spp.) high cell densities (108 to 109 CFU g/L) cause enzymatic browning, off-tastes, 
off-odours and/or texture breakdown. It is suggested that the rot disease is regulated 
by a QS mechanism because in E. carotovora pectolytic activity is under control of 
AHLs. S. marcescens and S. liquefaciens secretion of numerous unconnected and 
potentially food quality-relevant proteins such as lipase LipA, metalloprotease PrtA 
and surface-layer protein (S-layer) SlaA (Riedel et al. 2006) is guided by QS. A 
LuxI homolog containing S. plymouthica RVH1 was isolated from a raw vegetable 
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processing line. It was found that production of 3 AHLs, C4-HSL, C6-HSL and 
3-oxo-C6-HSL regulated by SplI and absolute loss of 3-oxo-C6-HSL production 
and decrease in C4-HSL and C6-HSL production was observed by inactivation of 
AHLs. SplI-dependent QS is participated in synthesis of extracellular nuclease, chi-
tinase, protease and an antibacterial compound 2,3-butanediol (van Houdt et  al. 
2006). By specific mutations in splI, production of exoenzymes in RVH1 strain was 
reduced once again rectified by addition of C6-HSL or 3-oxo-C6-HSL (van Houdt 
et al. 2007).

15.7	 �Quorum Sensing in Probiotics

Probiotics are viable bacteria, when administered in sufficient quantity they provide 
health benefit to the host. QS is known to attribute the beneficial effects of probiot-
ics. It inhibits the onset of pathogenic bacteria’s virulence by interfering with the 
signalling system. Gut microbiota release a variety of soluble small molecules of 
diverse chemical nature (surface and exogenous proteins, nucleases, lectins, pep-
tides, amines, bacteriocins, fatty and amino acids, lactones, furanones, etc.). With 
the help of sensing molecules microbes’ recognize surroundings and interact with 
equivalent cell surface, membrane, cytoplasm and nucleic acid receptors, to respond 
quickly and coordinatingly by stimulation of particular group of genes for the sus-
tainability of host genome and microbiome. Universal method of intestinal bacte-
rium and eukaryotic cells ‘cross-talk’ can be summarized as follows:

	1.	 Bacteria release quorum-sensing molecule into intestinal lumen and are intact on 
the intestinal epithelium.

	2.	 Bacteria and the eukaryotic cell interactions occur through direct contact. 
Eukaryotic cell biochemical pathways are specifically altered by modulins pro-
duced by bacteria.

	3.	 Glycosylation modifications of functional molecules show an effect on the gut 
microbiota and help to fight against pathogens or viral infections (Freitas et al. 
2003).

It also confirmed the reliance of several gut properties on the cross-talk between 
multiple species (Lopez Boado et al. 2001). Probiotic L. acidophilus La-5 produces 
lactacin B when it senses live bacteria and bacteriocin expression is inhibited by an 
auto-induction mechanism involving the secreted peptide IP_1800 (Tabasco et al. 
2009a). Moslehi-Jenabian et al. (2009) observed luxS gene’s role in protecting the 
probiotic lactobacilli from acidic stress response and their survival in gut. A recent 
report describes a bacterium isolated from gut intestine of fish based on QS which 
has probiotic characteristics by effectively reducing the quantity of AHLs and pro-
teases activity of pathogen A. hydrophila (Chu et al. 2011).

From the above investigations, it is understandable that AHL-mediated QS sys-
tems in Gram-negative bacteria are comprehensively linked with food contamina-
tion. Food spoilage microbes influenced by QS along with their QS molecules are 
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listed in Table 15.3. However, information is scanty on AI-2 and no information on 
AIPs produced by Gram-positive bacteria in food spoilage. In addition, occurrence 
of QS signalling compounds in pasteurized/refrigerated milk, meat and fish prod-
ucts, vacuum-packaged and under modified atmosphere tells us that the present-day 
preservation methods are inadequate. Understanding the types of spoilage organ-
isms and their QS systems in different kinds of food products shall provide attrac-
tive ways to develop QSIs that can be utilized as advanced food preservatives.

In 2010, 5262 foodborne outbreaks were reported in the European Union and 
caused 25 deaths along with a huge number of human infections and hospitaliza-
tions (European Food Safety Authority EFSA 2012). Salmonella, Campylobacter 
and viral toxins were detected in the majority of epidemic infections that occurred 
in 2010. Further, it also noticed that L. monocytogenes and E. coli are in the list of 
major foodborne pathogens responsible for severe human infections and financial 
losses. Bacteria mentioned above are all capable to form biofilms on food process-
ing equipment and food surfaces.

Table 15.3  Food contaminating bacteria influenced by quorum-sensing-regulated phenotypes

Organism Food product
Signal dependent 
phenotype Signalling molecules

Pseudomonas fluorescens Milk Proteolytic milk 
spoilage

395 C4-HSL and 
3OC8-HSL

Serratia proteamaculans 
strainB5a

Milk Lipolytic and 
proteolytic milk 
spoilage

3-Oxo-C6- HSL

Pseudomonas fluorescens Milk Proteolytic milk 
spoilage

L-HSL  
α-amino-γ - 
butyrolactones

Pseudomonas 
phosphoreum and 
Aeromonas spp.

Cod fillets Chitinolytic activity 3-Hydroxy-C8-HSL

Erwinia carotovora Vegetables Cellulolytic and 
proteolytic spoilage

3-Oxo-C6- HSL

Pectobacterium sp. A2JM Bean sprouts Pectinolytic and 
proteolytic spoilage

3-Oxo-C6- HSL

Serratia plymuthica RVH1 Vegetables Chitinase and 
protease activity

3-Oxo-C6- HSL and 
C6-HSL

Hafnia alvei and Serratia 
spp.

Vacuum 
packed meat

Proteolytic spoilage N-3-oxohexanoyl HSL

Pseudomonas spp. Meat Biofilm formation 
and proteolytic 
spoilage

AHLs

Photobacterium 
phosphoreum and 
Aeromonas spp.

Cod fillets Chitinolytic spoilage 3-Hydroxy-C8-HSL
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15.8	 �Quorum-Sensing Inhibition in Food Preservation

Contribution of QS signalling systems in spoilage of a variety of foods suggests that 
one can utilize the inhibition and/or control of cell-to-cell communication as the 
potential methods of preventing or delaying food spoilage. Such type of inhibition 
is usually known as quorum quenching. In contrast to present-day antibiotics, QS 
inhibiting (QSI) molecules exclusively affect QS but not bacterial growth. But the 
antibiotics inhibit bacterial growth and finally kill them. Hence bacteria will not 
develop resistance to QSIs (Kalia and Purohit 2011; Kalia 2013). Different quorum-
quenching strategies are the following: (i) inhibition of QS signal synthesis, (ii) QS 
signal degradation in extracellular environment, (iii) inhibition of QS signal detec-
tion by receptor blockage and (iv) disruption of efflux pumps; targeting these QS 
components are highlighted. All these approaches were extensively investigated and 
successful at the clinical level, but reports on their usage in food preservation are 
scarce. Among all QS systems inhibition, Gram-negative signals N-acyl-homoserine 
lactones (AHLs) have been mainly targeted. The blockage of AHL synthesis could 
be the best effective communication interception system among all AHL-based QSI 
systems. But only a few numbers of investigations were carried out in this area 
(Parsek et  al. 1999; Pechere 2001). Perhaps, in various potential ways available, 
degradation of QS signal in the extracellular environment by enzymes was the most 
profoundly investigated strategy to date.

Many compounds that inhibit QS without disturbing growth of bacteria have 
been reported. Among them, Delisea pulchra (the red alga) halogenated natural 
furanones were first characterized molecules that have AHLs structural resemblance 
and inhibit the gene expression mediated by binding to LuxR homologue instead of 
AI (Manefield et  al. 1999; Rice et  al. 1999). These QSIs silence several AHL-
regulated phenotypes such as luminescence and toxin production by V. harveyi 
(Manefield et al. 2000) and C. violaceum (Martinelli et al. 2004), bacterial resis-
tance of P. aeruginosa biofilms to tobramycin and SDS (Hentzer et  al. 2003), 
swarming of S. liquefaciens (Givskov et al. 1996), expression of virulence factors 
and antibiotic production by E. carotovorum (Manefield et al. 2001). The furnones 
are also effective in  vivo models, for example, virulence of P. aeruginosa was 
decreased in a pulmonary mouse model of infection (Wu et al. 2004), and mortality 
with V. anguillarum in rainbow trout was also decreased (Rasch et  al. 2004). In 
addition, this approach in combination with antibiotics may be an unconventional 
method in management of infectious diseases by multidrug-resistant pathogens 
such as P. aeruginosa, in which QS-regulated virulence mechanisms have already 
reported (Jimenez et al. 2012).

Since the discovery of anti-QS effect of red alga D. pulchra, many plant extracts 
have also been investigated for their QS inhibition (Manefield et al. 1999; Alvarez 
et al. 2012) (Table 15.4). In view of consumers demand in avoiding artificial food 
preservatives, supplementation of natural preservatives that inhibit QS and do not 
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Table 15.4  List of the various plant-based anti-quorum-sensing compounds

Plant name
Part/active 
principle Assay organisms Test characters Reference

QSI activity by dietary plants
Medicago 
truncatula 
Gaertn.

Seedlings Escherichia coli JM109 
[p(SB536)], 
Chromobacterium 
violaceum CV026, 
Escherichia coli JM109 
[p(SB401)]

Kalia (2013)

Lotus 
corniculatus L.

Seedlings C. violaceum CV026, 
Agrobacterium 
tumefaciens NTL4

Violacein 
pigment, 
“-galactosidase 
activity

Kalia (2013)

Pisum sativum 
L. (pea)

Seedlings C. violaceum, 
Pseudomonas 
aeruginosa PA01

Violacein 
pigment, 
swarming 
motility

Fatima et al.

Moringa 
oleifera Lam.

Leaf and fruit 
(aqueous 
extract)

C. violaceum 12,472 Violacein 
pigment

Koh et al. 
(2013)

Phaseolus 
vulgaris L. 
(bean)

AHL-mimic 
QS molecules

Sinorhizobium fredii 
SMH12, Pantoea 
ananatis AMG501

Biofilm 
formation

Montano et al. 
(2015)

Allium cepa L. 
(onion)

Pantolactone 
and myristic 
acid

P. aeruginosa Virulence factors Abd-Alla and 
Bashandy 
(2012)

QSI activity by fruits
Rubus idaeus 
L. (raspberry)

C. violaceum CV026 Violacein 
production

Kalia (2013)

Vitis sp. (grape) Furocoumarins E. coli 
O157:H7, Salmonella 
typhimurium, C. 
violaceum

Biofilm 
formation, 
violacein 
production

Kalia (2013)

Vaccinium 
angustifolium 
Aiton 
(blueberry)

Vibrio harveyi Autoinducer 
bioassay

Kalia (2013)

QSI activity by plants used as spices and medicinal plants
Curcuma longa 
L. (turmeric)

Curcumin P. aeruginosa PA01 Virulence factor 
expression

Rudrappa 
et al. (2008), 
Packiavathy 
et al. (2013)

Allium sativum 
L. (garlic)

Ajoene P. aeruginosa QS-controlled 
virulence factors

Jakobsen 
et al. (2012)

Vanilla 
planifolia 
Jacks. ex 
Andrews 
(vanilla)

Aqueous 
methanolic 
extract of 
beans

C. violaceum Violacein Kalia (2013)

(continued)
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have negative influence over the taste and odour of foods is one of the new strate-
gies. Patulin and penicillic acid are Penicillium secondary metabolites and can 
enhance inhibition of biofilm formation of P. aeruginosa. Tobramycin treatment 
also reduces virulence of P. aeruginosa in a pulmonary mouse model of infection 
(Ramussen et  al. 2005). Essential oils (Eos) have reported as effective anti-QS 
agents and EOs of tea tree, rosemary, ginger, rose, chamomile, eucalyptus, marjo-
ram, clary sage, juniper and many others demonstrated for their intensive anti-QS 
effect (Szabo et al. 2010; Kerekes et al. 2013). EOs also known to have antibiofilm 
properties that formed by pathogens like Salmonella, Listeria, Pseudomonas and 
Staphylococcus (Morten et al. 2012).

Koh et al. (2013) studied a large number of plant metabolites for QS signal syn-
thase activity and reported that it is very rare property for plants to have anti-signal 
synthase activity. Competitive and non-competitive metabolites can block binding 
of signal to its cognate receptor and inhibits signal processing. However, plants pos-
sess the ability to degrade the bacterial signalling molecules and this will block the 
bacteria virulence factors by disrupting their cell-to-cell communication systems 
(Koh et al. 2013). Piper caucasanum Bredemeyer, P. brachypodon Benth, P. bogo-
tense essential oils and clove solvent extracts (Syzygium aromaticum (L.) Merrill & 
Perry) are largely used in food and flavour industries which have reported as anti-
QS metabolites. Besides these, many other medicinal plant extracts/natural com-
pounds which interfere with bacterial QS can possibly utilise them as food 
preservatives instead of present-day artificial preservatives.

Many microorganisms with enzymatic QSI activity have been identified. The 
broad range of bacterial enzymatic QSI activity advocated that disrupting of bacte-
rial communication is one of significant strategies to confer a competitive advantage 
among populations. So far 3 main sets of AHL inactivating enzymes were recog-
nized and classified according to AHL cleavage/modification mechanism:

	1.	 AHL lactonases: Belongs to metalloprotein enzyme group and hydrolyse the 
ester bond of homoserine lactone ring (HSL) and produces respective acyl-
homoserines (Dong et al. 2000, 2012) (Fig. 15.1).

Table 15.4  (continued)

Plant name
Part/active 
principle Assay organisms Test characters Reference

Terminalia 
catappa L.

Tannin-rich 
fraction

P. aeruginosa PA01 
and C. violaceum

Violacein and 
carbapenem 
antibiotic 
production

Jakobsen 
et al. (2012)

Syzygium 
cumini (L.) 
Skeels.
Pimenta dioica 
(L.) Merr.

Ethyl acetate 
fractions

C. violaceum Violacein 
production

Vasavi et al.
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	2.	 Acylases: These enzymes cleave the AHL amide bond generating equivalent free 
fatty acid and homoserine lactone ring (Leadbetter and Greenberg 2000; Lin 
et al. 2003) (Fig. 15.1).

	3.	 AHL-inactivating enzymes: The third group are oxidoreductases; mainly deacti-
vate signal molecules by oxidation or reduction of acyl chain of AHLs without 
any degradation of signal. These alterations in acyl chain loss the specificity and 
inhibit binding between signal and receptor.

15.9	 �Anti-Quorum-Sensing Molecules in Food Industry

Owing to knowledge on QS in the microbial ecosystem of food may aid in combat-
ing the microbial infections in food and food processing industries. Several food-
based QS inhibitors (QSIs) as food preservatives have a novel food intervention 
strategy to ensure food safety and quality. Many studies have shown the potential of 
animal, plant organic extracts, essential oils rich in phenolic, flavonoid stilbenes, 
lignin compounds to interfere with QS in different bacteria. These compounds con-
stitute a diverse group of chemical substances, with different chemical activities, 
also gained importance as potential inhibitors of QS system (Kumar et al. 2014). 
Ajoene, a sulphur-containing compound extracted from garlic, was found to control 
QS virulence such as that of rhamnolipid, a heat-stable haemolysin (Jakobsen et al. 
2012). Phenolic compounds extracted from different natural sources reported to 
contain QSI molecules. A phenolic compound extracted from cider of apple, pyro-
gallol, present in tea acts as QSI in Cronobacter sakazakii (Fratianni et al. 2012) and 
V. harveyi (Ni et al. 2008), respectively. The polyphenol compound present in gin-
ger, such as [6]-gingerol, [6]-shogaol and zingerone, exhibited strong QSI activities 
against pyocyanin and violacein production by P. aeruginosa and C. violaceum, 
respectively. An isoxazoline derivative of [6]-gingerol and [6]-azashogaol, a deriva-
tive of [6]-shogaol synthesized chemically, was also very effective against the QS 
activity of P. aeruginosa (Kumar et al. 2014). Different flavonoids such as taxifolin, 
kaempferol, naringenin, apigenin, baicalein and others have demonstrated their 
ability to interfere in the QS system of microorganisms such as P. aeruginosa PAO1 
and C. violaceum CV026. Different types of quercetins such as quercetin aglycone, 
quercetin 4-glucoside, quercetin 3,4-O-diglucoside, quercetin 7,4-diglucoside, 
quercetin 3-glucosideglucoside and quercetin 5-glucoside are found in onion 
(Allium cepa Lineu). The anthocyanin cyanidin has also been identified in purple 
onion cultivars that give reddish or purple colouration to the bulbs. The amount of 
quercetin in onions varies according to the colour and type of bulb, being distributed 
mainly in the skins and outer rings. Quercetin, a flavonol present in high concentra-
tions in onion (Allium cepa), presents anti-QS properties against some Gram-
negative microorganisms (Quecan et al. 2019).

L. V. Reddy et al.



243

15.10	 �Conclusions and Future Perspectives

QS is one of the important advances that were made in the field of microbiology 
since three decades. Our understanding of bacterial communication has given more 
opportunities to handle them and opened several challenges. QS coordinates with 
the help of special microbial metabolites called AIs (AIs). Nowadays spoilage of 
food is playing a very important role in food safety and security which indeed is a 
complex process. It is mainly caused by intrinsic biochemical reactions and micro-
bial actions. As a social activity microbial QS is involving in food spoilage besides 
their involvement in virulence and pathogenesis. AHL- and AI-2-based QS systems 
associated with Gram-negative bacteria in different food ecosystems have been 
investigated. Even though QS signalling molecules were detected in spoiled foods, 
the accurate action performed by them in the process of food spoilage is not clear. 
The structure and physicochemical attributes of foods by spatial and temporal het-
erogeneity of microbial community also should be taken into account. The spoilage 
occurs even if the food is preserved at very low temperatures and in anaerobic con-
ditions means the present-day preservation tools are not adequate to avoid contami-
nations. Few microbial and plant metabolites obstruct the QS mechanism termed as 
quorum-sensing inhibitors (QSIs). It could be possible to enhance food safety and 
shelf life with usage of those molecules as food preservatives and pave way for 
application of novel food preservation techniques. Most studied QS system in food 
spoilage is AHL-regulated system which is present in Gram-negative foodborne 
pathogens. By controlling QS by its inhibition may prevent colonization of food 
surfaces, toxin formation and proliferation of food-related bacteria. The finding of 
QS inhibitory compounds from plants raises the possibility of identifying active QS 
inhibitory compounds from a plethora of natural sources. With the above-said char-
acteristics, the plant-derived QS inhibitors may serve as next-generation ‘magic bul-
lets’ in food preservation.
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16Methods for the Detection 
and Quantification of Quorum-Sensing 
Signals in Food Spoilage
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and Pallaval Veera Bramhachari

Abstract
Food spoilage is a complex process occurs due to microbial activities. 
Microorganisms synthesize several proteolytic, pectinolytic, lipolytic and saccha-
rolytic enzymes whose activity is associated with deterioration of foods. The syn-
thesis of these enzymes is controlled by quorum sensing (QS) signifying a possible 
role of cell-to-cell communication in spoilage of foods. A diverse variety of Gram-
negative and Gram-positive bacterial species coordinate communal behaviour 
based on population density. Microbes communicate among them by producing 
the signalling molecules, Quorum-sensing molecules (QSM). This review focuses 
on QS molecules and techniques for their detection and quantification.

Keywords
Quorum-sensing molecules · Food spoilage · Quantitative analysis

16.1	 �Introduction

Food spoilage is a process, during which food becomes undesirable and uncom-
fortable for human consumption, which mainly occurs by the biological activity 
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of microbial community (Skandamis and Nychas 2012). Microorganisms produce 
several enzymes with proteolytic, saccharolytic, chitinolytic, pectinolytic and 
lipolytic activities which are associated with the degradation of foods (Ammor 
et  al. 2008). Even after advancement in preservation procedures, excessive 
amounts of food spoilage strive due to foodborne pathogens, viz. Bacillus spp., 
Salmonella spp., Pseudomonas spp., Campylobacter jejuni and Yersinia enteroco-
litica (Gopu et  al. 2015). High level of Quorum sensing (AI-2) activity was 
reported in frozen fish samples and also in tomato, cantaloupe, carrots, tofu and 
milk samples (Lu et al. 2004). The role of QS in raw and pasteurized milk spoil-
age have been determined by identifying AHLs produced by psychrotrophic 
Pseudomonas spp., Serratia spp., Enterobacter spp., and Hafnia alvei (Pinto et al. 
2007). Several resaerch groups identified higher level of QS signaling molecules 
in refrigerated and vaccum packed food products.

Microorganisms use Quorum system (cell-to-cell) communication mediated by 
extracellular chemical signal that is generated by bacteria to detect exact cell densi-
ties. QS is a common phenomenon for bacteria to enable nutrients, adaptation to envi-
ronmental niches, survival in hostile/growth-restrictive environments, to intensify 
defensive responses against competing organisms, and to optimize their ability to 
differentiate into other morphological forms. QS depends on secretion and detection 
of low molecular weight diffusible signals (auto-inducers) which are synthesized by 
its own species and other species of bacteria (Nazzaro et al. 2013). Gene expressions 
are controlled by the Quorum sensing in response to cell densities. When the concen-
tration of auto-inducers reaches threshold level, QS system activates a contextually 
suitable genetic programme. Bacteria can modulate some complex activities through 
QS such as biofilm formation, sporulation, bioluminescence, bacitirocin production 
and virulence response. QS stimulates cooperative behaviour among bacterial popula-
tions and therefore develops environmental adaptability. There are three components 
necessary to modulate bacterial phenotypes for the cell-to-cell communication, i.e.:

•	 Fusion of chemical signals
•	 Build-up of the signals
•	 Recognition of the signal

QS mechanism is present in both +ve and –ve bacterial species. The Gram-
positive bacteria utilize peptide derivatives as signalling molecule, while Gram-
negative bacteria have fatty acid derivatives as signalling molecules (Bai and 
Ravishankar Rai 2011). In the development of root nodules symbiotic bacteria use 
for nitrogen fixation under QS regulatory systems in Rhizobium genera (Hoang et al. 
2004). Notably, Role of QS in bacterial pathogenicity has been widely documented. 
This cell-to-cell communication is also involved in bacteria-mediated food spoilage. 
However, it will be beneficial to design approaches that specifically block these com-
munication systems, which help in reduction or prevention of spoilage reactions.

QS signalling molecules are classified into four categories:

	 (i)	 Auto-inducer I (N-acylhomoserine lactones) – it is a fatty acid derivative used 
by Gram –ve bacteria primarily for interspecies communication.
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	(ii)	 Auto-inducer II (furanosyl borate diester) – synthesized by both Gram +ve 
and –ve bacteria used for both intra- and interspecies communication.

	(iii)	 Auto-inducer III – present in E. coli which helps in cross-communication with 
mammalian epinephrine host cell signalling system.

	(iv)	 Auto-inducer IV (AIPs) – amino acids and short peptides produced by Gram 
+ve bacteria. In addition, cyclic dipeptides, such as 2-heptyl-3-hydroxy-4-
quinolone (PQS) and di-ketopiperazines (DKP), may be involved in cell-to-
cell signalling.

Auto-inducers possess elevated biological and pharmacological effects on cells 
of higher organisms, signifying their function in communication with plant and 
animal cells. Cis-11-methyl-2-dodecenoic acid is an auto-inducer molecule 
involved in virulence regulation in both eukaryotes and prokaryotes (Henke and 
Bassler 2004).

16.2	 �Auto-Inducers

Gram-negative bacteria mainly contain a homoserine lactone ring having various 
acyl chains coupled with presence or absence of oxo and hydroxyl substitutions at 
C3 position. QS by AHL (AI-1) is mostly mediated by two proteins (LuxI/LuxR). 
QS response originates from LuxR-AHL response, and LuxI-AHL synthase is 
involved in regulating cell response in relation to cell density (Camilli and Bassler 
2006). At high concentrations, AHLs interact directly and with the cognate LuxR-
type protein which binds to a specific Lux-boxes promoter sequences affecting 
expression of QS target genes. Generally, LuxR-AHL complex positively controls 
LuxI AHL synthase gene, generating positive induction loop. Biosensors distin-
guish and identify a narrow range of AHLs, during the analysis of bacterium with 
low AHL production (Shaw et al. 1997).

AI-2 is a universal signal inducer thats exists in more than 70 species of both 
Gram +ve and Gram –ve bacteria (Vendeville et al. 2005). Methionine is a precursor 
molecule for synthesis of AI-2; which is converted into SAM (S-adenosyl methio-
nine) by SAM synthetase (MetK). Donation of the methyl group of SAM to a vari-
ety of methyl acceptors results in SAH, which is recycled back to homocysteine in 
either a one-step or two-step process. A second enzyme Pfs (Methylthioadenosine/
S-adenosylhomocysteine (MTA/SAH) nucleosidase) converts SAM to S-ribosyl-
homocysteine (SRH) needed for AI-2 synthesis. The LuxS enzyme acts on 
S-ribosyl-homocysteine, which results in formation of homocysteine and 4,5-dihy-
droxy-2,3-pentanedione. 4,5-Dihydroxy-2,3-pentanedione thermodynamically 
undergoes a favourable cyclization to either R or S form of 2,4-dihydroxy-2-meth-
yldihydro-3-furanone (DHMF) (Sun et al. 2004‚ Parveen and Comell 2011). It con-
trols several phenotypic changes, virulence factors production in V. harveyi, protease 
production by Porphyromonas gingivalis (Burgess et al. 2002), ABC transporter in 
Salmonella typhimurium, bioluminescence of Vibrio harveyi (Bassler et al. 1994), 
iron acquisition in Actinobacillus actinomycetemcomitans (Fong et al. 2001), and 
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transcript number of genes in E. coli (Burgess et al. 2002). However, only 2 classes 
of AI-2 specific receptors have been reported and well-characterized yet. Protein 
structures that act as AI-2 receptors were reported for LuxP family, found in Vibrio 
spp., and LsrB family, in S. Typhimurium; ribose binding protein (RbsB) family, 
from Aggregatibacter actinomycetemcomitans and H. influenza (Pereira et al. 2013).

Auto-inducer-3 is the less studied QS system with structure and synthesis 
remaining unelucidated (Burgess et al. 2002). AI-3 signals are produced by a num-
ber of commensal bacteria such as pathogenic and non-pathogenic bacte-
ria.  Furthermore, AI-3  is very complex, probably co-exist with inter-species 
communiaction and also explains  inter-genera interaction among prokaryote and 
eukaryote. AI-3 can be detected by two-component systems (QseC sensor kinase 
and QseB response regulator). It is pertinent that, presence of periplasmic AI-3, 
QseC phosphorylates QseB (autophosphorylation) and triggers expression of genes 
involved in flagella biosynthesis and motility through upregulation of master flagel-
lar regulator genes (Clarke and Sperandio 2005).

In bacterial cell-to-cell signalling, AIPs are used by Gram +ve bacteria are first 
identified in S. aureus by prototypic Agr system. It is a known fact that bacteria pro-
duce various polypeptides that acts as auto-inducers and inhibit the growth of other 
organism (Dunny and Leonard 1997). These peptides are varying from 5 to 26 
amino acid residues, small sized and highly stable, with specificity and diversity, 
and sometimes they are subjected to post-translational changes which enhance their 
stability and functionality (Skandamis and Nychas 2012). Two QS activation path-
ways that differ in signal perception mechanism have been reported for Gram-
positive bacteria. The first signaling pathway transduces AIP via a two-component 
system (TCS) that uses transmembrane histidine kinase (HK) and transcriptional 
regulator (RR). At high cell density, AIP is detected and leads to autophosphoryla-
tion of HK where specific cytoplasmic transcriptional regulator (RR) gets phos-
phorylated by HK. This phosphorylation modulates the ability of regulator to 
activate or repress transcription of certain target genes. Yet another activation path-
way involves re-importation of the AIP into intracellular medium using an oligo-
peptide Ami (Opp) permease transport system. Subsequently, AIP interacts directly 
with a cytoplasmic transcriptional regulator belonging to RNPP family (Rap, NprR, 
PlcR, and PrgX) and modulates expression of target genes (Kareb & Aïder 2019). 

16.3	 �Methods for Detection of Quorum-Sensing Signals 
in Spoiled Food

Quorum-sensing molecules were in low concentration when compared to other 
microbial metabolites and require very advanced methods for their detection. Cell 
signalling molecules are detected and quantified directly by using cell-free superna-
tant or from food sample or by using spent cultures which are isolated from various 
food products (Ammor et al. 2008). Different methods are used for the identification 
and quantification of cells signalling molecules by using biosensors in olden days; 
nowadays signalling molecules are identified by using mass spectrometry (MS), 
liquid chromatography-MS (LC-MS), gas chromatography-MS (GC-MS), nuclear 
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magnetic resonance spectroscopy (NMR) (Ammor et  al. 2008; Rambaugh 2011) 
and HPLC (high-performance liquid chromatography).  Biosensors were used to 
detect different types of cell signalling molecules quickly and economically. (Cataldi 
et al. 2007). Different types of AHLs can be detected and quantified with the use of 
bacterial biosensors which are also easy, economical and faster, and available bio-
sensors mainly sense either AI-1 or AI-2. Biosensors are capable in detection of 
AI(s) in bacteria, furthermore to screen QS inhibitors (Tello et al. 2013; Anbazhagan 
et al. 2012). The AHLs can be detected both on solid medium and in spent culture 
broth. Test strain and biosensor strains are cross-streaked close on suitable solid 
medium. AHL production by test strain will trigger the expression of reporter gene 
that encodes for phenotypic responses. The response shows a gradient nature up to 
the meeting point of the test strain and biosensor strains (Steindler and Venturi 
2007). In case of culture broth after the exponential phase, the culture broth can be 
extracted using solvents, viz. chloroform, ethyl acetate or dichloromethane. The 
solvent extracts are separated by reverse-phase TLC and then inoculated onto bio-
monitor systems. Biosensing of exogenous AHL produces a spot, which is identi-
fied against AHL standards (McClean et al. 1997; Turovskiy et al. 2007). Highly 
sophisticated techniques like mass spectrometry and HPLC are now utilized for 
identification and screening of QS molecules (Rutherford and Bassler 2012).

16.3.1	 �T-Streak Plate Method

In this method, biosensor and test strains are streaked in T shape on agar plate. Not 
with standingly, if a biosensor strain produces response tester strain’s AI by appear-
ing in specific colour based on reporter gene present in biosensor., the C. violaceum 
CV026 shows a visible purple pigment violacein. Interestingly, the biosensor lacZ 
encodes enzyme “Beta-galactosidase, which breaks X-gal into a blue colour prod-
uct, which can be visually detected. T streak is rapid, easy to do and does not require 
any instrument, but it reports only in presence or absence of AI in tester strain 
(McClean et al. 1997).

16.3.2	 �Chromatography Methods

AHLs were extracted from various homogenized food samples by using ethyl ace-
tate and acidified with formic acid. Waste material should be removed and filtered 
through a Whatman filter paper (Rasch et al. 2005). Under nitrogen flow, filtrate is 
evaporated for dryness and redissolved in ethyl acetate, transferred to HPLC vial 
and stored for further analysis. AHL extracts were applied to a TLC plate (Ravn 
et al. 2001). This method is superior to T streak for the fact that it reported the size 
and type of AI present in tester strain and more sensitive. Supernatants are loaded 
on C18-reverse-phase TLC plate and separation is performed using organic sol-
vents. Along with supernatant, AI standards are also loaded onto TLC plate for 
separation. The plates were developed by using methanol-Milli-Q water. AHLs 
were estimated by semi-quantitative well diffusion assay with A. tumefaciens as an 
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indicator organism and gentamicin as a standard (Shaw et al. 1997). Then organic 
solvents from plates are removed and an agarose suspension having a suitable bio-
sensor strain was covered. Biosensor strain produces visible output if AI is present. 
It has been noted that a combination of specific AI and specific biosensor produces 
a specific type of visible spots on TLC plate, including circular and tear-shaped 
spots. Further, AI type is identified by mass spectrometry (Anbazhagan et al. 2012).

By using liquid chromatography and high-resolution mass spectrometry (LC–
HR-MS), culture extracts were extracted from various foods by methanol-
dichloromethane-ethyl acetate for 2 h and kept for evaporation (Rasch et al. 2005). 
The samples were collected and dissolved in water-methanol and applied to Strata-X 
SPE cartridges. The cartridges were washed and eluted with water-methanol con-
taining less amounts of formic acid. The eluates were then evaporated in vacuum 
and re-dissolved in methanol-water. Samples were injected and analysed by 
LC-HR-MS (Bruhn et al. 2004).

DPD can be analysed by gas chromatography in a two-step derivatization process. 
AI-II components are transformed into DPD which is a single, stable, quinoxaline 
derivative. Firstly AI-II molecules can be transformed into qunoxiline derivatives via 
DPD (Thiel et al. 2009). Addition of 1,2-phenylenediamine directly to cultural super-
natants led to the formation of 1-(3-methyl quinoxaline.2yl)-ethane-1-2diol; this is 
called as Millard reaction which takes nearly 30 min to complete. The resulting com-
pound can be observed by NMR spectroscopy and pH will be changed by the addi-
tion of 1,2-phenylenediamine to the supernatant and adjust the pH to neutral by 
potassium phosphate buffer to regulate false-positive results. For quantitative 
derivatization, add buffer to the cultural supernatant, and to this add 1,2- 
phenylenediamine, and keep in room temperature for 2 hrs (Globisch et al. 2012).

To make polar quinoxaline, water should be removed from the cultural superna-
tants to get best results for GC-MS analysis. This residue was resuspended with 
dichloromethane, and it is extracted either by ethyl acetate or dichloromethane 
which led to an improvement (Meijler et al. 2004). To obtain best results liquid–liq-
uid extraction is carried out with dichloromethane by simultaneous extraction of 
water and filtrating the insoluble matrix material (Lau et al. 2002).

In the second step of derivatization process, dichloromethane extract is treated 
with MSTFA (N-methyl-N-(trimethylsilyltrifluoroace-tamide). This is a strong and 
effective trimethylsilyl donor, furnishing the trimethylsilylated quinoxaline. The 
sialylation can be completed after 30 min at 60 °C. Finally, the resulting residue was 
injected to GC and analyse the difference between dichloromethane and their 
extracts (Thiel et al. 2009).

16.3.3	 �Calorimetric Assay

Calorimetric assays can be utilized for both qualitative and quantitative analyses of 
AHLs. This method is suitable for biosensors having lacZ as a reporter gene. Here, 
a biosensor is grown in extracts of tester strain, supplemented with ortho-nitrophenyl-
β-galactoside (ONPG). Galactosidase enzyme (lacZ gene producT) breaks ONPG 
into galactose and orthonitrophenol a yellow product. Ortho-nitrophenol produced 
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is spectrophotometrically quantified by Miller assay using AHL standard curve. 
This method provides first hand  information on  concentration  of autoinducers 
and any information of AHL(s) type that is present in extract of tester strain (Pearson 
et al. 1994).

16.3.4	 �Luminescence Assay

Luminescence method is suitable for biosensors by luminescence genes, luxCD-
ABE, as a reporter. Luminometer is used to detect Luminescence. Liquid extracts of 
test strain along with biosensor strain are used. This method is used for qualitative 
information for unknown cultures. Luminescence method can also be used to quan-
titative estimation if AI is already known. This method is not useful to get the size 
and AI type information (Massai et al. 2011).

16.3.5	 �Fluorescence Assay

Techniques based on fluorescence property can be used for both detection and quan-
tification of AIs, both at high-density population and single-cell levels. This method 
using a fluorimeter fluorescence microscope and cytometer is used for analysis. 
Measurement at single-cell levels is useful to get variability in response at the single- 
cell level. Highly sensitive florescence reporters, such as gfp and cfp, are used in 
biosensors to acquire correct results (Rai et al. 2012).

16.3.6	 �Detection by Biosensors

Bacterial biosensor is a genetically recombinant bacterium, principally including 
analogous sensing gene network topology:

	1.	 A QS transcriptional activator (LuxR homologue) is expressed either from a 
constitutive or inducible promoter.

	2.	 Expression of a reporter gene from cognate promoter of LuxR homologue.

Biosensing mechanism of AHL is depicted as follows: AHL binds to its tran-
scriptional activator protein after reaching threshold level generates a readable out-
put by binding to its cognate promoter. This detection and binding of transcriptional 
activator to AHL is very specific and depends on the length of AHL acyl side chain. 
A wide range of biosensors were deliberated with different sensitivity and specific-
ity towards AHLs.

Burmølle et al. (2003) developed whole-cell biosensor for detecting AHL pro-
duction. A green fluorescent protein (gfp) was fused to regulatory region of lux-
operon from V. fischeri to form luxR-PluxI-gfpmut3-fusion, pAHL-GFP. ECMC4100 
harbouring pAHL-GFP responded to AHLs (N-octanoyl homoserine lactone) by 
emitting green fluorescence. A number of cells expressing fluorescence were 
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counted using flow cytometry. The biosensor strains containing genes encoding 
GFP can be used in T-streak TLC assays, and epifluorescent microscope. The bioas-
say distinguishes only known compounds and warrants the use of several reporters 
for different kinds of AHL molecules. The reporter strains display a high specificity 
in the direction of cognate AHL and to a lesser extent to closely related ones. As a 
consequence, detection of a wide range of AHLs necessitates the use of several dif-
ferent biosensors, each corresponding to specific AHLs.

Together with above specific reporter strain a few are nonspecific reporter strains. 
The TraR of A. tumefaciens, sensitive to most 3-oxo-HSLs (Shaw et al. 1997) and V. 
fischeri LuxR-based reporter plasmids such as pSB403, activated by AHLs with 
carbon chains of C6 or C8 with or without 3-oxo substitutions (Winson et al. 1998) 
are examples of reporter strains lacking in specificity. Using these methods biosen-
sors can guide to false-positive and false-negative reactions. Furthermore, screened 
bacterium produces non-AHL compounds that could perhaps interfere or turns on 
the response of biosensors (Holden et  al. 1999). As different LuxR homologues 
have varied affinities with different AHLs, it is not precise to evaluate the intensity 
of a response attained with altered AHLs. Consequently, synthetic AHL should be 
employed to establish negligible amount of AHL required for response and amount 
essential for saturated response to plot linear dose-response curve (Steindler and 
Venturi 2007). It is notable that a high diversity among LuxI and LuxR homologue 
proteins was anticipated and hence could be a restraining aspect for development of 
molecular detection methods (Whitehead et al. 2001).

Detection of AI-2 molecules with chemical methods is complex owing to their 
unsteadiness; thus, bioassay mode is the only alternative. AI-2 are detected using 
biosensor V. harveyi BB170 luxN::Tn5 that synthesizes all 3 AIs. The growth and 
ability of biosensor to detect AI-2 is inclined by components of culture medium and 
additives in food sometimes leading to false-negative or false-positive results (Lu 
et al. 2004). Presently, quantification of BAI-2 is conceded by LuxP-fluorescence 
resonance energy transfer (FRET)-based reporter strain. The sensor is based on 
ligand binding-induced changes in FRET between a cyan variant and yellow variant 
of GFP fused to the termini of BAI-2 receptor, LuxP (Rajamani et al. 2007).

The AI-3 molecule is discovered by β-galactosidase assay using E. coli O157:H7 
TEVS232 strain (Sperandio et al. 1999) in which LEE1 regulatory regions are fused 
to lacZ reporter gene in TE2680. TEVS232 is grown in fresh medium or in medium 
supplemented with P. cepacia. Cultures are diluted 1:10  in Z buffer, and 
β-galactosidase activity is measured by using ONPG as a substrate (Walters et al. 
2006). The bioassays that are obtainable for AIPs identification are based on the 
application of nisin-inducible bioluminescence and engross reporter genes posi-
tioned below the regulator nisin-inducible promoter, either bacterial luciferase 
genes (lux) or GFP gene (gfp). This is exceptionally sensitive and can detect as low 
as 10 pg/mL nisin present in culture broth. Before measuring fluorescence, superna-
tant was separated as it absorbs light of GFP with identical wavelengths (Wahlström 
and Saris 1999; Immonen and Karp 2007) fluorescence (Hakovirta et  al. 2006). 
2-Alkyl-4-quinolones (AHQs) and 2-heptyl-4-quinolone of Pseudomonas spp. are 
detected and quantified using lux-based P. aeruginosa AHQ biosensor strain 
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(Table 16.1) (Fletcher et al. 2007). However, Occasionally auto-fluorescence of cel-
lular background infer sensitivity. In this approach, the reporter strain is used either 
in TLC or microtitre plate assays, in which the bioluminescence or green colour of 
pyocyanin is sensed as endpoints. In the microtitre assay, bacterial extracts or CFS 
are added to a growth medium containing AHQ biosensor, and resulted light is pro-
portional to the AHQ content of the sample.

Table 16.1  List of Quorum sensing detecting biosensors

AHL biosensors

Plasmid-based biosensors
Plasmid Host strain Activator Promoter AHL 

detected
Reporter Reference

pAL105 E. coli 
JLD271

LasR PlasI 3-Oxo-
C12-AHL

luxCDABE Lindsay 
and Ahmer 
20,050 = [

pSB1075 3 E. coli 
JM109

LasR PlasI Oxo-C12- 
to 
3-oxo-
C16-AHL, 
C12-to 
C16-AHL,

luxCDABE Savka et al. 
(2011)

pUCP18 
PrsaL::lux

P. 
aeruginosa 
PA14

LasR PrsaL 3-Oxo-
C12-AHL

luxCDABE Massai 
et al. 
(2011)

pMS402 
PrsaL::lux

P. 
aeruginosa 
PA14

LasR PrsaL 3-Oxo-
C12-AHL

luxCDABE Massai 
et al. 
(2011)

pREC-FF E. coli 
MG1655 
K12Z1

LuxR PluxI 3-Oxo-C6-
AHL

cfp Rai et al. 
(2012)

pUCGMAT1–4 E. coli AhlR PahlI 3-Oxo-C6-
AHL

mcherry Deng et al. 
(2015)

Chromosomally integrated biosensors
Strain Activator Promoter AHL 

detected
Reporter References

S. meliloti 
sinI::lacZ

SinR PsinI 3-Oxo-
C14-AHL, 
3-oxo-
C16-AHL, 
3-oxo-
C16:1 
AHL

lacZ Llamas et al. (2005)

P. aeruginosa 
PA14-R3

LasR PrsaL 3-Oxo-
C12-AHL

luxCDABE Massai et al. (2011)

C. violaceum CviR PvioA CV026 
C4- to 
C8-AHL

vioABCD McClean et al. (1997)

P. aeruginosa 
M71LZ

LasR PlasI 3-Oxo-
C12-AHL

lacZ Dong et al. (2005)
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16.4	 �Methods for Food Preservation

Food can be consumed by animal and humans in raw, processed, or formulated 
materials to promote growth, energy and to maintain good health. However, over-
consumption of convinced foods such as fats, carbohydrates and salts affects pub-
lic health. Chemically processed foods contain fat, proteins, carbohydrates and 
small quantities of minerals and organic compounds. Thus, it will promote growth 
of microbes  since all these compounds are source energy for microbial growth. 
(Rahman 2007). However, Food quality  retension is important to maintain high 
nutritional values of consumed and  processed  foods along with our health. 
Currently, various preservation methods are in use for long period storage either by 
using conventional or modern techniques during transportation (Devi et al. 2015).

16.4.1	 �Thermal Processing

Thermal processing is used to preserve fruits and vegetables for long time and also 
increase their shelf life and effectively decreasing the microbial population and pul-
verize the natural enzymes (Rosa 2006). This process is used for the preparation of 
jams, jellies and canned fruits and vegetables. In this process unsterile foods can be 
heated in containers such as canning. This method is also used in milk pasteuriza-
tion process (Barrett and Lloyd 2012).

16.4.2	 �Drying

Drying is used to preserve food material for long time by controlling their moisture 
contents in foods. Food products can be dried by various techniques either by natu-
ral or artificial drying to reduce the microbial contamination (Devi et  al. 2015). 
Natural drying in open surroundings and economical procedures and no need of 
energy consumption only uses sunlight. Artificial drying food material is dried 
using fuel, air dyers and brush dryers. This technique is usually used for meat and 
fish products and can be applied for fruits and vegetables (James 2003). Fruits and 
vegetable stored using drying are in lighter in weight; therefore, cost of delivery can 
be reduced. The moisture content of food is reduced to 10–15%, thus, microbial 
growth can be inhibited and become inactive (Rosa 2006, Sharif et al. 2017).

16.4.3	 �Pickling

It is a technique where foods are stored in common salts or vinegar. This method is 
in use from olden days to preserve vegetables and fruits. Pickles are generally con-
sumed as appetizer that promotes the production gastric juice, which helps in diges-
tion. Pickles are less in calories, and nutrient content depends on ingredient used for 
making them (Devi et al. 2015).
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16.4.4	 �Freezing

One of the most cost-effective ways for preservation foods. Most foods contain 
enzymes that can destroy colour, flavour, texture, quality, and nutrients in foods dur-
ing storage (Barrett and Lloyd 2012). Freezing also hinders microbial growth how-
ever, cannot kill them. Freezing is used for long-term storage of many foods because 
it can decrease the water level that will hinder microbial growth and activity, reduces 
rate of chemical reaction (Gambuteanu, Borda, and Alexe 2013). During freezing 
and defrosting process the tissue structure of the food will damage due to the rate 
and temperature applied and will led to the deterioration of its structure, texture, 
colour and taste (Seon Mi et al. 2015).

16.4.5	 �Edible Coating

Edible coating is an ecologically friendly innovation that has been applied on many 
food products to control moisture transfer, and oxidation process. This is another 
preservation method to preserve fruits and vegetable. Edible coatings with lipids, 
proteins and some other biopolymers will be applied on the surface of the food 
products to form a thin layer (Senna, Al-Shamrani, and Al-Arifi 2014). For main-
taining the quality of postharvest fruits edible coatings are being used which 
replaced synthetic waxes to increase customer demand. Currently, edible coating 
formulations have been applied along with added food additives (Dhall 2013).

16.4.6	 �Food Additives

Food additives such as antimicrobial, antioxidant agents and stabilizer are used to 
preserve foods by lowering its redox potential and pH value. These additives also 
hinder the development of microbial growth in food products or avoid food spoilage 
(Inetianbor et al. 2015). Preservatives maintain its nutritional value and food consis-
tency, protecting the food from microbial and to enhance its flavour. Food preserva-
tives can be divided into two classes  – natural preservatives and synthetic 
preservatives. Synthetic preservatives like sulphites, benzoates, and sorbates are in 
use in particular food products but can harm people on overconsumption (Sharif 
et al. 2017). Many non-traditional preservation techniques are being developed to 
fulfil customer demand for nutritious and healthy food. In recent years, natural anti-
microbial agents that constrain fungal and bacterial growth have been of consider-
able interest for better quality and shelf-life (Nazir et  al. 2018). A  few potential 
antimicrobials from plant and animal origin can be used as food additives viz. 
Lactoferrin, Chitosan, Lysozyme, Nisin, etc. Some of milk-derived bioactive com-
pounds such as casein and whey proteins also act as food additives.

	(a)	 Lactoferrin – Milk contains an iron-binding compound Lactoferrin that pos-
sesses antimicrobial property and acts against bacteria and viruses (Hintz et al. 

16  Methods for the Detection and Quantification of Quorum-Sensing Signals…



262

2015). In some meat products, lactoferrin can be applied as antimicrobial and 
attained approval in some countries. Lactoferrin shows antimicrobial activity 
against some foodborne pathogens like E. coli, carnobacterium and L. monocy-
togens (Juneja et al. 2012). However, in bifidobacteria, iron acts as a growth-
promoting factor which binds to bacteria when pathogens show negative impact 
on their growth (Bezkorovainy 1989). Under less Fe+2 conditions, bacterium 
produces anti-microbial bifidogenic compounds which inhibit the growth of 
other microorganisms and improve its quality (Ahmed et al. 2013).

	(b)	 Chitosan – Polycationic biopolymer occur in exoskeletons of arthropods and crus-
taceans (Tikhonov et al. 2006). Chitosan is insoluble at higher and neutral pH and 
acts as food preservative in some food products. Using Maillard reaction, water-
soluble chitosan derivatives are reported to have antimicrobial activity against B. 
cereus, L. monocytogenes, Shigella dysenteriae and E. coli, and are promising 
industrial substitute for acid-soluble chitosan (Chung, Yeh, and Tsai 2011). 
Antimicrobial activity of chitosan can be against Gram +ve and –ve bacteria.

	(c)	 Antimicrobials from Plant Origin – Plants contain many bioactive compounds 
(phenols, alkaloids and terpenes) which are used as antimicrobial agents. Plants 
synthesize secondary metabolites for protection from the pathogen of which 
polyphenols and phenols are the largely produced (Pandey and Kumar 2013). 
Oils which are extracted from plant seeds, leaves and flowers have volatile 
properties and also produce phytochemical compounds used as food preserva-
tives. Essential oils with effective antimicrobial properties include flavonoids, 
linalool, thymol, citral, carvacrol, eugenol, saponins and terpenes. Several 
methods are used for the extraction like distillation, supercritical fluid extrac-
tion (Bassolé and Juliani 2012). Oils containing hydrophilic properties will 
react with the lipids at cell membrane of the microorganism and degrade the cell 
wall of the microorganism and increase the cell wall permeability and degrade 
the cytoplasmic membrane (Hintz et al. 2015). Cinnamon and clove oil contains 
cinnamonaldehyde, eugenol and linalool which are capable of stopping the 
development of microorganisms (Sharif et al. 2017). In olden days, herbs and 
spices are also used as antimicrobial agents for various purposes.

	(d)	 Antimicrobials from Microbial Origin

Bacteria produce many active compounds to inhibit the growth of pathogenic 
microorganisms (Nazir et al. 2018). Gram-positive and Gram-negative bacterium 
contains bacteriocins which are proteinaceous antimicrobial compounds that con-
tain heterologous subgroups of ribosomal synthesized antimicrobial peptides. 
Bacteriocins are cationic hydrophobic peptides which mostly target bacterial mem-
brane (De Vugst and Vandamme 1994). Nisin (natural antimicrobial peptide) most 
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widely used bacteriocin in preservation of many food products, which is also 
approved by FDA. Nisin is effective at low pH and has an inadequate spectrum of 
activity which does not limit the growth of Gram-negative bacteria and fungi 
(Barnby-Smith 1992). Nisin is produced from modified fermentation milk and con-
tains lactic acid bacterial and Lactococcus lactic strains. Nisin interacts with the 
phospholipids of cytoplasmic bacteria and distracting function of cell membrane 
and prevents the spore formation on outer surface, inhibiting the swelling process of 
germination (Nazir et al. 2018). It can also be used to preserve different food prod-
ucts and acts against various food pathogens and reduces the growth of microorgan-
isms in beef, sausages and poultry (Henning et al. 1986). Nisin decreases the initial 
growth of Listeria monocytogenes and also suppresses subsequent growth in ready-
to-eat (RTE) meat foods (Nassar and Farrag 1995).

16.5	 �Conclusion and Future Perspectives

Quorum sensing plays a prime role in regulating food spoilage and food borne 
infections. Thus proper and in depth understanding of QS system in food associated 
microbes is very much essential. Undeniably the biosensor technology has been 
involved in rapid isolation and detection of AHL in Gram –ve bacteria. There are 
drawbacks and one has to be careful in the interpretation of data obtained with AHL 
biosensors. Nevertheless, a broad spectrum reporter strain possesses the ability to 
detect diverse QS ranging from AHLs, AIs and AIP is highly needed. TLC is par-
ticularly involved in analysis of bacterial growth, quantification of amount of signal 
molecules which express more than one independent signalling system. There is 
increasing demand for food free of synthetic preservatives; hence it is essential to 
analyse and identify unconventional and safe methods in regulation of foodborne 
pathogens. The quantity of natural antimicrobials in foods remains limited princi-
pally because of side effects (undesirable flavour or aroma). Henceforth, research 
has to be focused on determination of optimum levels of natural antimicrobials 
usage in foods without unconventionally altering any sensory characteristics.

Acknowledgments  Dr. Bramhachari and colleagues are grateful to Krishna University, 
Machilipatnam, for the extended support.

Conflict of Interest  The authors declare that they have no competing interests.

References

Ahmed N, Singh J, Kour H, Gupta P (2013) Naturally occurring preservatives in food and their role 
in food preservation. Int J Pharm Biol Arch 4(1):22–30

Ammor MS, Michaelidis C, Nychas G-JE (2008) Insights into the role of quorum sens-
ing in food spoilage. J  Food Prot 71(7):1510–1525. http://jfoodprotection.org/doi/
abs/10.4315/0362-028X-71.7.1510

16  Methods for the Detection and Quantification of Quorum-Sensing Signals…

http://jfoodprotection.org/doi/abs/10.4315/0362-028X-71.7.1510
http://jfoodprotection.org/doi/abs/10.4315/0362-028X-71.7.1510


264

Anbazhagan D, Mansor M, Yan GO, Md Yusof MY, Hassan H, Sekaran SD (2012) Detection of 
QS signal molecules and identification of an AI synthase gene among biofilm forming clinical 
isolates of Acinetobacter spp. PLoS One 7(7):e36696

Bai AJ, Ravishankar Rai V (2011) Bacterial quorum sensing and food industry. Compr Rev Food 
Sci Food Saf 10(3):183–193

Barnby-Smith FM (1992) Bacteriocins: applications in food preservation. Trends Food Sci Technol 
3:133–137

Barrett DM, Lloyd B (2012) Advanced preservation methods and nutrient retention in fruits and 
vegetables. J Sci Food Agric 92(1):7–22

Bassler BL, Wright M, Silverman MR (1994) Multiple signalling systems controlling expression 
of luminescence in Vibrio Harveyi: sequence and function of genes encoding a second sensory 
pathway. Mol Microbiol 13(2):273–286

Bassolé IHN, Juliani HR (2012) Essential oils in combination and their antimicrobial properties. 
Molecules 17(4):3989–4006

Bezkorovainy A (1989) Biochemistry and physiology of bifidobacteria. CRC Press, Boca Raton
Bruhn JB et al (2004) Presence of Acylated Homoserine lactones (AHLs) and AHL-producing 

bacteria in meat and potential role of AHL in spoilage of meat. Appl Environ Microbiol 
70(7):4293–4302

Burgess NA et al (2002) LuxS-dependent quorum sensing in Porphyromonas Gingivalis modu-
lates protease and Haemagglutinin activities but is not essential for virulence. Microbiology 
148(3):763–772

Burmølle M, Hansen LH, Oregaard G, Sørensen SJ (2003) Presence of N-acyl homoserine lactones 
in soil detected by a whole-cell biosensor and flow cytometry. Microb Ecol 45(3):226–236

Camilli A, Bassler BL (2006) Bacterial small-molecule signaling pathways. Science 
311(5764):1113–1116

Cataldi TRI, Bianco G, Palazzo L, Quaranta V (2007) Occurrence of N-acyl-l-homoserine lactones 
in extracts of some gram-negative bacteria evaluated by gas chromatography-mass spectrom-
etry. Anal Biochem 361(2):226–235

Chung YC, Yeh JY, Tsai CF (2011) Antibacterial characteristics and activity of water-soluble chi-
tosan derivatives prepared by the Maillard reaction. Molecules 16(10):8504–8514

Clarke MB, Sperandio V (2005) Transcriptional autoregulation by quorum sensing Escherichia 
Coli regulators B and C (QseBC) in Enterohaemorrhagic E.  Coli (EHEC). Mol Microbiol 
58(2):441–455

De Vugst L, Vandamme EJ (1994) Bacteriocins of lactic acid Bacteria: microbiology. Genetics and 
Applications Blackie Academics and Professional, London

Deng Y, Zhao Y, Padilla-Zakour O, Yang G (2015) Polyphenols, antioxidant and antimicrobial 
activities of leaf and bark extracts of Solidago canadensis L. Ind Crop Prod 74:803–809

Devi MP, Bhowmick N, Bhanusree MR, Ghosh SK (2015) Preparation of value-added products 
through preservation. In Value addition of horticultural crops: recent trends and future direc-
tions. Springer, New Delhi, pp 13–41

Dhall RK (2013) Advances in edible coatings for fresh fruits and vegetables: a review. Crit Rev 
Food Sci Nutr 53(5):435–450

Dong YH, Zhang XF, Soo HML, Greenberg EP, Zhang LH (2005) The two-component response 
regulator PprB modulates quorum-sensing signal production and global gene expression in 
Pseudomonas aeruginosa. Mol Microbiol 56(5):1287–1301

Dunny GM, Leonard BAB (1997) Cell-cell communication in gram-positive bacteria. Microbiology 
51:–527, 564

Fletcher MP, Diggle SP, Cámara M, Williams P (2007) Biosensor-based assays for PQS, HHQ and 
related 2-alkyl-4-quinolone quorum sensing signal molecules. Nat Protoc 2(5):1254

Fong K, Chung W, Lamont R (2001) Intra-and interspecies regulation of gene expression by acti-
nobacillus actinomycetemcomitans LuxS. Infect Immun 69(12):7625–7634. http://iai.asm.org/
cgi/content/abstract/69/12/7625

Gambuteanu C, Borda D, Alexe P (2013) The effect of freezing and thawing on technological 
properties of meat: review. J Agroaliment Process Technol 19(1):88–93

A. M. V. N. Prathyusha et al.

http://iai.asm.org/cgi/content/abstract/69/12/7625
http://iai.asm.org/cgi/content/abstract/69/12/7625


265

Globisch D, Lowery CA, McCague KC, Janda KD (2012) Uncharacterized 4,5-Dihydroxy-2,3-
Pentanedione (DPD) molecules revealed through NMR spectroscopy: implications for a 
greater signaling diversity in bacterial species. Angew Chemie Int Ed 51(17):4204–4208

Gopu V, Meena CK, Shetty PH (2015) Quercetin influences quorum sensing in food borne bacte-
ria: in-vitro and in-silico evidence. PLoS One 10(8):1–17

Hakovirta J, Reunanen J, Saris PEJ (2006) Bioassay for nisin in milk, processed cheese, salad 
dressings, canned tomatoes, and liquid egg products. Appl Environ Microbiol 72(2):1001–1005

Henke JM, Bassler BL (2004) Three parallel quorum-sensing systems regulate gene expression in 
Vibrio harveyi. J Bacteriol 186(20):6902–6914

Henning S, Metz R, Hammes WP (1986) Studies on the mode of action of nisin. Int J  Food 
Microbiol 3(3):121–134

Hintz T, Matthews KK, Di R (2015) Review: the use of plant antimicrobial compounds for food 
preservation. Hindawi (BioMed Res Int) 2015:1–12

Hoang HH, Becker A, González JE, Gonza JE (2004) The LuxR homolog ExpR, in combina-
tion with the sin quorum sensing system, plays a central role in Sinorhizobium Meliloti gene 
expression. J Bacteriol 186(16):5460–5472

Holden MT, Sr C, de Nys R, Stead P, Bainton NJ, Hill PJ, Manefield M, Kumar N, Labbate 
M, England D, Rice S, Givskov M, Salmond GPC, Stewart GSAB, Bycroft BW, Kjellberg 
S, Williams P (1999) Quorum-sensing cross talk: isolation and chemical characterization 
of cyclic dipeptides from Pseudomonas aeruginosa and other gram-negative bacteria. Mol 
Microbiol 33:1254–1256

Immonen N, Karp M (2007) Bioluminescence-based bioassays for rapid detection of nisin in food. 
Biosens Bioelectron 22(9–10):1982–1987

Inetianbor JE, Yakubu JM, Ezeonu SC (2015) Effects of food additives and preservatives on man–a 
review. Asian J Sci Technol 6(2):1118–1135

James IF (2003) AD03E preservation of fruit and vegetables. Agromisa Foundation
Juneja VK, Dwivedi HP, Yan X (2012) Novel natural food antimicrobials. Annu Rev Food Sci 

Technol 3(1):381–403. http://www.annualreviews.org/doi/10.1146/annurev-food-022811- 
101241

Kareb O, Aïder M (2019) Quorum sensing circuits in the communicating mechanisms of Bacteria 
and its implication in the biosynthesis of Bacteriocins by lactic acid Bacteria: a review. In: 
Probiotics Antimicrobial Proteins, pp 1–13

Lingeng L, Hume ME, Pillai SD (2004) Autoinducer-2–like activity associated with foods and its 
interaction with food additives. J Food Prot 67(7):1457–1462

Llamas I, Quesada E, Martínez-Cánovas MJ, Gronquist M, Eberhard A, Gonzalez JE (2005) 
Quorum sensing in halophilic bacteria: detection of N-acyl-homoserine lactones in the exo-
polysaccharideproducing species of Halomonas. Extremophiles 9(4):333–341

Lu L, Hume ME, Pillai SD (2004) Autoinducer-2–like activity associated with foods and its inter-
action with food additives. J Food Prot 67(7):1457–1462

Massai F, Imperi F, Quattrucci S, Zennaro E, Visca P, Leoni L (2011) A multitask biosensor for 
micro-volumetric detection of N-3-oxo-dodecanoylhomoserine lactone QS signal. Biosens 
Bioelectron 26(8):3444–3449

Meijler MM, Hom LG, Kaufmann GF, McKenzie KM, Sun C, Moss JA et al (2004) Synthesis 
and biological validation of a ubiquitous quorum-sensing molecule. Angew Chem Int Ed 
43(16):2106–2108

McClean KH, Winson MK, Fish L, Taylor A, Chhabra SR, Camara M, Daykin M, Lamb JH, Swift 
S, Bycroft BW, Stewart GS, Williams P (1997) QS and Chromobacterium violaceum: exploi-
tation of violacein production and inhibition for the detection of N-acylhomoserine lactones. 
Microbiology 143(Pt 12):3703–3711

Nassar A, Farrag SA (1995) Nisin as inactivator to Listeria Monocytogenes in broth and in ground 
beed. Assiut Vet Med J 32:198–198

Nazir F et al (2018) Natural antimicrobials for food preservation. Journal of Pharmacognosy and 
Phytochemistry JPP 6(66):2078–2082. http://www.phytojournal.com/archives/2017/vol6is-
sue6/PartAC/6-6-335-952.pdf

16  Methods for the Detection and Quantification of Quorum-Sensing Signals…

http://www.annualreviews.org/doi/10.1146/annurev-food-022811-101241
http://www.annualreviews.org/doi/10.1146/annurev-food-022811-101241
http://www.phytojournal.com/archives/2017/vol6issue6/PartAC/6-6-335-952.pdf
http://www.phytojournal.com/archives/2017/vol6issue6/PartAC/6-6-335-952.pdf


266

Nazzaro F, Fratianni F, Coppola R (2013) Quorum sensing and phytochemicals. Int J Mol Sci 
14(6):12607–12619

Pandey AK, Kumar S (2013) Perspective on plant products as antimicrobials agents: a review. 
Pharmacologia 4(7):469–480. http://pharmacologia.com/abstract.php?doi=pharmacolo
gia.2013.469.480

Parveen N, Cornell KA (2011) Methylthioadenosine/S-adenosylhomocysteine nucleosidase, a 
critical enzyme for bacterial metabolism. Mol Microbiol 79(1):7–20

Pearson JP, Gray KM, Passador L, Tucker KD, Eberhard A, Iglewski BH, Greenberg EP (1994) 
Structure of the AI required for expression of Pseudomonas aeruginosa virulence genes. Proc 
Natl Acad Sci U S A 91(1):197–201

Pereira CS, Thompson JA, Xavier KB (2013) AI-2-mediated signalling in bacteria. FEMS 
Microbiol Rev 37(2):156–181

Pinto UM, de Souza Viana E, Martins ML, Vanetti MCD (2007) Detection of acylated homoserine 
lactones in gram-negative proteolytic psychrotrophic bacteria isolated from cooled raw milk. 
Food Control 18(10):1322–1327

Rahman MS (2007) Food preservation: overview. In: Handbook of food preservation. CRC Press, 
pp 21–36

Rai N, Anand R, Ramkumar K, Sreenivasan V, Dabholkar S, Venkatesh KV, Thattai M (2012) 
Prediction by promoter logic in bacterial QS. PLoS Comput Biol 8(1):e1002361

Rajamani S, Zhu J, Pei D, Sayre R (2007) A LuxP-FRETbased reporter for the detection and quan-
tification of AI-2 bacterial quorum-sensing signal compounds. Biochemistry 46:3990–3997

Rambaugh KP (2011) Qorum sensing: methods and protocols. Springer, New  York/Dordrecht/
Heidelberg/London

Rasch M et al (2005) Involvement of bacterial quorum-sensing signals in spoilage of bean sprouts. 
Appl Environ Microbiol 71(6):3321–3330

Ravn L et  al (2001) Methods for detecting acylated homoserine lactones produced by gram- 
negative Bacteria and their application in studies of AHL-production kinetics. J  Microbiol 
Methods 44(3):239–251

Rosa SR (2006) Postharvest management of fruit and vegetables in the Asia-Pacific, 1st edn. 
Tokyo, Asian Productivity Organization

Rutherford ST, Bassler BL (2012) Bacterial QS: its role in virulence and possibilities for its con-
trol. Cold Spring Harb Perspect Med 2(11)

Savka MA, Le PT, Burr TJ (2011) LasR receptor for detection of long-chain quorum-sensing sig-
nals: identification of N-acyl-homoserine lactones encoded by the avsI locus of agrobacterium 
vitis. Curr Microbiol 62(1):101–110

Senna MMH, Al-Shamrani KM, Al-Arifi AS (2014) Edible coating for shelf-life extension of 
fresh banana fruit based on gamma irradiated plasticized poly(vinyl alcohol)/carboxymethyl 
cellulose/tannin composites. Mater Sci Appl 05(06):395–415. http://www.scirp.org/journal/
PaperDownload.aspx?DOI=10.4236/msa.2014.56045

Seon Mi Y et  al (2015) Effects of various freezing and thawing techniques on pork quality in 
ready-to-eat meals. Afr J Food Sci 9(11):525–533. http://academicjournals.org/journal/AJFS/
article-abstract/0DE7A8D55979

Sharif ZIM et al (2017) Review on methods for preservation and natural preservatives for extend-
ing the food longevity. Chem Eng Res Bull 19(September):145. https://www.banglajol.info/
index.php/CERB/article/view/33809

Shaw PD et al (1997) Detecting and characterizing N-acyl-homoserine lactone signal molecules 
by thin-layer chromatography. Proc Natl Acad Sci 94(12):6036–6041. http://www.pnas.org/
cgi/doi/10.1073/pnas.94.12.6036

Skandamis PN, Nychas GJE (2012) Quorum sensing in the context of food microbiology. Appl 
Environ Microbiol 78(16):5473–5482

Sperandio V, Mellies JL, Nguyen W, Shin S, Kaper JB (1999) Quorum sensing controls expres-
sion of the type III secretion gene transcription and protein secretion in enterohemorrhagic and 
enteropathogenic Escherichia coli. Proc Natl Acad Sci 96(26):15196–15201

H. Annavarapu et al.

http://pharmacologia.com/abstract.php?doi=pharmacologia.2013.469.480
http://pharmacologia.com/abstract.php?doi=pharmacologia.2013.469.480
http://academicjournals.org/journal/AJFS/article-abstract/0DE7A8D55979
http://academicjournals.org/journal/AJFS/article-abstract/0DE7A8D55979
https://www.banglajol.info/index.php/CERB/article/view/33809
https://www.banglajol.info/index.php/CERB/article/view/33809
http://www.pnas.org/cgi/doi/10.1073/pnas.94.12.6036
http://www.pnas.org/cgi/doi/10.1073/pnas.94.12.6036


267

Steindler L, Venturi V (2007) Detection of quorumsensing N-acyl homoserine lactone signal mol-
ecules by bacterial biosensors. FEMS Microbiol Lett 266(1):1–9

Sun J, Daniel R, Wagner-Döbler I, Zeng AP (2004) Is autoinducer-2 a universal signal for interspe-
cies communication: a comparative genomic and phylogenetic analysis of the synthesis and 
signal transduction pathways. BMC Evol Biol 4:1–11

Tello E, Castellanos L, Duque C (2013) Synthesis of cembranoid analogues and evaluation of their 
potential as QS inhibitors. Bioorg Med Chem 21(1):242–256

Thiel V et al (2009) Identification, quantification, and determination of the absolute configuration 
of the bacterial quorum-sensing signal autoinducer-2 by gas chromatography-mass spectrom-
etry. Chembiochem 10(3):479–485

Tikhonov VE et al (2006) Bactericidal and antifungal activities of a low molecular weight chitosan 
and its N−/2(3)-(Dodec-2-Enyl)Succinoyl/−derivatives. Carbohydr Polym 64(1):66–72

Turovskiy Y, Kashtanov D, Paskhover B, Chikindas ML (2007) QS: fact, fiction, and everything in 
between. Adv Appl Microbiol 62:191–234

Vendeville A et  al (2005) Making ‘sense’ of metabolism: autoinducer-2, LuxS and pathogenic 
bacteria. Nat Rev Microbiol 3(5):383–396

Wahlström G, Saris PEJ (1999) A nisin bioassay based on bioluminescence. Appl Environ 
Microbiol 65(8):3742–3745

Walters M, Sircili MP, Sperandio V (2006) AI-3 synthesis is not dependent on luxS in Escherichia 
coli. J Bacteriol 188(16):5668–5681

Whitehead NA, Barnard AM, Slater H, Simpson NJ, Salmond GP (2001) Quorum-sensing in 
gram-negative bacteria. FEMS Microbiol Rev 25:365–404

Winson MK, Swift S, Fish L, Throup JP, Jorgensen F, Chhabra SR, Bycroft BW, Williams P, 
Stewart GS (1998) Construction and analysis of luxCDABE-based plasmid sensors for investi-
gating N-acyl homoserine lactone–mediated QS. FEMS Microbiol Lett 163:185–192

16  Methods for the Detection and Quantification of Quorum-Sensing Signals…



269© Springer Nature Singapore Pte Ltd. 2019
P. V. Bramhachari (ed.), Implication of Quorum Sensing and Biofilm Formation in  
Medicine, Agriculture and Food Industry, 
https://doi.org/10.1007/978-981-32-9409-7_17

S. Hassan 
Department of Medicine, Imperial College London, London, UK 

T. Ahmad 
Department of Biotechnology, School of Life Sciences, Pondicherry University,  
Puducherry, India 

M. Bashir · G. S. Kiran 
Department of Food Science and Technology, School of Life Sciences, Pondicherry 
University, Puducherry, India 

J. Selvin (*) 
Department of Microbiology, School of Life Sciences, Pondicherry University,  
Puducherry, India
e-mail: josephselvinss@gmail.com

17Novel Perspectives on the Quorum 
Sensing Inhibitors (QSIs)/Quorum 
Quenchers (QQs) in Food Preservation 
and Spoilage

Saqib Hassan, Tanveer Ahmad, Mudasir Bashir, 
G. Seghal Kiran, and Joseph Selvin

Abstract
Quorum sensing (QS) regulates major bacterial behaviors such as virulence, 
antibiotic resistance biofilm formation, and bioluminescence when the popula-
tion reaches high density. The role of QS in biofilm formation and virulence is an 
extreme problem for food safety, biofilm-related infectious diseases, etc. Food 
spoilage is a consequence of degrading enzymatic activities, viz., proteolytic, 
lipolytic, chitinolytic, and pectinolytic, of some food-associated bacteria. Several 
activities associated with the deterioration of goods are regulated by QS, sug-
gesting a potential role of such cell-to-cell communication in food spoilage. 
Therefore, interrupting QS mechanism might be an alternative strategy to develop 
novel QS-based antibacterial/anti-biofilm drugs. QS-based antibacterial/anti-
biofilm agents can be used to manage foodborne pathogens and biofilm forma-
tion in food industries. Efforts to disrupt biofilms have enabled the identification 
of bioactive molecules produced by prokaryotes and eukaryotes. Production and 
bioactivity of mushroom polysaccharide was enhanced by using microbial QS 
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molecules. Plant food extracts and phytochemicals were found to have anti-QS 
properties. Organic acids can act as effective potential sanitizers in reducing 
microbial load associated with fresh fruits and vegetables. Moreover, organic 
acids are known to be used as food preservatives due to their antimicrobial poten-
tial. Most approaches to use QQ as an anti-virulence strategy are still in initial 
phase; the increasing number of organisms and enzymes known to interfere with 
QS opens new perspectives for the development of innovative antibacterial strat-
egies to prevent food spoilage.

Keywords
Quorum · Enzymes · Food · Biofilms · Pathogenicity

17.1	 �Introduction

Quorum sensing (QS) is a cell-to-cell communication system in bacteria directed by 
production and secretion of small signaling molecules known as autoinducers (AIs). 
AIs accumulate in extracellular environment and increase their concentration as a 
function of cell density (Romero et al. 2011). QS assists bacteria in communication, 
regulating gene expression, production of virulence factors, synchronizing pheno-
typic expression, motility, biofilm development, and bioluminescence (Tang and 
Zhang 2014; Kiran et al. 2017). Formerly, bacteria were assumed to survive rather 
solitary life; however, with advancements in research, it is revealed that bacteria pos-
sess complex chemical signaling system to communicate among intraspecies and 
interspecies. QS is ubiquitous in many human and plant bacterial species as well as 
in extremophiles, viz., Natronococcus occultus, Thermotoga maritima, 
Acidithiobacillus ferrooxidans, and Halomonas genus. (Johnson et al. 2005; Llamas 
et  al. 2004; Paggi et  al. 2003; Rivas et  al. 2007) Both Gram-positive and Gram-
negative bacteria possess QS activity. Some of the QS molecules which were studied 
in detail include acyl-homoserine lactones (AHL), autoinducer 2 (AI-2), and peptide 
signals; however, some other signal molecules also exist, viz., indole and cholera 
autoinducer (CAI) (Nazzaro et al. 2013). Three major sets of QS systems based on 
signaling molecules and sensing mechanism include (1) Gram-negative LuxI/LuxR 
system with AHLs as signaling molecules (Fuqua et al. 1994); (2) Gram-negative V. 
harveyi like two-component signaling circuits that distinguish three different AIs, 
AHLs, FBD, and an uncharacterized Cal −1 molecule (Bassler et al. 1993, 1994; 
Henke and Bassler 2004). (3); and Gram-positive two-component signaling systems 
that use modified oligopeptides as AIs (Lazazzera and Grossman 1998).

As far as food microbiology is concerned, it was well established that food eco-
systems and, therefore, food properties are altered by microbial communication that 
takes place among the microorganisms they contain. The production of signaling 
molecules by food microorganisms was found to affect food sensory quality and 
safety. It was reported that certain foods such as meats (Blana and Nychas 2014) 
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contain dairy products (Gori et al. 2012) or vegetables (Lau et al. 2013) contain 
AHLs and AI-2. Food microbiologists are now considerably suggesting the role of 
QS in bacterial food spoilage (Ammor et al. 2008). Understanding the QS mecha-
nisms in food microbes is essential to develop food products, and to increase their 
shelf lives. Disrupting the QS process can help to repress microbial gene expression 
associated with food spoilage. Synthesis of cell signaling molecules can be blocked 
thus interruption of signaling system in these organisms by using quorum sensing 
inhibitors (QSIs) also known as quorum quenchers (QQs) can help in prevention of 
biofilm formation and food spoilage.

Though it is perplexing to understand how different factors in foods effect cell-
to-cell signaling and how different pathogens respond to various signals generated 
by other associated bacteria (Smith et al. 2004). Exploring these things further may 
possibly lead to the discovery of species-specific molecules, and therefore possible 
interventions can be sought to regulate QS-regulated food spoilage, food quality, 
and safety.

17.2	 �Role of QS in Food Spoilage

QS plays an important role in food spoilage. Various autoinducer compounds like 
AI-1 and AI-2 which act as signaling molecules were found to prevail in different 
foods such as meat, milk, fruits, and vegetables. (Bruhn et al. 2004; Liu et al. 2006; 
Lu et al. 2004; Ammor et al. 2008). It is believed that these signaling molecules 
produced by certain microorganism which are initially associated with these foods 
and such organisms were named as “spoilage specific organisms” (SSOs) (Huis in’t 
Veld 1996). Most of the SSOs belong to the family Enterobacteriaceae, but other 
organisms which have also associated and act as SSOs include Shewanella 
(Alteromonas) putrefaciens, lactic acid bacteria (LAB) Brochothrix thermosphacta, 
Pseudomonas spp., and Aeromonas spp. (Gram et  al. 2002). These bacteria are 
thought to be major contributors for vegetable and muscle food spoilage based on 
food type and other conditions.

A concept called “ephemeral spoilage organism” (ESO) was proposed which is 
a smaller fraction of SSO. ESOs are thought to dominate via selection during the 
process of food storage (Huis in’t Veld 1996). Pseudomonas spp. are the SSO com-
monly associated with storage of muscle foods (e.g., fish and meat) stored in aero-
bic conditions at cold temperature with high relative humidity, while Pseudomonas 
fluorescens, Pseudomonas putida, and Pseudomonas fragi are ESOs for the same 
food products. Both biotic (i.e., implicit) and abiotic (i.e., intrinsic, extrinsic, or 
processing) factors are responsible for the establishment of ESOs as well as their 
growth rate (Nychas and Skandamis 2005). All these factors together form the 
dimensions of an ecological niche, where an organism dwell (Boddy and Wimpenny 
1992). The QS molecules that are concerned in food spoilage may differ or are sig-
nificant in some foods while less prevalent in others even when the SSOs or ESOs 
are the same in certain cases (Medina-Martinez et al. 2007).
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17.3	 �QS in Seafood

Seafoods are one of the most abundantly perishable food due to chemical effects of 
oxygen present in the atmosphere and microbial spoilage. Microbial spoilage relies 
on density of microbial population present in seafood which is involved in QS 
(Wang et al. 2017). Seafood spoilage can occur due to various reasons which may 
include contamination, dehydration, enzymes, oxidation, or even physical damage 
(Wang et al. 2017). Microbial growth is a major source of seafood spoilage resulting 
in the formation of compounds like aldehydes, alcohols, amines, organic acids, 
ketones, and sulfides with unpleasant smell and distasteful off-flavors. There are 
several microorganisms associated with seafood known as “specific spoilage organ-
isms (SSOs)” which are found to dominate over the other microbiota as they are 
favored by various parameters like food product, atmosphere, temperature, type of 
preservation, salt content, etc. and reach higher populations and produce various 
metabolites (Parlapani et al. 2015). This SSO concept has made it possible for us to 
understand the process of seafood spoilage quite significantly (Dalgaard 1995). In 
the past few years, QS (QS) a term describing bacterial communication mechanism 
was thought to play a role in microbial food spoilage via regulating chitinolytic, 
lipolytic, and proteolytic activities related to degradation of food and spoilage 
(Ammor et al. 2008).

The role of QS in food spoilage was predominantly studied via biofilm forma-
tion, metabolic activities, and siderophore synthesis (Wang et  al. 2017). It was 
found that Aeromonas veronii is capable of generating total volatile base nitrogen 
(TVB-N) and putrescine apart from producing four types of AHLs, viz., N-butanoyl-
L-homoserine lactone (C4-HSL), N-hexanoyl-L-homoserine lactone (C6-HSL), 
N-heptanoyl-L-homoserine lactone (C7-HSL), and N-octanoyl-L-homoserine lac-
tone (C8-HSL) may be concerned in regulation of spoilage potential. Therefore, 
understanding QS process in Aeromonas may provide new strategy for regulating 
spoilage in food industry (Zhao et  al. 2017a, b). Refrigeration is the universal 
method to store and transport fresh shrimp. It is quite interesting to explore how 
spoilage floras in refrigerated shrimp developed. Presence of characteristic QS sys-
tems in Shewanella spp. has been reported that are involved in spoilage of refriger-
ated Litopenaeus vannamei (Zhu et al. 2015).

The spoilage process of fish is like that of meat and is associated with the presence 
of SSOs (Gram et al. 2002; Ammor et al. 2008). S. putrefaciens and Pseudomonas 
spp. were described as SSOs for frozen marine and freshwater fish, respectively, 
obtained from the Mediterranean Sea (Gram and Huss 1996; Gram et  al. 2002; 
Koutsoumanis and Nychas 1999). P. phosphoreum were identified as SSO for modi-
fied-atmosphere-packaged cod (Dalgaard et  al. 1997; Gram et  al. 2002). 
Enterobacteriaceae, Carnobacterium sp., and Lactobacillus sp. act as SSOs for 
spoilage of vacuum-packaged cold-smoked salmon (Jorgensen et al. 2000.) Gram 
and colleagues (Gram et al. 2002) have detected AHLs (acyl-homoserine lactones) in 
many spoiled commercial fish products, viz., cold-smoked salmon, fish fillets, and 
minced fish. However, significance of QS systems in cold-smoked salmon spoilage 
has not been described. Gram and coworkers (Gram et al. 1999; Gram et al. 2002; 
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Flodgaard et  al. 2005) reported AHLs (mainly 3-hydroxy-C8-HSL) produced by 
non-bioluminescent P. phosphoreum and Aeromonas spp. strains isolated as domi-
nant spoilage causing microbes from packed cod fillets, thus suggesting that an 
AHL-based system may be playing a crucial role in the regulation of chitinase activ-
ity, which is responsible for enhancing degradation of crustaceans (Flodgaard et al. 
2005). AHLs (3-oxo-C6-HSL, C6-HSL, C8-HSL, and C12-HSL) were mainly 
detected in H. alvei and S. liquefaciens belonged to the family Enterobacteriaceae as 
well as in P. fluorescens and P. putida from the family Pseudomonadaceae which are 
spoilage causing microorganisms for rainbow trout fillets with significant proteolytic 
activity as well (Ammor et al. 2008). It was found in S. proteamaculans B5a that 
activities of several exoenzymes (chitinase, lipase, and protease) were affected by 
3-oxo-C6-HSL which suggests a possible QS-based regulation of food spoilage in 
this strain. Using whole genome sequencing, Fu et al. (2018) identified three poten-
tial genes of Shewanella baltica which are involved in spoilage of fish products 
through QS-regulated mechanism. These three genes include torT, cysM, and trxB, 
and among these three, torT was found to be the most predominant (Fu et al. 2018). 
In this study, authors also reported that diketopiperazine (DKP)-mediated QS circuit 
is associated with expression of spoilage genes and biofilm formation, which enhance 
spoilage. Large yellow cracker (Pseudosciaena crocea) is highly nutritious and per-
ishable fish species. At low-temperature storage Shewanella baltica acts as SSO for 
the large yellow cracker (Pseudosciaena crocea); however, various S. baltica strains 
exhibit diverse spoilage ability. The authors suggest that DPKs and spoilage genes 
can be used as targets for developing novel food antiseptics. Zhu et  al. (2017) 
observed that S. putrefaciens and S. baltica isolated from spoiled and refrigerated 
Litopenaeus vannamei exhibited distinctspoilage activities both in vitro and in vivo; 
furthermore, it was identified that S. baltica has a higher spoilage potential as com-
pared to S. putrefaciens (Zhu et al. 2017). During the spoilage process of Litopenaeus 
vannamei, it was observed that both S. putrefaciens and S. baltica cooperate in 
shrimp spoilage and cyclo (L-Pro-L-Leu)-dependent QS between them plays a vital 
role in this cooperation. The authors have suggested that to reduce the postharvest 
loss of shrimp, novel preservation techniques (biological or chemical) must be devel-
oped which can help to disrupt cyclo-(L-Pro-L-Leu)-dependent QS. Studies have 
also reported that AHL-based signal molecules can affect vital metabolic properties 
in Shewanella spp. (Zhang et al. 2017).

17.4	 �QS in Milk and Dairy Products

Pseudomonads comprising Gram-negative, proteolytic, psychrotrophic bacteria are 
mainly associated with spoilage of milk and other dairy products. Pseudomonads 
produce various compounds which cause spoilage of dairy products that include 
extracellular proteinases, glycosidases, lipases, and lecithinases (Dogan and Boor 
2003). Spoilage of some dairy products was also associated with hydrolases (phos-
pholipases) from Gram-positive psychrotrophic aerobic Bacillus spp. Despite the 
fact, hydrolases mainly secreted at the end of stationary phase of microbial growth 
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during which a high cell density is achieved, it may be suggested that QS might be 
playing a role in the modulation of such enzymatic processes. Different AHLs were 
found to be produced by several proteolytic psychrotrophic bacteria isolated from 
raw and pasteurized milk such as Enterobacter sp., Hafnia alvei, Pseudomonas sp., 
and Serratia sp., thus suggesting that QS may have a significant role in the spoilage 
of milk and dairy products (Lindberg et al. 1998; Whitfield et al. 2000).

Researchers have observed that the production of an alkaline metalloprotease, a 
strong proteolytic milk spoiler in P. fluorescens 395, is controlled by C4-HSL and 
3OC8-HSL, and moreover it was found that the protease production was affected on 
disruption of AHL production via degradation or mutation (Liu and Griffths 2003). 
S. proteamaculans strain B5a was found to produce extracellular lipolytic and pro-
teolytic enzymes controlled by an AHL-based QS system, suggesting the involve-
ment of QS in milk spoilage process (Christensen et al. 2003). QS was also found 
to influence the growth of P. fluorescens (Whan et al. 2000). QS signaling molecules 
were significantly detected in regular milk with a low bacterial population which 
suggests the possible involvement of interspecies communication and modulation 
in spoilage (Lu et al. 2004). Some QS signal molecules like AI-2 can withstand high 
temperatures of 80 °C; thus, pasteurization does not help in such cases as it is inef-
fective in destroying endogenous proteases, which cause milk spoilage.

17.5	 �QS in Meats and Meat Products

Fresh meat has many microorganisms associated with it and includes genera from 
the family Enterobacteriaceae. Commonly found microbes are S. putrefaciens, B. 
thermosphacta, and Pseudomonas spp., and occasionally lactic acid bacteria 
(Lactobacillales) were also present. Pseudomonas spp., P. fluorescens, and P. putida 
were found in spoiled meat or meat products that are stored under aerobic condi-
tions at very low temperatures of 3–8 °C. During the storage of fresh meat, P. fragi 
can be the ESO and becomes dominant later through selection. Psychrotrophic 
members belonging to the family Enterobacteriaceae, like H. alvei, were found to 
be mainly associated with meat products (Nychas et al. 1988). Appearance of bio-
films on surfaces of fresh meat products stored under aerobic refrigerated condi-
tions was noticed during spoilage process suggesting the involvement of QS (Jay 
et al. 2003). AHL production as well as proteolytic activity was detected in meat 
products stored in aerobic conditions at low temperatures (Liu et  al. 2006). 
Significant proteolytic activity along with a broad range of AHL signals like 
C4-HSL, 3-oxo-C6-HSL, C6-HSL, C8-HSL, and C12-HSL was noticed in aerobi-
cally chill-stored ground beef and chicken (Liu et  al. 2006). LAB and 
Enterobacteriaceae were found to interact in chill-stored vacuum-packed meat dur-
ing its spoilage process (Bruhn et al. 2004). In vacuum-packed meat H. alvei and 
Serratia spp. were identified as dominating species among AHL-producing 
Enterobacteriaceae (Bruhn et al. 2004; Gram et al. 1999). However, prevalence of 
AHLs in vacuum-packed meat does not play a significant role in spoilage of these 
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products (Bruhn et al. 2004). Low levels of BAI-2 were reported to be present in 
various meat products like beefsteak, beef patties, chicken breast, etc. even though 
the presence of indigenous bacteria was in higher numbers (Lu et al. 2004). This 
team also found that such meat products are involved in the inhibition of AI-2 activ-
ity either partially or completely (Lu et  al. 2004). Beef-derived fatty acids were 
found to inhibit AI-2-based cell signaling (Soni et  al. 2008). Enterobacteriaceae 
and Pseudomonadaceae were associated with AHL production in fresh ground 
pork. AHLs were identified in minced beef stored aerobically under modified atmo-
spheric conditions, and these AHLs were associated with the presence of 
Pseudomonads and Enterobacteriaceae sp. Moreover, throughout storage of minced 
beef, low levels of AI-2 activity were observed (Blana and Nychas 2014).

17.6	 �QS in Fruits and Vegetables

The spoilage of fruits and vegetables is often caused by the enzymatic activity 
(pectinolytic activity) of organisms belonging to Pseudomonadaceae or 
Enterobacteriaceae (Lund 1982). A broad range of AHLs (mainly 3-oxo-C6-HSL 
and C6-HSL) are produced by Erwinia and Pseudomonas strains possessing pecti-
nolytic and proteolytic activity and account for spoiling various ready-to-eat vege-
tables like bean sprout. This suggests that modulation of vegetables and fruit 
spoilage may be mediated via AHL-based QS systems (Rasch et al. 2005). Rasch 
et  al. (2005) observed that there was a faster spoilage when bean sprouts where 
inoculated with AHL-producing pectinolytic P. carotovorum (E. carotovora) (Rasch 
et  al. 2005). Bean sprout spoilage bacterium Pectobacterium sp. A2JM was 
described to exhibit the same type of AHL (3-oxo-C6-HSL) mediation for the regu-
lation of  pectinase, protease, and cellulase. It was also observed in the same bacte-
rium that siderophore-mediated iron chelation is also regulated by 3-oxo-C6-HSL 
(Rasch et al. 2005).

S. plymuthica RVH1, isolated from raw vegetable, were reported to produce Luxl 
homolog, which controls the production of three AHLs (C4-HSL, C6-HSL, and 
3-oxo-C6-HSL) (Van Houdt et  al. 2007). The production of extracellular lipase, 
S-layer protein, PrtA metalloprotease, and butanediol fermentation in cucumber rot-
associated S. marcescens strain MG1 (previously S. liquefaciens MG1) were regu-
lated by Swrl/SwrR QS system and its cognate C4-HSL (Riedel et al. 2001; Van 
Houdt et al. 2006). In Serratia sp. ATCC 39006, the exoenzymes cellulase and pec-
tate lyase were reported to be under the control of Smal/SmaR QS system and its 
cognate C4-HSL and C6-HSL (Thomson et al. 2000). QS inhibitory compounds 
were reported to be present in bean sprouts, carrot, garlic, habanera, and chamo-
mile. Like AHL-based QS, AI-2 activity was observed on surfaces of some fruits 
and vegetables, viz., tomato, cantaloupe, and carrots, andon tofu (Lu et al. 2004). 
However, it is not yet clear whether this activity is involved in the spoilage of such 
products.
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17.7	 �Biofilm Formation and Foodborne Pathogens

Foodborne diseases are a burden worldwide. The Global Foodborne Infections 
Network (GFN) functions to estimate and mitigate the problem of foodborne dis-
eases (WHO, 2011) and the Department of Food Safety and Zoonoses (FOS) of the 
World Health Organization (WHO) has taken initiatives to measure the global bur-
den of mortality and morbidity caused by foodborne diseases (WHO 2012). National 
Institutes of Health (NIH, USA) has reported that 80% of all microbial diseases, 
including foodborne illnesses, are caused by microbes in biofilms (National 
Institutes of Health, USA 1997). During the past three decades, there was a signifi-
cant increase in the incidence of foodborne diseases associated with fresh fruits and 
vegetables (Sivapalasingam et al. 2004).

Biofilms comprise of an aggregation of microorganisms that form on the sur-
faces and are surrounded by extracellular polymeric substances (EPSs) (Sutherland 
2001). Biofilms are formed by foodborne pathogens on food and food contact sur-
faces, thus a concern for food safety (Jahid and Ha 2012). Biofilms on surfaces have 
a characteristic structure consisting of microcolonies enclosed in a hydrated matrix 
of microbially produced proteins, nucleic acids and polysaccharides (Donlan 2002; 
Annous et al. 2009). Biofilms on food surfaces were found to exhibit resistance to 
common disinfectants (Jahid and Ha 2012). Biofilm formation on produce surfaces 
has reported to be one of the main factors in the failure of washing treatments to 
remove or inactivate human pathogens on such surfaces (Annous and others 2001, 
2004, 2005).

Most of the research related to biofilms was mainly focused on monospecies (or 
pure cultures). Biofilms present in natural environments are comprised of multiple 
bacterial species as well as algae, fungi, and protozoa (Percival et al. 2000). Biofilms 
constituting mixed-species have recently gained importance in food microbiology 
and in food safety due to high resistance to disinfectants and sanitizers as compared 
to biofilms containing monospecies. Various factors determine the formation of 
mixed-species biofilms on food and food processing surfaces which include physi-
cal, chemical, and biological processes, species composition, indigenous microbi-
ota and nutrients, food types, temperature, QS, EPS production, biofilms maturation, 
and dispersal steps, respectively. Mixed-species are highly resistant to antimicrobi-
als, most likely due to higher EPS production, internalization into food, fitness of 
species, denser and thicker biofilms maturation, and interspecific protection. Based 
on the genetic background of species involved in biofilm formation, the fitness of 
mixed-species biofilms populations can imply whether there is cooperative, com-
petitive, or neutral type of interaction in mixed-species biofilms. Nonetheless, vari-
ous methods are currently used for detection and to better comprehend mixed-species 
biofilms which include microarray, confocal microscopy, and proteomics.

Among various foods, cantaloupe melons, apples (as unpasteurized juice or 
cider), and leafy greens were repeatedly linked to outbreaks, and each of these has 
been associated to a different human pathogen. Since 1990, six multistate outbreaks 
of “salmonellosis” were linked to the consumption of cantaloupe melons. It was 
reported that a variety of sanitizers have proven ineffective to remove or inactivate 
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S. enterica on cantaloupe (Annous et al. 2005). Moreover, it was documented that 
when the organism resides on rind surface for more than 24 h, the efficacy of sani-
tizers on cantaloupes depicted a significant decrease. This suggests that increased 
residence time led to the formation of biofilm prior to application of a sanitizer; thus 
further studies were carried out to explore the ability of S. enterica to form biofilms 
on whole cantaloupe surfaces (Annous et al. 2004). E. coli O157:H7 is a significant 
causative agent of severe gastrointestinal disease in humans (Silagyi et al. 2009). 
Between 1982 and 2002, seven E. coli O157:H7 outbreaks associated with apple 
juice or cider occurred; there are no reports of foodborne illnesses linked to con-
sumption of fresh apples (Rangel et al. 2005).

Prepackaged salads and minimally processed leafy greens have emerged as 
important vehicles for transmission of foodborne pathogens. The FDA identified 18 
E. coli O157:H7 outbreaks since 1995, associated with lettuce and one outbreak 
associated with spinach. Many other outbreaks accountable for hundreds of ill-
nesses and some deaths due to foodborne illness were linked to basil, cabbage, 
cilantro, green onions, and parsley (DeWaal and Barlow 2002; MMWR 2005).

An investigation into the ability of Shigella to persist and form biofilms on the 
surface of parsley plants was taken into consideration after an outbreak in March 
1999, involving Shigella boydii linked to bean salad (Agle 2003). Such investiga-
tions help elucidate the interactions between enteric pathogens and plant tissues and 
the ability of these pathogens to form biofilms.

Cell-to-cell signaling, known as QS, was shown to play a role in biofilm forma-
tion in foodborne pathogens. Knowledge about the chemical structures of different 
types of signaling molecules helps in the identification of compounds that can be 
used for modulating the QS, including biofilm formation. Further research is war-
ranted to understand how QS signaling influences the virulence and antimicrobial 
resistance of biofilm communities. This helps design strategies that control biofilm 
formation on industrial, medical, food, and food processing surfaces. Plethora of 
studies examining the role of QS signaling systems in biofilm formation in food-
borne pathogens include Campylobacter jejuni, it is a spiral rod-shaped Gram-
negative microaerophilic bacterium and causes gastroenteritis that is commonly 
associated with foodborne illness. Though the AHLs production was not recognized 
in C. jejuni (Smith et al. 2004), enzyme LuxS as well as a product resembling AI-2 
was evidenced in C. jejuni (Cloak et al. 2002; Jeon et al. 2005). The production of 
AI-2 activity in milk and chicken broth by C. jejuni and C. coli was demonstrated 
and luxS gene was sequenced in both organisms (Cloak et al. 2002). C. jejuni was 
also found to form non-AHL or AI-2-dependent biofilms on surfaces used in animal 
production watering systems. Non-AHL or AI-2-dependent biofilm formation was 
evidenced in Gram-negative isolates from a vegetable-processing facility (Van 
Houdt et al. 2004). Some strains belonging to A. hydrophila can cause illness in fish 
and amphibians as well as in humans. A. hydrophila uses C4-HSL for the formation 
of mature biofilms on stainless steel. Flagella formation in A. hydrophila is probably 
thought to be regulated through QS though was reported.

Helicobacter pylori is a microaerophilic helical-shaped Gram-negative bacte-
rium found in the stomach and duodenum and is one of the causal agents of chronic 
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gastritis, gastric ulcers, and stomach cancer. Humans get infected with H. pylori 
through the ingestion of contaminated food and water. A strain of H. pylori with a 
mutation in LuxS gene exhibited a threefold increase in the formation of biofilms on 
glass surfaces as compared to its wild type (Cole et al. 2004).

Bacillus cereus is a Gram-positive, rod-shaped, aerobic, facultatively anaerobic, 
motile, beta hemolytic bacterium commonly found in soil and food. Some strains of 
B. cereus cause foodborne illness, while other strains can be beneficial as probiotics 
for animals (Ryan and Ray 2004). It was reported that QS system of B. cereus con-
sists of PlcR and PapR. PlcR gene functions as an encoder for a transcriptional regu-
lator while as PapR gene encodes a QS signaling peptide. LuxS/AI-2 system was 
reported in B. cereus (Slamti and Lereclus 2002, 2005). It was observed that a plcR-
negative mutant of B. cereus produces approximately fourfold more biofilm on poly-
styrene as compared to its isogenic wild type (Hsueh and group 2006). Furthermore, 
the addition of exogenous AI-2 to wild-type B. cereus was shown to decrease biofilm 
formation. Biofilm formation by Listeria monocytogenes, a facultative intracellular 
pathogenic Gram-positive rod-shaped bacterium, was demonstrated on PVC microti-
ter plates, glass slides, stainless steel, polyethylene, teflon coupons, conveyer belt 
materials, and floor drains of food processing facilities (Zhao et al. 2004; Pan et al. 
2006). L. monocytogenes was found to be associated with foods like cheese, fer-
mented ice cream, milk, raw meat sausages, raw meat, raw poultry, and raw and 
smoked fish. L. monocytogenes grows even at temperatures as low as 3 °C. Like B. 
cereus, L. monocytogenes also has a LuxS/AI-2 system; the luxS gene was found to 
repress biofilm formation (Sela et al. 2006), while a mutation in luxS gene resulted in 
a fourfold thicker biofilm than in the wild type. Moreover, the addition of in vitro 
synthesized AI-2 to mutant cultures did not show repression in biofilm formation 
(Challan et al. 2006). It was concluded that during biofilm formation in L. monocy-
togenes, there is no indication of QS role for AI-2. It was suggested that peptide QS 
compounds may exist in L. monocytogenes though have not been reported.

E. coli is a Gram-negative, facultative anaerobic, rod-shaped coliform bacterium 
commonly found in the lower intestine of warm-blooded organisms (Tenaillon et al. 
2010). Most E.coli strains are harmless, but some serotypes can cause serious food 
poisoning in their hosts leading to cause gastrointestinal and extra-intestinal infections 
(CDC National Center for Emerging and zoonotic Infectious Diseases 2012; Vogt and 
Dippold 2005). E. coli O157:H7 was shown to cause hemorrhagic colitis and hemo-
lytic uremic and such outbreaks were linked to contaminated food and water. Common 
foods leading to such infections include minced beef and raw milk, etc. E. coli strains 
produce biofilms on a wide range of surfaces such as glass, glass wool, glass cover-
slips, high-density polyethylene, polyamide-6, polyvinyl chloride, polystyrene 
microtiter plates, stainless steel, and teflon coupons (Faille et al. 2002). Although the 
LuxS/AI-2 system is present in E. coli (Ahmer 2004), the role of the LuxS/AI-2 sys-
tem in biofilm formation by E. coli is still not clear (Yoon and Sofos 2008).

Many strains of Salmonella enterica are associated with foodborne and water-
borne gastroenteritis. S. enterica are facultative anaerobic Gram-negative bacteria. 
Numerous S. enterica isolates were found to form biofilms on meat (Solomon et al. 
2005). S. enterica containing SdiA has a homolog of LuxR, but they lack LuxI 
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homolog and thus are unable to synthesize AHLs. LuxS/AI-2 is also present in 
Salmonella. However, the relationship between biofilm formation and the presence 
of an active LuxS system and AI-2 in S. enterica is not yet clear (Yoon and Sofos 
2008). Yersinia pestis, Yersinia pseudotuberculosis, and Yersinia enterocolitica are 
facultative anaerobic Gram-negative rods. Out of the three examples, Y. enteroco-
litica and Y. pseudotuberculosis are associated with foodborne illness (Joshua et al. 
2003; Patel et al. 2006). Y. pestis was evidenced to contain two luxI/luxR-like genes 
yspI/yspR and ypeI/ypeR (Kirwan et al. 2006). It was observed that AHL synthase 
YspI in Y. pestis synthesizes mainly N-3-oxo-octanoyl-L-homoserine lactone 
(3-oxo-C8-HSL) and N-3-oxo-hexanoyl-L-homoserine lactone (3-oxo-C6-HSL) in 
the ratio of 1: 1 (Kirwan and others 2006). Y. pseudotuberculosis was also estab-
lished to contain two luxI synthase genes, ypsI and ytbI (Ortori et al. 2007). Twenty-
four different AHLs were reported to be produced by wild-type Y. pseudotuberculosis. 
It was reported that YenI present in Y. enterocolitica leads to the synthesis of 3-oxo-
C6-HSL and C6-HSL as well as smaller amounts of 3-oxo-C10-HSL, 3-oxo-C12-
HSL, and 3-oxo-C14-HSL (Atkinson et al. 2006). Y. enterocolitica was demonstrated 
to produce AHLs in milk and in liquid extracts of beef, fish, and pork (Medina-
Martínez et al. 2006), while no AHL production was found in the case of liquid 
extracts of mixed lettuce, cucumber, or soy bean. The luxS gene was reported to be 
present in Y. pestis, and researchers also suggested that this gene might be present 
in Y. pseudotuberculosis and Y. enterocolitica as well (Jarrett et al. 2004).

Few Vibrio spp. are associated with waterborne and foodborne diseases. Vibrio 
are facultative anaerobic Gram-negative bacteria including V. cholerae, V. parahae-
molyticus, and V. vulnificus. It is noteworthy that QS in vibrios was examined in 
plethora of studies (Milton 2006). It was anticipated that all three organisms men-
tioned in examples can form biofilms on various surfaces (Hammer and Bassler 
2003). In V. cholerae, it was observed that biofilm formation is regulated and con-
trolled by several QS systems operating concurrently to regulate the transcription of 
genes that are involved in the production of EPS. It is noteworthy that this organism 
can form biofilms at low cell densities rather than high when QS signal molecules 
get accumulated (Hammer and Bassler 2003). LuxS/AI-2 system was reported in V. 
parahaemolyticus, and it can synthesize AHLs via LuxM synthase, and these AHLs 
are detected by LuxN (Henke and Bassler 2004; Defoirdt and others 2006; Henke 
and Bassler 2004). V. vulnificus was also found to contain LuxS/AI-2 system as well 
as SmcR which is a homolog of LuxR (Shao and Hor 2001). Several AHLs were 
isolated from cultures of V. vulnificus such as C4-, C6-, 3-oxo-C8-,3-oxo-C10-, 
3-oxo-C12-, and 3-oxo-C14-HSL (Morin et al. 2003). A Gram-positive coccus can 
produce highly heat-stable enterotoxin which can cause food poisoning. S. aureus 
strains can form biofilms on different surfaces like polystyrene and glass microtiter 
plates, teflon catheters, and other medical devices, and these biofilms formed by S. 
aureus were associated with human and animal infections (Gross et  al. 2001). 
Biofilm-associated infections caused by S. aureus include endocarditis, osteomyeli-
tis, skin infections, etc. (Yarwood and Schlievert 2003). QS in S. aureus was reported 
to be based on secretion of a short peptide attached to a 5-membered thiolactone 
ring autoinducing peptide (AIP) encoded by agr locus (Table 17.1).
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17.8	 �Role of QS Inhibitors (QSIs)/Quorum Quenchers (QQs) 
in Food Preservation

The term “quorum quenching” was coined to describe all the processes that inter-
fere with QS.  QQ is a promising innovative tool for the development of novel 
therapeutics to control microbial infections in many cases. In few cases, one bacte-
rial species may hold advantage over the other in its ability to disrupt QS; this is 
mostly found in niches where the bacterial populations compete for limited 
resources (Kiran et al. 2017). Similarly, the host’s ability to step-in bacterial QS 
communication plays an indispensable role in averting colonization of pathogenic 
bacteria that use QS to coordinate virulence. Thus, QQ evolved as a promising 
mechanism to interfere and inhibit the bacterial cell-cell communication (Waters 
and Bassler 2005).

QQ or inhibition of QS can occur in several ways, which include (1) enzymatic 
degradation of signal molecule, (2) blocking signal generation, and/or (3) blocking 
signal reception (Hentzer and Givskov 2003). AHLs can be degraded both enzy-
matically as well as nonenzymatically. AHLs present in bacterial cultures can get 
degraded nonenzymatically at pH values above 7, and this process of degradation of 
AHLs at alkaline pH values occurs due to lactonolysis (Byers et al. 2002). In the 
process of lactonolysis, the lactone ring upon hydrolysis of the ester bond of the ring 
gets opened yielding an AHL molecule. Several bacteria were found to produce 
lactonases that can hydrolyze the ester bond of homoserine lactone ring (Dong and 
Zhang 2005). Degradation of AHLs via acylase action was observed in a few bacte-
ria. During the acylase action, the cleavage of amide bond joining the lactone ring 
to acyl chain occurs; it results in the release of homoserine lactone and fatty acid 
which is further broken down by bacteria (Dong and Zhang 2005).

Inhibition of QS activity by stable food-grade spice oil nanoemulsions was eval-
uated against QS-dependent phenotypes of preferred foodborne pathogens and 
observed that formulated spice oil nanoemulsions effectively regulated bacterial 
phenotypes like violacein pigmentation, biofilm formation, and exopolysaccharide 
(EPS) production in comparison to untreated controls. Out of three formulations, 
i.e., pepper oil, cumin oil, and fennel oil nanoemulsions, cumin oil and fennel oil 
nanoemulsions exhibited better QQ activity as compared to pepper oil nanoemul-
sion (Venkadesaperumal et al. 2016). Hence, such nanoemulsions may have various 
applications as antimicrobials.

Studies have shown that phenolic compounds present as secondary metabolites 
in plants can also inhibit bacterial communication. Phenolic extract acquired from 
wild strawberry Rubus rosaefolius was shown to inhibit all the phenotypes regulated 
by QS in bacteria, together with violacein production, swarming motility, and bio-
film formation. R. rosaefolius serves as good source of novel bioactive compounds 
possessing QQ activity which can be used to produce anti-virulence drugs and new 
additives for food industry in future (Oliveira et al. 2016). Some studies reported 
that organic acid-based antimicrobials can reduce bacterial populations via inhibi-
tion of (AI-2) activity or QS. Almasoud et al. (2016) first demonstrated the ability 
of organic acids (malic and lactic acid) which act as natural antimicrobials and were 
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shown to inhibit the expression of AI-2 molecule in E. coli O157:H7 and S. 
typhimurium, thereby checking the QS ability of such pathogenic bacteria. It was 
observed that lactic acid alone as well as in combination with malic acid was able to 
inhibit AI-2 activity by E. coli O157:H7 and Salmonella by 80% on spinach and 
cantaloupe respectively (Almasoud et al. 2016). As such, these natural antimicrobi-
als can be used to enhance food protection and safety in minimally processed pro-
duce industry dealing with frozen or refrigerated vegetables, fruits, and salads.

Antimicrobial properties were demonstrated in many flavonoids obtained from 
various plants and spices, and these may serve as sources of antimicrobials. 
Naringin, the main constituent of pummelo peel flavonoid extracts, was reported to 
cause significant reduction in QS-dependent phenotypes, viz., violacein production, 
biofilm formation, swimming, swarming motility, and protease production (Liu 
et al. 2017). Thus, pummelo peel, a QQ, can be used to produce antibacterial agents 
and to overcome antimicrobial resistance. In one of the studies involving the disrup-
tion of QS activity in Aeromonas sobria, an opportunistic pathogen commonly 
found in environment and food, curcumin liposomes were found to significantly 
inhibit siderophore production, swimming, swarming motility, extracellular prote-
ases, biofilm formation, and AHLs production in A. sobria.

Furthermore, it was revealed through in silico molecular docking studies that QS 
inhibited by curcumin liposomes were mainly owing to curcumin liposome’s inter-
action with LuxI type protein via hydrogen bonding, which hindered the production 
of AHLs in A. sobria (Ding, Wang and Li, Ding et al. 2017). Outbreaks from fresh 
fruits and vegetables involving pathogens, viz., E. coli and Salmonella sp., are a 
major concern in the world nowadays. Despite following the routinely practiced 
sanitizing methods in food industries, no method has proven to be successful to 
thwart outbreaks associated with fresh produce.

Organic acids were employed as food preservatives because of their antimicro-
bial potential. The ability of three organic acids, namely, acetic acid, citric acid, and 
lactic acid, was evaluated to manage E. coli and Salmonella sp. from fresh fruits and 
vegetables. Furthermore, the biofilm forming ability and QS inhibitory potential 
was also studied. It was observed that the swimming and swarming patterns in E. 
coli were significantly affected by both acetic and lactic acid. However, acetic acid 
and lactic acid showed higher anti-QS activity as compared to citric acid. It was 
reported that among all the three mentioned organic acids, lactic acid exhibited the 
most significant anti-QS ability. It was observed that when a cucumber is treated 2% 
lactic acid, it inactivates the E. coli and Salmonella sp. (Amrutha et al. 2017).

Organic acids can therefore help in sinking the microbial load linked with fresh 
fruits and vegetables and serve as potential QQ agents in food industry. 
Cinnamaldehyde, an aldehyde that gives cinnamon its flavor and odor, was found to 
partially inhibit the transcription induced by AHL and cause reduced biolumines-
cence in two different V. harveyi reporter strains that acted in response to AHL and 
AI-2, respectively (Niu et  al. 2006). Cinnamaldehyde was found to affect AI-2 
activity in foods like beef and turkey patties, chicken breast, and beefsteak (Lu et al. 
2004). Various food additives such as sodium propionate, sodium benzoate, and 
sodium acetate were reported to inhibit of AI-2 activity (Lu et al. 2004).
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Some products isolated from garlic were found to act as inhibitors of QS most 
probably via competitive binding with LuxR, and these compounds could not 
exhibit antimicrobial properties (Persson et al. 2005). N-(heptylsulfanylacetyl)-L-
homoserine lactone is regarded as the most effective QS inhibitor present in garlic. 
AI-2-like activity was observed in several types of fruits, vegetables, and frozen fish 
(Lu et al. 2004, 2005) (Table 17.2).

Table 17.2  Examples of QSIs obtained from natural sources

Inhibitor Source Inhibition activity Reference
Natural QSI: Enzymes 
AHL-acylase

A wide range of 
bacteria, fungi, 
plants, and legumes

Cleaves HSL ring or 
hydrolyze the amide linkage

Lade et al. 
(2014)

AHL-lactonase A wide range of 
bacteria, fungi, 
plants, and legumes

Open HSL ring Lade et al. 
(2014)

AHL-oxidoreductase A wide range of 
bacteria, fungi, 
plants, and legumes

Oxidizes or reduces the acyl 
chain of HSL

Lade et al. 
(2014)

Blueberry extracts – Violacein production of C. 
violaceum CV026

Vattem et al. 
(2007)

Brassica oleracea, 
basil, thyme, rosemary, 
ginger, and turmeric

Extracts from herbs 
and spices

Violacein production of C. 
violaceum CV026

Vattem et al. 
(2007)

Grape extracts Fruit extract Violacein production of C. 
violaceum CV026

Vattem et al. 
(2007)

Rosmarinic acid Sweet basil 
(Ocimum basilicum)

Protease and elastase 
production, biofilm 
formation, and virulence 
factors in P. aeruginosa

Vattem et al. 
(2007)

Raspberry extracts Seedling Violacein production in C. 
violaceum

Vattem et al. 
(2007)

Scorzonera sandrasica Chloroform extract Violacein production in 
ATCC12472 and CV026 and 
carbapenem antibiotic 
production in Erwinia 
carotovora

Kalia (2013); 
Bosgelmez-
Tinaz et al. 
(2007)

Vanillin (4-hydroxy-3 
methoxybenzaldehyde)

Vanilla beans extract 
(Vanilla planifolia 
Andrews)

Interferes with AHL 
receptors. Inhibits C4-HSL, 
C6-HSL, C8-HSL, 3-oxo-
C8-HSL. Inhibits biofilm 
formation in Aer. hydrophila 
and Violacein production in 
C. violaceum

Ponnusamy 
et al. (2009)

Scorzonera sandrasica Chloroform extract Violacein in C. violaceum 
and carbapenem antibiotic 
production in Erwinia 
carotovora

Kalia (2013)

(continued)
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17.9	 �Conclusion

It is quite obvious that QS enhances the bacterial ability to access nutrients or more 
flattering environmental niches and to increase bacterial defenses against eukaryotic 
hosts, competing bacteria, and environmental stresses. QS has received consider-
able attention as far as the physiological and clinical aspects of QS are concerned. 
However, QS in the context of food microbiology needs to be explored further. For 
better understanding, further research is warranted to identify the mechanism of 
biofilm formation in foodborne pathogens. Compared to clinical settings, works on 
QS related to food systems were relatively less. It was reported in some studies that 
definite food components may affect QS molecules produced by bacteria. With the 
advent of techniques like proteomics and genomics, it is possible to elucidate the 
phenotypes linked with QS and thereby identify the mechanisms wherein the said 
pathways are activated or repressed. Several molecules which act as QSIs or QQs 
were isolated or synthesized, and these compounds were quite effective in inhibiting 
growth, virulence mechanisms, and biofilm formation of bacteria in varied food 
environments. Time is not far when we can think of developing formulated foods 
that can interfere with QS and thus help inhibit the growth of biofilm forming patho-
genic spoilage organisms which would facilitate in checking food spoilage and will 
be a boon for food production quality and safety.

Inhibitor Source Inhibition activity Reference
Hamamelis virginiana Hamamelitannin Biofilm formation and cell 

attachment in 
Staphylococcus spp.

Kalia (2013)

Tecoma capensis 
(Thunb.) Lindl. (leaves, 
flowers), Sonchus 
oleraceus L. (aerial 
parts), R. officinalis L. 
(leaves)

– Violacein production  
in C. violaceum

Kalia (2013)

Satureja thymbra L. Essential oil and 
hydrosol fraction

Biofilm formation  
in P. aeruginosa PA01

Kalia (2013)

Halogenated furanones Delisea pulchra 
(marine alga)

Antagonistic towards 
AHL-controlled processes, 
prevent binding of AHLs to 
luxR, inhibit AI-1 and 
AI-2-mediated QS in  
V. harveyi, inhibit biofilm 
formation and swarming  
of E. coli

Givskov et 
al. (1996);  
Ren et al. 
(2001)

γ-Hydroxybutyrate 
(GHB)

Tomato seedlings 
exudate

AHL signaling  
in A. tumefaciens

Chai et al. 
(2007)

Table 17.2  (continued)
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18Implications of Quorum Sensing and 
Quorum Quenching in Aquaculture 
Health Management

Mani Jayaprakashvel and Ramesh Subramani

Abstract
The world human population is growing on an exponential phase and pace. 
Aquaculture, raising of aquatic animals in artificial or facilitated ecosystem, is 
evolving as the rapidly growing food production sector globally. The growth of 
aquaculture industry has been speculated to be inevitable that may certainly 
contribute toward meeting the food security of growing global population. India, 
with a vast coastline and enormous marine resources, is having greater potential 
to build up this industry as a productive economic sector. However, the bacterial 
infections in aquaculture hatcheries and farms cause a huge loss in productivity 
and remain a major challenge for the growth of this vital industry. Considering 
the ill effects to environment and public health, risk of development of antibiotic 
resistance, and persistence of antibiotic residues in aquaculture animal foods, it 
has necessitated the regulatory bodies across the globe to restrict the usage of 
antibiotics for aquaculture disease management. Hence, finding alternate 
measures for the aquaculture disease management in both hatcheries and forms 
is the current need. It has been well documented that exhibition of virulence 
factors and formation of biofilms are the major factors for the establishment of 
disease in aquaculture animals by the bacterial pathogens. Both these factors are 
being regulated by quorum sensing (QS), which is a population density-
dependent expression of selected phenotypes in a coordinated manner through 
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the production of autoinducers (AI). Quorum quenching (QQ) is a disruption of 
quorum sensing. Thus, QQ is considered as one of the most preferred preventive 
strategies for the ecofriendly management of aquaculture infections. The AI 
molecules involved in gram-positive and gram-negative QS system and also the 
enzymes and molecules involved in QQ are also widely studied in aquaculture 
systems. This chapter would provide an overview of QS and QQ systems being 
operated among aquaculture pathogens and other beneficial organisms in the 
aquaculture system with more emphasis on shrimp aquaculture. This chapter 
also emphasizes the recent developments on the impact of QS and QQ with 
special reference to the virulence of bacterial pathogens both in vivo and in vitro 
with a short focus on future perspectives of QQ and QS for the disease 
management in aquaculture systems.

Keywords
Aquaculture systems · Quorum sensing (QS) · Quorum quenching (QQ) · Marine 
bacteria · Disease management

18.1	 �Introduction

Aquaculture is one of the major emerging industries in the past few decades. The 
global population is growing on an uncontrollable speed and technologies are to be 
focused on the food security. Thus, aquaculture has emerged to complement the 
supply effect of fisheries sector. During 2018, it was estimated that all around the 
world, close to 800 million people are depending either directly or indirectly to the 
aquaculture and wild fisheries sector. Though the aquaculture sector is growing at 
an average growth rate of 6% per year, overfishing activities necessitate the 
increased production through aquaculture. A plethora of studies approximated that 
the aquaculture production needs to be increased by 20–30% to compensate the 
declining natural fishery wealth in our seas (Gupta 2018). Many review works 
emphasized to enlighten the unquestionable need for aquaculture with respect to 
food security. It was envisaged that rapid growth in human population along with 
prosperity in the economic status, nonetheless the need for seafood, especially fish 
foods, has increased manyfold in Africa. Few modeling studies have concluded 
that only the aquaculture sector could help in meeting the food security in Africa. 
Furthermore, it is also envisaged that more indigenous aquaculture techniques 
would reduce the reliance of imports (Chan et  al. 2019). In low- and medium-
income countries, fin fishes and their products contribute to food security and 
nutritional requirements. Aquaculture sector, in these countries, contributes not 
only for food security but also for the economic uplift of low-income people (Little 
and Bunting 2016). During 2016, Béné et al. (2016) have considered 202 research 
and review articles published during 2013–2014. They have concluded that the 
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growth of aquaculture and sustained fishery activities would help in managing the 
food security issues. These developments could also improve the nutritional 
requirements and development of economy in the developing and upcoming 
nations. Crustaceans such as crabs and shrimps could also contribute for the nutri-
tion and food security. Bondad-Reantaso et al. (2012) have also emphasized that 
aquaculture of shrimps, prawns, crabs, and mussels would be helpful in comple-
menting the protein nutrition. Hence, their growth is very vital for the developing 
nations.

Humans have used fish and other aquatic animals as foods over many millennia. 
Though oceanic environment covers 70% of the surface of Earth, the overexploitation 
through wild catch fisheries may not offer viable resource to meet the global food 
security. Hence, it has necessitated the emergence of aquaculture (Ahmed and 
Thompson 2019; Stevens et al. 2018). Aquaculture has been done in both freshwater 
and marine ecosystems. In both the ecosystems, the technologies are almost same. 
They grow brood stocks of chosen animal, facilitate hatching of eggs, nurture the 
seedlings, acclimatize the juveniles into artificial ponds, and finally grow them until 
harvest. Technologies related to brood stock maintenance, hatchery techniques, feed 
formulation, pond management, etc. are found to be very crucial in getting aspired 
success in aquaculture. Indeed, these crucial technologies are also in one way named 
as challenges.

18.2	 �Bacterial Pathogens in the Aquaculture Systems

Though the viral diseases contribute to the huge economic losses in aquaculture, 
there has been greater emphasis on viral diseases. However, less emphasis is being 
paid toward bacterial diseases of aquaculture animals. They are emerging as most 
serious microbial communities which affect the health and prosperity of aquaculture 
sector worldwide. Major diseases caused by various bacteria in aquaculture animals 
are summarized in Table  18.1 (Haenen 2017). Relatively, bacterial diseases of 
shrimps have attracted less attention in comparison with viral infections. However, 
the losses due to bacterial diseases are severe in terms of both capital and quality. 
The diseases can affect the shrimps both at hatchery and aquaculture farms. Among 
them, the diseases of shrimps at hatchery are more serious and cause huge economic 
losses, and at worse situations, they may entirely halt the industry. Luminescent 
bacteria, especially Vibrio spp., cause extensive damage in shrimp hatcheries and 
farms across the world. Vibrios are the proven sources of disease outbreaks in 
cultured tiger shrimp (Sung et al. 2001). However, strategies for the management of 
bacterial diseases are to be explored more extensively and comprehensively. People 
have tried to breed penaeid shrimps for disease resistance which has been reviewed 
by Cock et al. (2009). However, it is observable that bacterial diseases of aquacul-
ture animals have been paid less attention.
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18.3	 �Various Disease Control Strategies in Practice

Both prevention and control strategies are being followed in aquaculture disease 
management practices. Aquaculture is a very rapidly developing food industry all 
over the world. It is one of the most needed industrial development for managing the 
food security issues in the developing countries. It is expected to meet the demands 
of overexploding human population in both Asia and Africa. India, with a vast 
coastline and enormous marine resources, is having greater potential to build up this 
industry as a productive economic sector. Shrimp culture is the most voluminous 
and important sector in the aquaculture industry of our country. Like agriculture, 
diseases caused by many organisms are the main challenge for shrimp aquaculture 
industry. Recently, analyses have shown that the economic losses because of infec-
tious diseases in the shrimp aquaculture alone would come around three billion US 
dollars (Lundin 1996; Karunasagar et al. 2004). Assefa and Abunna (2018) empha-
sized that not a single disease control or disease prevention strategy could provide 
complete disease management. These researchers depicted to adapt integrated dis-
ease management practices by combining different strategies that would be more 
productive. Figure 18.1 summarizes the various strategies being followed for the 
management of aquaculture diseases. Each of the disease management strategies 
has its own merits and demerits. Though these methods are following two strategies, 

Table 18.1  List of major bacterial diseases of aquaculture animals (summarized from Haenen 
2017)

Sl. 
no. Bacterial disease Causative agent
1 Vibriosis 1. Vibrio spp. including V. anguillarum, V. harveyi clade, V. 

parahaemolyticus, Aliivibrio salmonicida (V. salmonicida), V. 
vulnificus
2. Photobacterium damselae

2 Aeromonasis Aeromonas spp. including Aeromonas caviae, A. hydrophila, A. 
sobria, A. veronii, A. jandaei, A. salmonicida

3 Edwardsiellosis Edwardsiella anguillarum, E. ictaluri, E. piscicida, E. tarda, 
Yersinia ruckeri

4 Pseudomonasis Pseudomonas anguilliseptica, P. fluorescens
5 Flavobacteriosis Flavobacterium branchiophilum, F. columnare, F. psychrophilum, 

Tenacibaculum maritinum
6 Mycobacteriosis Caused by Mycobacterium spp. and other filamentous 

actinobacteria:
1. Mycobacterium fortuitum, M. marinum
2. Nocardia asteroides, N. crassostreae (ostreae), N. seriolae

7 Streptococcosis Streptococcus agalactiae, S. iniae, Lactococcus garvieae, 
Aerococcus viridans

8 Other bacterial 
diseases

1. Renibacterium salmoninarum
2. Anaerobic bacteria such as Clostridium botulinum, 
Enterobacterium catenabacterium
3. Intracellular infections by Piscirickettsia salmonis, Hepatobacter 
penaei, Francisella noatunensis, Chlamydia spp.
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i.e., prevention and control, the preventive strategies are most preferred due to 
avoidance of risk factors. Table 18.2 also summarizes various aspects of these dis-
ease management practices in aquaculture.

Among various disease control strategies, use of antibiotics has been studied quite 
extensively since it has been widely used by aquaculture farmers. Roque et al. (2001) 
have demonstrated the control of vibriosis in penaeid shrimps by using 15 antibiotics 
with different levels of microbial susceptibility in Mexico. Heuer et al. (2009) exten-
sively reviewed about environmental and human health hazards, resulting in response 
to overuse of antibiotics in aquaculture. There is increasing interest in using probiot-
ics for the control of shrimp disease in both farm and hatcheries (Gatesoupe 1999; 
Jayaprakashvel et al. 2014). Additionally, Das et al. (2010) have isolated and charac-
terized three Streptomyces spp. from oceanic environment for their effective use as 
aquaculture probiotic organisms. They have also demonstrated satisfactory control in 
the population strength of vibrios and reduced the disease severity. Though probiot-
ics are very good preventive agents, their curative effect is very poor (Wang et al. 
2008). In this scenario, research may be focused to develop a novel disease control 
strategy by utilizing bacterial intercellular communication systems.

Fig. 18.1  Summary of aquaculture disease management practices
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Table 18.2  Summary of disease management practices in aquaculture hatcheries and farms

Sl. 
no. Strategy Advantage Disadvantage
1 Antibiotic therapy: 

use of antibiotics
1. It is a control strategy
2. It could produce disease control in 
shorter period
3. It can provide curative effect as well
4. It could save the harvest which is 
already infected

1. Leads to development 
of antibiotic resistance in 
aquaculture pathogens
2. Leads to pose risks of 
resistance spread through 
other organisms
3. The use of antibiotics is 
restricted to save 
environment and public 
health

2 Vaccination: use 
of immune 
boosting methods

1. Use of:
 � i. Heat-killed vaccine
 � ii. Live attenuated vaccines
 � iii. DNA vaccines
 � iv. Recombinant vaccines
 � v. Synthetic peptide vaccines
2. It is a preventive strategy

It cannot provide curative 
effect
The immune system of 
aquaculture animals is 
comparatively poorly 
developed

3 Pond management 
and cultural 
practices

(a) Preventive strategy
(b) Less expensive
(c) Uses improved husbandry/
management practices, movement 
restrictions, genetically resistant stock, 
dietary supplements

(a) Time consuming
(b) Labour intensive
(c) Cannot provide 
curative effect

4 Prevention by 
bioagents

(a) It can provide effective prevention
(b) Uses probiotics, prebiotics, and 
medicinal plants
(c) Safe to environment

(a) Cannot provide 
curative effect
(b) Success rate is subject 
to environmental 
conditions
(c) Strain variations are 
there which question the 
uniform efficacy

5 Chemical control (a) It uses chemical with biocide 
potential
(b) Immediate curative effect
(c) Much effective and less cost 
intensive

(a) Spoil environment
(b) Usage is banned/
highly restricted
(c) Cannot be preventive
(d) Residue effects in the 
animals leads to long-term 
health effects in 
consumers

6 Biosecurity 
methods

(a) Biosecurity measures include 
stringent animal quarantine protocols, 
disinfection of eggs, water sanitation, 
appropriate feed, and destroying dead 
animals
(b) Much effective

(a) Needs much technical 
expertise
(b) High cost involved
(c) Curative effect is not 
possible
(d) Labour intensive
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18.4	 �QS and QQ as Inevitable Attributes for an Alternative 
Disease Control Strategy

Antibiotic agents are the common choice for the management of bacterial infections 
in aquaculture hatcheries and farms. These agents were applied as feed fortified 
with antibiotics and also by adopting the immersion therapy (adding directly to 
pond water) (Rodgers and Furones 2009). However, frequent and intense use of 
antibiotics in aquaculture hatcheries and farms develops a selective pressure on the 
aquaculture animals. It also adversely affects the environment, creating reservoirs 
of drug-resistant bacteria and transferable resistance genes in pathogens and other 
bacteria in aquatic environment. From these reservoirs, resistant genes may 
disseminate by horizontal gene transfer and reach human pathogens or drug-
resistant pathogens from aquatic environment which ultimately would be 
biomagnified and affect public health (Heuer et al. 2009). So, alternative strategies, 
which will not induce resistance in pathogens, are desirable (Defoirdt et al. 2007) in 
the current scenario on controlling shrimp diseases. Inhibition of quorum sensing 
(QS) has been proposed as an alternative strategy for the management of bacterial 
infections. Several approaches were being proposed to negatively affect the bacterial 
communication to stop their quorum sensing system  (Jayaprakashvel and 
Shanmugaiah 2015). Researchers in other parts of the world have speculated and 
demonstrated the effectives of interfering QS in aquaculture (Defoirdt et al. 2007). 
However, comprehensive and conclusive studies on the inhibition or modification of 
bacterial QS system still hold much promise.

Most of the pathogens regulate their virulence factors such as biofilm formation, 
peptide synthesis, and production of certain enzymes through a population density-
dependent intercellular bacterial communication system called QS (de Kievit and 
Iglewski 2000). When these QS systems are disrupted, the bacterial pathogens lose 
their disease-causing potential (Defoirdt et al. 2006, 2010). Autoinducer (AI) mol-
ecules are produced as signaling molecules to sense the bacterial populations in the 
vicinity by the QS organisms. However, the organisms that combat the QS are 
reported to produce quite a few QSI enzymes and higher organisms are proved to 
disrupt this QS phenomenon in many systems (Teplitski et  al. 2000; Bauer and 
Robinson 2002; Bauer and Mathesius 2004). Many researchers elsewhere in the 
world (Manefield et al. 2000; Defoirdt et al. 2006; You et al. 2007) have studied this 
novel and impressive way of disease control in aquaculture. Nonetheless, this 
promising strategy has not been comprehensively attempted in India. So, it is much 
anticipated that one could get some potent novel QS inhibitors from our marine 
resources like marine microbes and other organisms from the vast coastal and 
marine resources of India. The information about the different bacterial pathogens 
associated with the shrimp diseases is not yet conclusive. So, it is very essential to 
isolate pathogenic bacteria associated with shrimp larvae in the hatchery. This 
would provide information about the dominance of bacterial pathogens in shrimp 
hatcheries and the same would help to form unique strategies for their management.
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18.5	 �Shrimp Diseases and QS of Aquaculture Bacterial 
Pathogens

Until very recently, it was strongly believed that bacteria were existing as monocel-
lular forms only to find their nutrients from the environment and also to reproduce 
by binary fission. During the 1970s, scientists have discovered a cell-to-cell com-
munication mediated by signaling molecules among bacteria. This has prompted 
scientists across the globe that bacteria could exist as microbial communities to 
evade the harsh environmental conditions or to exhibit their virulence factors in a 
coordinated manner. The discovery of intercellular communication among bacteria 
has led to a realization that bacteria are capable of exhibiting coordinated activities 
such as biofilm formation, luminescence, virulence factor production, nodule for-
mation, etc. The phenomenon of quorum sensing or autoinducer-mediated intercel-
lular bacterial communication has been found to exist among many environmental 
bacteria, especially in the aquatic environments. The concept of quorum sensing 
strongly depends on the principle that at low cell densities, the QS operating bacte-
rium produces lesser quantity of the AIs which can be hardly detected by bacteria of 
the same nature. Similarly, when the bacterial community reaches a threshold popu-
lation, their production of AIs increases considerably so that all the similar bacteria 
in the vicinity effectively sense the levels of AIs in turn the direct proportionate 
population of the producing bacteria. This allows the bacteria to sense a threshold 
cell mass, and in response, to activate or repress set of genes involved in the exhibi-
tion of certain phenotypes, for example, biofilm formation (Taga and Bassler 2003). 
Interestingly, acylated homoserine lactones (AHLs) and AI peptides are the most 
studied signaling molecules of gram-negative and gram-positive bacteria, respec-
tively (Taga and Bassler 2003). Most of the bacteria so far identified as QS system 
operators are found to have some synergistic or pathogenic association with higher-
order organisms such as plants and animals (de Kievit and Iglewski 2000; You et al. 
2006). The genes identified in relation to QS system are found very critical for their 
virulence, biofilm formation, and colonization of eukaryotic hosts (Bauer and 
Robinson 2002).

It has been evidently understood that the QS system in pathogenic bacteria regu-
lates the synthesis of virulence factors. Hence, it is now proposed and successfully 
demonstrated in many host systems that if we could alter or inactivate AIs and sup-
press QS signal generation, we could modify the gene response in pathogens to 
operate virulence factors and thus could avoid the pathogen to express its virulence 
mechanism. Thus, it could be useful in controlling infection development and per-
sistence of human, animal, and plant bacterial pathogens (Mäe et  al. 2001; Fray 
2002; Hentzer et al. 2002; Zhang 2003; Ozer et al. 2005).

Hence, researchers targeted QS systems of pathogens as a novel strategy to com-
bat the infectious diseases in aquaculture animals (Defoirdt et  al. 2004) such as 
Macrobrachium rosenbergii (Baruah et al. 2009); Artemia (van Cam et al. 2009), 
rotifer Brachionus plicatilis (Tinh et  al. 2007), and on first-feeding turbot larvae 
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Scophthalmus maximus L. (Tinh et al. 2008). In this scenario, it can be concluded 
that the disruption of QS has been considered as a novel disease control strategy in 
aquaculture in which the international researchers are progressing steadily. However, 
this novel disease control strategy is yet to be studied more comprehensively with 
special reference to Indian aquaculture.

In India, the profiling of shrimp pathogens at hatchery and farms has been carried 
out to some extent. But our literature survey has suggested that there has not been 
much work on QS of aquaculture pathogens. Moreover, the use of QS inhibitors as 
disease control molecules in shrimp aquaculture has been a relatively unexplored 
strategy in India. Nayak et al. (2010) identified unregulated immune-related genes 
in P. monodon postlarvae which are produced against artificial infection of V. har-
veyi (Bramhachari and Dubey 2006). Remarkably, Sharma et al. (2010) evaluated 
the immune response and resistance to diseases in tiger shrimp, P. monodon. They 
have initially fed the animals with biofilm forming V. alginolyticus and concluded 
that the immunization of animals resulted in the quick reduction of V. alginolyticus 
and WSSV from the internal systems of the shrimps and thus had provided effective 
resistance by shrimp juveniles against viral and bacterial pathogens. Probiotics for 
aquaculture are studied extensively in India. Very recently, Soundarapandian and 
Babu (2010) studied the effect of probiotics on the hatchery seed production of 
black tiger shrimp, Penaeus monodon (Fabricius). Selvin and Lipton (2004) have 
worked on Dendrilla nigra, a marine sponge, and demonstrated its effective usage 
as a resource of antibacterial substances for managing shrimp diseases.

Vaseeharan et al. (2007) isolated a novel Photobacterium damselae ssp. damse-
lae strain from the infected P. monodon, a tiger shrimp, in India. Immanuel et al. 
(2004) have isolated solvent extracts (butanol extracts) from some of the land-based 
herbal plants and seaweeds. They have demonstrated the effect of those extracts on 
the survival, growth, and pathogen (V. parahaemolyticus) load on shrimp Penaeus 
indicus at larval stages. Chrisolite et  al. (2008) have found the presence of 
bioluminescent V. harveyi from the operational shrimp hatcheries in the southern 
part of India. They also have isolated and established the inhibitory effect of 
bacteriophages against shrimp pathogenic bacteria. Gopala et  al. (2005) have 
studied the presence of pathogenic vibrios from the shrimp industry and demonstrated 
their ill effects in the aquaculture environments. It is noteworthy that Karunasagar 
et al. (2007) worked extensively on biocontrol of pathogens in shrimp hatcheries 
using bacteriophage which is one of the recent disease control strategies. In almost 
all types of shrimp hatcheries, Vibrio infections are found in India including the 
semi-intensive penaeid shrimp hatcheries of Tamil Nadu (Abraham and Palaniappan 
2004). Tyagi et al. (2007) envisaged the transgene technology to control the vibrio-
sis of shrimps. They have developed a lysozyme to be expressed from P. monodon 
through recombinant DNA technology. These recombinant lysozymes have been 
reported to have antibiotic potential against vibrios in shrimp.

18  Implications of Quorum Sensing and Quorum Quenching in Aquaculture…



308

18.6	 �Quorum Quenching in Aquaculture Pathogens as a New 
Disease Management Strategy

Aquaculture and fisheries are considered to be the best approaches for the suste-
nance of global food security in the population explosion era. Aquaculture, espe-
cially shrimp aquaculture, has been followed intensively owing to technical 
advancements. However, the bacterial and viral diseases of shrimps are found to be 
the chief restraining factors of shrimp aquaculture. Among the various diseases 
caused by pathogens, bacterial diseases of shrimps at their larval stages in hatcher-
ies are reported to be very tough to manage. Several species of luminescent Vibrio 
spp. and quite a few Bacillus spp. are found associated with devastating bacterial 
infections in shrimp larvae (Vaseeharan et al. 2007; Sung et al. 2001). Nonetheless, 
antibiotics could offer better control against bacterial infections. However, due to 
increasing awareness against chemical usage, regulations against antibiotics, emer-
gence of antimicrobial-resistant bacteria in fish and other aquatic animals, and fear 
over antibiotic residues in animals necessitate developing novel disease manage-
ment technologies for the effective management of shrimp production through 
aquaculture.

It has been demonstrated that the major bacterial pathogens of shrimps were 
found to operate the quorum sensing system to exhibit their virulence factors and 
pathogenicity. They were found to operate quorum sensing for the establishment of 
biofilms. Hence, it could be understood that quorum sensing could be the potential 
target to inhibit the disease-causing ability of bacterial pathogens in shrimp (Zhao 
et al. 2015). Moreover, QS is a classical gene regulation system of many pathogens 
in humans, plants, and animals. Disruption of QS molecules in the pathogens by 
antiquorum sensing metabolites such as lactonoses, halogenated furanones, etc. are 
considered as a novel disease control strategy in many ecosystems. Moreover, in a 
more controlled environments such as shrimp hatcheries, the disruption of QS could 
be a reliable and ecofriendly disease management strategy. The disruption of QS by 
AI inhibitors completely blocks the QS system in bacterial pathogens. They not 
only prevent the expression of virulence-associated genes but also could attenuate 
the disease-causing ability of shrimp pathogenic bacteria. Hence, inhibition of QS 
has been proposed as a new anti-infective strategy. Several techniques that could be 
used to disrupt QS were investigated with reference to shrimp aquaculture in other 
parts of the world (Defoirdt et al. 2007). However, not much work has been done on 
this novel disease control strategy in India. Scores of currently studied QS inhibitors 
are from marine resources. Actinobacteria, especially marine actinobacteria, are 
prolific producers of effective antibiotics. Nearly 70% of recently discovered 
antibiotics are from actinobacteria. The marine actinobacteria are considered as a 
sustainable and effective bioresources for the search source of novel bioactive 
metabolites (Subramani and Aalbersberg 2012). Since the marine actinobacteria are 
relatively less explored microbial community, chances are plenty to obtain potent 
antimicrobial metabolites that could disrupt the QS system and attenuate the 
virulence factors of shrimp pathogens.
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18.7	 �Future Perspectives

The aquaculture sector is the fastest growing agriculture sector which is directly 
related to future food security. The heavy use of antibiotics in this sector for control 
of bacterial infections has been proven to have environmental and human health 
hazards. Recent advancement in scientific research has paved the way to use 
alternative strategies for disease management in aquaculture. The bacterial infections 
in aquaculture can be controlled with QS inhibitors, a relatively effective yet a novel 
disease control strategy. This alternative, new strategy would pave way for the use 
of environment-friendly disease control strategy in aquaculture sector with no direct 
or indirect negative impacts on human health and environment.

18.8	 �Conclusion

Based on the fact that nearly the virulence factors of bacterial pathogens in aquacul-
ture are being controlled by QS, the microbial metabolites with the ability to block 
the QS can be used to prevent bacterial infection in aquaculture.
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Abstract
Vibriosis is a serious disease problem in Indian aquaculture. In the past few 
years, disease problem particularly caused by Vibrio harveyi has been severe in 
hatcheries, and many units were shut down due to resistance against multiple 
antibiotics. Since two decades, antibiotics are widely used in aquaculture if bac-
terial infections are serious. Due to indiscriminate use of antibiotics, Vibrio sp. 
acquired resistance against multiple antibiotics. Moreover, recently, increasing 
literature clearly emphasized that antimicrobial-resistant (AMR) genes are trans-
ferred to human pathogens. Pertinantly, the quest for finding alternative methods 
to control multiple antibiotic-resistant vibrios is of utmost priority to have sus-
tainable development in aquaculture. One such alternative and promising method 
is interruption of bacterial cell-to-cell communication, called quorum sensing 
(QS). The QS system of V. harveyi comprises of four parallel systems that con-
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verge onto a single regulatory pathway, which in turn regulates a number of viru-
lence genes required by the V. harveyi for its pathogenesis. Several studies 
reported that disruption of QS by enzymatic or chemical inactivation in V. har-
veyi is triumphant in controlling vibriosis, with some selective pressure for evo-
lution of resistance.

Keywords
Aquaculture · Antibiotics · Antimicrobial-resistant (AMR) genes · Quorum sens-
ing · Quorum quenching

19.1	 �Introduction

Aquaculture is an important food-producing sector to fulfill nutritional food demand 
for continuously growing population. With the abrupt increase in world population 
and the global decline of aquaculture supplies has constantly triggered the increase 
in fish; shrimp consumption along with improvement of aquatic animals’ domesti-
cation has led to intense progression of aquaculture. Currently, aquaculture is one of 
the fastest developing food sectors, expanded to reach a global production of 
90.4  million tons. With the intensification of aquaculture, animal and ecological 
health problems are deemed to emerge.

Bacterial infections are one of the serious threats to commercial aquaculture 
which cause huge economic losses. Vibriosis is considered to be one of the foremost 
diseases in the aquaculture ranging from mollusks to crustaceans to fish caused by 
a number of Vibrio species, viz., V. vulnificus, V. harveyi, V. alginolyticus, V. para-
haemolyticus, V. penaeicida (Bramhachari and Dubey 2006; Haldar 2012). 
Interestingly, among these, the major pathogen reported in Asian countries is V. 
harveyi. Notably, the biofilms are preferred lifestyle of bacteria as they enhance 
virulence, stress tolerance, survival and aggregate cells together. Such biofilm-
producing ability of Vibrio spp. is responsible for their growth, providing free entry 
to nutrients while preventing antimicrobial compounds. Nonetheless, development 
of mature biofilm demands secretion of exopolysaccharides (EPS) for the mainte-
nance of biofilm architecture, and the significance was well recognized in various 
Vibrio spp. (Yildiz and Visick 2009). The condition is aggravated by the emergence 
of antibiotic resistance in Vibrio spp. and their ability to form biofilms. Multiple 
antibiotic-resistant (MAR) Vibrio isolates were earlier reported from India (Chari 
and Dubey 2006;  Srinivasan and Ramasamy 2009), Thailand (Jiravanichpaisal 
1994), the Philippines (Tendencia and de la Pena 2001), Ecuador (Austin and Zhang 
2006), Venezuela (Alvarez, et  al. 1998), Mexico (Molina-Aja 2002), and Iran 
(Raissy 2012). Interestingly, QS control the expression of virulence factors and bio-
film formation (Antunes et al. 2010; Prathyusha et al. 2018). Therefore, hostility 
with Vibrio infections by meddling with AI molecules thus disrupts the consequent 
production of virulence factors and biofilm formation and can avert colossal eco-
nomic loss in aquaculture industry. For this reason, the disruption of pathogen QS 

P. V. Bramhachari et al.



315

may perhaps endow with a novel tactic for controlling pathogen infections. This 
chapter focuses on existing mechanisms that interfere with QS with possible appli-
cations in aquaculture as bacterial control (Bramhachari et al. 2018).

19.2	 �Significance of Quorum Sensing in Aquaculture

The QS mechanism is a synchronized gene expression that involves in production 
biofilms, virulence factors viz. exoproteases, exotoxins (Manefield et  al. 2000), 
metalloprotease, phospholipase, caseinase, gelatinase (Natrah et al. 2011), sidero-
phore (Lilley and Bassler 2000), type III secretion system in response to cell density 
(Fig.  19.1). Furthermore, involvement of QS in pathogen virulence regulation, 
metalloprotease expression, and several aquaculture infections in a number of 
Vibrio species was documented (Decker et al. 2013; Benitez and Silva 2016). The 
direct evidence for attenuation of QS and reduction of mortality in aquaculture hosts 
burbot (Natrah et  al. 2012), larvae of brine shrimp, and giant freshwater prawn 
(Pande et al. 2013) was reported in pathogenic Aeromonas spp. and V. campbellii.

19.2.1	 �Novel Alternatives to Antibiotics Use: Quorum Sensing 
Inhibition

Currently  keeping in view of the strict regulations and import/export enforece-
ments with regard to ban of antibiotics (Europe and North America) in aquaculture 
and the emergence of antibiotic resistance are necessary for the development of new 

Fig. 19.1  Quorum sensing in Vibrio harveyi
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strategies for disease control. One of the new emerging antivirulence strategies that 
was proposed to control bacterial infections in aquaculture is QS interruption. QS is 
a gene regulation mechanism through which bacteria synchronize target gene 
expression in response to concentration of small signal molecules often called auto-
inducers (AIs) (Nealson and Hastings 1979). Aquaculture pathogens like Gram-
negative and Gram-positive bacteria employ QS to regulate the expression of 
important virulence phenotypes (Defoirdt et al. 2008).

19.3	 �Strategies for Quorum Sensing Inhibition in Vibrio 
harveyi Infections

Owing to close relation between QS and aquatic pathogen virulence, ecological 
strategies are the preferred alternatives to overcome difficulties of antibiotic resis-
tance and spread of resistant genes in aquatic shrimps, fishes, and higher organisms 
(Homem and Santos 2011). Compounds that inhibit QS are quorum quenchers 
(QQs) or quorum sensing inhibitors (QSI), and they are antipathogenic molecules 
obtained from natural sources like bacteria, algae, plants, and fungi or prepared as 
synthetic compounds (Rasmussen and Givskov 2006). They function by either the 
following processes:

	(a)	 Inhibition of autoinducers or signal molecule synthesis.
	(b)	 Degradation of signal molecules.
	(c)	 Inhibition of signal molecule/receptor interaction.

19.3.1	 �Interference with Signal Generation/Anti-Targets for AHL 
Synthesis

The blockage of AHL synthesis among the pathogenic aquaculture bacteria is con-
ceptually a simple strategy for inhibition of QS pathways, therefore reducing the 
production of signal molecule and activating QS. AHL (Acyl Homoserine lactones) 
molecules are synthesized by AHL synthase from fatty acid biosynthesis pathway 
and S-adenosylmethionine (SAM). Compounds that inhibit fatty acid, SAM biosyn-
thesis, and enzymatic activity of acyl synthase or efflux pumps would work at basal 
level in QS signal generation and act as QSI (Hirakawa and Tomita 2013) (Fig. 19.2).

19.3.2	 �Strategies Targeting QS Signal: Degradation of the Signal 
Molecule

Interference in bacterial communication is also accomplished by reducing active 
AHL molecules. Inactivation or complete degradation of AHL signal molecules can 
be achieved by chemical degradation and enzymatic destruction or metabolism of 
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AHL molecules. In laboratory, AHL molecule degradation can be done by opening 
of the lactone ring either by increasing pH above 7.0 or temperature > 37 °C or by 
enzymatic degradation called lactonolysis (Yates et  al. 2002). Another way of 
chemical inactivation is through oxidized halogen antimicrobials. The AHL signal 
molecules such as 3-oxo-C12 HSL (Homoserine lactone) get inactivated on reac-
tion with oxidized halogen compounds like hypobromous and hypochlorous acids 
(Borchardt et al. 2001) (Fig. 19.2).

19.3.3	 �Inhibition of Signal Molecule/Receptor Interaction or 
Antagonism of the Receptor

The most significantly studied QSI strategy is analogs for signal molecules that 
block target receptors. Signal mimics bind receptor either by competitive binding or 
by displacing original AHL (Ni et  al. 2009). The well-studied natural furanone 
(5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5 H)-furanone is reported to possess 
high inhibitory activities in different Gram-negative bacteria. Furanones were 
shown to block QS by AHL-controlled expression and also AI-2 signaling (Ren 
et al. 2001). QS is unique to each bacterial species; however, many QSI were devel-
oped for broad-spectrum effects (Fig. 19.2).

Other strategies, such as probiotics, prebiotics, symbiotics, phytobiotics, bacte-
riophages, quorum sensing interference, are reported. These biological control strat-
egies were proposed to promote the health and welfare of farmed culture shrimps, 
fishes, etc. (Fig. 19.3) (Pérez-Sánchez et al. 2018).

Fig. 19.2  Strategies for quorum sensing disruption
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19.4	 �Quorum Sensing Inhibitors

QSIs are mainly of two types: (a) extracted from natural sources such as natural 
furanones of (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone, haloge-
nated furanones, furanones F2, brominated 3-alkyl-5-methylene-2(5H)-furanones, 
and alkylmaleic anhydrides and (b) obtained from chemical synthesis, viz., thiophe-
none (Z)-4-((5-(bromomethylene)-2-oxo-2,5-dihydrothiophen-3-yl)-4-oxobutanoic 
acid). These are effective in attenuating bacterial virulence. Owing to high toxicity 
of furanones to higher organisms, they are less likely to be used in aquaculture 
(Defoirdt et al. 2006; Pande et al. 2013). Coumarin was effective in reducing biofilm 
formation of S. aureus, E. coli, V. anguillarum, and E. tarda. These four strains use 
three AIs, viz., AHLs, AI-2, and agr, signifying the ability of coumarin to attenuate 
bacterial disease in aquaculture and could be universal QS inhibitor (Gutiérrez-
Barranquero et al. 2015). DTBMP (2,6-di-tert-butyl-4-methylphenol) from C. turgi-
dus is reported to effectively inhibit bioluminescence in V. harveyi. DTBMP also 
inhibit other biofilm-related virulence traits, viz., EPS production and swarming 
motility in three major aquatic pathogenic vibrios at its BIC concentration 
(Santhakumari et al. 2018).

19.5	 �Biocontrol Strategies for Disruption of QS 
in Aquaculture

The trend of using biological approaches to control aquaculture infections by dis-
rupting QS systems of pathogens is encouraging. Probiotics can develop hostile 
conditions for pathogens by synthesis of antimicrobial compounds, generating 

Fig. 19.3  Strategies for biocontrol of quorum sensing
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competition for space and nutrients, and disruption of quorum sensing. The positive 
effect of Bacillus sp. as probiotics organisms may be due to degradation of AIs 
along with the synthesis of growth-inhibiting substances (Kuebutornye et al. 2019). 
The microalgae C. saccharophila CCAP211/48, commonly employed in aquacul-
ture, produces QS antagonistic metabolites that exhibited stable inhibitory activity 
on V. harveyi that wasn’t reported previously (Natrah et al. 2011) (Fig. 19.3). Plant 
extracts reported with antiparasitic, anti-inflammatory, and antimicrobial activities 
were recently investigated in aquaculture. Essential oils (anethole, shogaol, thymol, 
and limonene) possessed antimicrobial activity against different Gram-negative and 
Gram-positive bacteria. Dietary administration of extracts from oregano (Lippia 
berlandieri Schauer), neem (Azadirachta indica), and ginger (shogaol) 
(Soowannayan et al. 2019) reported higher survival rates in white shrimp postlarvae 
exposed to V. parahaemolyticus infection compared to control group. 
Cinnamaldehyde, a QQ compound, protects burbot (Lota lota L.) larvae from A. 
hydrophila and A. salmonicida, giant freshwater prawn from M. rosenbergii, and 
brine shrimp larvae from V. harveyi (Natrah et al. 2012; Pande et al. 2013; Brackman 
et al. 2013). Synbiotics are combination of both probiotics with prebiotics and plant 
extracts, thereby improving the survival rate in commercial aquaculture.

19.6	 �Future Directions

In summary, the QS inhibition seems to be a promising strategy as antivirulence 
strategies to combat the antibiotic-resistant bacteria. However, there are a lot of dif-
ficulties that need to be overcome in the development of QS inhibitors. The mecha-
nisms of some inhibitors are still unclear, and a few of inhibitors may possess 
potential toxicity toward host cells. Therefore, these aspects should be thoroughly 
investigated before any QS inhibitor is licensed and put on the market. In conclu-
sion, a better comprehension of biofilm dynamics and chemical signals released by 
intricate biofilms will help develop novel antifouling alternatives. Nevertheless, an 
enhanced perception on the genetics with signal transduction pathways underlying 
settlement processes will be indispensable for advancements in new antifoulants 
where pathogens are barred from colonization.
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